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T
he method for the determination of kLa and kVa in distillation column consists in a
fitting of the concentration profile along the column obtained by the integration of
a differential model to the experimental one. Preliminary test of the method is pre-

sented using concentration profile measured in the binary distillation of the ethanol–water
system at total reflux on metal Pall Ring 25 mm. The distillation is modelled as a simul-
taneous heat and mass transfer process and the mathematical model includes mass and
energy balances and the heat and mass transfer equations. By using the Maxwell–Stefan
flux expressions the convective transport contributions have been considered in the transfer
equations. Vapour and liquid phases are supposed to be at their saturated temperatures
along the column. Concentration and temperature dependent physical parameters and the
liquid phase thermodynamic non-idealities have been taken into account. The distillation
mass transfer coefficients in the liquid and vapour phases obtained by the fitting procedure
are compared with those calculated from absorption data using Onda’s, Billet’s and
Linek’s correlations. The distillation heat transfer coefficients calculated from the model
assuming saturated temperatures in both phases are compared with those calculated from
the Chilton–Colburn and penetration model analogy.
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INTRODUCTION

Absorption and distillation have the same physical back-
ground–interfacial mass transfer between gas and liquid
phase, which is characterized by a volumetric mass transfer
coefficient on the vapour/gas- (kVa) and the liquid- (kLa)
side. In spite of this fact, a design of distillation columns
from absorption mass transfer data is not successful
because large errors in estimation of the height equivalent
to theoretical plate for distillation (HETP) exist (up to
100%, see Linek et al., 1995). It indicates that the corre-
lations based on the absorption mass transfer coefficients
do not fit the influence of physical properties accurately
in the range needed for temperature extrapolation from
absorption (around 208C) to distillation conditions.
Measurements of the fundamental mass transfer data in

distillation columns, i.e., vapour- and liquid-mass transfer
coefficients, are rare. In distillation, it is not possible to
measure individual mass transfer coefficients under con-
ditions where the overall resistance to the process is

mainly due to one of the phases and to study behaviour
of the individual coefficients separately as it is possible in
absorption. The transfer of heat simultaneously with the
transfer of mass have to be considered in experimental
analysis of the process of distillation as it is important in
determining the individual phase transfer coefficients. It is
normally assumed that the rate of heat transfer is such as
to keep the vapour and liquid phases just at their dew and
boiling points respectively, as they pass through the
column. This was supported by experiments carried out
by Kayihan et al. (1977) in a wetted wall column using
the methanol–water system. Confirmation of the liquid
phase saturation was made through a comparison of the
experimentally measured liquid temperature with the calcu-
lated bubble point temperature. From the observed fact that
the liquid phase was saturated the authors deduced that all
of the resistance to mass transfer was in the vapour phase.
The experimental vapour phase mass transfer coefficients
were in good agreement with published correlations based
on absorption and evaporation data. It was concluded that
interphase diffusion is responsible for mass transfer in dis-
tillation and that there is no additional evaporation within
the liquid phase caused by heat transferred from the
vapour phase as proposed by some previous investigators
(Liang and Smith, 1962). Honorat and Sandall (1978)
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confirmed the same in a distillation column packed with 1/4
in Raschig rings using the toluene–trichloroethylene
system, i.e., the zero resistance to mass transfer in the
liquid phase and the agreement between vapour mass trans-
fer coefficients obtained from the distillation experiments
and those predicted from correlations of gas absorption data.
An assumption that all of the resistance to mass transfer

is in the vapour phase has been used in many applications
of simultaneous heat and mass transfer model for multi-
component distillation. For example, Dribika and Sandall
(1979) used the model for evaluation of the vapour phase
mass transfer coefficient in a wetted wall column in the
benzene–toluene–ethylbenzene ternary system. Pelkonen
et al. (1997) assumed a total resistance to mass transfer
in the vapour phase in a case study with nonideal multi-
component distillation mixtures (methanol–isopropyl
alcohol–water, acetone–methanol–isopropyl alcohol–water)
performed to investigate which parameters affect the pro-
file of the rectification line. To eliminate the heat transfer
coefficients, Dribika and Sandall (1979) used the Chilton–
Colburn analogy in contrast to Pelkonen et al. (1997), who
neglected the contribution of the sensible heat flux.
Arwikar and Sandall (1980) re-examined the previous

mass transfer data (Kayihan et al., 1977; Honorat and
Sandall, 1978) from which the negligible liquid phase
mass transfer resistance in distillation was deduced. They
determined the absorption liquid phase mass transfer
coefficients on the same column and revealed that the
liquid phase mass transfer resistance is small but not negli-
gible constituting approximately 12–18% of the total mass
transfer resistance. The authors (Kayihan et al., 1977;
Honorat and Sandall, 1978) neglected the resistance to
the mass transfer in the liquid phase, so their kVa data
cannot be considered reliable.
In the paper a method, which enables to determine kLa

and kVa in distillation column, is presented. The method
consists in fitting the concentration profile obtained by inte-
gration of the differential model of a distillation column to
the experimental one. The aim of this paper is to point out
the practicability of the simultaneous determination of both
partial mass transfer coefficients in a distillation column.

THEORETICAL

The model is based on the application of mass and
energy balances and heat and mass transfer equations to
a differential control volume S dz of the column, i.e.,
combined heat and mass transfer processes are taken into
account. The following assumptions have been made: (1)
the piston flow in both phases; (2) the processes are in
steady state; (3) the pressure in the column is constant;
(4) the rate of heat transfer is such as to keep the vapour
and liquid phases just at their dew and boiling points
respectively and heat losses to the environment are
neglected; (5) equilibrium at the interface is considered
(no interfacial resistance); (6) the heat and mass transfer
areas are equal; (7) the liquid leaving the condenser is
saturated; (8) the total reflux is considered.

The Differential Model of a Distillation Column

Global mass, component and enthalpy balances over the
differential volume of packing with length dz for the

distillation of binary mixture lead to

dL

dz
�
dV

dz
¼ 0) L� V ¼ const. (1)

L
dxA

dz
þ xA

dL

dz
� V

dyA

dz
� yA

dV

dz
¼ 0 (2)

L
dhL

dz
þ hL

dL

dz
� V

dhV

dz
� hV

dV

dz
¼ 0 (3)

The following simplifications hold at the total reflux
under adiabatic conditions: L ¼ V and xA ¼ yA and

L
dhL

dz
�
dhV

dz

� �
þ
dL

dz
(hL � hV) ¼ 0 (4)

Liquid phase mass balances of components A and B (the
molar fluxes NA,B are defined to be positive from the
vapour to the liquid) are

L
dxA

dz
þ xA

dL

dz
� NA ¼ L

dxB

dz
þ xB

dL

dz
� NB ¼ 0 (5)

NA,B are given by following rate and equilibrium relations
and by the mass continuity requirement at the interface (an
equal mass transport in the liquid and vapour phases)

NA ¼ kVa � cV � r � ln
yAw � r

xA � r

� �
� S

¼ kLa � cL � r � ln
xA � r

xAw � r

� �
� S (6)

NB

NA

¼
1

r

� �
� 1 (7)

yAw ¼ K � xAw (8)

The molar flux NA between the vapour and liquid phases
results from the combined contribution of molecular
diffusion and a bulk transport of material through the
interface. A detailed derivation of the equation is given
elsewhere (Bird et al., 1960).

Energy balances of liquid and vapour phases (heat trans-
fer is defined to be positive from the vapour to the liquid
phase)

L
dhL

dz
þ hL

dL

dz
� QTL � (NAhLA þ NBhLB) ¼ 0 (9)

L
dhV

dz
þ hV

dL

dz
� QTV � (NAhVA þ NBhVB) ¼ 0 (10)

The sensible heats transferred from the interface to the
bulk liquid QTL and from the bulk vapour to the interface
QTV are given by following relation (Bird et al., 1960)

QTL ¼ aLa
CpL

1� exp (�CpL)
(tw � tL)S (11)

QTV ¼ aVa
CpV

1� exp (�CpV)
(tV � tw)S (12)

Cpi ¼
NAcpiA þ NBcpiB

aia
(i ¼ L, V) (13)
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From equation (4) through (13), by some rearrange-
ments, the following set of differential equations can be
obtain, an integration of which gives the concentration
profile in a column and the heat transfer coefficients in
both phases which are necessary to keep the phases at the
saturated temperatures

dL

dz
¼ (NA þ NB) (14)

dxA

dz
¼

NA � xA(NA þ NB)

L
(15)

dhL

dz
¼

dxA

dz
�

dhL

dxA
þ
dhL

dtL
�
dtL

dxA

� �
(16)

dhV

dz
¼

dxA

dz
�

dhV

dxA
þ
dhV

dtV
�
dtV

dxA

� �
(17)

dL

dz
� hV � hLð Þ þ L �

dhV

dz
�
dhL

dz

� �
¼ 0 (18)

QTL ¼
dhL

dz
� L� NA(hLA � hL)� NB(hLB � hL) (19)

QTV ¼
dhV

dz
� L� NA(hVA � hV)� NB(hVB � hV) (20)

aLa ¼ QTL �
1� exp (�CpL)

CpL � (tw�tL) � S
(21)

aVa ¼ QTV �
1� exp (�CpV)

CpV � (tV � tw) � S
(22)

with NA and NB given by equations (6)–(8). When the
following auxiliary relations are added to the model
equations

hL(xA, tL) ¼ ½cpLAxA þ cpLB(1� xA)�tL þ Dhmix (23)

hV(xA, tV) ¼ ½cpLAtbpA þ DhvapA�xA þ ½cpLBtbpB

þ DhvapB�(1� xA)þ cpVAxA(tV � tbpA)

þ cpVB(1� xA)(tV � tbpB) (24)

we obtain a system with 10 equations [equations (6)–(8),
(14)–(18), (23) and (24)], 10 variables (L, xA, xAw, NA,
NB, tw, tL, tV, hL, hV) and two coefficients (kLa, kVa).
In the calculation following thermodynamic properties:

cpLA, cpL,B, Dhmix, cpVA, cpVB, DhvapA, DhvapB, cV and cL
were considered to be functions of the concentration and
the temperature and hence change along the column. The
corresponding functions are: the molar heat of mixing
Dhmix was calculated by Christensen et al. (1984), the
molar densities of the liquid mixtures by Barner–Quinlan’s
rule using data from Vargaftik (1975), the vapour phase
was ideal, the vapour–liquid equilibrium was calculated
by Wilson equation using binary coefficients given by
Gmehling et al. (1981) and diffusion coefficients were cal-
culated according to Zarzycki and Chacuk (1993). The
dependences of the volumetric mass transfer coefficients
on phase flows and on physical properties of phases

which change along the column were considered in two
forms: in the form of correlations suggested by Billet
et al. (1993)
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; lt ¼ 4
1

at
(25)

and in a simple form of

kLa ¼ bLu
2=3
L D

1=2
L

kVa ¼ bVu
0:7
V D

2=3
V

(26)

Optimalization of the shape or optionally of the values of
some exponents in correlations (25) and (26) is not possible
until more extensive data collection will be treated.

The concentration profile obtained by integration of the
differential equations is fitted to the experimental one,
optimizing the empirical parameters CL and CV in case of
correlation (25) and bL and bV in case of correlation (26).

COMPUTING METHOD

Integration of the Differential Model of a Distillation
Column and Parameters Estimation Method

The set of the differential equations has been solved
using a finite difference numerical method. The column
has been divided in a finite number of elements with
an incremental length of Dz. An iterative calculation was
started at the top of the column. The following input
parameters are used: cross-section of the column S,
packing height Z, pressure in the column p, the total
reflux conditions (molar flow Lo, concentration xAo and
corresponding saturated temperatures tLo and tV1). The
calculation procedure of flow and concentration profiles
in the column and the optimizing procedure used for
evaluation of the parameters bV and bL is summarized as
follows:

(1) Guess the parameters bV and bL (or CL and CV) and
evaluate all thermodynamic properties, coefficients
kLa and kVa from (25) or (26) and derivatives dhL/
dxA, dhL/dtL, dtL/dxA, dhV/dxA, dhV/dtV, dtV/dxA (a
numerical differentiation was used).

(2) Guess the interface temperature tw at the top section
of the column.

(3) Calculate xAw and yAw with the assumed temperature
tw and column pressure from (8).

(4) Calculate r from (6).
(5) Calculate the fluxes NA and NB from (6) and (7).
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(6) Calculate dL/dz and dxA/dz from (14) and (15).
(7) Using the dxA/dz calculate dhL/dz and dhV/dz from

(16) and (17).
(8) Calculate dL/dz from (18). If the value agrees with

that calculated from (14) go to step (9), otherwise
guess a new value of tw and return to the step (3).

(9) Using equations (14) and (15), calculate the new flow
L1 and concentration xA1 of the liquid at the next
section (zþ Dz).

(10) If (zþ Dz) ¼ Z go to step (11), if (zþ Dz) , Z guess a
value of tw for next section (zþ Dz) and go to step (3).

(11) The calculated concentration profile compare with the
experimental one. If a matching criterion is fulfilled
stop the calculation, otherwise guess new values of
the parameters bL and bV and go to step (2).

As the matching criterion was used the following objec-
tive function representing the minimum of the sum of
squared relative molar fractions differences between the
calculated and measured values along the column

min f ¼
X
pointi
seriesj

(xA,i)exp � (xA,i)cal

(xA,i)exp

� �2
 !

j

(i ¼ 1, . . . , 7, j ¼ 1, . . . , 8) (27)

The simplex method was used for determination of the
model parameters bL and bV or CL and CV by minimizing
the objective function. The computational program was
written in FORTRAN 90.

HETP and Liquid Side Mass Transfer Resistance

The height equivalent to the theoretical plate (HETP) is
calculated according to the relation

HETP ¼ uL
1

kLa
þ

mA

kVa

� �
ln (mA(uL=uV))

mA(uL=uV)� 1
(28)

The ratio of the liquid phase mass transfer resistance to
the overall resistance RL was calculated from

RL ¼
1=kLa

1=kLaþ mA=kVa
(29)

where the slope of equilibrium mA is expressed as (Seader
and Henley, 1998)

mA ¼
c�LA � cLA,w

cVA � cVA,w
¼

cL

cV

� �
x�A � xA,w

yA � KxA,w

� �

¼
TOT:REFLUX cL

cA

� �
x�A � xA,w

xA � KxA,w

� �
(30)

The alterations of the slope of equilibrium, which take
place independently along the distillation column, enable
to determine the individual coefficients kLa and kVa separ-
ately. The distillation system ethanol–water is convenient
in this respect because its slope changes considerably.

Heat Transfer Coefficients

As the bulks of the liquid and the vapour phase differ in
temperature, a convective heat transfer occurs in the
system, an intensity of which depends on the values of
volumetric heat transfer coefficients in the liquid and the
vapour phase, i.e., aLa and aVa. Because of the above-
mentioned assumption of the temperature saturation of
the phases it is possible to calculate the values of aLa
and aVa for each cross-section of the column from relations
(21) and (22), i.e., from enthalpy balance.

On the other hand, it is possible to treat the process of
convective heat transfer in a distillation column as analogic
to the process of diffusional mass transfer, and thus to
calculate the values of the heat transfer coefficients from
the knowledge of the mass transfer coefficients. Using the
Chilton–Colburn analogy for the vapour phase and assu-
ming a penetration-theory type mechanism for the liquid
phase we obtain following relations:

aVa

kVa
¼ 1000 �

ScV

PrV

� �2=3 rVcpV

MV

� �

¼ 1000 �
lV

DV

� �2=3 rVcpV

MV

� �1=3

(31)

aLa

kLa
¼ 1000 �

ScL

PrL

� �1=2
rLcpL

ML

� �

¼ 1000 �
lL

DL

� �1=2
rLcpL

ML

� �1=2

(32)

According to Krishnamurthy and Taylor (1985): ‘The
analogies used above to predict the heat transfer coeffi-
cients cannot be taken very reliable. Alternative methods
for the estimation of the heat transfer coefficients are
hard to come by. The only solution to this stalemate is to
use analogies with caution and evaluate the significance
of errors in the estimation of aV and aL on the final results.’

By comparison of the values obtained from the balance
equations (21) and (22) and from the analogies (31) and (32)
the quality of the prediction of the analogies can be judged.

EXPERIMENTAL

The experiments were carried out in a stainless steel
packed column of 0.15 m i.d. The column was equipped
with six openings for placing thermistors and sampling
devices for withdrawal of liquid samples along the
column. 25 mm metal Pall rings were used as a packing.
The height of the packing was 2.04 m and the packing den-
sity was nt ¼ 46 418 pcs m3 (at ¼ 193 m21, 1 ¼ 0.959).
The packing support (stainless steel grid) was designed to
provide 95% free space to avoid premature flooding. A
countercurrent condenser was situated above the packing.
Flow rate of the liquid, which returned from the condenser,
was measured by Omega FTB-900 flow meter and the
liquid was led to the distributor situated as close as possible
to the top of the packing. A uniform liquid distribution was
achieved with a specially designed distributor. Electrically
heated reboiler equipped with electric power regulator (up
to 60 kW) was used to maintain a constant boiling rate.

The column, reboiler and condenser were insulated with
4 cm thick Orsil insulation and wrapped with duct tape. The
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effectiveness of the insulation was determined by some
heat loss experiments, which showed that the total heat
loss was less than 3% of the heat delivered to the reboiler.
The experiments were run at total reflux and steady state

conditions. About 45 litres of ethanol–water mixture were
poured into the reboiler and electric power input to the
reboiler was adjusted to 25 kW. The column was operated
for some time to achieve steady state, which took one hour
usually. After this period the liquid samples (5 ml) were
withdrawn by glass syringes from all the sampling devices
simultaneously. Series of eight experiments were per-
formed at the same power input to the reboiler but at differ-
ent concentrations of ethanol in the liquid in the reboiler.
After finishing the run densities of the samples were
measured using a digital densimeter (A.Paar, DMA 4500)
with an accuracy of 0.05 kg m3, so the accuracy for the
measurements of concentration values was better 0.002 in
molar fraction.

RESULTS AND DISCUSSION

Concentration Profile and Parameters Evaluated

In order to assure, that the pairs of parameters obtained
by the fitting represent the global minimum, different
values of the parameters were used as an initial guess for
the fitting procedure. The parameters for different initial
guesses do not differ by more than 0.3%. The following
pairs of the ‘best fit’ parameters were obtained:
fCL ¼ 1.77; CV ¼ 0.454g in case of correlation (25);
fbL ¼ 9890; bV ¼ 8110g in case of correlation (26). The
comparison of the resulting theoretical concentrations
with the experimental ones is shown in Figures 1 and 2.
Individual SERIEs cover different concentration range
(the concentration in reboiler was changed), i.e., also the
initial conditions for the integration of individual SERIEs
vary. Using the ‘best fit’ parameters, we integrated the
model for both correlations (25) and (26) in concentration
range that covered all the experimental concentration
data. These theoretical profiles are plotted in Figures 1
and 2. The individual experimental SERIEs in the figures

are shifted in z-coordinate so as the ‘initial condition’ for
each SERIE ‘sits’ on the different theoretical profile. The
same SERIE in both figures thus has the same concen-
trations, i.e., the same x-values, but is shifted in the
z-coordinate differently. It is evident that the theoretical
profile calculated using correlation (25) does not corre-
spond well to the pattern of the experimental profile,
especially within the range 20–60 mol% of ethanol, the
correlation (25) is too complex for the description of the
set of data restricted to only one reboiler duty and one dis-
tillation system. An average relative deviation of the theor-
etical profile is 18.3%. Simplification of the mass transfer
correlation to the form of correlation (26) results in a low-
ering of the average relative deviation of the theoretical
profile to 14.8%. The match with the experimental data is
better for the correlation (26) and thus the correlation
(25) is not further considered.

Vapour- and Liquid-Side Mass Transfer Coefficients

The dependence of the volumetric mass transfer coeffi-
cients on liquid and vapour side calculated from the corre-
lation (26) using the ‘best fit’ parameters (bL, bV) on
concentration of ethanol in liquid phase is in Figures 3
and 4 compared with the values calculated according to
correlations based on absorption experiments, i.e., corre-
lation by Onda et al. (1968), Billet et al. (1993) (i.e., cor-
relation (25) using constants CL ¼ 1.44 and CV ¼ 0.336
given in the original paper Billet et al. (1993) for metal
Pall-ring 25) and Linek et al. (1995) recalculation
procedure.1

It is seen in Figure 3, that the kLa values evaluated from
the relation (26) agree the best with the values calculated

Figure 1. Comparison of the experimental ethanol concentrations with that
calculated from the model using correlation (25) with CL ¼ 1.77 and
CV ¼ 0.454 for volumetric mass-transfer coefficients calculation.

Figure 2. Comparison of the experimental ethanol concentrations with that
calculated from the model using correlation (26) with bL ¼ 9890 and
bV ¼ 8110 for volumetric mass-transfer coefficients calculation.

1 The recalculation procedure of the absorption data to the distillation con-
ditions is based only on the difference in diffusivities D and in numbers of
pieces of packing per unit volume n according to the relation kVa � DG

2/3 . n
and kLa � DL

1/2 . n. Following absorption systems were chosen as suitable
ones: absorption of SO2 into NaOH solution to determine kVa and absorp-
tion of O2 into water to determine kLa.
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from the absorption correlation by Linek et al. (1995). The
values predicted by the correlation are by cca 0.0025 s21

lower (representing 25–30 relative percent) over the
whole concentration range. In case of the vapour phase,
which is illustrated in Figure 4, the absorption correlations
by Onda et al. (1968) and by Billet et al. (1993) predict an
increase of the kVa with an increase of xETH. The relation
(26) and Linek et al.’s (1995) absorption correlation
result in almost constant value of kVa and the maximum
difference between them reaches 20%. Relatively worse
agreement of the correlations by Onda and by Billet (reach-
ing multiples of the values) is probably due to the large
temperature extrapolation from absorption (around 208C)
to distillation conditions.

HETP, Liquid-Side Mass Transfer Resistance

In Figure 5 is shown the development of HETP values
calculated from the relation (28), into which the values of
the mass transfer coefficients obtained from the correlation
(26) and from the absorption correlations were inserted,

with the conditions (represented by the concentration of
ethanol) in the column. The ‘local HETP values’ obtained
by such way differ the most in the bottom of the column,
where Onda et al.’s (1968) correlation gives HETP value
approximately 0.15 m, while Linek et al.’s (1995) corre-
lation gives for the same conditions HETP value 0.54 m.
If the top of the column the values of HETP predicted by
individual correlations come closer to each other, they
fall into the range 0.19–0.33 m. The values predicted by
the correlation (26) are fitted the best by the Linek
et al.’s (1995) correlation at ethanol concentrations higher
than xETH ¼ 0.4.

The relative resistances to mass transfer ascribed to the
liquid phase by individual correlations of mass transfer
coefficients are compared in Figure 6. The pattern of
the dependence of the relative liquid side resistance
on the concentration of ethanol in the liquid phase is for
all the correlations similar—the highest resistance is
ascribed to the lowest concentration, towards the top of the

Figure 5. Development of the HETP calculated from (28) using mass-
transfer coefficients predicted by correlation (26) (bL ¼ 9890,
bV ¼ 8110) and by the correlations given in literature, i.e., Onda et al.
(1968), Billet and Schultes (1993) (CL ¼ 1.44, CV ¼ 0.336), Linek et al.
(1995) along the column. Line represents Billet and Schultes (1993) corre-
lation (25) with CL ¼ 1.77, CV ¼ 0.454 (values obtained in this work).

Figure 6. Development of the relative liquid side resistance calculated
from (29) using mass-transfer coefficients predicted by correlation (26)
(bL ¼ 9890, bV ¼ 8110) and by the correlations given in literature, i.e.,
Onda et al. (1968), Billet and Schultes (1993) (CL ¼ 1.44, CV ¼ 0.336),
Linek et al. (1995) along the column. Line represents Billet and Schultes
(1993) correlation (25) with CL ¼ 1.77, CV ¼ 0.454 (values obtained in
this work).

Figure 3. Comparison of the kLa calculated from correlation (26)
(bL ¼ 9890) with the coefficients calculated from correlations given in lit-
erature, i.e., Onda et al. (1968), Billet and Schultes (1993) (CL ¼ 1.44),
Linek et al. (1995) along the column. Line represents Billet and Schultes
(1993) correlation (25) with CL ¼ 1.77 (value obtained in this work).

Figure 4. Comparison of the kVa calculated from correlation (26)
(bV ¼ 8110) with the coefficients calculated from correlations given in
literature, i.e., Onda et al. (1968), Billet and Schultes (1993) (CV ¼ 0.336),
Linek et al. (1995) along the column. Line represents Billet and Schultes
(1993) correlation (25) with CV ¼ 0.454 (value obtained in this work).
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column the resistance sharply decreases, reaches its mini-
mum for the concentration of approximately 50 mol% of
ethanol and then slightly increases, but does not reach its
bottom value. On the other hand, the magnitude of the resist-
ance predicted by individual correlations considerably dif-
fers—while Onda et al.’s (1968) correlation ascribes to
liquid phase 14–55%, Linek et al.’s (1995) correlation
ascribes to the liquid phase 33–93% of the overall
resistance.

Heat Transfer Coefficients

The values of aLa calculated from the enthalpy balance
(21) and from the analogy (31) are compared in Figure 7.
The analogy was applied on kLa values calculated from
the correlation (26) using the ‘best fit’ parameters. It is
evident, that while the analogy results in almost constant
aLa values, the enthalpy balance predicts strong depen-
dence of aLa on conditions in the column represented by
the concentration of ethanol. The balance coefficients
agree with the analogy coefficients only for the highest
concentrations of ethanol (in the top of the column), the
largest deviation occurs at the concentration 31 mol% of
ethanol, where the balance coefficients reach their
minima, which differ by order from the analogy values.
In Figure 8 are shown the values of aVa calculated from

the enthalpy balance (22) and from the analogy (32) applied
on the correlation (26). In contrast to the situation in the
liquid phase, the best agreement between the enthalpy
balance and analogy in vapour phase occurs in the
bottom of the column (for the lowest concentration of
ethanol), while the coefficients in the top of the column
(for the highest concentrations) show the largest deviation,
which is, however, much smaller than in case of the liquid
phase.

CONCLUSIONS

The practicability of the simultaneous determination of
both partial mass transfer coefficients in a distillation
column based on fitting the concentration profile obtained
by integration of the differential model of a distillation

column to the experimental one was demonstrated on a
limited collection of experimental data (one reboiler duty
and one distillation system) but the method is applicable
generally (what follows from our recent results).

The theoretical concentration profile calculated using
Billet’s correlation (25) does not fit well the experimental
profile, especially within the range 20–60 mol% of ethanol.
Simplification of the mass transfer correlation (25) to the
form of correlation (26) results in a lowering of the average
relative deviation of the theoretical profile from 18.3% to
14.8%. As the relation (26) describes only the dependence
on diffusion coefficients and superficial velocities of indi-
vidual phases, resulting values and trends of kLa and kVa
approximate the most to the coefficients calculated accord-
ing to the simple recalculation rule by Linek et al. (1995),
in which the dependence of the coefficients on diffusion
coefficients and flow rates of the phases is respected. There-
fore the HETP values are for these two correlations the
closest to each other as well.

The values of volumetric heat transfer coefficients calcu-
lated from the analogies are direct functions of the values
of volumetric mass transfer coefficient. As the mass transfer
coefficients calculated according to the relation (26) show
only slight dependence on the ethanol concentration
along the column, also the heat transfer coefficients calcu-
lated from the analogies are almost concentration-
independent. The analogy is hence unable to describe the
strong concentration dependence predicted by the enthalpy
balance for the liquid phase. The values of the heat transfer
coefficients predicted by the Chilton–Colburn analogy for
the vapour phase correspond well to the enthalpy-balance
values. Heat transfer coefficients in the liquid phase calcu-
lated according to the penetration model analogy are con-
siderably higher compared to the enthalpy balance data
with exception of the region of high ethanol-concentration
(approximately xETH . 0.7).

NOMENCLATURE

a effective heat/mass transfer area, m21

at geometrical area of packing, m21

bL,V empirical constants
CL,V empirical constants

Figure 7. Comparison of the values of the aLa calculated from
the enthalpy balance with the values predicted by the penetration model
analogy for the volumetric mass transfer coefficients calculated by
correlations (26).

Figure 8. Comparison of the values of the aVa calculated from the
enthalpy balance with the values predicted by the Chilton–Colburn
analogy for the volumetric mass transfer coefficients calculated by
correlations (26).
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Cp dimensionless molar heat, defined by equation (13)
c molar concentration in the bulk, kmol m23

cp molar heat, kJ kmol21 K21

D diffusion coefficient, m2 s21

g gravitational constant, m s22

h molar enthalpy, kJ kmol 21

Dhmix heat of mixing, kJ kmol21

Dhvap molar heat of vaporization, kJ kmol21

K equilibrium ratio
kLa liquid-side volumetric mass transfer coefficient, s21

kVa vapour-side volumetric mass transfer coefficient, s21

L liquid phase molar flow, kmol s21

M molecular weight, kg kmol21

mA slope of equilibrium defined by equation (30)
N molar flux transferred per unit height of packing,

kmol m21 s21

nt number of pieces of packing per unit volume, m23

Pr Prandtl number
QT sensible heat transferred per unit height of packing,

kW m21

RL relative liquid phase mass transfer resistance
r ethanol to total molar flux transferred ratio
S column cross-section, m2

Sc Schmidt number
t temperature, 8C
u superficial velocity, m s21

V gas phase molar flow, kmol s21

x liquid phase molar fraction of ethanol
y gas phase molar fraction of ethanol
Z packing height, m
z column height coordinate, m

Greek symbols
a heat transfer coefficient, W m22 K21

aLa liquid-side volumetric heat transfer coefficient,
W m23 K21

aVa vapour-side volumetric heat transfer coefficient,
W m23 K21

l heat conductivity, kW m21 K21

h dynamic viscosity, Pa s21

r density, kg m23

s surface tension, kg s22

1 porosity

Subscripts
V vapour phase
L liquid phase
w interface
A ethanol
B water
ETH ethanol
exp experimental
calc calculated

Superscripts
� equilibrium value
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Abstract

Volumetric mass transfer coefficients in liquid and vapour phases in distillation column were measured by the method consisting of a fitting
of the concentration profile of liquid phase along the column obtained by the integration of a differential model to the experimental one. The
mathematical model of distillation process includes mass and energy balances and the heat and mass transfer equations. The film model flux
expressions with the convective transport contributions have been considered in the transfer equations. Vapour and liquid phases are supposed
to be at their saturated temperatures along the column. Effect of changes of phase flows and physical properties of phases on the mass transfer
coefficients along the column and non-ideal thermodynamic behaviour of the liquid phase have been taken into account. The concentration
profiles of liquid phase are measured in the binary distillation of the ethanol–water and methanol–ethanol systems at total reflux on metal
Pall Rings and Intalox saddles 25 mm in the column with diameter of 150 mm. The distillation mass transfer coefficients obtained by the
fitting procedure are compared with those calculated from absorption data using Onda’s, Billet’s and Linek’s correlations. The distillation heat
transfer coefficients calculated from the model assuming saturated temperatures in both phases are compared with those calculated from the
Chilton–Colburn and penetration model analogy between mass and heat transfer. The results have confirmed an agreement neither between
distillation and from absorption correlations calculated mass transfer coefficients nor between analogy and from enthalpy balance calculated
heat transfer coefficients. Also the concentration profiles obtained by the integration of the differential model of the distillation column using
the coefficients from absorption correlation have differed from the experimental profiles considerably.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Mass transfer; HETP; Distillation; Packed column; Absorption

1. Introduction

Distillation columns are the most widely used large-scale
separation equipments in chemical, food and pharmaceutical
industry. Energy demands of the distillation are extremely high
and its recovery for further purposes is difficult, therefore the
capital and operational costs of the distillation process are high.
Even though alternative separation techniques are still devel-
oped, they cannot replace the distillation process completely,
what makes its future use indubitable. An attention hence
should be paid to the distillation as a small improvement in its

∗ Corresponding author: Tel.: +420 2 2044 3298; fax: +420 2 3333 7335.
E-mail address: linekv@vscht.cz (V. Linek).

0009-2509/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2006.06.003

design or performance has a large financial impact. Despite the
earnest effort of many chemical engineers and a huge number
of original works submitted up to present time, the design of
distillation columns has long been relying on experience and is
essentially empirical in nature.

The idea of the height equivalent to a theoretical plate is most
commonly used to the column design. An integral character of
HETP makes it impossible to find the universal rule for HETP
data transfer among different systems and conditions. Another
approach employs the fact, that absorption and distillation
have the same physical background—interfacial mass transfer
between gas and liquid phase which is characterised by mass
transfer coefficients in liquid kLa and gas kV a phase. An effort
to calculate the HETP using absorption mass transfer coeffi-
cients recalculated to the conditions in distillation column has

http://www.elsevier.com/locate/ces
mailto:linekv@vscht.cz
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mostly led to large deviations from the experimental data (often
higher than 50%). The discrepancy can be ascribed partially
to large extrapolation in temperature used in the data transfer
from absorption to distillation. However, the measurements of
mass transfer coefficients directly in distillation columns are
rare (Kayihan et al., 1977; Honorat and Sandall, 1978; Dribika
and Sandall, 1979). In distillation namely, it is not possible
to measure individual mass transfer coefficients by using a
proper distillation system in which the overall resistance to the
interfacial mass transfer is mainly due to one of the phases
and to study behaviour of the individual coefficients separately
as it is possible in absorption. An assumption that all of the
resistance to mass transfer is in the vapour phase has been
used in the mentioned papers in which the mass transfer co-
efficients in distillation columns were measured. Arwikar and
Sandall (1980) have shown, however, that this assumption is
mistaken and thereby they infirm the principal conclusion of
the previous works, namely that the mass transfer coefficients
calculated from absorption correlations (to be specific the
correlation by Onda et al., 1968) fit well the coefficients in
distillation columns.

Recently, Linek et al. (2005) presented a method of simul-
taneous determination of volumetric mass transfer coefficients
in both phases in distillation column. The method consists of a
fitting of the concentration profile along the column obtained
by the integration of a differential model to the experimen-
tal one. The importance of the calculation methods based on
the integration of differential equations describing a distilla-
tion column has increased. The methods, designed as “rate-
based” or “non-equilibrium”, require thorough understanding
of the processes occurring inside a distillation column as they
utilize a numerical solution of energy and mass balances with
transport equations describing components, phases and energy
flows within the column, covering all the process determining
phenomena (Mori et al., 1996, 1999, 2002, 2006; Taylor and
Krishna, 1993; Wesselingh, 1997). The lack of available and re-
liable values of the coefficients, which characterise rates of the
phenomena included in the rate-based models, has braked the
development of more accurate and reliable models for the de-
sign of distillation columns. The use of the mass transfer coef-
ficients determined under the conditions of distillation columns
would significantly improve the reliability of the simulation
models.

Practicability of the method proposed by Linek et al. (2005)
was preliminary verified on the limited data set (Pall-ring 25,
ethanol–water (E–W), reboiler duty 25 kW). The E–W distil-
lation system was used for sharp changes of the equilibrium
coefficient with concentration (i.e., along the column), which
makes it possible to separate the individual phase contributions
to interfacial mass transfer resistance and thus to evaluate mass
transfer coefficients in both phases simultaneously.

The aim of this work is to apply this method on wider set of
data, i.e., on another type of packing (Intalox-25) and distilla-
tion system (methanol–ethanol (M–E)). The distillation system
M–E shows small changes of the equilibrium coefficient with
concentration in comparison with the originally used E–W sys-
tem. The distillation mass transfer parameters measured by this

method are compared with those calculated from absorption
correlations.

2. Theoretical

2.1. Differential model of distillation column

Linek et al. (2005) presented the model with some errors.
This is why we present it here again. The model is based on
the application of mass and energy balances and heat and mass
transfer equations to a differential control volume S dz of the
column (see Fig. 1). The balances and transfer equations have
been developed under following assumptions: (i) distillation of
binary mixture under total reflux; (ii) process is adiabatic and
steady state; (iii) the overall pressure is constant through out the
column; (iv) the plug flow in both phases; (v) interfacial mass
and heat transport are described using a film model in which
the convective flow is taken into account; (vi) the rate of heat
transfer is such as to keep the vapour and liquid phases just at
their dew and boiling points respectively; (vii) interfacial area
for the mass and heat transfer is identical.

Global mass, component and enthalpy balances simplify un-
der the total reflux and adiabatic conditions to

L − V = 0, (1)

xA − yA = 0, (2)

L

(
dhL

dz
− dhV

dz

)
+ dL

dz
(hL − hV ) = 0. (3)

Liquid phase mass balances of components A and B (the
molar fluxes NA,B are defined to be positive from the vapour
to the liquid) are

L
dxA

dz
+ xA

dL

dz
− NA = 0,

L
dxB

dz
+ xB

dL

dz
− NB = 0. (4)

NA,B are given by following rate and equilibrium relations and
by the mass continuity requirement at the interface (an equal

Fig. 1. Differential control volume of distillation column.
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mass transport in the liquid and vapour phases)

NA = kV a · cV · r · ln

[
yAw − r

xA − r

]
· S

= kLa · cL · r · ln

[
xA − r

xAw − r

]
· S, (5)

r = NA

NA + NB

, (6)

yAw = K · xAw. (7)

The molar flux NA between the vapour and liquid phases re-
sults from the combined contribution of molecular diffusion
and a bulk transport of material through the interface. A de-
tailed derivation of the equation is given elsewhere (Bird et al.,
1960).

Energy balances of liquid and vapour phases (heat transfer
is defined to be positive from the vapour to the liquid phase)

L
dhL

dz
+ hL

dL

dz
− qL − QL = 0, (8)

L
dhV

dz
+ hV

dL

dz
− qV − QV = 0. (9)

The sensible heats transferred from the interface to the bulk
liquid qL and from the bulk vapour to the interface qV are given
by following relations (Bird et al., 1960)

qL = �La
−CpL

1 − exp(CpL)
(tw − tL)S,

qV = �V a
CpV

1 − exp(−CpV )
(tV − tw)S, (10)

Cpi = NAcpiA + NBcpiB

�iaS
, (i = L, V ) (11)

and the enthalpy transferred by the convective mass flux into
the liquid QL and from the vapour QV are given by following
relations:

QL = NAhLA + NBhLB ,

QV = NAhV A + NBhV B (12)

h are the components partial molar enthalpies at the conditions
of the interface.

From Eqs. (3)–(12), by some rearrangements, the following
set of differential equations can be obtained, an integration of
which gives the concentration profile in a column and the heat
transfer coefficients in both phases that are necessary to keep
the phases at the saturated temperatures

dL

dz
= (NA + NB), (13)

dxA

dz
= [NA − xA(NA + NB)]/L, (14)

dhL

dz
= dxA

dz
·
(

dhL

dxA

+ dhL

dtL
· dtL

dxA

)
, (15)

dhV

dz
= dxA

dz
·
(

dhV

dxA

+ dhV

dtV
· dtV

dxA

)
, (16)

dL

dz
· (hV − hL) + L ·

(
dhV

dz
− dhL

dz

)
= 0, (17)

qL = dhL

dz
· L − NA(hLA − hL) − NB(hLB − hL), (18)

qV = dhV

dz
· L − NA(hV A − hV ) − NB(hV B − hV ), (19)

�La = qL · exp(CpL) − 1

CpL · (tw − tL) · S
, (20)

�V a = qV · 1 − exp(−CpV )

CpV · (tV − tw) · S
, (21)

with NA and NB given by Eqs. (5)–(7). When the following
auxiliary relations are added to the model equations, a system
with 10 equations (Eqs. (5)–(7), (13)–(17), (22) and (23)), 10
variables (L, xA, xAw, NA, NB, tw, tL, tV , hL, hV ) and 2 coef-
ficients (kLa, kV a) is obtained.

hL(xA, tL) = [cpLAxA + cpLB(1 − xA)]tL + �hmix, (22)

hV (xA, tV ) = [cpLAtbpA + �hvapA]xA + [cpLBtbpB + �hvapB ]
× (1 − xA) + cpV AxA(tV − tbpA)

+ cpV B(1 − xA)(tV − tbpB). (23)

The set of the differential equations has been solved using a
finite difference numerical method. The computing procedure
has been described in detail elsewhere (Linek et al., 2005).

In the calculation following thermodynamic properties:
cpLA, cpLB , �hmix, cpV A, cpV B , �hvapA, �hvapB, cV and cL

were considered to be functions of the concentration and the
temperature and hence they change along the column. The
corresponding functions were taken from the literature: �hmix
by Christensen et al. (1984), the molar densities of the liquid
mixtures by Barner–Quinlan’s rule using data from Vargaftik
(1975) and Stephan and Hildwein (1987), the vapour phase
was considered as ideal, the vapour–liquid equilibria have been
taken from Gmehling et al. (1988) and diffusion coefficients
from Zarzycki and Chacuk (1993).

The dependences of the volumetric mass transfer coefficients
on phase flows and on physical properties of phases which
change along the column were considered in two forms: in the
form of correlations suggested by Billet et al. (1999)

kLa = CL

(
�Lg

�L

)1/6(
DL

l�

)1/2

a
2/3
t u

1/3
L

(
a

at

)
,

kV a=CV

1

(�−U)1/2

a
3/2
t

l
1/2
�

DV

(
uV �V

at�V

)3/4( �V

DV �V

)1/3 (
a

at

)
,

a

at

= 1.5(at l�)
−0.5

(
uLl��L

�L

)−0.2
(

u2
L�Ll�

�
L

)0.75(
u2

L
gl�

)−0.45

,

U =
(

12
1

g

�L

�L

uLa2
t

)1/3

, l� = 4
�

at

(24)
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and by Onda et al. (1968)

kL = bL

(
uL�L

a�L

)2/3( �L

�LDL

)−1/2

(atdp)2/5
(

�L

�Lg

)−1/3

,

kV =bV

(
uV �V

at�V

)0.7( �V

�V DV

)1/3

(atdp)−2(atDV ),

a

at

= 1 − exp

⎧⎨
⎩− 1.45

(
�C

�L

)0.75(
uL�L

at�L

)0,1

×
(

u2
Lat

g

)−1/20(
u2

L�L

at�L

)1/5
⎫⎬
⎭ . (25)

The concentration profile obtained by integration of the differ-
ential equations is fitted to the experimental one, optimising
the empirical parameters CL and CV in case of correlation (24)
and bL and bV in case of correlation (25).

As the matching criterion was used the following objective
function representing the minimum of the sum of squared mo-
lar fractions differences between the calculated and measured
values along the column

min f =
∑

point i
series j
qreb k

[(xA,i,j,k)exp − (xA,i,j,k)cal]2,

(i = 1, . . . , 7, j = 1, . . . , 8, k = 1, . . . , 3 or 4). (26)

All data from all experiments (i.e., data measured at seven po-
sitions along the column, in each of eight series and at all three
or four reboiler duties used) were taken into account. Series
loaded with gross error were excluded from the evaluation.
There were two such series in the data presented. The simplex
method was used for determination of the model parameters
[CL, CV ] or [bL, bV ] by minimizing the objective function.

2.2. HETP and liquid side mass transfer resistance

The height equivalent to the theoretical plate is calculated
according to the relation

HETP = uL

(
1

kLa
+ mA

kV a

)
ln(mAuL/uV )

mAuL/uV − 1
. (27)

The ratio of the liquid phase mass transfer resistance to the
overall resistance RL was calculated from

RL = 1/kLa

1/kLa + mA/kV a
, (28)

where the slope of equilibrium mA is expressed by Seader and
Henley (1998) as

mA = c∗
LA − cLA,w

cV A − cV A,w

=
(

cL

cV

)(
x∗
A − xA,w

yA − K xA,w

)
TOT.REFLUX=

(
cL

cA

)

×
(

x∗
A − xA,w

xA − KxA,w

)
. (29)

Substituting local values of concentration and mass transfer
coefficient into the relations the local HETP and RL values
were calculated.

2.3. Heat transfer coefficients

Because of the above-mentioned assumption of the saturation
temperature of the phases it is possible to calculate the values of
volumetric heat transfer coefficients in liquid �La and vapour
�V a phase from relations (20) and (21) (i.e., from enthalpy
balance) which are necessary to keep the vapour and liquid
phases just at their dew and boiling points, respectively, as they
pass through the column.

The values �La and �V a calculated from the enthalpy bal-
ance are compared with values deduced from an analogy of heat
and mass transfer. Using the Chilton–Colburn analogy for the
vapour phase and assuming a penetration-theory type mecha-
nism for the liquid phase we obtain following relations for the
heat transfer coefficients:

�V a/kV a = (ScV /P rV )2/3(�V cpV /MV )

= (�V /DV )(2/3)(�V cpV /MV )1/3, (30)

�La/kLa = (ScL/P rL)1/2(�LcpL/ML)

= (�L/DL)(1/2)(�LcpL/ML)1/2. (31)

From the comparison the quality of the prediction of the analo-
gies can be judged.

3. Experimental

A stainless steel column of inner diameter of 0.15 m was
packed to the height of 2.04 m. The column was equipped with
six openings for placing thermistors and sampling devices for
withdrawal of liquid samples along the column see Fig. 2. Plat-
inum thermometer (Pt 100, accuracy ±0.05 ◦C) has been in-
stalled in the collecting channel of the sampling device, Fig. 3.
Total spiral condenser has been mounted at the top of the col-
umn. The column was operated under total reflux, which has
been maintained by PI regulation of liquid level in the reflux
head (see Fig. 2). Reflux flow was distributed on the packing
using shower distributor (Fig. 4, 1 472 holes/m2). Reflux flow
was measured by radial turbine flowmeter (Omega FTB9510,
accuracy ±0.001 l min−1). Two distillation systems were used:
M–E and E–W. 25 mm metal all rings at the packing density
nt =46 418 pcs/m3 (at =193 m−1, �=0.959) were used in dis-
tillation of M–E system and 25 mm metal Intalox saddles at the
packing density nt = 46 418 pcs/m3 (at = 193 m−1, � = 0.959)
were used in distillation of E–W system. Electrically heated
reboiler equipped with electric power regulator (up to 60 kW)
was used to maintain a constant boiling rate. The column was
covered with Orsil insulation. The heat loss, measured by in-
dependent experiments, was less than 3% of the reboiler duty.

About 45 l of distillation mixture were poured into the re-
boiler and electric power input to the reboiler was adjusted
to desired level. Four (qreb = 15, 25, 35 and 45 kW) and three
(qreb = 10, 20 and 30 kW) of the power input levels were used
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Fig. 3. Sampling and measuring device assembly.

in distillation E–W and M–E systems, respectively. The power
into the reboiler was measured by three-phase wattmeter (Orbit
Merret 405, accuracy ±240 W). Illustrative vapour and liquid
flow rates in the column calculated out of the reboiler1 duties
(heat losses neglected) are given in Table 1.

1 The values in the table have been calculated as follows: for given
composition saturation enthalpies of liquid hL and vapour hV phases have
been calculated. Molar flow of phases L, V have been calculated from the
condition L = V = qreb/(hV − hL).

column inner
diameter

∅ 150 ∅ 115

∅ 1.5

distribution
diameter

G 3/4"

hole
diameter

Fig. 4. Schematic drawing of liquid distributor. (Dimensions given in mm.)

The column was operated for some time to achieve steady
state, what took 1 h usually. After this period the liquid samples
(5 ml) were withdrawn by glass syringes from all the sampling
devices simultaneously. Series of eight experiments were per-
formed at the same power input to the reboiler but at different
concentrations of the liquid in the reboiler covering whole con-
centration range. After finishing the run densities of the sam-
ples were measured using a digital densimeter (A.Paar, DMA
4500) with an accuracy of 0.05 kg/m3, so the accuracy for
the measurements of concentration values was better 0.002 in
molar fraction.

4. Results and discussion

4.1. Temperature of phases

Liquid phase overheating evaluated from the measured tem-
peratures and boiling points of the withdrawn liquid samples
are plotted as a function of position in the column for both dis-
tillation systems in Fig. 5. The results indicate an overcooled
reflux by 1–2 ◦C, slightly overheated liquid phase by approx.
0.5 ◦C along practically whole the column. A notably over-
heated liquid (by up to 4 ◦C) was observed at the bottom of the
column for E–W system at the lowest reboiler duty of 15 kW.
It is there, where the largest temperature difference between
phases and the extremely low liquid loading (B = 1.51 m/h,
see Table 1) exist in the column.

Negligible effect of pressure drop in the column on satura-
tion temperatures was verified as follows: Pure water has been
distilled under two reboiler duties 15 and 45 kW at atmospheric
pressure of 99.33 kPa. Temperatures of vapour phase were mon-
itored (see Table 2). Temperature difference between top and
bottom of the column are lower than 0.3 ◦C, which is substan-
tially less than the maximum revealed overheating.
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Table 1
Vapour and liquid flow rates in the distillation column at limiting reboiler duties

qreb (kW) xA L, V (mol/s) uL × 103 (m/s) B (m/h) uV (m/s) F (Pa1/2)

Methanol–ethanol 100 kPa

10 0.95 0.279 0.7 2.49 0.444 0.48
10 0.05 0.253 0.9 3.17 0.418 0.52
20 0.95 0.558 1.4 4.98 0.888 0.96
20 0.05 0.507 1.8 6.35 0.836 1.04
30 0.95 0.837 2.1 7.46 1.333 1.44
30 0.05 0.760 2.6 9.52 1.254 1.57

Ethanol–water 100 kPa

15 0.8 0.384 1.15 4.13 0.634 0.75
15 0.05 0.360 0.42 1.51 0.630 0.50
25 0.8 0.640 1.91 6.79 1.06 1.24
25 0.05 0.601 0.70 2.52 1.05 0.83
35 0.8 0.896 2.68 9.65 1.48 1.74
35 0.05 0.841 0.98 3.53 1.47 1.17
45 0.8 1.152 3.45 12.4 1.90 2.24
45 0.05 1.081 1.26 4.54 1.89 1.50

Fig. 5. Liquid phase overheating in methanol–ethanol and ethanol–water
distillation systems. (Top of the column: z = 0 m.)

Table 2
Demonstrations of negligible effect of pressure drop in the distillation column

z (m) tV (15 kW) (◦C) tV (45 kW) (◦C)

0.18 99.43 99.48
0.48 99.38 99.44
0.78 99.55 99.59
1.1 99.68 99.72
1.41 99.56 99.64
1.71 99.64 99.71

Table 3
Concentrations, temperatures and overheating of vapour phase measured in
ethanol–water system at reboiler duty of 15 kW

z (m) yA tV (◦C) tV dew (◦C) Overheating (◦C)

1.41 0.6436 79.63 79.67 −0.04
1.71 0.4969 83.67 83.95 −0.28
2.01 0.1564 95.36 95.37 −0.01

At the end of experiments—more or less tentatively—samples
of vapour phase were withdrawn in three points along the
column and measured their concentration. The samples were
withdrawn to the syringe with needle inserted in thermomet-
rical basin in lieu of vapour thermometers. Temperature of
vapour phase was measured just before withdrawal of the
vapour sample. The results, given in Table 3 together with dew
points of the vapour, clearly show that the vapour phase is at
its dew point in the column.

4.2. Concentration profile and parameters evaluated

The pairs of parameters obtained by minimizing the ob-
jective function (26) represent the global minimum. This was
confirmed so that the parameters for different initial guesses
do not differ by more than 0.3%. The pairs of the “best fit”
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Table 4
The “best fit” parameters evaluated from distillation concentration profiles and from absorption experiments

System Packing CL CV sx bL × 103 bV sx

Methanol–ethanol Pall r. 25 0.335 0.447 0.0220 2.59 4.92 0.0209
Absorption Pall r. 25 1.44a 0.336a – 5.10b 5.23b –
Ethanol–water Intalox 25 0.681 0.681 0.0449 4.98 5.81 0.0315
Absorption Intalox 25 1.36c 0.779c – 5.10b 5.23b –

aBillet and Schultes (1999).
bOnda et al. (1968).
cMoucha et al. (2005).

Fig. 6. Comparison of concentrations measured experimentally xA exp with those xAfit calculated from correlations (24) and (25) using the fitted parameters
[CL, CV ] and [bL, bV ].

parameters [CL, CV ] and [bL, bV ] are given in Table 4. Con-
centrations measured experimentally xA exp are compared with
those xAfit calculated from the fitted parameters [CL, CV ] and
[bL, bV ] in Fig. 6. Mean absolute deviations sx of the experi-
mental and the calculated concentrations evaluated from

sx =√
f /n (32)

(n is a number of experimental points) are given in Table 4
also. The sx-values show that correlation (25) fits concentration
profiles more precisely than the correlation (24) and the figure
shows that the correlation (24) does not suit for E–W distillation
system at low ethanol concentrations.

Thus, just those parameters obtained by fitting the profiles
using correlation (25) are further used only. Optimisation of
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Table 5
Sensitivity of the objective function f on parameters bL and bV

Distillation system AL AV AV /AL

Methanol–ethanol 2.88 8.84 3.07
Ethanol–water 0.828 108.8 131.0

the shape or optionally of the values of some exponents in the
correlation (25) is not possible until more extensive distillation
data collection will be treated.

Sensitivity of the objective function f to parameters bL and bV

were compared through values of normalized partial derivative
of the objective function (26) with respect to the parameters
round the global minima. The derivatives have been evaluated
numerically

AL=bL,OPT

fOPT

(
�f

�bL

)
bV

�
bL,OPT

f (bL,OPT; bV,OPT)

(
�f

�bL

)
bV

,

AV =bV,OPT

fOPT

(
�f

�bV

)
bL

�
bV,OPT

f (bL,OPT; bV,OPT)

(
�f

�bV

)
bL

. (33)

Results given in Table 5 show much higher sensitivity of the
objective function to parameter bV and thus the higher reliabil-
ity of mass transfer coefficients measured in vapour phase for
both distillation systems compared to liquid coefficients.

4.3. Vapour- and liquid-side volumetric mass transfer
coefficients

Dependences of the volumetric mass transfer coefficients cal-
culated from correlation (25) using the “best fit” parameters
[bL, bV ] on volatile component concentration in liquid phase
along distillation column are given in Figs. 7 and 8. To reduce
scatter of experimental points in the figures calculated for differ-
ent reboiler duties the mass transfer coefficients are divided by
uL and uG values powered to exponents suggested by correla-

tion (25), i.e., kLa/u0.761
L and kV a/(u0.284

L u0.7
V ).

Mass transfer coefficients calculated from absorption correla-
tions presented in literature and obtained by Linek et al. (1995)
recalculation procedure2 are also given in Figs. 7 and 8. For
the sake of lucidity the literature data are plotted for boundary
values of reboiler duty only. Onda et al. (1968) have set values
of bL,abs=5.1×10−3 and bV,abs=5.23 for packings of nominal
size higher than 15 mm. For metal Pall rings 25 mm Billet et al.
(1999) have indicated values of CL,abs=1.44 and CV,abs=0.336
and for metal Intalox saddles 25 mm Moucha et al. (2005) have
determined values of CL,abs = 1.36 and CV,abs = 0.779. All the
absorption parameters [bL,abs, bV,abs] and [CL,abs, CV,abs] are

2 The recalculation procedure of the absorption data to the distillation
conditions is based only on the difference in diffusivities D and in numbers
of pieces of packing per unit volume n according to the relation kV a ∼
D

2/3
V

· n and kLa ∼ D
1/2
L

· n. Following absorption systems were chosen
as suitable ones: absorption of SO2 into NaOH solution to determine kV a

and absorption of O2 into water to determine kLa. Linek et al. (1995) and
Moucha et al. (2005) have presented correlations of the parameters for Pall
rings and Intalox saddles, respectively.

Fig. 7. Volumetric mass transfer coefficients calculated from correlation (25)
using the “best fit” parameters [bL, bV ] for M–E system (symbols). Com-
parison with the coefficients calculated from absorption correlations given in
literature (lines).

Fig. 8. Volumetric mass transfer coefficients calculated from correlation (25)
using the “best fit” parameters [bL, bV ] for E–W system (symbols). Com-
parison with the coefficients calculated from absorption correlations given in
literature (lines).
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Fig. 9. Local values of HETP calculated from (27) with the mass transfer
coefficients obtained from correlation (25) (symbols) and from absorption
correlations given in literature (lines) for E–W and M–E distillation systems.

summarised in Table 4. Onda et al. (1968) absorption correla-
tion matches the best with the distillation mass transfer coeffi-
cients: differences between the coefficients for vapour phase in
both distillation systems and between the coefficients for liquid
phase in E–W system did not exceed 10%. However, Onda’s
absorption correlation predicts by 100% higher kLa-values in
M–E distillation system, Linek’s procedure overestimates these
coefficients up to by 50% and Billet’s absorption correlation
up to by 300%. Billet’s correlations as well as Linek’s proce-
dure overestimate mass transfer coefficients for vapour phase
in M–E system up to by 50%. In E–W distillation system, they
predict kLa-values lower up to by 50% and overestimate kV a-
values up to by 100%.

Conclusion from the comparison is that any of the absorption
correlations does not describe distillation mass transfer coef-
ficients sufficiently accurately under all distillation conditions
used in this work.

4.4. HETP, liquid-side mass transfer resistance, equimolar
counter-diffusion

Local values of HETP calculated from Eq. (27) with the
mass transfer coefficients obtained from the correlation (25)
using the “best fit” parameters [bL, bV ] are shown in Fig. 9.
The values depend slightly on reboiler duty and concentration,
i.e., on the position in the column but the data lie within the
interval 0.39–0.47 m and 0.20–0.33 m with the mean value of
0.43 and 0.28 m for M–E and E–W distillation system, respec-
tively. Very similar HETP data are predicted by Onda’s absorp-
tion correlation for the system E–W. In the other situations the
absorption correlations fail: for the system M–E the absorption
correlations predict markedly lower values by 30–50% and for

Fig. 10. Relative liquid side mass transfer resistances calculated from (28)
with the mass transfer coefficients obtained from correlation (25) for M–E and
E–W distillation systems. Comparison with the values predicted by absorption
correlation by Onda et al. (1968).

the E–W system Linek’s correlation fits the data at high ethanol
concentration only.

Relative liquid side mass transfer resistance calculated from
Eq. (28) with the mass transfer coefficients obtained from the
correlation (25) using the “best fit” parameters [bL, bV ] are
shown in Fig. 10. The highest liquid side resistance occur at
the lowest concentration of the more volatile component in
both distillation systems, i.e., at the bottom of column where
the resistance reaches 70%. Towards the top of the column
the relative resistance sharply decreases, reaching its minimum
15% and 25% at concentration xA of approx. 0.5 and 0.95
in E–W and M–E distillation system, respectively. Absorption
correlation by Onda et al. (1968) predicts the RL-values for
E–W system well but it predicts lower values for M–E system
by 15%.

Convective flow of A-component xA(NA + NB) induced by
total flow of the mixture through an interface NA +NB relative
to the flow NA is presented as a function of the concentration
of A-component in Fig. 11. The convective flow reaches up
to 10% of the flow of A-component at the top of column and
flows from liquid into vapour along the whole column in M–E
system. In the system E–W, the convective flow reaches up to
5% in concentration range xA > 0.1. At xA =0.1 the equimolar
counter-diffusion occurs as NA + NB = 0 and in concentration
range xA < 0.1, the direction of the convective flow is opposite,
i.e., from vapour into liquid.

4.5. Heat transfer and heat transfer coefficients

The heat transfer fluxes and heat transfer coefficients in both
phases which are necessary to keep the phases at their saturation
temperatures can be calculated from equations of the model.
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Fig. 11. Convective flow of A-component xA(NA + NB) relative to the flow
NA as a function of concentration of the component A.

The sensible heats transferred from the interface to the bulk
liquid qL and from the bulk vapour to the interface qV and
the enthalpy transferred by the convective mass flux into the
liquid QL and from the vapour QV evaluated from Eqs. (12),
(18) and (19) with correlation (25) are presented in Fig. 9. To
reduce scatter of experimental points in the figure calculated
for different reboiler duties the coefficients are divided by the
due reboiler duty. The data fulfil the energy continuity at the
interface, i.e.

qL + QL = qV + QV . (34)

Two transfer mechanisms, conduction q and convection Q,

take significant role in the heat transfer in both phases. In M–E
distillation system, the energy (q + Q) flows from vapour to
liquid phase along whole the column. In liquid phase, the same
amount of the heat is transferred by each of the two mecha-
nisms while in vapour phase smaller part of heat (20–40%) is
transferred by conduction. In E–W system, only the heat trans-
ferred by conduction flows from vapour to liquid along whole
the column. The heat transferred by convection flows from liq-
uid to vapour and only in vapour phase at low ethanol concen-
trations at the column bottom, it flows in opposite direction,
i.e., from vapour into liquid. That is the region, where also total
flux of mixture occurs in this direction (see Fig. 12).

Volumetric heat transfer coefficients in liquid and vapour
phases calculated from the enthalpy balance, i.e., Eqs. (20) and
(21), and from the analogy between heat and mass transfer,
i.e., Eqs. (30) and (31), for M–E and E–W distillation systems
are plotted in Figs. 13 and 14. Again, to reduce scatter of the
data in the figures calculated for different reboiler duties the
coefficients are divided by superficial velocity of phases with
the same exponents as were used with the mass transfer coeffi-
cients, i.e., �La/u0.761

L and �V a/(u0.284
L u0.7

V ). The analogy was
applied on the mass transfer coefficients calculated from the

correlation (25) using the “best fit” parameters [bL, bV ]. The
heat transfer coefficients calculated from the Chilton–Colburn
analogy for the vapour phase agree with the data calculated
from the enthalpy balance better than the coefficients calcu-
lated from analogy of the penetration-theory mechanism used
for the liquid phase. �V a-values calculated from the analogy
for both distillation systems are at maximum by 50% lower
than the data evaluated from the enthalpy balance whereas �La-
values calculated from the analogy are considerably higher (up
to by two orders) than the data evaluated from the enthalpy bal-
ance. The �V a-values were evaluated using the assumption of
saturated liquid phase, however, which has not been fully con-
firmed. Therefore the resulting values and unsatisfactory agree-
ment with data resulting from analogies have to be taken with
caution.

4.6. Simulated concentration profiles

Concentration profiles obtained by integration of the differ-
ential model of the distillation column using the mass transfer
coefficients calculated either from correlations (24) and (25)
(the best fit parameters [bL, bV ] and [CL, CV ] used) or from
the absorption correlation are plotted for distillation systems
M–E and E–W in Figs. 15 and 16, respectively, together with
experimental concentration data series measured at the same
reboiler duty but at different concentrations of the liquid in the
reboiler covering whole concentration range. The individual ex-
perimental series in the figures are shifted in z-coordinate so
as the “initial condition” for each series “sits” on the different
theoretical profile. The profiles calculated using the absorption
mass transfer coefficients do not correspond well to the ex-
perimental profile, especially for M–E distillation system. For
the system E–W, the absorption mass transfer coefficients ob-
tained by Linek’s recalculating procedure smooth the experi-
mental profiles quite well but Onda’s and especially Billet’s
absorption coefficients lead to profiles very different from the
experimental ones.

Utilization of absorption mass transfer coefficients in “rate
based” distillation models is risky as it might lead to incorrect
concentration profiles.

5. Conclusions

Method for the simultaneous determination of both partial
mass transfer coefficients in a distillation column was success-
fully used in the distillation system M–E which is character-
ized by small change of the equilibrium coefficient along the
column in comparison with the originally used E–W system.
The concentration profiles were better-fitted using correlation
(25) than the one of (24) to describe the effect of the changes
of phase velocities and physical properties of phases on the
coefficients along the column.

The distillation mass transfer coefficients agree with Onda
et al. (1968) absorption correlation better than with the other
absorption correlations. Differences between the distillation
and Onda’s coefficients for vapour phases in both distillation
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Fig. 12. Sensible heats flux q and enthalpy transfer by the convective mass flux Q on liquid and vapour side of interface.

Fig. 13. Volumetric heat transfer coefficients in liquid and vapour phases
calculated from the enthalpy balance and from the analogy for M–E distillation
system.

systems and for liquid phase in E–W distillation system did
not exceed 10%. However, Onda’s absorption correlation pre-
dicts by 100% higher kLa-values in M–E distillation system,
Linek’s procedure overestimates the coefficients up to by 50%
and Billet’s absorption correlation up to by 300%. Conclusion
from the comparison is that none of the absorption correlations

Fig. 14. Volumetric heat transfer coefficients in liquid and vapour phases
calculated from the enthalpy balance and from the analogy for E–W distillation
system.

describe distillation mass transfer coefficients sufficiently ac-
curately under all distillation conditions used in this work.

Local values of HETP calculated from the mass transfer co-
efficients obtained by the fitting of distillation profiles lie within
the interval 0.39–0.47 m and 0.20–0.33 m with the mean value
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Fig. 15. Concentration profiles obtained by integration of the differential
model of the distillation column using kLa- and kV a-values either from Eqs.
(24) and (25) or from the absorption correlations for M–E distillation system
at reboiler duties of 10 and 30 kW.

Fig. 16. Concentration profiles obtained by integration of the differential
model of the distillation column using kLa- and kV a-values either from Eqs.
(24) and (25) or from the absorption correlations for E–W distillation system
at reboiler duties of 15 and 45 kW.

of 0.43 and 0.28 m for M–E and E–W distillation system, re-
spectively.

Relative liquid side mass transfer resistance calculated from
the fitted mass transfer coefficients depends strongly upon

concentration. The highest resistance occur at the lowest con-
centration in both distillation systems, i.e., at the bottom of
column where it reaches 70%. Towards the top of the column
the relative resistance sharply decreases, reaching its minimum
of about 20% in both distillation systems.

The convective flow of A-component induced by the total
flow of mixture through an interface reaches up to 10% and
5% of the flow of A-component in M–E and E–W system,
respectively. The equimolar counter-diffusion occurs at xA=0.1
in E–W system only.

Two transfer mechanisms, conduction and convection, take
significant role in the heat transfer in both phases. The values of
the heat transfer coefficients predicted by the Chilton–Colburn
analogy between heat and mass transfer used for the vapour
phase are at maximum one and half order higher than the
enthalpy-balance values. The coefficients in the liquid phase
calculated from the analogy based on the penetration-theory
mechanism are up to two-orders higher compared to the en-
thalpy balance data.

Utilization of absorption mass transfer coefficients in simu-
lating distillation model leads to very incorrect concentration
profiles.

Notation

a effective heat/mass transfer area, m−1

at geometrical area of packing, m−1

AL,V normalized partial derivative of objective func-
tion, defined by Eq. (33)

bL,V empirical constants
B liquid load, m3 m−2 h−1

c molar concentration in the bulk, kmol m−3

cp molar heat, kJ kmol−1 K−1

CL,V empirical constants
Cp dimensionless molar heat, defined by Eq. (11)
D diffusion coefficient, m2 s−1

f matching criterion, defined by Eq. (26)
F =uV

√
�V , gas capacity factor, Pa1/2

g gravitational constant, m s−2

h molar enthalpy, kJ kmol−1

�hmix heat of mixing, kJ kmol−1

�hvap molar heat of vapourization, kJ kmol−1

kLa liquid-side volumetric mass transfer coefficient,
s−1

kV a vapour-side volumetric mass transfer coeffi-
cient, s−1

K equilibrium ratio, dimensionless
L liquid phase molar flow, kmol s−1

mA slope of equilibrium defined by Eq. (29), dimen-
sionless

M molecular weight, kg kmol−1

nt number of pieces of packing per unit volume,
m−3

N molar flux transferred per unit height of packing,
kmol m−1 s−1

Pr Prandtl number, dimensionless
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q sensible heat transfer per unit height of packing,
kW m−1

qreb reboiler power input, kW
Q convective enthalpy transfer per unit height of

packing, kW m−1

r flux of component A to total molar flux trans-
ferred defined by Eq. (6), dimensionless

RL relative liquid phase mass transfer resistance de-
fined by Eq. (28), dimensionless

sx mean deviation defined by Eq. (32), dimension-
less

S column cross-section, m2

Sc Schmidt number, dimensionless
t temperature, ◦C
u superficial velocity, m s−1

V gas phase molar flow, kmol s−1

x liquid phase molar fraction of volatile compo-
nent, dimensionless

y gas phase molar fraction of volatile component,
dimensionless

z packing height coordinate taken from top (z=0),
m

Z packing height, m

Greek letters

� heat transfer coefficient, kW m−2 K−1

� porosity, dimensionless
� dynamic viscosity, Pa s
� heat conductivity, kW m−1 K−1

� density, kg m−3

� surface tension, kg s−2

�c critical surface tension of a packing material,
kg s−2

Subscripts

A volatile component
B less volatile component
cal calculated from fitted parameters [CL, CV ] or

[bL, bV ]
exp experimental
i number of measuring place
j number of series (repetition)
k number of reboiler duty
L liquid phase
V vapor phase
w interface

Superscript

∗ equilibrium value

Acknowledgements

The support from the Ministry of Education (MSM
6046137306) is gratefully acknowledged.

References

Arwikar, K.J., Sandall, O.C., 1980. Liquid phase mass-transfer resistance in
a small scale packed distillation column. Chemical Engineering Science
35, 2337–2343.

Billet, R., Schultes, M., 1999. Prediction of mass transfer in columns with
dumped and arranged packings updated summary of the calculation method
of Billet and Schultes. Chemical Engineering Research Design 77 (Part A),
979–986.

Bird, R.B., Steward, W.E., Lightfood, E.N., 1960. Transport Phenomena.
Wiley, New York.

Christensen, C., Gmehling, J., Rasmussen, P., Weidlich, U., 1984. Chemistry
Data Series, vol. III, Part 1, Dechema, Frankfurt am Main.

Dribika, M.M., Sandall, O.C., 1979. Simultaneous heat and mass transfer for
multicomponent distillation in a wetted wall column. Chemical Engineering
Science 34, 733–739.

Gmehling, J., Onken, N., Rarey-Nies, J.R., 1988. Vapour–liquid Equilibria
Data Collection, vol. 1. Part 2e, Supplement 3, Chemistry Data Series,
Dechema, Frankfurt am Main.

Honorat, A., Sandall, O.C., 1978. Simultaneous heat and mass transfer in a
packed distillation column. Chemical Engineering Science 33, 635–640.

Kayihan, F., Sandall, O.C., Mellichamp, D.A., 1977. Simultaneous heat
and mass transfer in binary distillation—II (experimental). Chemical
Engineering Science 32, 747–754.

Linek, V., Sinkule, J., Brekke, K., 1995. A critical evaluation of the use of
absorption mass transfer data for the design of packed distillation columns.
Chemical Engineering Research and Design 73, 398–405.

Linek, V., Moucha, T., Prokopová, E., Rejl, J.F., 2005. Simultaneous
determination of vapour- and liquid-side volumetric mass transfer
coefficients in distillation column. Chemical Engineering Research and
Design 83, 979–986.

Mori, H., Oda, A., Aragaki, T., Kunimoto, Y., 1996. Packed column distillation
simulation with a rate-based method. Journal Chemical Engineering Japan
29, 307–314.

Mori, H., Ito, Ch., Oda, A., Aragaki, T., 1999. Total reflux simulation
of packed column distillation. Journal Chemical Engineering Japan 32,
69–75.

Mori, H., Ito, C., Taguchi, K., Aragaki, T., 2002. Simplified heat and
mass transfer model for distillation column simulation. Journal Chemical
Engineering Japan 35, 100–106.

Mori, H., Ibukia, R., Taguchia, K., Futamura, K., Olujic, Ž., 2006. Three-
component distillation using structured packings: performance evaluation
and model validation. Chemical Engineering Science 61, 1760–1766.

Moucha, T., Linek, V., Prokopová, E., 2005. Effect of packing geometrical
details: influence of free tips on volumetric mass transfer coefficients of
Intalox saddles. Chemical Engineering Research and Design 83, 88–92.

Onda, K., Takeuchi, H., Okumoto, Y., 1968. Mass transfer coefficients between
gas and liquid phases in packed columns. Journal of Chemical Engineering
Japan 1, 56–61.

Seader, J.D., Henley, E.I., 1998. Separation Process Principles. Wiley,
New York.

Stephan, K., Hildwein, H., 1987. Recommended Data of Selected Compounds
and Binary Mixtures. Dechema, Frankfurt am Main.

Taylor, R., Krishna, R., 1993. Multicomponent Mass Transfer. Wiley,
New York.

Vargaftik, N.B., 1975. Tables on the Thermophysical Properties of Liquids
and Gases. Wiley, New York.

Wesselingh, J.A., 1997. Non-equilibrium modeling of distillation. Chemical
Engineering Research Design 75, 529–538.

Zarzycki, R., Chacuk, A., 1993. Absorption. Pergamon Press Ltd.



Published: January 24, 2011

r 2011 American Chemical Society 2262 dx.doi.org/10.1021/ie101656m | Ind. Eng. Chem. Res. 2011, 50, 2262–2271

ARTICLE

pubs.acs.org/IECR

Effect of Gas- and Liquid-Phase Axial Mixing on the Rate of
Mass Transfer in a Pilot-Scale Distillation Column Packed with
Mellapak 250Y
L. Valenz,* F. J. Rejl, and V. Linek*

Department of Chemical Engineering, Prague Institute of Chemical Technology, CZ-166 28 Prague 6, Czech Republic

ABSTRACT:Using the “profile method”, the vapor- and liquid-side volumetric mass-transfer coefficients (kVa, kLa) were evaluated
by comparing the vapor and liquid concentration profiles with those calculated from a rate-based distillation model taking into
account axial mixing in both phases. The method was applied for the atmospheric distillation of three different mixtures of primary
alcohols: methanol-ethanol, ethanol-propanol, and methanol-propanol on structured packing Mellapak 250Y. The column was
operated at total reflux; liquid and vapor samples were withdrawn at seven sampling points distributed regularly along the column.
Bodenstein numbers Bo were determined by means of the “cold” air-water dynamic experiments performed under hydraulic
conditions, by which the concentration profiles were measured in the distillation column. The mass-transfer coefficients were
compared with those obtained in our previous work (Rejl et al. Ind. Eng. Chem.. Res. 2010, 49, 4383) using the plug flow model for
their evaluation. The axial dispersion model reproduces the experimental profiles with a 2-fold decreased relative difference between
the experimental and the calculated concentrations in comparison with the plug flowmodel. The individual transport coefficients are
higher (by up to 2 times) and are less dependent on the phase flow rate in comparison with the plug flow model. The
correspondence with the mass-transfer correlations designed for the packed columns (Rocha et al. Ind. Eng. Chem. Res. 1996, 35,
1660; Billet and Schultes TransIChemE 1999, 77, 498; Oluji�c et al. Chem. Eng. Process. 1999, 38, 683) is not improved by using the
dispersion model: the differences reach multiples of the measured values. The parameters kLa, kVa, BoL, and BoV were studied for
their relative influences on the separation efficiency of the column. The relative contribution of kVa is predominant (60%), whereas
the axial mixing of vapor BoV has practically no effect. The contribution of kLa constitutes about 25%, and the one of the axial mixing
of the liquid BoL increases from about 15 to 40% with a decrease in the liquid flow rate at the expense of the contribution of kVa.

1. INTRODUCTION

Absorption and distillation in packed columns are analogical
processes of interfacial mass and heat transfer, and the creation of
a unique database for their design remains a challenging problem
for chemical engineers. Chemical engineering as a branch of
science is targeted toward the description and design of various
processes carried out in various equipments using the combina-
tion of hydrodynamic, heat- and mass-transfer models deduced
from the first principles. To improve reliability and accuracy of
the predictive models used for design of separation columns, we
should better understand all underlying phenomena which
would lead to obtaining parameters of the models with a clear
physical meaning, which underlies their applicability to other
conditions and their transferability to similar processes. This
work is devoted to axial mixing, as neglecting its effect may
substantially reduce the applicability and the transferability of the
column mass-transfer parameters.

Axial mixing is an undesirable phenomenon, occurring during
a phase flow through the column-type mass-transfer exchangers
(e.g., absorption or distillation columns), as it lowers the driving
force of the interfacial mass transfer. As a result, it is necessary to
use a higher number of transfer units, i.e. a deeper bed of packing,
to maintain the same output concentration for the axial disper-
sion flow of the phases in the column, compared with the plug
flow model. At extreme ratios of liquid-to-gas flow, which are
common in column-type mass-transfer exchangers, axial mixing

and mass-transfer resistance are usually significant during the
phase with a lower interstitial velocity and its effects can be
ignored in the high-velocity phase. The significance of axial
mixing in these situations is illustrated in Figure 1. In this figure,
the relative increase in the packing depth, Htrue/Hplug, eliminat-
ing the effect of the axial dispersion in one phase that is
characterized by the Bo number, is plotted as a function of the
number of the plug flow transfer units, Nplug. Equation 1 is taken
from ref 1:

expð-NplugÞ ¼ 4b expðBo=2Þ
ð1þ bÞ2 expðbBo=2Þ- ð1- bÞ2 expð- bBo=2Þ

ð1aÞ

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

Ntrue

Bo
;

r
Bo ¼ uiHtrue

De
ð1bÞ

In their study,2 Furzer and Ho explained the increase of
the HETP values measured in the columns of different heights
(0.15, 0.3, 0.6, and 1.2 m) in terms of the differential backmixing
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rate-based distillation model. The Peclet numbers of the liquid
phase used in this model were eight times higher in comparison
to those obtained by dynamic measurements in a “cold” air-
water simulation system. Furzer andHo have stated in their other
study3 that improved correlations could be obtained if the
HETPtrue are correlated instead of HETPplug calculated from
the end compositions assuming plug flow in both phases.

Steiner et al.4 compared the liquid and the vapor concentra-
tion profiles measured in a packed distillation column (height,
1.9 m; diameter, 0.1 m; Raschig rings, 33 mm; 10 sampling
points) with the profiles evaluated from a stagewise backflow
model. This model reproduced the experimental profiles well
using rather low backmixing coefficients in the liquid phase (the
equivalent eddy diffusivityDeL of the order of 10

-3 m2/s with the
plug flow in the vapor phase) while the plug flow model of both
phases failed, especially close to the ends of the column. As
Furzer and Ho3 anticipated, their4 mass-transfer coefficients
based on the backflow model correlated with the vapor flow rate
with a substantially lower level of scatter than the ones based on
the plug flow model.

With the aim of establishing general correlations for the design
of packed absorption, desorption, and distillation columns, Kolev
and Semkov5-7 have studied whether the model parameters
derived from cold absorption experiments are also valid for dis-
tillation. They analyzed7 the effects of all possible types of side
phenomena (e.g., axial mixing, radial mixing, thermal rectifica-
tion, and interfacial turbulence induced by the surface tension
gradient;the Marangoni effect) associated with the main mass-
transfer process and concluded that only the effects of axial
mixing and the Marangoni effect need to be taken into account
when the cold data are transferred onto the distillation. They
have demonstrated5 that the plug flow model is inadequate
because the calculated height of the packing was not more than
half the actual height. The Marangoni effect6 on column effi-
ciency depends on the performance concentrations and the
packing geometry reaching 29% for the random packing of
Raschig rings and 49% for the arranged sheets packing of
HOLPACK. They concluded7 that the diffusion model with
dimensionless correlations of the mass-transfer coefficients cor-
rected for the axial mixing effect and for the correlation between
axial mixing and theMarangoni parameters, all derived from cold
experiments employing the same packing, represents a promising
unified approach for gas or vapor-liquid column design.

In all previous studies,2-7 the mass-transfer coefficients used
in the distillation models were calculated from dimensionless

correlations derived from cold absorption experiments, and the
phase flow rates were considered to be constant along the
distillation column. In our most recent study,8 the profile method
was presented which enables the determination of vapor- and
liquid-side volumetric mass-transfer coefficients directly in the
distillation by comparing the concentration profiles measured in
both phases in a distillation column with the simulated profiles.
The coefficients predicted by the three most frequently used
correlations for the packed distillation columns design, namely,
those of Rocha et al.9 (RBF), Billet and Schultes10 (BS), and
Oluji�c et al.11,12 (DELFT), were compared with the coefficients
measured directly in the distillation column by the profile
method. The coefficients measured8 using the profile method
on Mellapak 250Y structured packing differ substantially (by up
to 6 times) from those calculated using the original correlations.

During work,8 the plug flowmodel for both phases was used in
the simulated model and the phase flow changes along the
column were evaluated using the enthalpy balance equation. This
work aims to recalculate the kLa and kVa data measured by the
profile method by the application of the differential axial dispersion
model instead of the plug flow model described in our last paper.8

Liquid- and vapor-phase axial dispersion coefficients measured by
cold experiments13 have been utilized. The values of kLa and kVa
and their dependence on the rate of phases are comparedwith those
predicted by the RBF, BS, and DELFT models.

2. DISTILLATION COLUMN MODEL

A complete set of corresponding model equations based on
the use of the plug flow model for both phases can be found in
Rejl et al.8 and the algorithm for solving them in Linek et al.14

Here, we provide only those equations that differ from those of
the previous plug flow model and the principal features of the
present model. Plug flow with axial dispersion in both phases is
utilized, interfacial mass transport is described by a film model in
which the convective flow is taken into account, and it is assumed
that the vapor and liquid phases in the column are at their dew
point and boiling point, respectively. The corresponding altered
relations, representing the component balances over the differ-
ential volume of packing of the length dz for the distillation of the
two-component mixture at total reflux (for which L = V applies),
are as follows:

ðL- cLSi;L
dDe;L

dz
ÞdxA
dz

þ xA
dL
dz

- cLSi;LDe;L
d2xA
dz2

¼ NA ð2aÞ

ðL- cVSi;V
dDe;V

dz
ÞdxA
dz

þ xA
dL
dz

- cVSi;VDe;V
d2xA
dz2

¼ NA

ð2bÞ

Si;LDe;L ¼ L
ui;L

De;L ¼ L
H
BoL

;

Si;VDe;V ¼ L
ui;V

De;V ¼ L
H
BoV

ð2cÞ

The molar fluxes transferred per unit height of packing NA and
NB were calculated with convective flow taken into account from
the equation

NA ¼ kVacVr ln

�
yAw - r
yA - r

�
S ¼ kLacLr ln

�
xA - r
xAw - r

�
S ð3aÞ

r ¼ NA

NA þNB
; yAw ¼ KAxAw ð3bÞ

Figure 1. Relative increase of the column packing height, Htrue/Hplug,
eliminating an effect of the axial dispersion in one phase characterized by
the Bo number.



2264 dx.doi.org/10.1021/ie101656m |Ind. Eng. Chem. Res. 2011, 50, 2262–2271

Industrial & Engineering Chemistry Research ARTICLE

The complete model also includes the physicochemical
properties and the equilibrium relations of the alcoholic dis-
tillation systems utilized in this work, which are given in ref 8.
The dispersion coefficients De,L,V and their dependences on
the flow rates and the physicochemical properties were taken
from the following Bo-numbers correlations deduced13 by
means of the cold air-water dynamic experiments performed
under hydraulic conditions by which the concentration profiles
were measured in the distillation column for Mellapak 250Y
structured packing (Bo numbers are related to the packing
height of 1 m):

BoL ¼ 1:022Fi0:478
3

sin2 R

� �1:159

ðdapÞ6:337 ð4Þ

BoV ¼ 2:807� 106ReV
- 0:0089510- 0:00394ReLðdapÞ- 7:792 ð5Þ

are valid in the following ranges of phase flow rates: 0 < B < 40m/h;
0 < uV < 2m/s. The correlations reproduce the experimental data
of BoL and BoV to better than within(15 and(22% divergence
between the measured and the predicted values, respectively, for
most of the data.

The dependence of the volumetric mass-transfer coefficients
kLa and kVa on phase flows and physicochemical properties
which change along the length of the column has been left in the
form utilized in the RBF, the BS, or the DELFT original models.
Their variability, required for the purpose of optimization, has
been retained by the application of the corrective multiplication
parameters bL and bV.

kLa ¼ bLðkLaÞmodel, orig
kVa ¼ bVðkVaÞmodel, orig

ð6Þ

where index model = RBF, BS, or DELFT. The explicit expres-
sions of the original models are given in ref 8. The optimization
procedure used for obtaining bL and bV parameters is based on
minimizing the standard deviation of the experimental and the
calculated molar fractions.

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð
Xn
i¼ 1

ðxA, i, calc - xA, i, exptÞ2 þ
Xn
i¼ 1

ðyA, i, calc - yA, i, exptÞ2Þ=ð2nÞ
s

ð7Þ

3. EXPERIMENTAL SECTION

3.1. Distillation Column. The atmospheric distillation col-
umn used has been described in detail in ref 8. The column with
an inner diameter of 0.15 m was packed with 10 pieces of
Mellapak 250Y, to the height of 2.1 m. The characteristics of the
packing are ap = 250 m-1, d = 0.016 06 m, and FSE = 0.35. The
column was operated under total reflux which was applied to the
packing by a shower distributor with 25 openings (1472 holes/m2).
The column was equipped with seven openings for the placing of
thermistors and sampling devices for the withdrawal of liquid and
vapor samples along the column. Three distillation systems were
used: methanol-ethanol (M-E), ethanol-propanol (E-P),
and methanol-propanol (M-P). The experiments were per-
formed at four levels of electric power input to the reboiler,
namely, 10, 20, 30, and 40 kW.
3.2. Source Experimental Data. The experiments were

repeated four times for each reboiler duty with different con-
centrations of the distillation mixture in order to encompass the
entire concentration range of the measured concentration pro-
files in the column. A complete list of the source experimental
data including the set of seven liquid, xA,i, and vapor concentra-
tions, yA,i, along the packing, the liquid concentration in the reflux
tube xA,0,expt, the vapor concentration leaving the reboiler yA,8,
the volumetric flow rate of the liquid reflux, the barometric
pressure. and the average temperature of each phase at the time
of withdrawal tL,i and tV,i are provided in the paper

8 together with
the illustrative vapor and liquid flow rates and their physical
properties in the distillation column for the reboiler duties used.
For illustration, the vapor and liquid flow rates in the distillation
column for limiting reboiler duties, for the M-P distillation

Table 1. Vapor and Liquid Flow Rates in the Distillation Column at Limiting Reboiler Duties, for Methanol-Propanol, and Axial
Dispersion BoL,V Numbers (from Equations 4 and 5) Used in the Calculation

P = 10 kW P = 20 Kw P = 40 kW

z, m B, m/h uV � 10 m/s BoL BoV B, m/h uV � 10 m/s BoL BoV B, m/h uV, m/s BoL BoV

0.00 2.08 3.73 7.32 271 5.014 7.87 11.7 226.9 10.2 1.78 15.9 155

0.15 2.09 3.72 7.36 271 5.241 7.80 12.18 226.4 10.4 1.77 16.1 155

0.45 2.15 3.71 7.52 270 5.835 7.63 13.43 225.4 10.8 1.76 16.7 154

0.75 2.28 3.69 7.90 270 6.442 7.55 14.64 223.8 11.7 1.73 17.9 153

1.08 2.56 3.61 8.79 269 6.884 7.55 15.40 221.8 13.2 1.69 20.0 151

1.39 2.91 3.54 9.87 268 7.076 7.56 15.70 220.6 14.6 1.67 21.8 149

1.69 3.17 3.52 10.6 266 7.150 7.57 15.81 220.1 15.4 1.68 22.7 146

1.99 3.30 3.53 10.9 265 7.178 7.58 15.85 219.9 15.8 1.68 23.1 144

Table 2. bL and bV Parameters Calculated with Fixed and
Optimized Initial Conditions (System Methanol-Propanol,
Model RBF)

fixed initial conditions optimized initial conditions

P, kW bL bV s bL bV s shift xA
a

10 0.668 3.47 0.0248 0.899 2.81 0.0127 0.0026

20 0.682 1.88 0.0241 1.004 1.46 0.0168 0.0055

30 0.917 1.42 0.0221 1.328 1.16 0.0165 0.0087

40 1.054 1.26 0.0272 1.701 1.04 0.0140 0.0057
aAbsolute value of the difference between the optimized xA(z=0) and
the fixed (measured) xA,0,expt.
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system, are given in Table 1, together with the axial dispersion
BoL and BoV numbers (calculated from eqs 4 and 5) used in the
calculation.
3.3. Data Evaluation Method. The effect of the fixed or

optimized initial condition on the best-fit parameters bL and bV
was tested in a manner similar to what was carried out8 for the
plug flow model. The parameters evaluated on the basis of the
fixed initial conditions xA(z=0) = yA(z=0) = xA,0,expt were
compared with the values evaluated using the initial conditions
xA(z=0) = yA(z=0) optimized simultaneously with the param-
eters bL and bV. From the results summarized in Table 2 it is
apparent that the parameters evaluated with the fixed and with
the optimized initial conditions differ by between 15 and 39%,
but the optimized initial concentrations xA(z=0) differ from the
measured values xA,0,expt on average by less than 0.005(!). It is
evident that the sensitivity of the parameters to the initial
condition is high and that the accuracy of the experimental

xA,0,expt values is not sufficient. Because the optimized values
xA(z=0) differ from the experimental values by less than the
standard margin for experimental error and the calculated
profiles better fit the experimental profiles (see s-values in
Table 2), we have assumed that the optimization of the initial
conditions together with the parameters bL and bV is the correct
method, and therefore this method has been used subsequently
in the same manner as it was used in the evaluation with the plug
flow model.

4. RESULTS

4.1. Sensitivity of the Parameters bL and bV on the
Experimental Scatter of Bo Numbers. The parameters bL
and bV were studied for their sensitivity to the scatter of Bo
numbers used in the evaluation. The following expressions 8
representing the ratio of relative errors of the parameter p, bL, or

Table 3. Effect of Experimental Errors of the Bo Number of Vapor (ΔrelBoV = 0.22) and Liquid Phase (ΔrelBoL = 0.15) on the
Parameters bL and bV Evaluated from Equation 8

conditions

no. model P, kW system BoV BoL ΔrelbV/ΔrelBoV ΔrelbV/ΔrelBoL ΔrelbL/ΔrelBoV ΔrelbL/ΔrelBoL (bV, % (bL, %

1 BS 10 M-E 270 8.31 0.025 0.74 0.013 0.45 12 7

2 40 150 17.9 0.024 0.12 0.025 0.43 2 7

3 10 M-P 269 9.05 0.048 0.45 0.071 0.56 8 10

4 40 150 18.7 0.029 0.14 0.002 0.23 3 3

Table 4. Best Fit Parameters bL and bV Obtained by the Profile Method

methanol-ethanol ethanol-propanol methanol-propanol

model bL,orig
a bV,orig

a P, kW bL bV s � 102 bL bV s� 102 bL bV s� 102

Axial Dispersion Model

RBF 1 1 10 0.983 3.22 1.00 0.690 2.88 0.98 0.899 2.81 1.27

20 0.914 1.81 0.78 0.830 1.54 1.46 1.004 1.46 1.68

30 1.196 1.45 0.81 1.107 1.28 1.14 1.328 1.16 1.65

40 1.479 1.30 0.55 1.397 1.17 0.79 1.701 1.04 1.40

Plug Flow Model (Data from Reference 8)

RBF 1 1 10 0.474 2.00 1.8 0.418 2.14 2.5 0.449 2.05 3.4

20 0.564 1.50 1.4 0.580 1.38 2.2 0.628 1.29 3.0

30 0.763 1.27 1.4 0.794 1.18 2.0 0.861 1.06 3.0

40 0.971 1.16 1.2 1.025 1.09 1.5 1.098 0.97 2.7

Axial Dispersion Model

BSb 1.334 0.385 10 1.910 0.880 0.97 1.232 0.851 1.00 1.585 0.784 1.28

20 1.597 0.528 0.78 1.336 0.477 1.46 1.676 0.430 1.70

30 1.991 0.433 0.81 1.670 0.406 1.14 2.110 0.348 1.64

40 2.335 0.398 0.55 1.969 0.377 0.77 2.534 0.319 1.38

Axial Dispersion Model

DELFT 1 1 10 0.427 2.53 1.01 0.264 2.66 0.99 0.374 2.35 1.26

20 0.449 1.94 0.79 0.364 1.93 1.47 0.497 1.66 1.66

30 0.676 1.83 0.81 0.529 1.87 1.15 0.767 1.54 1.60

40 0.906 1.84 0.55 0.692 1.90 0.80 1.044 1.55 1.37
aValues of the multiplication parameters used in the original models. bBillet and Schultes10 did not present the constant for Mellapak 250Y. For
comparison, the constants are presented for similar packing Ralu-Pak YC-250.
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bV, and of the Bo numbers, were evaluated by numerical deriva-
tion for some representative experiments.

Δrelbi
ΔrelBoi

� �
¼ ∂bi

∂Boi

� �
Boi

Boi
bi
;

( bi ¼ (
P

i¼ L, V

Δrelbi
ΔrelBoi

� �
ΔrelBoi

ð8Þ

where index i = L or V. In Table 3, the ratios calculated for some
experiments performed at low and high flow rates (low and high
reboiler duties), using the BS model, are given, together with the
relative errors of bL and bV induced by the probable experimental
errors of BoL and BoV by correlations (4) and (5); namely,
ΔrelBoL = 0.15 and ΔrelBoV = 0.22, respectively. The resulting
scatter of both parameters is acceptably low, by approxi-
mately10%. Similar results were obtained using the RBF and
DELFT models.
4.2. Temperature of Phases. Themain findings presented in

our previous work8 were the following: (i) the liquid phase is
overheated for all three distillation systems, with the highest level
being for the M-P system, reaching 3 �C; (ii) the vapor is
unevenly saturated, with the highest deviation of -1 �C for the
M-P system; (iii) there is no correlation between the over-
heating of the phases and the reboiler duty; (iv) the overheating
correlates with the concentration phase more closely than with
its position in the column; (v) subcooling of the vapor phase and
overheating of the liquid phase reach their maximum approxi-
mately at the equimolar concentration of the mixture, at which
the temperature difference of the phases and their mass-transfer
intensity reach their maximum.
4.3. Concentration Profiles Evaluated by the Profile Meth-

od. The best-fit parameters bL and bV are shown in Table 4
together with the standard deviations s of the experimental and
the calculated concentrations. The s-values show that all of the
models with the correcting parameters obtained by the profile
method match the concentration profiles with practically the
same precision: the best data of the M-E system and the worst
data of the M-P system. The data for the M-P system are used
to illustrate the data behavior obtained using the profile method
in this work because the deviations using this system are the
largest and therefore our conclusions are on the safe side. The
axial dispersion model reproduces the experimental profiles
better than does the plug flow model. The average relative

difference between the experimental and the calculated concen-
trations decreased from 17 to 10% for the M-P distillation
system as illustrated in Figure 2. Similar decreases were observed
for M-E (from 8 to 4%) and E-P (from 11 to 6%) distillation
systems.
4.4. Parameters bL and bV and kLa and kVa Evaluated

According to the Profile Method. The volumetric mass-trans-
fer coefficients calculated from the models RBF, BS, and DELFT
for all distillation systems, using the correcting parameters bL and
bV based on the axial dispersionmodel, are plotted in Figure 3 as a
function of the superficial vapor- and liquid-phase velocity. Also
plotted in the figure are the coefficients calculated from the plug
flow model and those calculated from the original models. The
volumetric mass-transfer coefficients obtained by the profile
method with the plug flow model and with the axial dispersion
model differ considerably from those calculated from the original
RBF, BS, and DELFT models. The application of the dispersion
model increases both the liquid and the vapor mass-transfer
coefficients in comparison with the plug flow model but it does
not substantially diminish the differences between the coeffi-
cients determined by the profile method and those calculated
from the original models. The mutual compatibility of the
coefficients evaluated by the profile method with these three
different RBF, BS, and DELFTmodels, using the axial dispersion
model, is slightly worse than when the plug flow model is used
(compare the distance apart of the blue lines and the red ones in
Figure 3).
The parameters bL and bV depend on the reboiler duty P (see

Table 4) or, in other words, on the phase flow rates. The bL-
values increase and the bV-values decrease with P as much as
2-fold in the range of the reboiler duties utilized. This indicates
that the models do not fit the dependence of volumetric mass-
transfer coefficients on phase velocities well. This is discussed
further.
4.5. Dependence of kLa and kVa on Physicochemical

Properties and Phase Flow Rates. As was described in our
previous paper,8 the dependence of volumetric mass-transfer coeffi-
cients on phase flow rates predicted by the original models9-11

under total reflux and below the loading point may be expressed as
follows:

ðkLaÞmodel, orig ¼ bL, origAL,modelðphys: propertiesÞuLR

ðkVaÞmodel, orig ¼ bV, origAV,modelðphys: propertiesÞuVβ ð9Þ

where index model = RBF, BS, or DELFT. AL,V,model are functions
only of the physicochemical properties of the system, which are
given by the original RBF, BS, or DELFT model. The multi-
plication parameters bL,V,orig and the exponents R and β eval-
uated from the individual models are given in Tables 4 and 5,
respectively. It has been shown8 that the exponents R and β do
not, within the range of the conditions of our experiments,
depend in practical terms on the rate, the concentration, or the
distillation system utilized and that the physicochemical proper-
ties of the alcohol systems utilized in this work do not vary much.
As a result, changes to them have a much lesser effect on the
volumetric mass-transfer coefficients compared with the effect of
the rate of the phases. This is why the dependence of the
volumetric mass-transfer coefficients on the rate of the phases
predicted by the models RBF, BS, and DELFT was tested,
because the rates only varied in a wider range, by a factor of

Figure 2. Comparison of experimental concentration profiles with
those calculated from the RBF model with the correcting parameters
bL and bV evaluated by the profile method using the plug flow or the axial
dispersion model. Methanol-propanol distillation system.
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approximately four times, by changing the input into the reboiler
(10, 20, 30, and 40 kW).
4.6. kLa and kVa Dependence on the Rate of Phases

Improved by the Profile Method. In our experiments per-
formed under total reflux, the flow rate of liquid and vapor in
the column rises proportionately to the power input to
the reboiler. If the kLa- and kVa-dependence on the rates

predicted by the RBF, BS, and DELFT models is described
properly, the correcting parameters bL and bV, obtained by
optimization, should not be dependent on the reboiler
duty. However, the value of the parameter bL increases and of
the parameter bV decreases for all of the models in accordance
with the power used. In analogy to eq 9 for the transport
coefficients, the power dependence of the experimentally

Figure 3. Volumetric mass-transfer coefficients calculated from RBF, BS, and DELFT models using the best-fit parameters bL and bV and from the
original model correlations as a function of the superficial vapor- and liquid-phase velocity.

Table 5. Values of Exponents in Relations 9 (for Systems Methanol-Ethanol, Ethanol-Propanol, and Methanol-
Propanol Using Models RBF, BS, and DELFT)

methanol-ethanol ethanol-propanol methanol-propanol

RBF BS DELFT RBF BS DELFT RBF BS DELFT

R 0.582 0.733 0.445 0.576 0.733 0.445 0.580 0.733 0.450

λ 0.294 0.138 0.581 0.491 0.320 0.675 0.466 0.318 0.782

R þ λ 0.876 0.871 1.03 1.07 1.05 1.12 1.05 1.05 1.23

β 1.19 1.16 0.823 1.20 1.16 0.872 1.20 1.16 0.844

υ -0.619 -0.543 -0.224 -0.629 -0.572 -0.243 -0.691 -0.634 -0.295

β þ υ 0.571 0.617 0.599 0.571 0.588 0.629 0.509 0.526 0.549
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determined parameters bL and bV on the reboiler duty P was
utilized.

bL � Pλ � uL
λ

bV � Pυ � uV
ν ð10Þ

The exponents λ and υ obtained by regression are shown in
Table 5. The correcting values of the exponents presented in
the table show that the RBF, BS, and DELFT models con-
siderably underestimate the kLa-dependence on the rate
(positive exponents λ of about 0.4) and considerably over-
estimate the kVa-dependence (negative exponents υ of about
-0.5).
The best-fit parameters bL,PM, bV,PM were obtained by the

profile method, with the corrected dependence of the volumetric
mass-transfer coefficients on the velocity of the phases, using the
following relations in the place of the relation in eq 6 in the
optimization procedure

kLa ¼ bL, PMuLλ ðkLaÞmodel;orig
kVa ¼ bV, PMuV

υðkVaÞmodel;orig ð11Þ

where index model = RBF, BS, or DELFT. The bL,PM, bV,PM, and
the standard deviations s are given in Table 6. Practically the

identical s-values as in Table 3 demonstrate that the concentration
profiles have the same accuracy as previously, but that the bL,PM and
bV,PM values are now practically independent of the phase flow rates,
and therefore the dependence of the coefficients on the rate is
substantively better defined.
4.7. Relative Liquid-Side Mass-Transfer Resistance and

HETP. Variations of the relative liquid-side mass-transfer resis-
tance along the column, calculated from eq 12 using the RBF
model with corrected dependence on the velocity of the phases,
is shown in Figure 4. The resistance decreases from the base to
the top of the column in all of the distillation systems used. The
greatest change in the resistance occurs in theM-P system at the
lowest reboiler duty of 10 kW (from 70 to 10%), and the least
change occurs in the system M-E at the highest reboiler duty of
40 kW (from 45 to 15%). The changes are very similar to those
revealed by the plug flow model.8

In any case, the variation of the relative resistance along the
column, which underlies the applicability of the profile method
for the separate evaluation of kLa and kVa from the concentration
profile, is sufficient for its successful application.

Rliquid ¼ mAkVa
kLaþmAkVa

ð12aÞ

mA ¼ cV
cL

xA -KxAw
x�A - xAw

¼ cV
cL

xA -KxAw
xA=K- xAw

ð12bÞ

where mA is the local slope of the equilibrium curve.
4.8. kLa and kVa Original RBF, BS, and DELFT Models

Corrected for the Dependence on the Phase Flow Rates
by the Profile Method. The corrected values of the overall
exponents (R þ λ) and (γ þ υ) are presented in Table 5. The
encouraging fact is that the exponents differ very little for
different models and distillation systems from each other. Their
mean values Rþ λ and βþ υ are listed in Table 7 together with
the mean scatters of individual values from the mean value. The
scatters are small and lower than 9%. According to the profile
method with axial dispersion model, kLa depends on phase flow
in accordance with the relation kLa � uL

1.04, which is larger than
what the original RBF, BS, and DELFT models predict
(approximately kLa � uL

0.58) but lower than what the plug flow
model kLa � uL

1.18 predicts and kVa is dependent in accordance

Table 6. Best Fit Parameters bL,PM and bV,PM Obtained by the Profile Method

methanol-ethanol ethanol-propanol methanol-propanol

P, kW bL,PM bV,PM s � 102 bL,PM bV,PM s � 102 bL,PM bV,PM s 3 � 102

RBF 10 7.625 1.721 1.0 20.84 1.520 1.0 22.57 1.426 1.3

20 5.538 1.690 0.8 16.80 1.373 1.5 17.32 1.322 1.7

30 6.346 1.785 0.8 18.08 1.506 1.1 18.52 1.424 1.7

40 7.155 1.957 0.5 19.52 1.686 0.8 20.52 1.590 1.4

BS 10 4.915 0.5270 1.0 11.36 0.483 1.0 14.80 0.430 1.3

20 3.619 0.4968 0.8 9.43 0.426 1.5 11.56 0.391 1.7

30 4.208 0.5176 0.8 10.22 0.465 1.1 12.48 0.418 1.7

40 4.715 0.5638 0.5 10.89 0.519 0.8 13.53 0.468 1.4

DELFT 10 26.23 2.011 1.0 29.27 2.127 1.0 87.26 1.806 1.2

20 16.96 1.942 0.8 23.20 1.903 1.5 62.31 1.637 1.7

30 19.62 2.021 0.8 24.95 2.046 1.1 66.80 1.725 1.6

40 21.78 2.177 0.6 26.31 2.238 0.8 71.28 1.894 1.4

Figure 4. Relative liquid-side mass-transfer resistances calculated using
kLa and kVa obtained by the profile method, using the RBF model with
corrected dependence on the velocity of the phases, i.e., from eq 11 with
bL,PM, bV,PM taken from Table 6.
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with the relation kVa � uV
0.573, which is considerably less than

what the original models predict (approximatelykVa� uL
1.2) and

lower than what the plug flow model predicts kVa � uV
0.771.

The best-fit parameters bL,PM and bV,PM, presented in Table 6,
differ for different models and distillation systems from each
other to a larger extent than the difference between correspond-
ing exponents (Rþ λ) and (γþ υ). Their mean values bL,PM and
bV,PM are listed in Table 7 together with the scatters of the
individual values. The scatters are large and reach up to 53%,
whereas for the plug flowmodel they reached8 35% at maximum.
The large differences between bPM parameters we ascribe to an
improper description of an effect of the physical properties of the
phases on the mass-transfer coefficients involved in the original
RBF, BS, or DELFTmodel. The description cannot be improved
until the data of the distillation systems with broader variance in
their physicochemical properties has been obtained.
Making use of these mean values of the mean parameters and

the exponents, the final forms of the mass-transfer correlations
referred to in the literature, adjusted according to the profile
method, are as follows.
The corrected RBF9 model,

ðkLaÞPM;RBF ¼ 15:07ðuLÞ0:417ðkLaÞRBF;orig ð13aÞ

ðkVaÞPM;RBF ¼ 1:58ðuVÞ- 0:646ðkVaÞRBF;orig ð13bÞ

fits the experimental concentration profiles of all distillation
systems utilized with the mean difference of 19.5% between
the experimental concentrations and those concentrations cal-
culated from the correlation (13), while the original RBF
correlation was with 180%.
The corrected BS10 model,

ðkLaÞPM;BS ¼ 9:31ðuLÞ0:259ðkLaÞBS;orig ð14aÞ

ðkVaÞPM;BS ¼ 0:475ðuVÞ- 0:583ðkVaÞBS;orig ð14bÞ

fits the profiles with the mean difference of 19.6%, while the
original BS correlation was with 104%.
The corrected DELFT11 model,

ðkLaÞPM;DELFT ¼ 39:66ðuLÞ0:679ðkLaÞDELFT;orig ð15aÞ

ðkVaÞPM;DELFT ¼ 1:96ðuVÞ- 0:592ðkVaÞDELFT;orig ð15bÞ

fits the profiles with the mean difference of 18.8%, while the
original DELFT correlation was with 125%. As elaborated in
detail elsewhere,8 the present database is too narrow to allow us
to come with a more appropriate nondimensional form of the
correlations.

In Figure 5, the experimental concentration profiles are
compared with those calculated from the corrected RBF and
BS models, i.e., from eqs 13 and 14, respectively, for all distilla-
tion systems used. Similar comparisons are shown for the original
RBF and BS models in Figure 6. The most accurate are the fitted
data of the M-E system and the least accurate those of the E-P
system. The mean relative differences between the experimental
concentrations and those concentrations calculated from eq 13
for the M-P, M-E, and E-P systems are 17.2, 14.7, and 26.6%,
respectively, and from eq 14 for the same systems are 19.7, 14.7,
and 24.3%. In any case, correlation 13 is much more precise than
the original RBF and BS models with the mean deviations 37.5,
78, 87 and 198, 57.3, 57.7, respectively, for these same systems. A
similar improved accuracy is shown in the DELFT model.
4.9. Relative Effects of kLa, kVa, BoL, and BoV on the

Column Separation Efficiency. The parameters kLa, kVa,
BoL, and BoV were studied for their relative effects on the
designed column height H using the following relationship.

Relative effect Rpi of parameters pi (i = 1 to 4)

Rpi %�½ ¼ 100 3 pi

�����ΔHΔpi
�����
,X4

j¼ 1

pj

�����ΔHΔpj
�����;

pi ¼ kLa, kVa, BoL; or BoV ð16Þ

The ratios in the equation were evaluated by numerical deriva-
tion using the relative changes of the parameters Δpi/pi = 0.1.
This expression represents the change of the column height H
due to a 10% change of the parameter pi in relation to the sum of
the changes induced by changes to all the parameters pi (kLa, kVa,
BoL, and BoV). The results in Table 8 show that the effects of the
parameters are not dependent on the separation efficiency of the

Table 7. Mean Values of the Corrected Overall Exponents
and the Best Fit Parameters

model

all systems

RBF

all systems

BS

all systems

DELFT

all models

and systems

R þ λ 0.999 ( 0.08 0.990 ( 0.08 1.13 ( 0.07 1.04 ( 0.07

β þ υ 0.550 ( 0.03 0.577 ( 0.03 0.592 ( 0.03 0.573 ( 0.03

bL,PM 15.07 ( 5.6 9.31 ( 3.3 39.66 ( 21

bV,PM 1.58 ( 0.15 0.475 ( 0.04 1.96 ( 0.14

λ 0.417 0.259 0.679

υ -0.646 -0.583 -0.254

Figure 5. Comparison of the experimental concentrations with those
calculated from the corrected RBF and BS models, i.e., from eqs 13 and
14, respectively.
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column and, not surprisingly, are very similar for all the models
used though they differ with respect to structured or random
packing.
For a column packed with Mellapak 250Y structured packing,

the effect of kVa is predominant (60%), whereas axial mixing in
vapor BoV has practically no effect (2%). The effect of kLa

constitutes about 25%, and the effect of axial mixing of the
liquid-phase BoL increases from about 15 to 40% with a decreas-
ing liquid flow rate, at the expense of the effect of kVa. For a
column packed with Intalox saddles 25 random packing, the
effects of mass transfer in vapor and of the liquid-phase axial
mixing are predominant and are of the same size of 40%. The
effects of kLa and of the axial mixing of the liquid-phase BoL are
also of the same size of approximately 10%.

5. CONCLUSIONS

(1) In the profile method, the dependence of the coefficients
kLa and kVa on phase flows and physicochemical properties has
been considered in the form assumed in the RBF, BS, or DELFT
original models. The application of the dispersion model in-
creases both the liquid and the vapor mass-transfer coefficients in
comparison with the plug flow model, but it does not diminish
substantially the differences between the coefficients determined
by the profile method and those calculated from the original
models which remains in multiples.

(2) An effect of the convective flow of components induced by
the total flow of the mixture through an interface was negligible.
It reaches 6% at the most on the coefficients kLa and kVa in
comparison with their values, evaluated assuming equimolar
counterdiffusion.

(3) The axial dispersion model reproduces the experimental
concentration profiles better than does the plug flow model. The
difference between the experimental and the calculated concen-
trations is two times lower.

(4) The parameters BoL, BoV, kLa, and kVa were studied for
their relative effects on the designed column height made of the
structured packing Mellapak 250Y. The effect of the axial mixing
of the liquid BoL increases, at the expense of the effect of kVa,
from about 15 to 40% with a decrease in the liquid flow rate. The
axial mixing of vapor BoV has practically no effect. The effect of
kVa is predominant (60%), and that of kLa constitutes about
25%; i.e., the liquid-side mass-transfer resistance is not
negligible (as it is usually assumed). It tends to decrease
from the base to the top of the column in all the distillation
systems used; the decrease is greatest in the M-P system at
the lowest flow rate (from 70 to 10%), and the least change
occurs in the systemM-E at the highest flow rate (from 45 to
15%).

(5) The profile method with the axial dispersion flow model
predicts kLa and kVa are less dependent on phase flow velocity
(kLa � uL

1.04 and kVa � uV
0.573) in comparison with the

dependences predicted with the plug flow model (kLa � uL
1.18

and kVa � uV
0.0771). An encouraging fact is that the exponents

differ very little for different models and distillation systems.
(6) The best-fit parameters bL,PM and bV,PM evaluated by the

profile method using this corrected dependence of the coeffi-
cients on the velocity of phases does not depend on reboiler duty,
but they differ for the models (RBF, BS, or DELFT) and
distillation systems from each other to a larger extent than the
corresponding exponents (R þ λ) and (γ þ υ) differ. The
differences between bPM parameters we ascribe to an improper
description of an effect of the physicochemical properties of
the phases on the mass-transfer coefficients involved in the
original RBF, BS, or DELFT model. The description cannot
be improved until the data of the distillation systems with
broader variance in their physicochemical properties have been
obtained.

Table 8. Relative Effects of the Parameters kLa, kVa, BoL, and
BoV on theColumnHeightHUsing the RBF or BSModel with
the Best Fit Parameters bL and bV Obtained by the Profile
Method

relative effect of

the given parameter, %

model P, kW system H, m

top-bottom

mole fraction kLa kVa BoL BoV

Mellapak 250Y

RBF 40 M-E 2.06 0.84-0.16 24 58 16 2

5.91 0.99-0.01 23 60 15 2

9.02 0.999-0.001 22 60 16 2

10 2.34 0.983-0.10 22 39 38 1

Mellapak 250Y

BS 40 M-P 1.97 0.95-0.05 19 69 10 2

3.35 0.99-0.01 18 70 10 2

M-E 2.77 0.9-0.10 21 61 16 2

10 M-P 2.60 0.99-0.01 25 44 29 2

M-E 2.39 0.9-0.1 20 42 37 1

Intalox Saddles 25a

RBF 40 M-E 2.08 0.825-0.175 8 41 45 6

8.84 0.998-0.002 6 39 50 5
aData taken from our paper which is in preparation.

Figure 6. Comparison of the experimental concentrations with those
calculated from the original RBF and BS models.
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’NOMENCLATURE
a = effective specific mass-transfer area, 1/m
ap = specific geometrical area of the packing, 1/m
B = superficial liquid velocity, m/h
Boj = ui,jH/De,j ( j = L, V), Bodenstein number
b = parameter of axial dispersion model defined by eq 1
bL,PM = empirical correction factors obtained by using eq 11 in

the profile method, (m/s)-λ

bL,V = empirical correction factors obtained by using eq 6 in the
profile method

bL,V,orig = multiplication factors used in original models RBF, BS,
and DELFT

bV,PM = empirical correction factors obtained by using eq 11 in
the profile method, (m/s)-υ

c = molar concentration, mol/m3

De = axial dispersion coefficient, m2/s
d = packing characteristic dimension, m
H = packing height, m
HETP = height equivalent to a theoretical plate, m
Fi = ηLuL/d

2FLg
FV = uV

√
FV gas capacity factor, Pa1/2

g = gravity acceleration, m/s2

KA = equilibrium coefficient in eq yA = KAxA
kL = liquid-side mass-transfer coefficient, m/s
kV = vapor-side mass-transfer coefficient, m/s
kLa = liquid-side volumetric mass-transfer coefficient, 1/s
kVa = vapor-side volumetric mass-transfer coefficient, 1/s
L = liquid-phase molar flow, kmol/s
mA = local slopeof equilibriumcurvemA=dcAV* /dcAL* definedby eq12
N = number of transfer units
NA,B = molar flux transferred per unit height of packing, kmol/

(m s)
P = reboiler duty, kW
pi = various process parameters (kLa, kVa, BoL, BoV)
r = quantity defined by eq 3
ReV = uVdFV/ηV
Rliquid = relative liquid-phase mass-transfer resistance calculated from

eq 12
Rpi = relative effect of parameter pi defined by eq 16, %
S = column cross-section, m2

Si,L/V = i-phase (i = V, L) flow cross-section, m2

s = objective function defined by eq 7
ui = interstitial velocity (i = V, L), m/s
uj = superficial velocity (j = V, L), m/s
V = vapor-phase molar flow, kmol/s
xA = mole fraction of more volatile component in liquid phase
yA = mole fraction of more volatile component in vapor phase
z = packing height coordinate taken from top of the packing

(z = 0), m

Subscripts
L = liquid phase

orig = original RBF, BS, or DELFT model
PM = profile method
p1 to p4 = kLa, kVa, Ba, Bov
true = corrected for the axial mixing effect
V = vapor/gas phase
w = vapor-liquid interface

Superscripts
R, β = exponents in relations 9
λ, υ = exponents in relations 10
* = equilibrium value

Greek Symbols
R = corrugation angle, deg
η = viscosity, Pa s
F = density, kg/m3
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Our paper presents hydraulic, hydrodynamic and mass-transfer characteristics of the

Raschig  Super-Pak 250Y high-capacity structured packing measured under absorption con-

ditions. The measurements were performed in the absorption column of inner diameter of

0.29 m using proven aqueous test systems. Measured data reveal excellent gas-phase mass-

transfer  performance and improved hydraulic behavior which is in agreement with the data

provided by the vendor. There was found significant degree of the liquid-phase axial mix-

ing  on the packing. All six packing constants of the model proposed by Billet and Schultes

(1999)  were evaluated. The HETP values for distillation of C6/C7 and methanol/n-propanol

mixtures were predicted using the BS-model with the evaluated constants and plug flow

assumption.  Predicted HETPs were found to be in a poor agreement with those measured

under  distillation conditions. However, we do not address this disagreement to fundamen-

tal  impropriety of the test systems or the inability of the BS model to transfer the data from

absorption  conditions to distillation ones. We demonstrate that rather accurate values of

HETP can be obtained when the influence of the liquid phase axial mixing is involved into

the HETP prediction. The need for incorporation of the more sophisticated hydrodynamic
models  into simulation software becomes evident.
©  2015 Published by Elsevier B.V. on behalf of The Institution of Chemical Engineers.

basic  distinctive approaches. (1) stage-wise approach utiliz-
1.  Introduction

The structured packings exhibit low pressure drop and excel-
lent  capacity per efficiency unit and therefore are widely used
in  the chemical industry. After the packings made of wire
gauze  (Sulzer BX, CY) for the manufacture less demanding
variants made of metal sheets have been introduced. Sulzer’s
Mellapak  250Y is a classical example of the structured packing
of  this generation and is considered a standard.

In the late 1990s a new structured packings generation
evolved which provided substantially better capacity with
only  marginally decreased separation efficiency. This so called
high-capacity  packings have channels bended to the vertical
direction  near the packing element edges and thus reduce
sudden  changes of the gas velocity at the element interface,

where  the flooding of the bed is normally initiated. Sulzer’s

∗ Corresponding author. Tel.: +420 220 44 3299.
E-mail address: frantisek.rejl@vscht.cz (F.J. Rejl).

http://dx.doi.org/10.1016/j.cherd.2015.04.014
0263-8762/© 2015 Published by Elsevier B.V. on behalf of The Institution
Mellapak 252Y or Koch-Glitsch’s Flexipac HC are typical exam-
ples  of this class of packing.

Another  approach to the high-capacity packing design has
been  adopted by Raschig Company with its Raschig Super-Pak
packing  (RSP 250Y). The packing is fundamentally different
to  the well known corrugated perforated or non-perforated,
textured sheet metal structured packings. It consists of a
systematic  sequence of smooth sinusoidal waves  above and
below  the plain of the metal sheet (Chambers and Schultes,
2007).  As both the sides of the channel are formed by the sin-
gle  sheet of the metal which alternately forms its upper and
lower  side, the channels are 50% open and thus the intense
radial  mixing of the phases can be anticipated.

The design of the packed columns can be based on two
ing  the concept of the height of the packing equivalent to the

 of Chemical Engineers.
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Nomenclature

a effective interfacial area (m2/m3)
ag geometrical area of the packing (m2/m3)
B superficial liquid velocity (m/h)
BoL Bodenstein number of the liquid phase; BoL =

uLSH
hLEL

CL, CV, CP,0, CS, CFl, CH packing characteristic constants
in Billet and Schultes model

d  diameter (m)
deq packing characteristic diameter; deq = 4ε/ag (m)
D  diffusion coefficient (m2/s)
E  axial dispersion coefficient (m2/s)
FiL film number of the liquid phase; FiL = uLS·�L

d2
eq·�L·g

H height of the packing (m)
HETP  height of the packing equivalent to the theoret-

ical plate (m)
hL liquid hold-up (m3/m3)
kLa volumetric  mass-transfer coefficient in the liq-

uid phase (s−1)
kG mass-transfer coefficient in the gas phase (m/s)
kGa volumetric mass-transfer coefficient in the gas

phase (s−1)
Neq.stages number of equilibrium stages
�p/H specific pressure drop (Pa/m)
u phase velocity (m/s)

Indexes
g  geometrical
G gas phase
L  liquid phase
S  superficial
exp experimental
calc calculated

Greek symbols
ε  packing void fraction (m3/m3)
� density (kg/m3)
� dynamic viscosity (Pa s)
� inclination of the channels from horizontal

plane (◦)
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which  was  not fully eliminated even by the heating of the
heoretical plate, HETP. (2) Rate-based approach utilizing the
ass-transfer  coefficients and the effective interfacial area as

 mass-transfer characteristic determining the packing mass-
ransfer  performance.

Whatever design approach is chosen, the utilization of
he  specific packing desires knowledge of its hydraulic and

ass-transfer characteristics. Uncertainty in this respect may
ecessitate  undesirable overdesign. For the stage-wise con-
ept  the HETP data needs to be measured for each new packing
nd  system involved as the HETP is not transferable to other
onditions.

For  the rate-based approach, which more  closely relates
acking separation efficiency with the individual physical
henomena on the packing, there exist elaborate models
nabling estimation of the mass-transfer coefficients and the
ffective  interfacial area for given physical properties, hydro-
ynamic  conditions and packing geometry. The models are
erified  against experimentally obtained mass-transfer char-

cteristics  measured with the specific systems, preferably
ith  those for which the mass-transfer rate is controlled
dominantly by single parameter (e.g. effective interfacial area
only).  Discussion of the suitable systems is performed e.g. in
Hoffmann  et al. (2007) and Onken and Arlt (1989).

The models may  or may  not involve packing specific
constants which reflect the influence of the packing type
geometry on the mass transfer Classical example of such
model  incorporated also into the simulation software (e.g.
Aspen  Plus) is Billet–Schultes model (Billet and Schultes, 1999).
This  model involves six packing parameters which have to
be  evaluated out of the experimental data. These parame-
ters  are not published for the newer packings as there are no
updates  of the model published in the open literature. The
aim  of this paper is to provide hydraulic, hydrodynamic and
mass-transfer characteristics of the metal RSP 250Y packing
measured  under absorption conditions with standard sys-
tems.  In order to enable recalculation of the data to other
conditions the Billet–Schultes model constants have been
evaluated.  Recalculation of the absorption data to the distilla-
tion  conditions and their utilization for the distillation design
is  also discussed.

2.  Literature  survey  and  theory

The absorption mass transfer characteristics of RSP 250Y
were  measured previously by Wang et al. (2012) and Wang
et  al. (2014) in ID 0.42 m counter-current absorption column
equipped with 108 drip points per square meter liquid distrib-
utor.

Their  experimental methods are briefly described here:
For  the effective area, a, determination they used CO2

chemisorption into the lye. The experiments have been car-
ried  out with the 100 mol/m3 initial concentration of the
sodium  hydroxide solution and the gas has been analyzed by
IR analyzer. The physical quantities describing the reaction
–  mass-transfer phenomena have been acquired by indepen-
dent  experiments.

For  the kLa measurements the stripping of toluene from the
water  into the air stream was  used. The kLa data determined
on  the toluene/water system was recalculated to the oxy-
gen/water system used in this work using

kLaO2 = kLatoluene

(
DO2, water

Dtoluene, water

)0.5

(1)

The power of 0.5 used in Eq. (1) is taken
from the penetration theory. Diffusivity of toluene,
Dtoluene,water = 7.74 × 10−10 m2/s, and oxygen, DO2, water =
1.83 × 10−9 m2/s, in water at 20 ◦C were calculated using the
method of Wilke and Chang taken from Reid et al. (1987).

The  volumetric mass-transfer coefficient in the gas phase, kGa,
was  measured using sulphur dioxide chemisorption into the
lye.  It is a standard system with negligible mass-transfer resis-
tance  in the liquid phase due to the instantaneous reaction of
the  sulphur dioxide at the interface (Rejl et al., 2009). Two ana-
lyzers  calibrated to 0–100 ppm and 0–100 ppb SO2 have been
used  for the inlet and outlet concentration determination.

The results of the experiments with the deep (3.05 m)  bed
provided  in the Wang et al. (2012) paper were  later found
to  be unreliable1 by the their authors due to the significant
effect of any water condensation in the outlet sample line,
1 Correspondence with the authors.
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2 The data measured on the metal structured packing RSP 250Y
sample line. Modified experimental procedure with reduced
bed  height and corresponding increase in the outlet SO2 con-
centration  (500–5000 ppb), which was  less prone to the effect
of  the issue, revealed relative increase of the kGa results. The
improved  data has been published in the Wang et al. (2014).

The  distillation performance of RSP 250Y has been tested by
standard  measurements of HETP at F.R.I. (column of ID 1.22 m)
with C6/C7 and o-/p-xylene systems and at SRP (column of ID
0.42  m)  with C6/C7 systems. The hydraulic characteristics were
measured  at SRP facility using air/water system. The liquid
loads  0–73.44 m3/(m2 h) and gas loads from 0 to 4 m/s  were  uti-
lized.  Both results were  published by Chambers and Schultes
(2007)  and can be found also on the websites of the packing
vendor  (www.raschig.com/Rings-Downloads).

The  recalculation of the data from the conditions given by
the  measuring system to the operational ones can be per-
formed  using some of the hydraulic/mass-transfer models.
The  models which do not utilize any packing specific constant
could  be used for comparison of the predicted and measured
results,  but adjustment of the mass-transfer model according
to  the experimental data is naturally more  convenient for the
models  with intentionally introduced constants.

Out of the possible models we  have chosen the BS model
(Billet  and Schultes, 1993, 1999). The BS model is incorporated
in  the Aspen Plus simulation software which enables the user
to  set the model constants to the arbitrary values. The model
has  been derived for random and structured packings and
involves  six packing specific constants (CL, CV, CP,0, CS, CFL,
Ch) which are related to the liquid phase mass-transfer, gas
phase  mass-transfer, dry and irrigated pressure drop, loading
and  flooding point specification and liquid hold-up calcula-
tion.  The model assumes plug flow of both phases.

3.  Experimental

The absorption and hydraulic measurements were performed
in  the counter-current atmospheric absorption column of
0.29  m inner diameter packed with four elements of the
RSP  250Y (six for the dynamic experiments). The column is
equipped  with four openings in which sampling devices for
the  withdrawal of liquid and gas samples can be placed. Each
element  of the packing was  horizontally drilled by electri-
cal  discharge machinery to enable installation of a sampling
device  for the withdrawal of the gas or liquid samples. The
samples  were withdrawn from sampling devices placed in the
packing  elements (H = 0.21, 0.42, 0.63 m)  or from those placed
right  above and below the packed bed (H = 0.94, 1.40 m).  Uni-
form  liquid distribution over the cross-section of the column
was  carried out by the pipe-type liquid distributor with drip-
point  density of 630 drip points/m2 together with 2 elements
of  Raschig Initial Distribution System. The gas phase was  sat-
urated  with the water vapor, enriched with the tracer gas (SO2

for the kGa and CO2 for the a measurements) and fed to the
absorption column through the large drum equipped with the
lattice  at the outlet which provided necessary pressure drop
for  stabilization of the gas flow. The inlet temperatures of both
phases  were  maintained at 20 ◦C. Flow rate of the liquid phase
(distilled  water for the �p, hL, BoL and kLa measurements or
1  kmol/m3 solution of NaOH for the kGa and a measurements)
was  measured with turbine flow meter; flow rate of air was
determined on the basis of the pressure drop at the orifice

plate.  The tracer gas (kGa, a measurements) or nitrogen (kLa)
flow  rate was  controlled by means of Bronkhorst low-�p flow
meter.  For more  details of the column setup see Valenz et al.
(2011)  and Rejl et al. (2014).

Systems and methods used for the mass transfer and
hydraulic measurements together with the methods of anal-
ysis  and range of flow rates are given in Table 1. For detailed
descriptions of the methods see the references listed in the
table.

The  distillation experiments with the methanol-n-
propanol (M/P) and cyclohexane-n-heptane (C6/C7) test
mixtures were  performed in a stainless steel atmospheric
distillation column with an inner diameter of 0.15 m (for
more  details see Rejl et al., 2010). The column was  packed
with  nine pieces of the Raschig Super-Pak 250Y, to the height
of  2.12 m.  An electrically heated reboiler, equipped with an
electric  power regulator (up to 60 kW), was  used to maintain
a  constant rate of boiling. The total condenser was  mounted
at  the top of the column. Reflux flow was distributed on
the  packing using a pipe-type distributor with 25 openings
(1472  drip points/m2); the reflux flow rate was  determined
using the turbine flow meter. Vapor from the reboiler was
introduced into the column by a chimney type distributor
with four chimneys regularly distributed over the column
base  cross section. The column was  operated under the total
reflux  conditions. The samples of the liquid reflux and of the
vapor  entering and leaving the packed bed were  withdrawn
for  the HETP determination. The samples taken during each
run  were analyzed immediately using the Atago RX5000
refractometer.

HETP  values from the distillation data were calculated from
the  concentration of the vapor samples taken at the top and
bottom  of the packed bed. The stage-to-stage approach to the
HETP  calculation was  used; the fraction of the last, incomplete
equilibrium stage was  calculated using the linear interpo-
lation  of the concentration between two closest complete
stages. The HETP was calculated according to Eq. (2)

HETPexp = Hexp

Neq.stages
(2)

Prediction of the distillation HETP from the absorption data
was  based on the simulation of the vapor and liquid concen-
tration  profiles along the column using the differential model
of  a distillation (Rejl et al., 2010). The mass transfer coefficients
were  calculated using the BS model with the parameters (CL,
CV, CP,0, CS, CFl) evaluated from the absorption experiments
(Table 3). The concentration profiles were calculated assum-
ing:  (1) the plug flow model in both phases, (2) the axial mixing
in  the liquid phase and the plug flow model in the vapor phase.
The  axial mixing in the liquid phase was  described using the
plug  flow model with axial dispersion with the Bodenstein
numbers calculated from Eq. (8). To enable a direct comparison
of  the calculated and experimental HETP values the experi-
mental  head and bottom concentrations and reflux flow rates
were  used as an input into the simulation.

The HETPcalc values were calculated according to Eq. (3)
with  the value of Hcalc obtained from the simulation.

HETPcalc = Hcalc

Neq.stages
(3)
are  compared with the literature data available for metal random
packing  Pall Ring 25 and metal structured packing Mellapak 250Y.

http://www.raschig.com/Rings-Downloads
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Table 1 – Overview of systems and methods used for the mass transfer and hydraulic measurements.

Measurement Method Analysis Flow rates References

kLa Stripping of oxygen into the
nitrogen  stream;
H  = 0.63 m
HBED = 0.94 m

Oxygen dissolved in the
water,  Pre-Sens oxygen
probes  (0–21 kPa O2)

B = 5–100 m/h
uG = 0.1 m/s

Valenz et al. (2011)

kGa* Absorption of SO2 from the air into
the NaOH solution;
H  = 0.21, 0.42, 0.94 m
HBED = 0.94 m

SO2 in the air stream, SICK
710 IR spectrometer
(15–3000 ppm SO2) + Horiba
APSA-370 UV fluorescence
analyzer  (50–1000 ppb SO2)

B  = 5–100 m/h
uG = 0.5–3.0 m/s

Rejl et al. (2014)

a  Absorption of CO2 from the air
into the NaOH solution;
H  = 0.63 m
HBED = 0.94 m

CO2 in the air stream, SICK
710 IR spectrometer
(15–8000 ppm CO2)

B = 5–100 m/h
uG = 0.5–3.0 m/s

Valenz et al. (2011)

BoL hL Dynamic method based on
monitoring  of the response on the
step  change of the tracer
concentration  (NaCl solution) in
the inlet water;
HBED = 1.40 m

Conductivity B = 5–20 m/h
uG = 0 m/s

Valenz et al. (2010)

�p  The pressure drop of air-water
system;
HBED = 0.94 m

Digital manometer
(0–1000 Pa)

B  = 24–75 m/h
uG = 1.0–3.2 m/s

∗ Most of the kGa data were measured on 0.21–0.42 m of the packing using SICK 710 analyzer for the determination of SO2 concentration in the
air at both, upper and lower, positions of the packed bed. Some experiments have been later repeated on 0.94 m of the packing (4 elements)
using the Horiba APSA-370 analyzer for determination of SO2 in the air at the top of the packed bed. The kGa values measured on the higher
bed agreed with those measured on the lower bed within 5%.
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.1.  Effective  interfacial  area,  a

n agreement with the general behavior of the packings the
ffective  interfacial area of the RSP 250Y increases with the liq-
id velocity and is less dependent of the gas velocity (see Fig. 1,
q. (4)). The effective area of the RSP 250Y is larger than its geo-
etrical  area for the liquid loads above B ∼ 10 m/h  which is in

ontrast  with what was  found for Mellapak 250Y and other

tructured packings. That implies that – at least for the higher
iquid  loads – some additional effective area is present over

ig. 1 – Comparison of experimental and from Eq. (4)
alculated effective interfacial area, a. Comparison with the
ata published by Wang et al. (2012) and with data of
ellapak  250Y packing published by Valenz et al. (2011).
ll  data presented for uG = 1.0 m/s.
that formed by the films flowing down the metal sheets. For-
mation  of droplets can be the possible explanation. Depending
on  the liquid load, the effective interfacial area of the RSP 250Y
is  20–50% higher than that of Mellapak 250Y.

a = 215 · B0.0774 · u−0.031
G (4)

The effective interfacial area data of the RSP 250Y are found
10%  higher than the ones obtained by Wang et al. (2012) with
the  same system.

4.2.  Volumetric  mass-transfer  coefficient  in  the  liquid
phase, kLa

Resulting dependence of kLa on the liquid superficial velocity
B  follows approximately power law relation with the power of
0.662.

kLa = 2.74 × 10−3 · B0.662 (5)

The power law behavior corresponds well to that of the Mel-
lapak  250Y and suggests common liquid phase mass-transfer
mechanism for both packings. The absolute kLa values of the
packings  are quite similar up to the B ∼ 40 m/h, at higher liquid
loads  the kLa of RSP 250Y are 10–15% larger (see Fig. 2). The kLa
data  has been correlated using BS model (Billet and Schultes,
1999)  with the relative mean deviation of 16% and resulting CL

value is 1.446 (see Table 3).
The kLa data for RSP 250Y provided by Wang et al. (2012)
recalculated to the nitrogen/oxygen/water systems according
to  Eq. (1) are ∼40% lower.
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Fig. 2 – Comparison of experimental and from BS model
(with  parameters from Table 3) calculated volumetric
mass-transfer coefficient in the liquid phase, kLa.
Comparison with the data published by Wang et al. (2012)
and  with data of Mellapak 250Y packing published by

Fig. 4 – Comparison of experimental and from BS model
(with  parameters from Table 3) calculated specific pressure
drop  of the packing, �p/H. Comparison with the data
published by Chambers and Schultes (2007). Data
Valenz  et al. (2011).

4.3.  Volumetric  mass-transfer  coefficient  in  the  gas
phase, kGa

The volumetric mass-transfer coefficient in the gas phase, kGa,
has been measured using chemisorption of the sulphur diox-
ide  into the lye under various gas and liquid loads (see Fig. 3).
Resulting  kGa depend significantly on the gas-phase velocity
and  just slightly on the liquid one (Eq. (6)). The dependence
of  the kG = kGa/a on the phase velocities evaluated from Eqs.
(4)  and (6) exhibits only negligible dependence on the liquid
phase  velocity (Eq. (7)).

kGa = 8.394 · B0.0632 · u0.575
G (6)
kGa = 39.86 × 10−3 · B−0.0258 · u0.609
G (7)

Fig. 3 – Comparison of experimental and from BS model
(with  parameters from Table 3) calculated volumetric
mass-transfer coefficient in the gas phase, kGa.
Comparison with the data published by Wang et al. (2012)
and  with data of Mellapak 250Y packing published by
Valenz  et al. (2011). All data presented for B = 20 m/h.
presented for B = 24.4 m/h  and B = 73.4 m/h.

The power of 0.609 in the dependence of the kG on the gas
velocity  uG agrees well with the results obtained on Mellapak
250Y  (power of 0.642, see Rejl et al., 2014). It differs signifi-
cantly, however, from the results obtained on the wetted-wall
columns3 (power in range from 0.8 to 1.0) and from the
dependences incorporated in many  structured packing mass-
transfer  models (power in range from 0.7 to 1.0).

Resulting kGa are 40–80% higher than those of the Mella-
pak  250Y which is caused by both, higher effective interfacial
area  as well as higher mass-transfer coefficient kG under simi-
lar  phase flows. The kGa data of Wang (Wang et al., 2014) agree
with  the kGa data presented in this paper with an average error
of  11%. Our data has been also correlated using BS model with
relative  mean deviation of 26% and resulting CV value 1.023
(see  Table 3). Relatively poor fit of the data by the BS model is
caused  by significantly larger effect of the liquid flow on the
kGa values predicted by the BS model (kGa ∼ B0.41) than was
found experimentally. With the CV of 1.023 the BS model pre-
dicts  the kGa fairly well (relative mean deviation of 15%) for
the  liquid velocities in the range B = 10–20 m/h.

4.4.  Specific  pressure  drop,  �p/H

The specific pressure drop of the packing has been measured
under  various gas and liquid loads (see Fig. 4) with the air-
water  system. The observed power law dependence of the
specific  pressure drop on the gas velocity with the power
of  1.85–1.90 suggests gas flow regime close to the turbulent
one.  The obtained data correspond well with the ones pub-
lished  for RSP 250Y by Chambers and Schultes (2007) up to
the  loading point achieved at our column. The capacity is
about  20% lower in comparison with these data possibly as a
result of different experimental arrangement differing in the
column  inner diameter and packed bed height. The capacity

of  the packing is higher in comparison with M250Y packing

3 The flow of the gas phase through the structured packing is
usually  modeled as a flow through the short inclined channel
(models  of Olujic’ et al., 1999; Rocha et al., 1996) with the
correlations for the kG adopted from the wetted wall column
experiments.
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Fig. 5 – Comparison of experimental and from BS model
(with  parameters from Table 3) calculated total liquid
hold-up, hL. Comparison with the data of Mellapak 250Y
structured  packing and of Pall ring 25 random packing
published by Valenz et al. (2010).
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Fig. 6 – Comparison of experimental and from Eq. (8)
calculated axial mixing in the liquid phase, BoL.
Comparison with the data of Mellapak 250Y structured
packing and of Pall ring 25 random packing published by

of  the experimental ones when the plug-flow hydrodynamic
easured in the same column. The specific pressure drop val-
es have been correlated using BS model with relative mean
eviation  of 16% and resulting hydraulic parameters, CS, CFl,

P,0, are summarized in Table 3.

.5.  Liquid  hold-up,  hL

he comparison of total liquid hold-up, hL, of the struc-
ured  packings Raschig Super-Pak 250Y and Mellapak 250Y
nd  random packing Pall ring 25 is shown in Fig. 5. The
iquid  hold-up increases with the power 0.63 of the liq-
id  velocity and reaches 6% for B = 20 m/h. Qualitatively as
ell  as quantitatively the behavior matches that of Mella-
ak  250Y and is also very similar to that found for Pall ring
5,  although the geometry of these packings differ signifi-
antly.  As the effective interfacial area of the RSP 250Y is at
east  20% higher than that of Mellapak 250Y, the equal hold-
p  is apparently formed by thinner films. Ch parameter of
he  value 0.941 has been evaluated out of the data (see also
able  3).

.6.  Axial  mixing  of  the  liquid  phase  (expressed  as  BoL

arameter  of  the  axial  dispersion  model)

odenstein numbers, BoL, of the structured packings Raschig
uper-Pak  250Y and Mellapak 250Y and of the random pack-

ng  Pall ring 25 (related to packing height L = 1 m)  are plotted
n  Fig. 6. For all the packings, the axial dispersion decreases
Bodenstein number increases) with increasing liquid veloc-
ty.

Values  of the Bodenstein number reach the value of approx.
5  for liquid velocity B = 20 m/h. In the entire flow range the
alues  are about half of that found for Mellapak 250Y, implicat-
ng  more  significant axial dispersion of the liquid on the RSP
50Y  packing. Axial dispersion is an undesirable phenomenon
s  it degrades efficiency of the separation equipment through
eduction  of the mass-transfer driving force, and in the limit, a
olumn behaves like a single equilibrium stage (Henley et al.,

011).
Valenz  et al. (2010).

The  dimensionless correlation for the Bodenstein number
in  the form suggested by Macías-Salinas and Fair (1999) has
been  successfully used for correlation of the data resulting in

BoL = 0.0582 · Fi0.398
L

(
3

sin2 �

)1.159

(deqag)6.337 (8)

4.7.  Distillation  (HETP)  data

For both distillation systems (methanol-n-propanol,
cyclohexane-n-heptane) the dependence of the HETP on
the  F-factor exhibit expected behavior being almost constant
in  the preloading region and decreases when loading begins.
For  the C6/C7 system the mean value of the HETP in the
preloading regime is 0.40 m,  for M/P  system it is 0.38 m.

Separation efficiency of the packing depends on the com-
position  of the distilled mixture for the C6/C7 system, the HETP
for  the cyclohexane rich mixture are significantly higher than
those  for the mixture with low content of cyclohexane (Valenz
et  al., 2013). To eliminate this influence to the HETP only the
values  obtained at approx. 50 mol.% of cyclohexane in the mid-
dle  of the packed bed are compared with the literature data.

The  distillation data are compared with those measured at
SRP  of University of Texas and F.R.I at 1.62–1.65 bar for C6/C7

system. The absolute values of HETP are in very good agree-
ment  (especially with the F.R.I data) in the preloading region.
In  the loading region and just before flooding the SRP and F.R.I.
HETP  data tend to increase sharply which was  not observed in
our column (see Fig. 7). The different behavior in the load-
ing  and near flooding region could be perhaps explained by
different  column diameters.

The  HETPs have also been calculated on the basis of the dis-
tillation  column rate-based simulation using BS model with
the  constants taken from Table 3. As these constants were
evaluated  from the absorption experiments, comparison of
the  experimental HETP and those revealed by the simula-
tion  examines the mutual transferability of the data between
absorption and distillation.

The  HETPs calculated out of the simulations are barely half
model is used. On the other hand, when axial dispersion in the
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Fig. 7 – Comparison of experimental and from BS model
(with  parameters from Table 3) calculated distillation
separation efficiency for C6/C7 system, HETP. Comparison
with the experimental data measured by SRP and F.R.I.

Table 2 – Geometrical characteristics of the Raschig
Super-Pak 250Y.

ag (m2/m3) ε (m3/m3) deq (m) � (◦)

250 0.98 0.0157 45
liquid  phase is taken into account, the out of simulation cal-
culated  HETPs match the experimental ones with only about
16%  and 9% error (for C6/C7 (see Fig. 7) and M/P  (see Fig. 8)
system,  respectively). The acquisition of the absorption mass-
transfer  data and their recalculation from absorption to the
distillation  conditions seems to be therefore successful in this
particular case, but incorporation of the more  sophisticated
hydrodynamic model is clearly inevitable.

The CV constant of the BS-model has been obtained with
the  SO2–NaOH system, for which the efficiency and the result-
ing  volumetric mass-transfer coefficients are not diminished
by  the axial mixing of the liquid phase (due to the zero con-
centration  of the solute at the interface). The CL constant has
been  evaluated in the experimental setup exhibiting rather
low  number of the liquid phase mass-transfer units (1.4–3.5)
and  is therefore affected only slightly. The test systems there-
fore  provide true values of the volumetric mass-transfer

coefficients uncoupled with the hydrodynamic effects and

Fig. 8 – Comparison of experimental and from BS model
(with  parameters from Table 3) calculated distillation
separation efficiency for M/P  system, HETP, in the
preloading regime.
these unaffected values also result from the BS-model with
CL, CV constants listed in Table 2.

The  use of these constants together with the plug flow
model  can be therefore recommended only for the simulation
of  the processes with low changes of the liquid phase con-
centration along the column, which are immune against axial
dispersion  effects. When the liquid phase axial dispersion is
taken into account in the process simulation e.g. with the BoL

values given by Eq. (8), the usage of the CL, CV constants given
in  Table 2 shall be appropriate universally.

5.  Conclusions

Mass-transfer, hydraulic and hydrodynamic characteristics of
the Raschig Super-Pak structured high-capacity packing has
been  measured using standard aqueous test systems in the ID
0.29 m absorption column. The data have been compared with
those  obtained for the standard first generation 250 m2/m3

structured packing with 45◦ angle of corrugation (Mellapak
250Y). The results has been also used for optimization of the
constants  of the BS model, which are not presented in the lit-
erature  and thus prevented the use of this model for the RSP
250Y  packing e.g. in the simulation software.

Out of the measured characteristics of the packing we
would  like to stress its interfacial area which is found to be
larger  than its geometrical area for the liquid loads above
B  ∼ 10 m/h  – what is in contrast with what was found on
the  Mellapak 250Y packing and resembles more  the behav-
ior  of the random packings. It suggests that there exists some
phenomenon forming additional mass-transfer area, possibly
generation  of the droplets. Depending on the liquid load the
effective  interfacial area of the RSP 250Y is 20–50% higher than
that  of Mellapak 250Y. The finding is also supported by the
results  of Wang.

But  perhaps the most impressive quality of the packing is
its  gas-phase mass-transfer efficiency. The volumetric mass-
transfer  coefficient in the gas phase, kGa, of the RSP 250Y
is  40–80% higher than that of the Mellapak 250Y under the
same  conditions. The gas-phase efficiency of the RSP 250Y
packing  is exceptional and should be beneficial for the pro-
cesses  controlled solely by the gas-phase mass-transfer (e.g.
fast  chemisorptions). For other processes the usage of the pre-
sented  CV constant together with the plug flow model is not
recommended.

From  the mass-transfer modeling point of view the
kG ∼ uG

0.609 dependence suggests different mass-transfer
mechanism in the gas-phase for the RSP 250Y packing from
that  which occurs in the wetted wall column and generally
for  the flows in the straight channels. As this is found also for
Mellapak  packings, rather different geometry, modeling of the
structured  packing as a set of the straight, independent tubu-
lar  channels seems more  convincingly to be inappropriate.

The specific pressure drop and the capacity of the RSP 250Y
packing  correspond to the packing “high capacity” character.
Liquid  hold-up of the packing is comparable with that found

for  the standard packing and for the random packing (Mel-
lapak  250Y, Pall Ring 25). Interestingly, the axial mixing of the
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Table 3 – Hydraulic and mass transfer parameters of Billet–Schultes model (Billet and Schultes, 1999).

Parameter CS CFl CP,0 Ch CL CV

Value 3.89 2.67 0.260 0.941 1.446 1.023
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C characterization: mass transfer properties. Energy Procedia
Mean relative deviation 16.4% 

iquid phase on the RSP 250Y is found to be approximately two
imes  higher than that on the Mellapak 250Y.

The HETP data of the RSP 250Y packing for C6/C7 system
btained at three independent facilities correspond mutually

n  the preloading region. The distillation efficiency of the pack-
ng  is similar to that found for the standard structured packing,

hich  means, that the separation efficiency is not compro-
ised  by the high capacity gain of the packing. It seems

robable that even better distillation efficiency is not found
nly  because of the axial mixing of the liquid phase on the
acking.

The  HETP prediction for distillation of C6/C7 and M/P mix-
ures  with the evaluated constants and plug flow assumption
ed  to poor results. However, we do not address this disagree-

ent  to fundamental impropriety of the test systems or the
nability  of the BS model to transfer the data from absorption
onditions to distillation ones. We  demonstrate that reason-
bly  accurate values of HETP can be obtained for the RSP 250Y
acking  when the influence of the liquid phase axial mixing

s  involved into the HETP prediction.
We would rather encourage the further development of the

rocess  simulation software with respect to the description of
he  phase hydrodynamics. It was  shown that incorporation of
he  more  sophisticated hydrodynamic models into the simu-
ation  software can lead to easier transferability of the data
mong  the processes.
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� Wetted wall column as a device with known interfacial area for absorption and distillation.

� Absorption experiments with distillation-like systems and flow rates.
� The mass-transfer coefficients dependent on the approx. square root of diffusivities for both phases.
� Quality of the diffusion coefficient data essential for kL recalculation.
a r t i c l e i n f o

Article history:
Received 17 June 2015
Received in revised form
17 December 2015
Accepted 20 December 2015
Available online 6 January 2016

Keywords:
Absorption
Distillation
Mass transfer
Wetted-wall column
x.doi.org/10.1016/j.ces.2015.12.027
09/& 2016 Published by Elsevier Ltd.

esponding author. Tel.: þ420 220 44 3299.
ail address: frantisek.rejl@vscht.cz (F.J. Rejl).
a b s t r a c t

Our present research re-opens the problem of recalculation of the mass-transfer data between absorp-
tion and distillation by performing both processes in devices of the same geometry and using absorption
and distillation systems whose physical properties are as similar as possible. The wetted wall column has
been chosen as an experimental device which assures identical and known effective interfacial area for
both processes. In this paper we present results of the absorption experiments while the follow up article
will focus on the distillation ones and their mutual comparison. The liquid side mass-transfer coefficients
were measured using desorption of oxygen from primary alcohols to the stream of nitrogen in the range
of the liquid phase Reynolds numbers from 30 to 560. The experiments were carried out at ambient and
at elevated temperatures providing the range of liquid phase Schmidt numbers from 66 to 1300. The gas
phase mass-transfer coefficient was measured using absorption of sulfur dioxide from various carrier
gasses-air, helium and sulfur hexafluoride-into the sodium hydroxide aqueous solution for Reynolds
numbers from 300 to 11,800. Due to the significantly different properties of the carrier gases the range of
the gas phase Schmidt number from 0.45 to 2.75 was achieved. The range of Reynolds numbers and
Schmidt numbers covered by the absorption experiments overlaps the range of the distillation experi-
ments, thus no extrapolation will be needed for the recalculation of the mass-transfer coefficients from
absorption to distillation conditions. The results of the absorption experiments have been correlated in
the dimensionless form ShL¼0.33ReL

0.12ScL
0.47 and ShG¼0.012ReLG

0.90ScG
0.61 with RSD of 6% and 4%

respectively.
& 2016 Published by Elsevier Ltd.
1. Introduction

Distillation as well as absorption performed in packed column
can be treated as similar process of simultaneous flow of liquid
and gas phase on the packing accompanied with interfacial
transfer processes (and optionally a chemical reaction). In princi-
ple both processes can be described by a unified general model
describing identical set of individual phenomena with parameters
defined by identical functions of process conditions. More speci-
fically – there should be possible to express mass transfer coeffi-
cients for individual by the same correlation for both processes.
This assumption is utilized but has been never fully experimen-
tally approved.

The general unified model valid simultaneously for absorption
and for distillation is rarely used in its complete form for modeling
of the processes as it is difficult to obtain all the necessary para-
meters. Individual phenomena do not have the same importance
in these processes therefore the general model is simplified to fit
the needs of each specific operation.
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The parameters are obtained through experiments with the
conditions set in a way that the process is sensitive to the specific
parameter; we will denote them as “standard experiments”.
Unfortunately the process conditions vary dramatically for stan-
dard absorption and distillation experiments. If the evaluated
parameters are to be recalculated from one process to another, we
need to know their dependence on the relatively broad range of
conditions. The values of the parameters evaluated from absorp-
tion and distillation experiments may also diverge due to different
effects of usual simplifications of the general model.

Not surprisingly, the results of recalculation of the parameters
from absorption to distillation conditions are rarely accurate and
the design of the packed distillation column on the basis of
absorption experiments remains one of the Holy Grails of chemical
engineering. The problem is therefore often revisited.

Our recalculation attempt is based on bringing the conditions
of the standard absorption and distillation experiments as close
together as possible. In an ideal case, the phase hydrodynamics
and their physical properties would be the same. In order to
minimize the number of phenomena which affect the process and
to decrease unknown process parameters we decided to utilize the
experimental apparatus for which the wet surface area is known,
the wetted wall column.

Although the character of the liquid flow in the wetted wall
column may not be uniform (rippling occurs in the whole range of
the utilized liquid flows), we can say that the effective interfacial
area in the column corresponds with the geometrical area much
more accurately than in the packed column. Its utilization leaves
us with the mass-transfer coefficients kL, kG as the only mass-
transfer parameters of the processes.

Approaching the distillation conditions with standard absorp-
tion measurements and their recalculation to the distillation ones
have been performed by interpolation in Reynolds and Schmidt
numbers. Rationalization of the relation between mass-transfer,
hydrodynamics and physical properties of the phases has been
performed in the form of dimensionless criteria, namely Sher-
wood, Reynolds and Schmidt numbers. The absorption experi-
ments were performed using such type of liquids and gases, and at
such temperatures and flows, that the distillation mass-transfer
coefficients kL

DIST, kGDIST could be evaluated by interpolation in
Reynolds and Schmidt numbers.

This paper presents the results of absorption experiments
performed in the wetted wall column constructed in such a way
that would make it usable both for absorption and distillation
experiments. It provides values of liquid side mass-transfer coef-
ficient kL obtained by desorption of O2 from cold and hot primary
alcohols into the stream of nitrogen, and of gas side mass-transfer
coefficient kG obtained by chemisorption of SO2 from He, N2 and
SF6 into aqueous sodium hydroxide. It presents recalculation of
this data to the conditions of atmospheric distillation of methanol-
n-propanol mixture, which is intended for future distillation
experiments.
1 According to Ishigai et al. (1972) and Portalski (1973) two regimes – transi-
tional and pseudo-turbulent-exist between the pseudo-laminar and fully turbulent
regimes. However no such regime change can be observed on the mass-transfer
characteristics.
2. Literature survey and theory

A wetted wall column is a device which was often used for the
study of the mass transfer phenomena in packed absorption and
distillation columns. Therefore, numerous papers dealing with the
mass-transfer characteristics of this device under both absorption
and distillation conditions can be found.

2.1. The mass transfer characteristics of the free falling liquid film

Mass transfer within liquid film has usually been studied by
absorption/desorption of slightly soluble gas (O2, CO2, H2, He) into
water (Emmert and Pigford, 1954; Kamei and Oishi, 1955; Kulov
and Malyusov, 1967; Krasheninnikov and Durasova, 1958; Yih and
Chen, 1982; Nielsen et al., 1998) or into organic solvents (alcohols,
benzene, ethylene glycol solution) (Hikita et al., 1959; Won and
Mills, 1982). The experimental data are usually published in a
dimensionless form as the dependence of ShL on ReL and ScL.

The characteristic dimensions used in ShL and ReL in their
standard form are the film thickness, δ, and the mean film velocity
uL. However, when used in the problems involving flowing films,
substitution for these not easily measurable quantities is usually
performed on the basis of the Nusselt’s theory (Nusselt, 1916)
replacing them with more convenient ones: diameter of the col-
umn, d, and mass flow related to the wetted perimeter, Γ.
Resulting expression for ReL is further multiplied by factor of 4 for
the formal agreement with the definition of ReG. ShL is divided byffiffiffiffiffiffiffiffiffi

3
4ReL

q
. Throughout this article the following definition of the

Reynolds and Sherwood number is therefore used:

ReL ¼
4Γ
μL

ð2:1Þ

ShL ¼
kL

D12;L

ffiffiffiffiffiffiffiffiffiffi
μ2

ρL
2g

s
ð2:2Þ

Based on hydrodynamic studies, five regimes of the film flow
can be distinguished (Brauer, 1958; Ishigai et al., 1972; Portalski,
1973). At very low values of Reynolds numbers (ReLo20) liquid
flows in a smooth laminar layer with a semi-parabolic velocity
distribution and with a film thickness described by the Nusselt’s
equations (Nusselt, 1916). Under these conditions the mass
transfer in the film is caused only by the diffusion of the solute in
the solvent, and the expressions for mass-transfer rate can be
derived from Fick’s law and material balance (Pigford, 1941). With
the increasing value of Reynolds number, irregular waves appear
on the film surface causing disturbances in the flow pattern and
significant enhancement of the mass-transfer performance. For
ReL¼20�ReL,c (pseudo-laminar regime) the film Sherwood num-
ber, ShL, increases with ReL powered to 1/3–2/3. As ReL reaches the
critical value ReL,c the flow regime changes to pseudo-turbulent1

and ShL becomes almost independent of ReL; the power of ReL
varies between 0 and 0.2. The film flow becomes fully turbulent at
ReLE1200 and the sharp increase of ShL with ReL can be observed.
In this regime the power of 0.6–1 at Reynolds number is observed.
The critical Reynolds number at which the pseudo-laminar regime
changes to the pseudo-turbulent depends generally on the system
properties. According to Brauer (1958) ReL,c is a function of the
liquid Kapitza number only

ReL;c ¼ 0:072Ka
1
3 ð2:3Þ

while Hikita et al. (1959) proposed Eq. (2.4).

ReL;c ¼ 93:3Sc�0:24
L Ga0:08L

σ
0:072

� �0:3
ð2:4Þ

While the dependence of ShL on ReL changes with the flow
regimes, the dependence ShLpScL

0.5 is reported by most authors
for all regimes. The results of Hikita et al. (1959) and Won and
Mills (1982) show that the power of 0.5, which is in agreement
with the penetration theory (Higbie, 1935) and VTDM (Henstock
and Hanratty, 1979), holds also for non-aqueous systems where
the change of Schmidt number is caused by the change of the
solvent and not only of the solute.



Table 1
Overview of correlations for liquid phase Sherwood number.

Author Correlation System

Kamei and Oishi (1955) ShL ¼ 4:6U10�3Re0:46L Sc0:58L
a Re¼50–300 CO2/water at various temperatures

ShL ¼ 4:3U10�2Re0:18L Sc0:48L
a Re¼300–1400

ShL ¼ 1:2U10�3Re0:63L Sc0:52L
a Re41400

Hikita et al. (1959) ShL ¼ 1:1U10�2σ�0:15
rel Re0:5L Sc0:62L Ga�0:04

L
ReLoReL,c CO2/benzene, n-butanol, methanol and its aqueous solutions

ShL ¼ 0:11Sc0:5L
ReL4ReL,c

ReL;c ¼ 93:3Sc�0:24
L Ga0:08L σ0:3rel

CO2, Cl2, SO2, O2, He and H2S/water

σrel ¼ σ=0:072

Kulov and Malyusov (1972) ShL ¼ 3:5U10�3Re2=3L Sc0:5L
ReL¼40–180 CO2/water

ShL ¼ 0:11Sc0:5L
ReL¼180–1000

ShL ¼ 11U10�5ReLSc0:5L
ReL41000

Won and Mills (1982) ShL ¼ 8:7U10�2Re0:20L Sc0:36L
a Re¼500–2000 CO2/methanol, water, n-propanol

ShL ¼ 6:97U10�9RenL Sc
1�α
L Ka0:5 Re42000 H2, O2,

n¼ 3:49Ka�0:068

α¼ 0:137Ka0:055
CO2/ethanol

Yih and Chen (1982) ShL ¼ 1:1U10�2Re0:40L Sc0:5L
ReL¼49–200 CO2, O2, H2, He/water

ShL ¼ 3:0U10�2Re0:21L Sc0:5L
ReL¼200–1600

ShL ¼ 9:8U10�4Re0:68L Sc0:5L
ReL¼1600–10,500

Nielsen et al. (1998)
ShL ¼ 0:016Re0:43L Re0:66G Sc0:5L

μ2L
ρ2L gd

3

� �1=3 ReL¼4000–12,000 O2/water
ReG¼7500–18,300

a The equation is not given in the paper and was obtained by correlation of original data.
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Hikita et al. (1959) and Won and Mills (1982) also evaluated the
influence of the liquid surface tension on ShL. Hikita et al. (1959)
report the dependence ShLpσ�0.15 for the pseudo-laminar regime
and no distinguishable dependence for the pseudo-turbulent
regime. For the turbulent film, Won and Mills (1982) observed a
significant influence of the liquid Kapitza number on Sherwood
number and proposed a rather complicated correlation for the
prediction of ShL for both aqueous and organic systems (see
Table 1).

2.2. The gas-phase mass-transfer characteristics

For the gas (fluid in general) flowing through the column there
are two limiting regimes of the flow which can usually be dis-
tinguished according to gas Reynolds number, ReG. At low values of
ReG the flow is assumed laminar with parabolic velocity profile. As
Reynolds number increases, the flow pattern becomes more irre-
gular and for ReG410,000 the flow is usually assumed to be fully
turbulent with a flat velocity profile. The transition between
laminar and turbulent regime starts at ReGE2000 (Figs. 1 and 2).

The gas phase mass-transfer characteristics of the wetted wall
column in transitional and turbulent regime were usually experi-
mentally studied by evaporation of pure liquids and their mixtures
into the air stream (Gilliland and Sherwood, 1934; McCarter and
Stutzman, 1959; Kafesjian et al., 1961; Strumillo and Porter, 1965;
Crause and Nieuwoudt, 1999), by absorption (Nielsen et al., 1998)
and by distillation (Johnstone and Pigford, 1942; Jackson and
Ceaglske, 1950). The experimental data are usually correlated in a
dimensionless form. A list of correlations is given in Table 2. Gil-
liland and Sherwood performed extensive measurements of the
rate of vaporization of nine liquids into the air in the range of
ReG¼2000–40,000. They found that ShG increases with ReG pow-
ered to 0.83 and with ScG powered to 0.44. Their data were taken
by Chilton and Colburn (1934) and correlated together with the
pressure drop and heat transfer data in terms of j-factors resulting
in the dependence ShGpScG

1/3 which is in agreement with the
boundary layer mass transfer model. The dependence ShGpScG

0.5

was found by Crause and Nieuwoudt (1999) who used evaporation
of seven solvents in a short column. While the power of the gas
phase Reynolds number found by various authors varies sig-
nificantly—from 0.68 to 1.05, the predictions of ShG, according to
individual authors, provide similar results (see Fig. 8).
3. Experimental

Two glass columns of ID 25 mm (geometrical area aG¼4/
d¼160 m2/m3) and lengths of 1.4 m and 2.1 m were used. The col-
umns are equipped with 5 (7) pairs of holes which enable placing
the liquid and gas sampling devices along the column. Each pair
consists of two holes positioned on the opposite sides of the column
and it is rotated by 90 degrees with respect to the previous one. The
distance between the sampling points is 30 cm; the first sampling
point is approx. 5 (15) cm below the upper edge of the column. The
liquid and gas sampling devices are PVDF plugs with the openings
which enable placing the oxygen probes and the withdrawal of the
liquid and gas samples from the column (see Fig. 4).

The liquid is fed to the inner wall of the column by means of
8 needles which are inserted into the liquid distributor body. The
needles of inner diameter of 0.8 mm and of length of 25 mm are
aligned tangentially with respect to the column perimeter and
inclined by 30 degrees with respect to the column axis (see Fig. 3).
With this installment the liquid flow entering the column has
tangential component of the velocity which ensures fusion of
individual rivulets into the uniform liquid film along the whole
perimeter at the top of the column. It was visually observed that
the rotation of the liquid along the column perimeter is sup-
pressed via the viscous forces before the liquid reaches the first



Fig. 1. The experimental setup for kL measurements – desorption of oxygen from
liquid into the nitrogen stream.

Fig. 2. The experimental setup for kG and aeff measurements – absorption of SO2

and CO2 from carrier gas into the NaOH solution.
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sampling point. The liquid distributor is capable of providing a
stable wavy film for the flow rates higher than 110 ml/min for pure
water and 80 ml/min for NaOH solution and organic solvents.

At the bottom of the column, the liquid collector/gas distributor
was placed. During the measurements the column was equipped
with both liquid and gas sampling devices providing the same
setup as will be used for distillation experiments.

Before each set of measurements the column was dismounted,
purged with chromic acid and distilled water. The vertical position
of the column was checked with a plumb bob with the maximal
allowed declination of 0.5 mm/m. For the measurements per-
formed at elevated temperatures the column was insulated with a
heating jacket. Liquid was fed to the column by means of a micro-
gear pump. The flow rate of the liquid was controlled using the
Bronkhorst mini-CoriFlow flow-meter (up to 36 kg/h). The gas
phase entering the column (N2 for the kL measurements; air, He,
SF6 for hydraulics and kG measurements) was saturated with
vapors of the absorption liquid at the desired temperature in the
bubble column. The flow rate of the gas phase was controlled with
two Bronkhorst flow-meters (4–46 ln/min and 20–200 ln/min
of air).

The conditions utilized for the measurements were chosen
with respect to the conditions expected in the distillation column:
QL¼80–320 ml/min, ReL¼100–400, ScLE130, uG¼1.5–6 m/s,
ReG¼5000–20,000, ScG¼0.5–1.
3.1. kL measurement

The kL was measured by the desorption of O2 from the liquid
into the stream of nitrogen in the 1.4 m long column. The
absorption liquid (water, methanol, ethanol, n-propanol, n-
heptane and equimolar mixture of methanol and n-propanol)
was saturated with pure oxygen at the desired temperature in the
large (approx. 10 l), tempered and well stirred vessel and fed to the
column. An additional glass exchanger was installed in the very
front of the liquid distributor to ensure that the liquid entering the
column had the desired temperature. Flow rates from 60 up to
600 ml/min and temperatures from 20 to 75 °C were used (the
complete list of conditions is given in Table 3). The liquid samples
were withdrawn from the column (the top and bottom samples
were taken from the sampling points located on the same side of
the column, h¼0.6 m) to the tempered cell containing the optical
oxygen probe. The flow rate of the liquid withdrawn from the
column was maintained by means of the syringe pump at 1.5 ml/
min. The oxygen probe was calibrated to measure the partial
pressure of the O2 from 1 to 100 kPa. The list of conditions used
during the measurements is given in Table 3. The local kL for each
pair of sampling points was calculated from the partial pressure of
oxygen from Eq. (3.1). The kL for each series of conditions was
taken as the average of the local values measured along the col-
umn.

kL ¼
QL

π UdUh
ln

pO2 ;top

pO2 ;bottom

 !
ð3:1Þ



Table 2
Overview of correlations for gas phase Sherwood number.

Gilliland and Sherwood (1934) ShG ¼ 0:023Re0:83G Sc0:44G
ReG42000 Evaporation of nine solvents into the air
ScG¼0.6–2.26

Chilton and Colburn (1934) ShG ¼ 0:029Re0:78G Sc1=3G
ReG430,000

Johnstone and Pigford (1942)
ShG ¼ 0:0328Re0:77G Sc1=3G

uG
uG þ1:5uL

� �0:23 ReG¼4000–30,000 Distillation of five binary systems

McCarter and Stutzman (1959)
ShG ¼ 0:024Re0:8G Sc0:4G

uG þ1:5uL
uG

� �0:8 ReG¼3000–40,000 Evaporation of seven solvents into the air

Kafesjian et al. (1961) ShG ¼ 0:0065Re0:83G Re0:15L
p

pair

� �
ReG¼2000–20,000 Evaporation of water into the air
ReL¼25–1200

Strumillo and Porter (1965) ShG ¼ 0:0093Re0:68G Re0:34L
p

pair

� �
ReG¼3000–10,000 Evaporation of carbon tetrachloride into the air
ReL¼100–800

Nielsen et al. (1998) ShG ¼ 0:00031Re1:05G Re0:207L Sc0:5G
ReG¼7500–18,300 Absorption of SO2 from air into the sodium hydroxide sol
ReL¼4000–12,000

Crause and Nieuwoudt (1999) ShG ¼ 0:00283ReGSc0:5G Re0:08L
ReG¼2000–10,000 Evaporation of seven liquids into the air (short tube)

Fig. 3. The liquid distributor.

Table 3
Overview of conditions used in the kL measurements.

Methanol Ethanol n-Propanol

20 °C: ScL¼136;
ReL¼250–430

20 °C: ScL¼417;
ReL¼40–310

20 °C: ScL¼1166;
ReL¼30–170

40 °C: ScL¼82; ReL¼130–
400

40 °C: ScL¼200;
ReL¼120–460

40 °C: ScL¼490;
ReL¼40–330

50 °C: ScL¼66; ReL¼560 60 °C: ScL¼109;
ReL¼260–520

60 °C: ScL¼235;
ReL¼160–320
75 °C: ScL¼147;
ReL¼280–410

Water n-Heptane Methanol–propanol
mixturea

20 °C: ScL¼514 20 °C: ScL¼87;
ReL¼360–540

20 °C: ScL¼344;
ReL¼170–330

ReL¼100–400 40 °C: ScL¼186;
ReL¼335

a 50 mol% of methanol.
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3.2. kG measurement

The kG measurements were performed in 2.1 m long column
using the SO2/NaOH system known for its negligible mass-transfer
resistance in the liquid phase (Rejl et al., 2009). For those mea-
surements a 0.6 m long glass tube of 25 mm inner diameter was
installed below the gas distributor providing the calming section
for the gas flow which should be sufficient for the velocity profile
development. Three carrier gases (air, He, SF6) saturated with the
vapors of water at 20 °C were utilized providing a wide range of
the gas phase physical properties (ScG¼0.45–2.75). SO2 was
injected into the carrier gas in a 2.5 m long mixing tube before
entering the column. The gas samples collected from the column
(sample points distance, h¼1.8 m) were dried by magnesium
perchlorate and analyzed by IR spectrometer Sick S710 calibrated
for the range of 30–3000 ppm of SO2. Eq. (3.2) was used for the kG
calculation (Table 4).

kG ¼ uG Ud
4Uh

ln
cSO2 ;bottom

cSO2 ;top

� �
ð3:2Þ

3.3. aeff measurement

The effective interfacial area, aeff, was measured using the
air/CO2/NaOH system according to the recommendation of Rejl
et al. (2009). The same column setup as for the kG measurement
was used, the gas samples were dried by calcium dichloride and
analyzed by the IR spectrometer calibrated for the range of 800–
8000 ppm of CO2. The concentration of the NaOH (1 kmol/m3) was
determined by titration with HCl solution. For conditions where
the mass-transfer resistance is concentrated only in the liquid film
the effective interfacial area can be calculated by Eq. (3.3). The
parameter of Ka¼0.00243 m/s related to 1 kmol/m3 NaOH solution
was determined independently by still level experiments.

aef f ;0 ¼
uG

hUKa
ln

cCO2 ;bottom

cCO2 ;top

� �
ð3:3Þ

The influence of the gas-phase mass-transfer resistance was
taken into the account and the value of aeff,0 was therefore re-
evaluated according to Eq. (3.4).

aef f ¼
1

aef f ;0
� Ka

kga

� ��1

ð3:4Þ

The kga values of CO2/air system in Eq. (3.4) were calculated
using Eq. (4.6).
4. Results

4.1. Liquid phase diffusivity data

The value of Sherwood numbers calculated from the experi-
mental kL data as well as the front factor and the power at the
Schmidt number in Eq. (4.1) depend on the diffusivity data which
are generally known and reliable only for some, mostly aqueous
systems. As there are only a few data on diffusivities of gases in
cold alcohols (which, in addition, often differ by more than 20%)



Table 4
Overview of conditions used in the kG and aeff measurements.

kG aeff

SO2/air SO2/He SO2/SF6 CO2/air

ScG¼1.22 ScG¼2.75 ScG¼0.45 QL¼170-345 ml/min
QL¼80–370 ml/
min

QL¼170 ml/min QL¼170 ml/min uG¼0.9–1.9 m/s

ReG¼500–11,200 ReG¼300–2100 ReG¼3900–
11,800

Table 5
Methods for liquid diffusivity calculation.

Wilke and Chang (1955)
(W–C)

Tyn and Calus (1975) (T–C)

D12 ¼ 7:4 U10� 15 ϕ2M2ð Þ0:5T
μ2V

0:6
1

D12 ¼ 8:93 U10� 15T
μ2

Vb;1

V2
b;2

� �1=6
P2
P1

� �0:6
For non-polar solutes diffusing into monohydroxy
alcohols the values of P2 and V2 should be multiplied
by factor of 8000 � μ2

MeOH: Vb¼43 cm3/mol; P¼89; ϕ¼1.9; M¼32 g/mol
EtOH: Vb¼59 cm3/mol; P¼133; ϕ¼1.5; M¼46 g/mol
PrOH: Vb¼82 cm3/mol; P¼165; ϕ¼1.2; M¼60 g/mol
O2: Vb¼25.6 cm3/mol; P¼40
CO2: Vb¼34 cm3/mol; P¼49

Table 6
Liquid diffusivities for several systems.

System t (°C) D12
0 (109 m2/s)

Ref. W–C T–C

O2/MeOH 20 1.88a 4.13 5.34
O2/EtOH 20 1.64a 2.13 3.61

25 5.24b 2.39 3.94
29.6 2.64c 2.66 4.28

O2/PrOH 20 1.48a 1.19 2.35
CO2/MeOH 25 8.37d 3.78 5.29

25 8.21e

CO2/EtOH 25 3.86d 2.02 3.66
25 3.42f

25 4.50g

CO2/PrOH 25 2.73d 1.15 2.43
MeOH/PrOH 30 0.80h 1.15 0.97
PrOH/MeOH 1.97h 2.42 2.17

a Sada et al. (1975).
b Won and Mills (1982).
c Krieger et al. (1967).
d Won et al. (1981).
e Hikita et al. (1959).
f Davies et al. (1967).
g Simons and Ponter (1975).
h Shuck and Toor (1963).

Fig. 5. ShL data measured on O2/water, ethanol and n-propanol at 20 °C in
dependence on liquid Reynolds number. Comparison with literature data.

Fig. 4. The drawing of the liquid (left) and the gas (right) sampling devices.

J. Haidl et al. / Chemical Engineering Science 144 (2016) 126–134 131
and none on gases in hot alcohols, we had to use some estimation
methods for their calculation. Methods of Wilke and Chang (1955)
– further referred to as W–C, and Tyn and Calus (1975) – further
T–C, with their parameters listed in Table 5 were examined. The
predictions of both methods are compared to the literature data of
diffusivities of CO2 and O2 in primary alcohols in Table 6. Both
methods provide predictions in poor agreement with experi-
mental data – the average relative deviation of predicted and lit-
erature data is 50% for both methods. The method of T–C was
chosen as more suitable for this paper as it seems to provide more
reliable data for the methanol–propanol system and it is also
recommended by Reid et al. (1987).



Fig. 6. The experimental ShL data correlated as a function of ScL only. Comparison
with literature data for non-aqueous systems.

Fig. 7. The experimental ShL data correlated as a function of ReL and ScL. Compar-
ison with literature data for non-aqueous systems.

Fig. 8. The experimental ShG data correlated as a function of ReLG and ScG. Com-
parison of correlation (4.6) with literature data for air and SF6 as a carrier gas.
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4.1.1. Effective interfacial area
Effective interfacial area in the device has been found 158–

161 m2/m3 for several gas and liquid velocities, which is in excel-
lent agreement with the area of the column inner surface divided
by its volume (160 m2/m3). This result is in agreement with the
findings of Portalski and Clegg (1971) stating that the interfacial
area provided in the wetted wall column is almost independent of
hydrodynamic conditions.

4.1.2. Mass transfer in the liquid phase
Liquid phase Sherwood numbers, ShL, in dependence on liquid

phase Reynolds number, ReL, measured with O2–water system are
presented in Fig. 5. The data measured with this system were
possible to be acquired in a relatively narrow range of flow rates
and served for the test of the experimental set-up. The results fall
in the area observed by other authors.

Liquid phase Sherwood numbers, ShL, of ethanol and n-propanol
at 20 °C were found to increase with Reynolds number up to the
critical Reynolds number, ReLC (pseudo-laminar regime). Above the
ReLC the pseudo-turbulent flow occurs and ShL dependence on the
ReL sharply ceases (see Fig. 5). This behavior qualitatively agrees
with observations of other authors (Table 1); critical Reynolds
number observed in this work ReLC¼85 (ethanol) or ReLC¼100
(n-propanol) are higher than those calculated according to Brauer
(1958) ReLC¼51 (ethanol) or ReLC¼23 (n-propanol). For other con-
ditions (temperatures higher than 20 °C and for water, methanol,
n-heptanes) the pseudo-laminar regime was not achieved due to
the experimental set-up limitations.

The data acquired for all organic solvents at all temperatures
have been correlated by

ShL ¼ 0:33ReL
�0:12 70:02ð ÞScL

0:47 70:02ð Þ ð4:1Þ
for ReL4ReLC with RSD of 6%. The diffusivity of oxygen in the
solvents has been estimated by Tyn–Calus method.

The data have been compared with those of Hikita et al. (1959)
and Won and Mills (1982) which were measured with non-
aqueous systems. Although the correlation of Hikita et al. (1959)
seriously underestimates our experimental ShL values (see Fig. 5),
Hikita’s raw kL data for non-aqueous systems fit well with our
correlation when diffusivities calculated by T–C method are used
for ShL and ScL calculation (see Figs. 6 and 7).

Our data (O2/EtOH) are approx. 30% higher than those by
Won Mills.

Absolute values of ShL as well as power of the ScL in the
resulting correlation depend on the method of diffusivity calcu-
lation (Tyn–Calus or Wilke–Chang method). However, the success
of the correlation is the same regardless of the selected method.
Interestingly, the incorporation of experimental diffusivities pro-
vided by Hikita and Won and Mills leads to a significant deviation
of the data from correlation (4.1).

The shape of the correlation determines

kL �D12;L
0:53μ�0:077

L ρ0:197
L _m �0:12

L d0:12g ð4:2Þ
The dependence of the mass transfer coefficient on the diffusivity

is close to the prediction of the penetration theory and the VDT
model. The mass-transfer data in terms of ShL obtained for different
solvents, flows and temperatures fit well with the correlation and
mutually overlap, supporting the rationality of their description in
the terms of chosen dimensionless numbers ReL and ScL.

The success of the correlation suggests that, in the range of
Reynolds and Schmidt numbers used, it will be valid for similar
organic solvents. The agreement with Hikita’s data measured with
carbon dioxide suggests its applicability also for different solutes.
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4.1.3. Mass transfer in the gas phase
The mass transfer in the gas phase of the wetted-wall column

has been studied by chemisorption of SO2 from the air, He, and SF6
into the aqueous solution of sodium hydroxide. The character of
the dependence

ShG ¼ f ReLGð Þ ð4:3Þ
has been investigated for the SO2/air/aq. NaOH system in the range
of Reynolds numbers 500–11,000. The only significant change in
this dependence suggesting a change of the hydrodynamic regime
has been found at around ReLG,c¼1200.

ShG ¼ f ReLG
α� � ð4:4Þ

For ReLGoReLG,c the power of Reynolds criteria, α, was
approximately 1.41 and for ReLG4ReLG,c the power was 0.9. The
mass transfer data measured for the ReLGoReLG,c have been
excluded from the evaluation for all gases.

Liquid phase velocity influence has been studied with the SO2/
air/NaOH system by changing the liquid phase velocity for several
fixed gas flows. The optimal value of the β coefficient in the fol-
lowing relation

ReLG ¼ uLþβuL
� �

dρG

ηG
ð4:5Þ

has been determined as a value for which the scatter of depen-
dence 4.4 achieved a minimum. The optimal value was found to be
β¼1.15, however, for all calculations the rounded value of β¼1 has
been adopted. The data acquired for all gases has been correlated
by common correlation

ShG ¼ 0:012ReLG
0:90 70:01ð ÞScG

0:61 70:02ð Þ ð4:6Þ
for ReGL41200 and ScG in the range 0.45–2.75 with RSD of 4%.
Expression of the mass-transfer coefficient dependence on the
dimensional quantities yields

kG �D12;G
0:39μ�0:29

G ρ0:29
L uGþuLð Þ0:9d�0:1 ð4:7Þ

In the range of validity the correlation (4.6) agrees well with the
results of Gilliland and Sherwood (1934) and within 20% also with
those obtained by and Crause and Nieuwoudt (1999), Johnstone and
Pigford (1942), McCarter and Stutzman (1959) and Kafesjian et al.
(1961). On the other hand our ShG data are significantly higher than
those found by Strumillo and Porter (1965) and Nielsen et al. (1998).
The disagreement with Nielsen’s data despite the same measure-
ment system is annoying, although Nielsen’s data have been
acquired under much higher liquid velocities.

The power of Reynolds criteria 0.9 falls in between 0.68 and
1.05 found by the other investigators. The correlation provides
0.61 power of the Schmidt number, which is higher than that
predicted by Gilliland and Sherwood (1934), McCarter and Stutz-
man (1959) and it is also higher than 1/3 predicted by Chilton–
Colburn analogy. The value is close, however, to the value of 0.566
found by Crause and Nieuwoudt (1999).
5. Conclusions

This article brings mass-transfer data of the organic liquid
phase and of the several carrier gasses in a wetted wall column for
absorption/desorption conditions. Such data have been rarely
provided in literature.

It was shown that the obtained correlations of the mass-
transfer data in terms of the dimensionless Sh, Re and Sc numbers

ShL ¼ 0:33ReL
�0:12ScL

0:47

ShG ¼ 0:012ReLG
0:90ScG

0:61
fit the mass-transfer data for any of the studied system and
therefore seem to be universal.

The comparison and correlation of the data measured with
different systems was found to be difficult due to the mutual
disagreement of the experimentally found diffusivities of indivi-
dual systems and also due to the disagreement among the pre-
dictions of various diffusivity models. These discrepancies con-
tribute to the disagreement of the treated mass-transfer data.
Apparently, the best solution was found in the systematic use of
Tyn and Calus (liquid phase)/Wilke-Lee (gas phase) model for the
diffusivity calculation and recalculation of the literature data
according to the chosen models. The predictive ability of the cor-
relations is also limited to the use of these models for diffusivity.

The aim of the work has been to obtain absorption data under
conditions approaching those found for atmospheric distillation of
methanol-n-propanol system in the same column. Comparison of
the data will be used in the broader scope of study of the transfer
of the data between absorption and distillation. The revealed
correlations predict relative mass-transfer resistance in the liquid
phase in the range of 5–45% which will be sufficient for its more
precise determination.
Nomenclature

aeff effective interfacial area of the column, m2 �m�3

aG geometrical area of the column, aG¼4/d, m2 �m�3

c molar concentration, mol �m�3

D diffusivity, m2 � s�1

d column diameter, m
g gravity acceleration, 9.82 m � s�2

h height of the column, distance between sampling
points, m

Ka reactive-diffusion parameter in Eq. (3.3), Ka¼0.00243 m/s
kG gas phase mass-transfer coefficient, m/s
kL liquid phase mass-transfer coefficient, m/s
l column length, m
M molar mass, g �mol�1

m slope of the equilibrium line, m¼ dcG
dcL

_m mass flow, kg � s�1

P parachor, P ¼ 1000 UM Uσ1=4

ρL
, N1/4 m11/4 mol�1

p pressure, Pa
Q volumetric flow rate, m3 � s�1

RL relative resistence of the liquid phase to the mass
transfer

ReL,c critical Reynolds number of the liquid phase
uG gas velocity, m/s
uL liquid film velocity according to the Nusselt’s theory,

uL ¼ Re2LμLg
48ρL

� �1=3
, m/s

uLG gas veloctity relative to the liquid suface, uLG¼uLþ
uG, m/s

V1 molar volume of solute at boiling point, cm3 �mol�1

Greek symbols

Γ liquid mass flow rate per wetted perimeter, Γ ¼ _mL
π Ud,

kg �m�1 � s�1

δ film thickness according to the Nusselt’s theory,

δ¼ 3
4
μ2
L

ρ2L g
ReL

� �1=3
, m

μ viscosity, Pa � s
ø association parameter
ρ density, kg �m�3

σ surface tension, N �m�1
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Subscripts

bottom bottom position
G gas phase
L liquid phase
top top position
1 solute (diffusivity calculation)
2 solvent (diffusivity calculation)

Superscripts

0 in infinite dilution
DIST distillation

Dimensionless numbers

GaL ¼ gρ2
L l

3

μL
liquid phase Galilei number

Ka¼ ρLσ
3

μ4
L g

liquid Kapitza number

ReG ¼ d UuG UρG
μG

gas phase Reynolds number relative to the
column wall

ReL ¼ 4 UΓ
μL

¼ 4 U _mL
π Ud UμL

liquid phase Reynolds number

ReLG ¼ d UuLG UρG
μG

gas phase Reynolds number relative to the liquid
surface

Sc¼ μ
ρ UD12

Schmidt number

ShG ¼ kGd
D12;G

gas phase Sherwood number

ShL ¼ kL
D12;L

μ2
L

ρ2
l
Ug

� �1=3

liquid phase Sherwood number
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a b s t r a c t

This article is the second one from a pair focusing on the mass transfer fundaments and the analogy
between the processes of absorption and distillation. The wetted wall column, a device with known
interfacial area, was built for this purpose enabling evaluation of the mass-transfer coefficients instead of
the volumetric mass-transfer coefficients usually provided by experiments in the packed columns. The
analogy of the processes has been assessed by comparison of the mass-transfer characteristics (HETP,
individual mass-transfer coefficients kL and kG) evaluated on the basis of the absorption experiments
with those found under the distillation conditions. In the prior paper the results of the absorption ex-
periments performed under distillation-like conditions have been published in the form of dimensionless
correlations = =−Sh Sc Sh Re Sc0.33 Re and 0.012L L

0.12
L
0.47

G LG
0.90

G
0.61.

In this paper we present results of the distillation experiments in the form of the HETP data and mass-
transfer coefficients evaluated by the profile method. The experimental data are compared with those
predicted on the basis of the absorption experiments results. The experimental HETP data acquired on
the methanol-n-propanol and ethanol-n-propanol systems agree within 10–20% with the data predicted.
The distillation mass-transfer coefficients evaluated by the profile method were correlated in the di-
mensionless form = = ⋅− −Sh Sc Sh Re Sc0.25 Re and 2.3 10L L

0.12
L
0.47

G
3

LG
1.07

G
0.61. The distillation kL values have

been found to be 24% lower and the kG values 13% lower than the ones predicted according to absorption
correlations. The gas-phase mass-transfer coefficient, kG, exhibits higher dependence on the vapor ve-
locity than it was found in standard absorption measurements. Similar difference was found also for
packed columns in previous works. Apparently, there is at least one unaccounted phenomenon which
affects differently the mass-transfer performance of absorption and distillation packed columns. Poor
results of the present diffusion models have been noticed in this work preventing deeper study of these
differences. Improvement of these models is found to be inevitable for the further research in this area as
well as for the reliable rate-based modeling of the industrial absorption and distillation columns.

& 2016 Elsevier Ltd. All rights reserved.
H, n-propanol
1. Introduction

Distillation and absorption in the packed column can be treated
as the analogical processes of the mass transfer between the gas/
vapor and the liquid flowing on the packing. The assumed analogy
implies that the phenomena occurring in both the processes can
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1

2

3

1
2

Nomenclature

a effective interfacial area of the column, (m2/m3)
aG geometrical area of the column, aG¼4/d, (m2/m3)
bL, bG parameters optimized by the profile method,

(dimensionless)
B liquid superficial velocity, (m/h)
c total molar concentration, (mol/m3)
d column diameter, (m)
D diffusivity, (m2/s)
FG gas-load factor, ρ= ⋅F uG G G , (Pa

0.5)
g gravity acceleration, g ¼9.82 m/s2

h height of the column, distance between sampling
points, (m)

HETP height of the packing equivalent to one theoretical
plate, (m)

kG gas phase mass-transfer coefficient, (m/s)
kL liquid phase mass-transfer coefficient, (m/s)
kGa volumetric gas phase mass-transfer coefficient, (1/s)
kLa volumetric liquid phase mass-transfer coefficient, (1/s)
m1 slope of the equilibrium line, =m dy

dx1
1

1
, (dimensionless)

ṁ mass flow rate, (kg/s)
nG gas/vapor phase molar flow-rate, (mol/s)
S column cross-section, (m2)
uL liquid film velocity according to the Nusselt's theory,

⎛
⎝⎜

⎞
⎠⎟=

μ

ρ
u

Re g
L 48

1/3
L
2

L

L
, (m/s)

uLG gas velocity relative to the liquid suface, uLG¼uLþ uG,
(m/s)
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be described with the same set of models dealing with the hy-
drodynamic of the phases, phase equilibria and the mass-transfer
phenomena. In principle, it should be possible to use the packing
mass-transfer characteristic (kLa, kGa and a) measured by stan-
dardized experiments under the absorption conditions to predict
the packing mass-transfer efficiency under the distillation ones.
Despite all the effort already given to this topic the successful
recalculation of the mass-transfer parameters from absorption to
distillation conditions has never been mastered. Such situation lies
the question whether the failures are caused only by the seriously
different process conditions (absorption experiments are usually
based on cold air/water system while the distillation is performed
with hot organic systems) or whether there is a principal differ-
ence between those processes, i.e. the processes are not analogical.
We re-open this question in this paper, as the rate-based modeling
of the absorption and distillation columns relies on the validity of
the analogy.

There are too many variables and uncertainties in testing the
recalculation from absorption to distillation conditions if the or-
dinary distillation on the packing is considered. Our attempt to bring
some new insight in the situation is based on the following ideas:

) Utilizing direct method of determination of the mass-transfer
coefficients under the distillation conditions – the profile
method – which enables their direct comparison with results of
absorption experiments.

) Bringing the conditions of the absorption and distillation ex-
periments as close together as possible. In an ideal case the phase
hydrodynamics and their physical properties should be the same.
) Minimizing the number of phenomena and quantities which
affect the mass-transfer process by utilizing the experimental
apparatus with known interfacial area – the wetted wall column
– and by its utilization for both the absorption as well as the
distillation experiments.

This paper is second of a pair. In the prior paper (Haidl et al.,
2016a), the results of absorption experiments have been published
in the form of the dimensionless correlations for the gas and liquid
phase Sherwood numbers:

= ( )−Sh Sc0.33 Re 1L L
0.12

L
0.47

= ( )Sh Re Sc0.012 . 2G LG
0.90

G
0.61

The absorption experiments were performed under several
conditions using different liquids, gases, their temperatures and
flow-rates covering the range of distillation Reynolds and Schmidt
numbers so we expect that they can be used for the reliable cal-
culation of the ShL and ShG (and HETP) values also for the dis-
tillation conditions. If so, the results would support rationality of
the

) Contemporary way of the rate based modeling of both processes
) Description of the mass-transfer coefficients dependence on the
process conditions.

The disagreement of the calculated and measured mass-
transfer data should alarm us, that
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Table 1

Dependencies of ∝ αk a BL and ∝ βk a uG G for Mellapak 250Y evaluated out of the

distillation and absorption experiments and predicted by individual mass-transfer
models.

α β

Rejl et al. (2010) – distillation 1.18 0.771
Valenz et al. (2011a) – absorption kLa 0.734 0.651
Rejl et al. (2015) – absorption kGa
Rocha et al. (1996) 0.58 1.2
Billet and Schultes (1999) 0.733 1.16
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) The number of process affecting phenomena is incomplete
) or/and models of the individual phenomena are insufficient
) or/and the description of the mass-transfer coefficients depen-
dence on the process conditions is poor.

In this paper we bring the separation efficiency of the wetted
wall column under distillation conditions in form of the HETP and
also as the correlations for gas and liquid Sherwood numbers
evaluated by the profile method and their comparison with the
values predicted using (Eqs. (1) and 2).
Olujic et al. (1999) 0.45 0.844
Hanley and Chen (2012) 0.992 0.992
2. Literature

2.1. Distillation in wetted wall column

Although the wetted wall column was intensively used for the
mass-transfer research in the last century, only a few of papers are
dealing with its mass-transfer characteristics under distillation
conditions. Several attempts to evaluate the contribution of the
liquid-side resistance to the overall mass-transfer resistance, i.e.
the relative resistance of the liquid phase, RL,rel, have been made.

Johnstone and Pigford (1942) measured the height of transfer
unit (HTU) for distillation of five binary mixtures under the total and
partial reflux conditions (ReG¼4000–25000; ScG¼0.54–0.72). The
dependence of HTU on vapor loads and on L/V ratio was studied.
According to their findings the relative liquid-side mass-transfer
resistance of selected distillation systems is small (authors evaluated
the effect of the liquid-side resistance to be less than 10% of overall
mass-transfer resistance. The correlation ShG∝ReG0.77ScG1/3 is pre-
sented in the paper. The range of vapor Schmidt numbers did not
allow evaluating its effect on the Sherwood number so the power of
1/3 is taken from Chilton and Colburn (1934) correlation.

Surowiec and Furnas (1942) measured the overall gas-phase
mass-transfer coefficients, KG, by the distillation of ethanol-water
system at various reflux ratios. They found the liquid phase mass-
transfer resistance to be responsible for 30–50% of the overall
mass-transfer resistance if the correlation of Gilliland and Sher-
wood (1934) is used for the calculation of kG.

Jackson and Ceaglske (1950) performed the distillation ex-
periments with 2-propanol-water system and total reflux condi-
tions. They found the overall gas-phase mass-transfer coefficient
in a good agreement with the value of kG calculated according to
the correlation of Chilton and Colburn (1934). Therefore, they
concluded that distillation is a gas-side controlled operation.

Kayihan et al. (1975) developed a theoretical model for the
simultaneous heat and mass transfer in distillation. The mass and
heat transfer analogy assumption is involved into the model and
numerous justified simplifications are applied. According to this
model the liquid-side mass-transfer resistance in distillation can
be evaluated from the molar fraction and temperature profiles
measured in the liquid phase. The model was applied to evaluate
such profiles measured by distillation of the methanol-water
mixture under total reflux conditions (Kayihan et al., 1976). Ac-
cording to the model prediction made for this system, if there is
any liquid-side mass-transfer resistance present in distillation, the
liquid should be over-heated. As the liquid temperature measured
agreed with its bubble-point, it was concluded that no mass-
transfer resistance is present in the liquid during the distillation.

2.2. Mass-transfer coefficient determination under distillation con-
ditions in the packed columns and comparison of their dependence on
the phase flows with absorption results

Direct comparison of the absorption and distillation mass-
transfer coefficients and their dependence on the phase flows is
only possible, when some method of their determination is de-
veloped under distillation conditions. It is possible by introduction
of serious simplifications (e.g. by presumption of the mass-transfer
resistance in the gas phase only). As far as we know, the only other
option is the analysis of the molar fraction profile along the col-
umn by the “profile method”.

The profile method has been applied to the molar fraction
profiles measured along the ID 150 mm distillation column filled
with Mellapak 250Y packing. The data measured on methanol-
ethanol, methanol-n-propanol and ethanol-n-propanol systems
and various reboiler duties were processed and the dependencies
of ∝ αk a BL and ∝ βk a uG G were evaluated (Rejl et al., 2010; Valenz
et al., 2011b). The dependencies of kLa and kGa on the phase flow-
rates evaluated out of distillation and absorption (Valenz et al.,
2011a, 2011b; Rejl et al., 2015) experiments and dependencies
predicted by individual mass-transfer models are shown in
Table 1. The table reveals significant differences in the individual
models predictions and also in the behavior of the mass-transfer
coefficients under absorption and distillation conditions.

2.3. Conclusions following from the literature survey

It cannot be clearly decided whether the distillation is solely
gas-side controlled operation, as the conclusions made by in-
dividual authors are often contradictory. Clear conclusion about
the possibility of the re-calculation of the mass-transfer coeffi-
cients between absorption and distillation conditions also cannot
be made. Disagreement of the data presented in Table 1 indicates
insufficient level understanding of the mass-transfer phenomena
in packed columns. The differences in the phase-flow de-
pendencies evaluated out of the absorption and distillation results
together with findings of Valenz et al. (2011b) might indicate some
fundamental unaccounted difference between absorption and
distillation performed in packed columns.
3. Experimental

3.1. Wetted wall column

A glass column of ID 25 mm (geometrical area aG¼4/
d¼160 m2/m3) and length of 2.1 m was used. The column was
equipped with seven pairs of holes to enable placing liquid and gas
sampling devices along the column. Each pair consisted of two
conical shaped holes positioned on the opposite sides of the col-
umn and was rotated by 90 degrees with respect to the previous
one. The vertical distance between the sampling points was 30 cm.
The first sampling point was placed 15 cm below the upper col-
umn edge. Such positioning provided sufficient domain for the
film flow development.

Liquid was fed to the column by means of 8 needles which are
inserted in to the liquid distributor body. The needles of the inner
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Fig. 1. The liquid (left) and the vapor (right) distributors.
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diameter of 0.8 mm and the length of 25 mm were aligned tan-
gentially with respect to the column perimeter and inclined by 30
degrees with respect to the column axis (see Fig. 1 – left).

With this installment the liquid flow entering the column has
tangential component of the velocity which ensures connection of
individual rivulets and a formation of the uniform liquid film at
the top of the column. It was visually observed that the rotation of
the liquid along the column perimeter is suppressed via the vis-
cous forces before the liquid reaches the first sampling point. On
the bottom of the column, there was placed a liquid collector/va-
por distributor separating the liquid outlet from the vapor inlet.

Vapors of test mixtures were generated in an electrically heated
reboiler with the maximal power output of 6 kW; the reboiler duty
was controlled with a wattmeter and set according to the desired
reflux flow rate. A bed of random packing was installed in the upper
part of the reboiler to separate the drops of liquid from the vapor
stream. The vapor was fed to the gas distributor through a 0.5 m
long calming section and after passing through the column it was
condensed in a glass total condenser. The condensate was collected
in a small tank (of volume approx. 50 ml), cooled to approx. 20 °C (to
prevent the liquid flow meter overheating) and fed through pre-
heater to the liquid distributor as a reflux. The reflux flow rate, i.e.
the gear pump revolutions, was controlled by the level of liquid in
the condensate tank and measured by means of the Bronkhorsts

mini-CoriFlow flow-meter. The reflux entering the column was sub-
cooled by 2–3 °C with respect to its normal boiling point;1 its tem-
perature was measured with a Pt100 probe placed right before the
distributor. The temperature of vapors leaving the column was
measured using Pt100 probe placed above the liquid distributor. The
column was insulated with two layers of Kaiflex EPDM thermal in-
sulation. The experimental setup is illustrated in Fig. 2.

The liquid and vapor sampling devices were PVDF plugs with
the openings permitting withdrawal of the liquid and gas samples
1 We were not able to heat up the reflux right up to the boiling without its
occasional partial evaporation. To prevent such behavior the reflux was fed in-
tentionally slightly subcooled.
from the column (see Fig. 3). The secure placing of the sampling
points was ensured by a conical shape of the devices which fits
perfectly into the conical holes in the column wall. Two experi-
mental setups were utilized:

) for reflux flow rates up to 2 g/s the column was fully equipped
with seven pairs of vapor and liquid sampling devices to allow
taking vapor and liquid samples along the column

) for reflux flow rates 2.5 and 3.0 g/s the vapor sampling devices
were modified as shown in the Fig. 3b.

The experimental setup A does not allow performing the dis-
tillation experiments at the reflux flow rate higher than 2.2 g/s. At
higher liquid- and vapor loads the flooding occurs at the sampling
point positions. The modified vapor sampling devices used in
setup B covers less of the column cross-section and permits to
reach higher liquid- and vapor loads.

Eq. (2) taken from Haidl et al. (2016a, 2016b) is based on the
results of kG measurements performed on the column setup A. Its
validity for column setup B was validated by the performing of the
kG measurements using the SO2/air system. It was found that the
column setup B provides ShG values 25% lower when compared to
the results obtained under identical conditions on column setup A,
therefore Eq. (2a) was used for the predictions of ShG in column
setup B in this work.

= ( )Sh Re Sc0.0096 2aG LG
0.90

G
0.61

The distillation experiments with methanol-n-propanol
(MeOH-PrOH) and ethanol-n-propanol (EtOH-PrOH) systems were
performed under the atmospheric pressure and total reflux con-
ditions. The column was operated in the steady state which was
determined by the constant reflux flow rate and composition and
by the constant temperature of the vapor leaving the column;
reflux samples were analyzed every 30 minutes and considered to
be the same if the change in the composition was smaller than
0.003 mol fraction. Once the steady state was reached the sam-
pling procedure was initiated.
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Fig. 2. The experimental setup.
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Two ml of the liquid and vapor (as condensate) samples from
the same sampling point position were taken simultaneously to
glass syringes. The sample flow rate of 1 ml/min was controlled by
a syringe pump. Before the samples were taken, both syringes
were purged twice by a withdrawal and re-insertion of the sample.
The composition of the samples was analyzed using the Atago RX
refractometer. The reproducibility of the concentration measure-
ment was determined by repeated sampling – seven liquid and
vapor samples were taken at the same sampling point. The com-
position of liquid varies within 0.9 mol% and the composition of
vapor within 0.4 mol% from the average value.
Fig. 3. The liquid (left side) and gas
The molar fraction profiles were measured for several reflux
flow rates/vapor loads, the minimal reflux flow rate was limited by
the stability of the liquid film, the maximal flow rate by the ca-
pacity of the column. As the wetted wall column exhibit relatively
low separation efficiency (HETP¼1–2.5 m), three batches of
MeOH-PrOH mixture and four batches of EtOH-PrOH mixtures
differing in concentration had to be used to obtain the profiles in
the whole concentration range. The molar fraction profiles were
evaluated by the profile method and in form of HETP.

3.2. Evaluation of the mass-transfer coefficients by the profile
method

In this work the profile method (Linek et al., 2005; Rejl et al.,
2010) was used to evaluate the mass-transfer coefficients from the
vapor molar fraction profiles measured along the wetted wall
column in distillation experiments. The rate-based model of the
column with the following assumptions was used to calculate the
theoretical molar fraction profiles:

(i) distillation of binary mixture under total reflux conditions:
(ii) the plug flow of the vapor and liquid phase
iii) process is adiabatic and steady state
(iv) constant pressure along the column
(v) thermodynamic equilibrium is established on the liquid-vapor

interphase
(vi) the effective interfacial area for the mass transfer is identical

with the geometrical area of the column
vii) the liquid and vapor phase are at their boiling point and dew

point, respectively; the reflux is fed on its boiling point
iii) the mass transfer between the vapor and liquid phase is car-

ried through the vapor-liquid interface only
(ix) the mass transfer across the interface consists of diffusional

one (characterized by mass-transfer coefficients) and con-
vective one due to the different enthalpies of vaporization of
individual components.

The local kL and kG values were calculated from dimensionless
correlations (3) and (4) with ShL,abs and ShG,abs calculated on basis
of the absorption experiments results (Eqs. (1), (2) and (2a)).

= ⋅ ( )Sh b Sh 3LL L ,abs

= ⋅ ( )Sh b Sh 4GG G ,abs

Each hypothetical profile was calculated using the experi-
mental reflux flow rate and composition as initials conditions. As
the profile depends strongly on the reflux composition, a correc-
tion in the form of Eq. (5) has been introduced with an optimized
parameter ϕi for each experimental profile.

ϕ ϕ= + ⋅ − ≤ ≤ ( )=x x 0.05 1 1 5i i1, z 0 1,reflux
(right side) sampling devices.



Fig. 4. The experimental HETP values compared to the corresponding HETPpred
values.
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The parameters bL, bG, ø1�øN were used as optimization
parameters. Altogether Nþ2 parameters were optimized for each
set of N experimental profiles. The sum of squares of differences
between calculated and experimental molar fraction of methanol
in vapor on each sampling point has been used as an optimization
function.

3.3. HETP

The experimental HETP values were calculated by the Fenske's
equation (Eq. (6)). The vapor molar fractions of light component,
y1, measured on the first and the last sampling point (h¼1.8 m)
were used as the y1,top and y1,bottom, respectively. The value of the
relative volatility, α ̅12 , was calculated as a geometrical mean of
relative volatilities calculated for conditions at the top and at the
bottom of the column.

( )
α
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HETP
h ln
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6

y

y

y

y

exp
12

1 1
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To enable the direct comparison of the experimental HETP with
the values predicted based on the absorption results, the HETPpred
have been calculated from molar fraction profiles obtained as the
solution of the rate-based model of the distillation column de-
scribed above. Following conditions have been used for the cal-
culation of each profile:

= = =z x y y0 : 1 1 1,top

= = =z h x y ypred 1 1 1,bottom

The relations (1), (2) and (2a) have been used for the ShL and
ShG calculations. For each experimental condition the value of
HETPpred was calculated according to Eq. (6) using hpred as the
column height h.
Table 2
Literature vapor diffusivity data for alcohol/air systems compared with predicted
data.

Gas phase diffusivity D12,G (105 m2/s)

Ref. Fuller et al. Wilke and Lee

MeOH/air, 0 °C 1.33a 1.38 1.31
EtOH/air, 0 °C 1.02a 1.06 1.05
PrOH/air, 0 °C 0.85a 0.88 0.9
MeOH/PrOH,50 mol%, 86.0 °C – 1.18 0.91
EtOH/PrOH, 50 mol%, 88.7 °C – 0.92 0.75

Liquid phase diffusivity D12,L (109 m2/s)

Wilke and Chang Tyn and Calus

MeOH in PrOH, 30 °C 0.80b 0.97 1.15
PrOH in MeOH, 30 °C 1.97b 2.17 2.42

a Washburn (2003).
b Shuck and Toor (1963).
4. Results

The liquid and vapor molar fraction profiles along the column
were measured by atmospheric distillation of methanol-n-propa-
nol and ethanol-n-propanol systems under total reflux conditions.
Altogether 24 M fraction profiles on methanol-n-propanol (MeOH-
PrOH) system and 13 profiles on ethanol-n-propanol (EtOH-PrOH)
system were measured in range of reflux flow rate from 1 to 3 g/s.

For each experimental profile the overall HETPexp value has
been calculated according to Eq. (6). The molar fraction of me-
thanol and ethanol, respectively, in vapor taken on the first and
the last sampling point has been used as y1,top and y1,bottom, re-
spectively. For each experimental profile the HETPpred has been
also calculated on the basis of absorption results. The methods of
Wilke–Chang and Tyn and Calus were used for calculation of dif-
fusion coefficients in vapor and liquid phase, respectively. The
HETPexp and HETPpred values for both distillation systems in de-
pendence on the gas-load factor, FG, are depicted in Fig. 4. The
tabular data are attached to this paper as a supplementary
material.

Fig. 4 demonstrates that the experimental HETP values depend
strongly on the concentration range they are measured in and that
the HETP values are slightly increasing with the gas load factor.
Both the dependencies qualitatively agree with the dependencies
predicted on the basis of absorption results. The experimental
HETP values measured on methanol-n-propanol system are ap-
prox. 10% higher than predicted values. The data measured on
ethanol-n-propanol system agree within 8% with the values pre-
dicted on the basis of absorption experiments results.
The uncertainty of the HETPexp values is a result of the un-
certainty of the measured molar fraction of methanol and ethanol,
respectively. For both the systems the relative error of HETPexp has
been found to be in the range from 2% to 6%. The uncertainty of the
HETPabs and HETPlocal values is a result of the uncertainties of the
mass-transfer coefficients, kL and kG, calculated according to (Eqs.
(1), (2) and 2a). Their uncertainties can be estimated on the basis
of the uncertainties of individual quantities used for their
calculations.

The relative uncertainties of most of the individual quantities
required for calculation of ShL and ShG are either known (usually as
the standard deviation of the correlation used for their calculation)
or can be estimated from the accuracy of their measurement. The
only quantities without easily obtainable uncertainty data are the
diffusivities. The uncertainty of liquid diffusivity data is estimated
from the results of a comparison of the values predicted by the
individual models – Tyn and Calus (1975) and Wilke and Chang
(1955) for liquid diffusivity data at infinite dilution and Wilke and
Lee (1955) and Fuller et al. (1966) for gas/vapor diffusivity data –

with experimental values found in the literature. In Table 2 are
given the experimental and estimated diffusivity data for systems
similar to those used in this work.

It can be seen that both the gas diffusivity models provide the
values of D12,G for alcohol/air systems which are in excellent
agreement with the experimental values. For the vapor mixtures,
however, the methods provide values which differ mutually up to
30%. Based on this discrepancy, the uncertainty of 20% is estimated
for D12,G under the distillation conditions. For the only liquid dif-
fusivity data available for mixture of alcohols the difference of



Table 3
Estimation of relative uncertainties of physical properties of distillation systems.

Y ( ) ( )σ =
σ
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Y ( ) ( )σ =
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ṁ 0.005 uGL 0.05
ρL 0.02 ρG 0.02
μL 0.05 μG 0.05
D12,L 0.30 D12,G 0.20

Fig. 5. Differences of experimental and predicted HETP values of distillation
systems.
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20–40% was found. The uncertainty of only 30% for D12,L is esti-
mated for distillation conditions.

The uncertainties of kL and kG values calculated from (Eqs. (1),
(2) and 2a) were estimated using the error propagation law. The
uncertainties of the individual quantities are given in Table 3. It
can be concluded that the relative uncertainties of kL and kG are
predominantly affected by the uncertainties of the diffusion
coefficients and are sr(kL)E15%, sr(kG)E10%. The relative un-
certainty of HETPpred, sr(HETPpred)E11% was estimated.

For the methanol-n-propanol system the HETPexp values are
systematically higher than HETPpred. However, almost all the values
lie within the extended confidence band of HETPexp – see Fig. 5. For
the ethanol-n-propanol system all the HETPexp values except the two
outlined lie in the confidence interval of HETPpred. Hence, with re-
spect to the uncertainties of the predicted and experimental HETP
values, a good agreement of both the values can be concluded.

The agreement of the results demonstrates that the overall
mass-transfer efficiency of the wetted wall column under dis-
tillation conditions, i.e. HETP, can be successfully calculated using
the rate-based model and with the mass-transfer coefficients de-
termined on the basis of the dimensionless correlations derived
from absorption experiments.

However the accuracy of the calculated HETP data is seriously
affected by the quality of physical property data, namely the gas and
liquid diffusivity data. In this work the uncertainty of HETPpred of 11%
was estimated on the basis of the statistical analysis of individual
uncertainties. The absorption-distillation data transfer and process
modeling can be considered successful only if this uncertainty of the
result is accepted. Minor effect of some additional non-accounted
phenomena might be obscured by this uncertainty.

4.1. Mass-transfer coefficients under distillation conditions evaluated
by profile method

The molar fraction profiles measured on the MeOH-PrOH2

system have been evaluated using the profile method as described
2 The profile method showed low sensitivity for EtOH-PrOH system due to its
significantly lower relative volatility in comparison with MeOH-PrOH system.
in the Section 3. Eqs. (3) and (4) have been used for the calculation
of kL and kG, respectively. The parameters of bL and bG have been
optimized for each reflux flow-rate. The values of bL and bG
parameters evaluated by the profile method are listed in Table 4.

The bL and bG values with their standard deviations for the
methanol-n-propanol system are shown in Fig. 6 in dependence
on ReL and ReLG, respectively. The standard deviations of the
parameters have been calculated by the Monte Carlo method as
described in Hu et al. (2015).

For the methanol-n-propanol system the optimized kL values
have been found to be 24% lower than the values calculated using
Eq. (1); the obtained values of kG are 13% lower than the ones
predicted using (Eqs. (2) and 2a), respectively.3 The lower values of
kL and kG evaluated by the profile method are in agreement with
the higher values of HETPexp discussed earlier.

Due to the high standard deviations of individual bL values no
dependency of bL on ReL can be deduced. On the other hand, the bG
values conclusively increase with ReLG values. The bG values have
been correlated by Eq. (7) (respecting the weights of the individual
values). The non-zero power of 0.17 at ReLG in Eq. (7) implies that
the correlations 1 and 2 do not fit the dependence of distillation
ShG on ReLG well. This observation is in agreement with the pre-
vious findings on ID 150 mm distillation column packed with
Mellapak 250 Y – see the Literature section.

= ( )b Re0.19 7G LG
0.17

On the basis of the profile method results the correlations (8),
(9) (column setup A) and (9a) (column setup B) are built for the
prediction of the distillation ShL and ShG values.
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While the lower values of the distillation ShL and ShG values are
possibly explainable by the poor quality of the diffusivity models,
simultaneous occurrence of different dependences of absorption
and distillation ShG on ReLG suggests that there exists some addi-
tional difference between the absorption and distillation process
not governed by the rate-based model described in the Experi-
mental section. Two phenomena which could possibly provide
explanations of the different absorption and distillation correla-
tions of ShL and ShG have been identified (i) axial mixing of the
phases; (ii) simultaneous occurrence of the mass and heat transfer
in the column. Both the phenomena will be analyzed and briefly
discussed in the following paragraphs.

Axial mixing is an undesirable phenomenon as it degrades ef-
ficiency of the separation equipment through a reduction of the
mass-transfer driving force, and in the limit, a column behaves like
a single equilibrium stage (Henley et al., 2011). In the distillation
under the total reflux conditions and the plug-flow of both the
phases the molar fraction profiles of the component in the liquid
and vapor phase coincides and the mass-transfer driving force is
maximal. The axial mixing of phases, if present, would demon-
strate itself as the systematic spacing between a liquid and vapor
molar fraction profiles – molar fraction of the light component in
the liquid phase would be lower than that in the vapor reducing
the driving force as the compositions would get closer to the
equilibrium (Haidl et al., 2016b). Despite the presence of the in-
trusive, asymmetric sample points no such systematic spacing has
been observed on the experimental molar fraction profiles
3 These findings are based on the average values of bL and bG parameters.



Table 4
Results of the profile method with kL and kG values calculated according to Eqs. (4) and (5). The standard deviations of the bL and bG values of MeOH-PrOH systems evaluated
by the Monte-Carlo method (Hu et al., 2015).

Approx. reflux flow rate bL bG No. of exp. points No. of points excluded s (y1)
(g/s) (dimensionless) (dimensionless) (dimensionless) (dimensionless) (dimensionless)

1.0 0.6570.28 0.8870.05 21 0 0.0052
1.3 1.3070.21 0.8570.01 21 4 0.0019
1.5 0.8770.15 0.8770.03 21 3 0.0027
1.7 0.6970.09 0.9170.03 28 5 0.0031
2.0 0.6670.09 0.9470.03 35 4 0.0043
2.5 0.9970.60 0.9570.11 14 0 0.0068
3.0 0.9670.26 0.9870.06 21 1 0.0051

Weighted average values 0.76a 0.87a 0.004
70.17 70.03

a The reciprocal squares of standard deviations are used as the weights of the individual bL and bG values.

Fig. 6. The bL and bG values of MeOH-PrOH system with their standard deviations.

Fig. 7. The temperature profiles provided by the SHMT model. Squares and da-
shed-lines depict data for light component lean mixture, while circles and full-lines
depict the data for light component rich mixture. Asterisk marks the saturated
temperature of the phase bulk.
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supporting the idea of the plug flow of the phases in the column
and no or only negligible influence of the axial mixing on the
mass-transfer characteristics of the wetted wall column.

According the assumption (vii) stated in the Experimental section
the liquid and the vapor phases in the column are at its boiling and
dew point, respectively. This assumption implies the temperature
difference between the phases and the occurrence of the heat
transfer in the column. A simultaneous heat and mass transfer model
(SHMT model) has been derived in order to enable the inspection of
the heat transfer effect on the mass-transfer characteristics of the
column.4 The model predicts subcooling of the liquid bulk of about
3 °C with respect to its boiling point (see Fig. 7), however, the bL and
bG values evaluated by the profile method utilizing this model do not
differ significantly from those listed in Table 4; for the conditions
used in this paper the maximal difference in the component flux of
2% has been found. Therefore it was concluded that the heat transfer
phenomena has also no or negligible influence on the mass-transfer
characteristics of the wetted wall column.
5. Conclusions

This article brings a mass-transfer data (HETP and kL, kG) ob-
tained under distillation conditions in the wetted-wall column
4 Three mechanisms of the heat and mass transfer are assumed in the model:
(i) the interfacial heat and mass flux controlled via the mass and heat transfer
coefficients, respectively; (ii) the flux via bubbles potentially generated in the
overheated liquid bulk; (iii) the flux via mist potentially generated in the subcooled
vapor bulk. The overheating of the vapor and subcooling of the liquid are allowed.
Heat transfer coefficients for the vapor phase are estimated according to the Dittus
and Boelter (1930) and the liquid film heat transfer coefficient is estimated ac-
cording to the Chun and Seban (1971). The model is solved for the corresponding
boundary values and provides the concentration and temperature profiles along
the column. The model is described in detail in the dissertation of Haidl (2016c).
distilling methanol–n-propanol mixture under atmospheric pres-
sure and the total reflux. The same type of the column was earlier
used for the measurements of the mass-transfer coefficients under
absorption conditions with the Reynolds and Schmidt numbers of
the phases set to cover their whole range achieved during dis-
tillation experiments. The results of the absorption experiments
have been correlated in the form of Sh¼ f(Re, Sc) dependences.

The distillation HETP values measured in the wetted wall column
were found in average 10% higher than those calculated out of the
ShL and ShG correlations based on the results of the experiments
under absorption conditions. However, the precision of predicted
HETP depends strongly on the accuracy of the quantities used for the
calculation of the utilized dimensionless criteria. Very poor relia-
bility of widely used diffusivity models – especially those used for
the calculation of the liquid diffusivity – has been noticed in this
work and therefore the relative uncertainty of the predicted HETP
values is approximately 10–20%. In the frame of this uncertainty it
must be only concluded, that the absorption and distillation data
mutually agree. This finding, standing alone, supports rationality of
several assumptions and approaches: 1) the rate based modeling of
the processes 2) the possibility of the absorption mass-transfer
coefficients transfer to distillation conditions through dimensionless
correlations and 3) usual simplifications in description of the pro-
cesses omitting phase flow non-ideality and thermal effects.

When the profile method has been applied to the distillation
experimental data, the values of both mass-transfer coefficients
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have been found lower than those predicted from the absorption
results. This finding is in agreement with the HETP results. More
importantly the higher dependence of the distillation ShG values
on ReLG has been revealed, confirming the results obtained earlier
on the structured packings. While the lower values of distillation
ShL and ShG (approximately 25% and 13% lower) can be explained
as the result of the uncertainty of the diffusivity data, no such
simple explanation can be found for the different phase flow de-
pendence of ShG. As the observed difference was found not only for
structured packings, but now also for the wetted wall column, it
can′t be accounted to the different formation of the interfacial
area. Apparently, there is at least one unaccounted phenomenon
which affects differently the mass-transfer performance of the
absorption and distillation packed columns. Axial mixing of the
phases and the heat-transfer influence were studied as such po-
tential phenomena with both of them found to have marginal
effects on the results of this work.

Any further study of the differences observed in this work is
most probably not possible until more reliable diffusivity data are
available, as the uncertainty of the results already precludes clear
decisions. The uncertainty of the results has also implications for
the application of the packed absorption/distillation rate-based
modeling. While the rate-based modeling is physically more
sound way of modeling of the packed columns, precision of the
results depends on that of the input parameters. Out of the phy-
sical quantities necessary for their calculation we consider the
diffusivities to be the most important aim for further studies due
to their strong influence on the calculated mass-transfer coeffi-
cient values and in the same time due to their contemporary low
precision.
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HYDRAULIC AND MASS TRANSFER
CHARACTERISTICS OF PACKINGS FOR ABSORPTION

AND DISTILLATION COLUMNS.
RAUSCHERT-METALL-SATTEL-RINGS

V. LINEK, T. MOUCHA AND F. J. REJL
Department of Chemical Engineering, Prague Institute of Chemical Technology, Prague, Czech Republic.

H ydraulic and mass transfer data including pressure drop, liquid holdup, gas- and
liquid-side volumetric mass transfer coef� cients and interfacial area are measured for
Rauschert-Metall-Sattel-Rings (RMSR) 25, 40 and 50. The volumetric gas- and

liquid-side mass transfer coef� cients are measured using the absorption systems SO2=air-
1 M NaOH and O2=air-water, respectively. The interfacial area is measured by the CO2=air-1 M
NaOH absorption system. The data are described by 2- or 3-parameter empirical correlations
and, with signi� cantly larger scatter, also by well-known models taken from the literature. The
results are compared with those for classical 25 and 50 mm metal Pall rings and with the results
given by the Norton company for geometrically similar Intalox metal tower packing—packings
for which a similar range of applications can be expected. Height equivalent to a theoretical
plate (HETP) calculated from the mass transfer characteristics of the RMSR packings are
compared with the experimentally measured HETP for the atmospheric distillation of
isooctane-toluene, methanol-ethanol and ethanol-water.

Keywords: absorption; mass-transfer; packed-column; volumetric-mass-transfer-coef�cient;
HETP; pressure-drop.

INTRODUCTION

Hydraulic and transport characteristics of column packings
are used for absorption and distillation column design as
well as for comparison of the ef� ciency of individual
packing types. Models of mass transfer in packed columns
do not properly take account of the dependency of the
characteristics on the shape and size of the packing. There-
fore experimental characterization is necessary for each new
packing type. Experimental data are the most reliable and
accurate basis for packed column design. Further develop-
ment of ef� ciency models for columns must await the
accumulation of an improved data bank but it is likely that
for random packings there will always be an empirical,
experience-related ingredient in any predictive models,
simply because of the randomness in the bed elements1.

Absorption experiments, unlike distillation, are suitable
for this task as they can directly address each characteristic
by selecting a suitable absorption system. The series of
articles by Linek et al.2–4 gives a complete set of transport
characteristics for some selected packings (Combi-Pack 250
and NFOV 3502,4 which correspond with Mellapak 250 and
350; Rizel rings which correspond with Pall rings3). The
characteristics include pressure-drop, liquid hold-up, effec-
tive interfacial area and gas-side and liquid-side volumetric
mass transfer coef� cients.

This work gives a complete set of characteristics for
RMSR 25, 40 and 50 mm packings. The procedure of

HETP calculation from the mass transfer characteristics is
shown. The reliability of the calculation is tested by compar-
ing the HETP values from the absorption data with experi-
mental HETP values for various atmospheric distillation
systems.

EXPERIMENTAL

Packing

The characteristics of the packings used in this study are
given in Table 1. The shape of Rauschert-Metall-Sattel-
Rings corresponds with the Intalox packing of Norton.

Apparatus

Absorption experiments were performed in the apparatus
described earlier5. The absorption column was constructed
of a perspex tube of 0.29 m inner diameter packed to the
height of 1.2 m. Although the column diameter is only six
times the diameter of RMSR 50-4, it was used because
experimental results obtained in our laboratory earlier
showed a negligible wall effect (with a column of i.d.
0.39 m the same values kLa and kGa were obtained for a
packing of nominal size 50 mm as in a column of i.d.
0.29 m). Two liquid distributors were used: for lower liquid
� ow rates (B < 20 m3m- 2h 7 1) a disk liquid distributor
with 2500 openings of 3 mm diam. per square meter and at
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higher liquid � ow rates an eleven-armed liquid distributor
with 630 openings per square meter. The temperature of both
inlet streams was maintained at 20‹ 0.3°C. Gas and liquid
could be sampled at three different levels along the packed
bed. The gas sample was sucked from 3 gas samplers
distributed regularly over the column cross-section. The
liquid samples were taken from a free-� ow channel placed
across the column diameter. The height of a measuring
section of the packing, i.e., the distance between the
sampling points, was 1.04 m for measurements of a and
kLa and 0.5 m for measurement of kGa. A polarographic
oxygen probe was used to measure the oxygen concentration
in the liquid samples. The CO2 and SO2 concentrations in the
gas samples were measured by IR analyzers (UNOR 4N,
Maihak). The absorption experiments were performed at
liquid velocities from 1 to 120 m h- 1 and at gas velocities
corresponding to F values in the range from 0.023 to
2.49 Pa1=2.

Measurement of Liquid Hold-Up

Liquid hold-up was calculated from a mean residence
time (RT) of the liquid � owing through the packed column.
The RT was determined by tracer experiments. The NaCl
solution (100 g NaCl l- 1) was injected into the liquid
distributor at the column top and the conductivity probe
response was recorded in the liquid withdrawn from the
column bottom by a peristaltic pump. The liquid phase
mean residence time was calculated from the conductivity
probe response curve s(t) using the equation:

tL =
ts
0 t . s(t)dt

ts
0 s(t)dt

(1)

The RT in the packing was calculated as the difference
between the RT measured at the two different packing
heights. The RT measured with a packing height of 0.3 m
was subtracted from that measured for the 1.2 m packing
height. The difference represents the liquid residence time
for the packing height of 0.9 m. In this way the effect of both
liquid distributor and the sampling channel with the conduc-
tivity probe on the liquid residence time were eliminated.
The volume fraction of liquid held in the packing, eL was
calculated from:

eL =
[(tL)1:2 - (tL)0:3]B

0:9 . 3600
(2)

The water circulating in the column was replenished when
the conductivity probe signal reached the limit of the
linearity range.

Measurement of Interfacial Area

Chemisorption of diluted CO2 (1 vol% in air) into
aqueous NaOH solution of initial concentration
1 kmolm- 3 was used. The method employs the fact that
the resistance to mass transfer is limited to the liquid � lm in
this absorption system and, further, the mass transfer coef� -
cient is independent of the hydrodynamics of both phases.
The method was described in detail elsewhere5,6. The
speci� c interfacial area a was evaluated from the relation6

a =
KGa

2:24 . 10- 3 cOHÖ
(3)

where the value of 2.24 . 10- 3m s- 1 is the mass transfer
coef� cient of CO2 into 1 M NaOH solution at 20°C and cOH

is the concentration of OH- ions in the NaOH solution
circulated through the column. The latter was determined by
titration. The overall volumetric mass transfer coef� cient of
carbon dioxide, KGa, was determined experimentally
employing the relationship5:

KGa =
nG

H
ln

xG1

xG2
(4)

where xG1 and xG2 CO2 concentrations in the lower and
upper cross sections, respectively and the height of the
measuring section of the packing H was equal to 1.04m.

Measurement of kLa

The volumetric liquid side mass transfer coef� cient, kLa,
was measured using the system O2=air-water in which the
main resistance to the mass transfer is on the liquid side.
Oxygen from air saturated water was desorbed into a stream of
nitrogenat low gas velocityF = 0.023 Pa1=2. The method was
described in detail elsewhere5,6. The kLa value was calcu-
lated from the oxygen probe readings r1 and r2 in liquid
samples taken from the upper and the lower sampling point
of the measuring section, respectively, from the equation:

kLa =
nL

H
ln

r1

r2
(5)

The height of the measuring section was H = 1.04 m.

Table 1. Characteristics of the packings in experimental columns.

n [pcs m- 3] at [m2 m- 3] Fpd

Packing Our data Norton9 Our data Norton Rauschert Our Ref 8

RMSR 25-3; Intalox 25 123 834 168 425 200 272** 223 39.2 43
118 175* 191*

RMSR 40-3; Intalox 40 50 465 50 140 142 143** 175 24.6 26
RMSR 50-4; Intalox 50 13 914 14 685 86 91** 115 16.4 17
Pall ring metal 25 mm 48 215 200
Pall ring metal 50 mm 5 495 99

* In distillation column. The other one in absorption column.
** Calculated from our experimental at values using the number of pieces per m3 given by Norton9.
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Measurement of kGa

The volumetric mass transfer coef� cient in gas, kGa, was
determined by absorption of diluted SO2 (0.02 vol% in air)
into an aqueous solution of NaOH with initial concentration
1 kmol m- 3. The main resistance in this system is in the gas
phase as all transferred SO2 reacts in an instantaneous
reaction at the interface. This was veri� ed earlier6. The
solution was circulated and replenished when the NaOH
concentration decreased below 0.1 kmolm- 3. The kGa value
was calculated from the relationship:

kGa =
nG

H
ln

xG1

xG2
(6)

where xG1 and xG2 are the SO2 gas concentrations at the
lower and the upper sampling points, respectively. The
height of the measuring section was H = 0.5 m. A higher
layer of packing than 0.5 m lead to SO2 output concentration
below 5% of the input, which produced an unacceptable
error in kGa. The experiments were performed at four gas
velocities (F = 0.255, 0.575, 1.21 and 2.49 Pa1=2) for liquid
� ow rate B from 1 to 100 m3m- 2h- 1.

Measurement of HETP

The distillation experiments were performed on RMSR
25-3 using the systems methanol-ethanol and ethanol-water
at atmospheric pressure. The column, of diameter 0.1 m and
height of packing 1.67 m, operated under total re� ux.
Measured quantities included compositions of re� ux and
the liquid leaving the packing and � ow rate of re� ux. The
HETP value was evaluated as the ratio of the height of
packing to the number of theoretical plates. The vapour-
liquid equilibria were taken from the literature7, together
with HETP values for the system isooctane-toluene15.

The model used for calculation of HETP from absorption
mass transfer data was described in detail elsewhere6. The
formula relating HETP to the mass transfer kinetic para-
meters based on plug � ow of both phases in the column was
used:

HETP =
nL

KLa

ln m
nL

nG

m
nL

nG
- 1

(7)

where

m =
dxi

dyi

rL

rG

MG

ML
; KLa =

1
kLa

+
m

kGa

- 1

(8)

The local slope of the equilibrium curve m and the overall
volumetric mass transfer coef� cient kGa are substituted into
Equation (7) at the temperature and pressure of the theore-
tical plate. The absorption mass transfer characteristics of
the packing ((kGa)A and (kLa)A), measured at the same � ow
rates as they are in the distillation column, were transformed
to conditions at a given distillation theoretical plate
(temperature, pressure, physical properties of both phases

and number n of pieces of packing per m3), (kGa)D and
(kLa)D, using following relations:

(kGa)D

(kGa)A
=

DGD

DGA

2=3 nD

nA
(9)

(kLa)D
(kLa)A

=
DLD

DLA

2=3 nD

nA
(10)

The ratio of diffusivities of components transferred in
absorption DA (oxygen or sulphur dioxide) and distillation
DD (methanol, ethanol, water, isooctane and toluene) were
estimated from semiempirical correlations by Fuller et al.14.
This simple transformation based only on difference in
diffusivities for the absorption and distillation systems has
provided (see the model 36) the best results compared with
transformations based on more general correlations given in
the literature11–13, indicating that the in� uence of other
physical properties and geometry of the packing are not
well established in the general correlations when large
extrapolation (in temperature) is needed. The HETP value
depends on the position in the column. In the � gure the
mean values are given which were calculated as an arith-
metic mean of the values calculated for the liquid composi-
tions on individual stages along the column from the top to
the bottom of the packing. For the system isooctane-toluene
the mean values of HETP were calculated in the interval 0.2
to 0.7 of mole fraction of isooctane as the experimental
values of the concentrations at the bottom and the top of
column are not given15.

Figure 1. Comparison of measured and calculated values of pressure drop
from Equation (10).
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HYDRAULIC AND MASS TRANSFER
CHARACTERISTICS OF RMSR PACKING

Pressure Drop

The pressure drop of RMSR as a function of gas and
liquid � ow rates is described well by a correlation presented
by Robbins8:

dP
H

= 1:972 Q + 6:061 . 10- 9 Q4 S0:1 (11)

where

Q = F2Fpd . 100:001236 . S

S = BF0:5
pd m0:1

L (12)

The dry-bed packing factors Fpd given by Robbins for
Intalox packings differ slightly from those obtained by
� tting of our pressure drop data, see Table 1. Measured
and calculated values of pressure drop from the correlation
are compared in Figure 1. The mean value of the relative
difference of both values is 20%. Using the original values
of the dry-bed packing factor Fpd given by Robbins for
Intalox packing the relative difference is 50%.

Liquid Hold-Up

The liquid hold-up dependencies on gas and liquid � ow
rates for RMSR packings are shown in Figure 2. The

dependencies for gas � ow velocity 2.3 and 2.89 m=s
include two or three points only for each packing size
due to � ooding. The data are correlated by the following
equation

eL = a1 Ba2- a3 log B (13)

with standard deviations 7.3%, 7.6% and 6.9% for RMSR
25-3, 40-3 and 50-4, respectively. The parameters ai for the
packings are given in Table 2. The eL values predicted
by Billet’s model13 are also given in the Figure 2. Fairly
good agreement (differences up to 25%) was found for
RMSR 50-4 but in the case of RMSR 25-3 the differences
between Billet’s prediction and the experimental data reach
50%.

Interfacial Area

Figure 3 shows the a=at values of the RMSR packings
measured at various gas and liquid velocities. The effective
area is independent of gas velocity over the range of
measurements. The following equation � ts the data well
with standard deviations of 16%, 8.1% and 10%, for RMSR
25-3, 40-3 and 50-4, respectively:

a = b1 Bb2- b3 log B (14)

The parameters bi are given in Table 2. The a=at values
predicted by Billet’s model13 are also presented in Figure 3.
They are signi� cantly lower than the present experimental

Figure 2. Liquid holdup eL as a function of gas and liquid � ow rates and the comparison with the prediction of Billet’s model13.

Table 2. Parameters of approximating Equations (13), (14), (16) and (18).

RMSR 25-3 RMSR 40-3 RMSR 50-4

i = 1 2 3 1 2 3 1 2 3

ai 0.00784 1.165 0.254 0.009427 0.853 0.145 0.008945 0.542 0.0319
bi 72.92 0.418 0.0787 65.21 0.4181 0.0952 51.28 0.3839 0.0780
di 0.001929 0.719 – 0.001113 0.788 – 0.001041 0.794 –
ei1 0.057451 0.2678 - 0.0197 - 0.2289 0.6643 - 0.1393 - 0.2443 0.4261 - 0.0878
ei2 0.4975 - 0.0442 0.04031 0.4504 0.04774 0.0125 0.4257 0.2889 - 0.0452
ei3 - 0.1674 0.14838 - 0.0619 - 0.0793 - 0.019 - 0.013 - 0.1023 - 0.0997 0.00938
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values, especially at lower liquid loads. In Figure 3 the
comparison is also shown of the a=at values with those
measured previously6 for 25 and 50 mm metal Pall rings.
The values a=at are practically the same for both the
packings of the same nominal size.

In Figure 4 our data are compared with data from Norton9

given in the form of KGa for 1% CO2 absorption into 4%
NaOH ( = 1 M) solution at 24°C, 25% conversion to carbo-
nate and gas � ow rate 1.22kg m- 2 s- 1. Norton’s KGa data
were recalculated for a temperature of 20°C using literature

Figure 3. Effective to total surface area ratio a=at as a function of gas and liquid � ow rates. Comparison with data for 25 and 50 mm metal Pall rings and
comparison with Billet’s model3.

Figure 4. Comparison of our kGa data with data by Norton9 which were recalculated for 20 C and 25% conversion to carbonate using Equation (15).
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data10 on the kinetics, diffusivity and solubility of CO2 in
the solution from following relation:

(KGa)20 = (KGa)24

(HCO2
DCO2

k2)20

(HCO2
DCO2

k2)24

= (KGa)24
2:24 . 10- 3

2:51 . 10- 3
(15)

At higher liquid � ow rates the data of Norton are higher than
our data. At B = 100 m- 3 m- 2 h- 1 the overestimation
reaches 50% for packings of nominal sizes 40 and 50 mm.

Liquid-Film Mass Transfer Coef� cient kLa

The kLa data for all packing sizes measured at low gas
velocity F = 0:023 Pa1=2 are given in Figure 5. They are
well � tted by the following expression:

kLa = d1B
d2 (16)

with standard deviations of 5.5%, 6.6% and 3.6% for RMSR
25-3, 40-3 and 50-4, respectively. The parameters di for the
packings are given in Table 2. To compare the experimental
data with literature we � tted Billet’s model13 to our kLa data
and obtained the characteristic constants CL, which are not
available for RMSR or Intalox metal packing. CL values of
1.362, 1.075 and 1.158 with standard deviations of 5.9%,
12.5% and 10.2% were obtained for RMSR 25-3, 40-3 and
50-4, respectively. In Figure 5 a comparison is also shown of
the kLa values with those measured previously6 for 25 and
50 mm metal Pall rings. The values are practically the same
for the packings of the nominal size 50 mm. For the smaller
packings (25 mm) the data for RMSR are higher by up to
50% at low liquid rates.

For liquid-side mass transfer coef� cient kL of oxygen to
water at 20°C it follows from Equations (14) and (16):

kL =
d1

b1
Bd2- b2+ b3 logB (17)

The parameters di and bi are given in Table 2. The values of
kL ranged from 2:7 . 10- 5 to 2:8 . 10- 4 m s- 1 for B in the

range from 3 to 100 m3 m- 2 h- 1. The values of kL are
needed when absorption with chemical reaction take place
and a chemical enhancement factor has to be calculated.

Gas-Film Mass Transfer Coef� cient kGa

The experimental kLa data for RMSR packing are given
in Figure 6. They are well � tted by the following expressions

kGa = 10e1 Be2+ e3 log B

ej = e1j + e2jF + e3jF
2 for j = 1; 2; 3

(18)

The parameters eij for the packings are given in Table 2.
Lines in the � gure represent Equation (18) and the standard
deviations are also given there for individual packing sizes.

A comparison with Billet’s mode13 has been made again
with characteristic constants CV obtained by � tting the model
to our experimental data. Comparison of the data calculated
using these constants in Billet’s model with the experimental
data is given in Figure 7. In contrast to the kLa data Billet’s
model shows higher deviations, and especially in the region
of lower liquid loads the differences reach more than 50%.

A comparison of the kGa values for RMSR 25-3 with
those measured previous6 for metal Pall rings 25 is shown in
Figure 8. The differences between the characteristics of both
packing types are not higher than 25%. Pall rings gave
higher kGa in the middle part of the gas velocity range while
the RMSR gave rather higher kGa’s at the lowest and highest
gas velocities.

HETP

The measured values of HETP are compared with those
calculated from absorption mass transfer data in Figure 9 for
the different sizes of RMSR packing and distillation
systems. The calculated values of HETP differ by less
than ‹ 15% from the experimental values for the distillation
systems studied. An exception are the data obtained at
extremely low gas � ow rates (F < 0:3 Pa1=2) in the sys-
tem ethanol-methanol for which the respective difference
reached 46%.

CONCLUSIONS

Hydraulic and mass transfer characteristics are given for
Rauschert-Metall-Sattel-Rings 25, 40 and 50 in the form of
the relations which describe the in� uence of gas and liquid
� ow rates.

The data are compared with literature models and
deviations can reach more than 50% even if the char-
acteristic constants speci� c for the packing type and size
are obtained by � tting to the same set of experimental
data (kGa data). In the case of general models without
characteristic constants speci� c for each packing the
predicted values can differ from the experimental data
by multiples (effective surface area). In the range of gas
and liquid velocities used in transport characteristics
determination it is worth using empirical correlations in
column design. The RMSR characteristics are compared
with data for metal Pall rings and Intalox packing which
are of the same size as RMSR. The absorption mass
transfer data are used for calculation of HETP for atmo-
spheric distillation of methanol-ethanol, ethanol-water and

Figure 5. Liquid-side volumetric mass transfer coef� cient kLa as a function
of liquid � ow rate. Comparison with data for 25 and 50 mm metal Pall rings
and comparison with Billet’s model � tted to our data.
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Figure 7. Gas-side volumetric mass transfer coef� cient kGa: comparison of our experimental data with Billet’s model � tted to them.

Figure 6. Gas-side volumetric mass transfer coef� cient kGa as a function of gas and liquid � ow rates. Lines: Equation (18).
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isooctane-toluene systems. The calculated values differ
from the experimental values of HETP by less than
15% in most cases.

NOMENCLATURE

a effective interfacial area per unit packed volume, m¡1

at geometric surface of packing per unit packed volume, m¡1

B liquid load, m h¡1

D molecular diffusivity, m2 s¡1

dP=H pressure drop, Pa m¡1

F ˆ nGr1=2
G , gas � ow rate, Pa1=2

Fpd dry-bed packing factor
H height of packed bed, m
HCO2

distribution coef� cient for CO2
Ki overall mass transfer coef� cient, m s¡1

ki mass transfer coef� cient, m s¡1

Mi molecular weight of phase i, kmol kg¡1

m local slope of equilibrium curve
n number of pieces of packing per unite volume, m¡3

r oxygen probe signal, Pa
s…t† time dependent conductivity probe signal
t time, s
xG signal of gas analyzer, ppm
xi liquid phase molar fraction of component i in liquid-vapour

equilibrium
yi vapour phase molar fraction of component i in liquid-vapour

equilibrium

Greek symbols
e holdup
m viscosity, cP
ni � ow rate of phase i, m s¡1

r density kg m¡3

t residence time, s

Indexes
A absorption column
D distillation column
G gas phase
L liquid phase
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Figure 8. Comparison of the kGa values for RMSR 25-3 with those for
metal Pall rings 25.

Figure 9. Comparison of measured values of HETP with those calculated
from absorption mass transfer data using Equation (7).

Trans IChemE, Vol 79, Part A, October 2001

732 LINEK et al.



Published: September 21, 2011

r 2011 American Chemical Society 12134 dx.doi.org/10.1021/ie200577k | Ind. Eng. Chem. Res. 2011, 50, 12134–12142

ARTICLE

pubs.acs.org/IECR

Absorption Mass-Transfer Characteristics of Mellapak Packings Series
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ABSTRACT:Mass-transfer characteristics were measured for the Mellapak structured packing series 250Y, 350Y, 452Y, and 500Y.
kLawas measured by oxygen desorption fromwater and the effective mass-transfer area a by absorption of CO2 into NaOH solution
and also by oxygen absorption into a sulfite solution. Using Bodenstein numbers determined by means of the “cold” air�water
dynamic experiments, effects of gas- and liquid-phase axial mixing on the characteristics were evaluated forMellapak 250Y. Strikingly
large differences found between the mass-transfer parameters and their flow dependencies measured in this work and those
predicted by models especially designed for the prediction of the parameters in corrugated sheet structured packings (Billet, R.;
Schultes, M. Chem. Eng. Res. Des. 1999, 77, 498; Rocha, J. A.; Bravo, J. L.; Fair, J. R. Ind. Eng. Chem. Res. 1996, 35, 1660; Oluji�c, �Z.;
Kamerbeek, A. B.; Graauw, J.Chem. Eng. Process. 1999, 38, 683) demonstrate the bad physical relevance of the parameters predicted.

1. INTRODUCTION

Sulzer Mellapak corrugated-metal-sheet structured packings,
apart from the Montz B1, Koch-Glitsch Flexipac, and Raschig
Superpak packing series, are those most frequently used for the
intensification of the interfacial mass transfer between gas/vapor
and liquid in absorption and distillation columns. The most
fundamental parameters describing the transfer in the packings
are the contact (interfacial) area between gas and liquid (a) and
the volumetric gas- and liquid-side mass-transfer coefficients
(kGa and kLa). These parameters are used in the rational design
of the columns, to enable the comparisons between the perfor-
mance of the various commercial packings, and for vendors they
facilitate the negotiations with the customer.

Test absorption systems are used for measuring the gas- and
liquid-side mass-transfer coefficients, in which the mass-transfer
resistance is concentrated either in the gas (kGa) or the liquid
phase (kLa). The effective mass-transfer area is measured by
chemisorption systems whereby the rate of absorption depends
solely on the reaction rate constant of the reaction that accom-
panies the absorption, solubility, and diffusivity of the gas
absorbed, i.e., on the quantities already well-established by
independent experiments.

The wide differences between the transport parameters mea-
sured by various authors using the same packing and the same
absorption test system have highlighted the need for the stan-
dardization of the methods for their measurement. This is
demonstrated in Figure 1, where the contact area are shown as
they were measured using the CO2/air�NaOH test system by
four research teams (de Brito et al.,1 Tsai et al.,2 Murieta et al.,3

Linek and Sinkule4) in Mellapak 250Y and in the very similar
Flexipac 2 packing.

Hoffmann et al.5 and Rejl et al.,6 who dealt with the standar-
dization of the measuring methods of mass-transfer character-
istics in absorption columns, have recommended the absorption/
desorption of O2 in/fromwater for themeasurement of kLa. CO2

absorption is unsuitable due to its greater solubility and the
possibility of a dissociation or precipitation reaction with com-
ponents that are usually present in drinking water, which ad-
here to the packing surface, affecting its wettability. For the

measurement of the gas�liquid contact area they recommended
the chemisorption of a CO2/air mixture in a NaOH solution. For
the evaluation of these experiments, both the physical properties,
such as solubility He and diffusivity DCO2

, and the reaction
kinetic constant kOH, originating from one research team should
be utilized.2 This recommendation stems from the fact that
most of the kinetic constants published in the literature have
been determined from absorption data, and therefore, the
diffusion coefficient and solubility values used need to be
identical to those used by the author team of the corresponding
kinetic constant.

In this study, the recommended testing methods are used for
the kLa and ameasurement of the Mellapak packing series aimed
at a thorough evaluation of the three well-established correlations
for their prediction on conventional corrugated sheet structured
packings, namely, the correlations of Billet and Schultes,8 Rocha

Figure 1. Gas�liquid contact area measured on Mellapak 250Y and
Flexipac 2 packings by different research teams using the CO2/air
�NaOH test system.
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et al.,9 and Oluji�c et al.10. The gas-phase axial mixing effect on the
measured values of the effective interfacial area is also tested.

2. EXPERIMENTAL SECTION

2.1. Configuration of the Absorption Test Column. The
column, with a 0.29 m inner diameter, containing four elements
of packing with a total bed height of 0.84 m, was equipped with
four openings in which sampling devices for the withdrawal of
liquid and gas samples could be placed at various cross-sections
along the column (see Figure 2). The packings used were
Mellapak 250Y, 350Y, 452Y, and 500Y. Uniform liquid distribu-
tion over the cross-section of the column was carried out by the
pipe liquid distributorwith drip-point density of 630 drip points/m2.
Since such distributors deliver inferior quality of initial liquid
distribution, the Raschig liquid redistributor was situated beneath
it. Used as the absorption liquids was distilled water (kLa
measurements) and solutions of 1 kmol of NaOH/m3 or 0.8
kmol of Na2SO3 solutions (measurements of a). These solu-
tions were recirculated. The experiments were performed with
the temperature of the gas and liquid entering the column
maintained at 20 �C; the gas was saturated with water vapor.
The liquid velocities of 2.5, 5, (8), 10, (13), 20, 40, 60, 80, and
100 m3/(m2 h) (or only to loading point) and gas velocities of
0.5, 1.0, 1.5, 2.0, and 2.5 m/s were utilized. The velocity of the
nitrogen in the column during the measuring of kLa was
approximately 0.03 m/s, ensuring that the oxygen concentra-
tion in the effluent gas was lower than 0.15 vol %. The
temperature was maintained at a constant 20 �C during all
the experiments.
The gas and liquid can be sampled at two different levels, two

being located in the packed bed and one just above (0.03 m) and
one just below (0.06 m) the packing. The openings for the
sampling devices, shown in Figure 2, were drilled through the
structured packing using an electrical-discharge technique. The
height of a measuring section of the packing H, i.e., the height of
packing between the sampling points, was 0.63 m for sampling in
the bed and 0.84 m for sampling outside the bed. Great attention
was paid to obtain the liquid and the gas samples uniformly from

the entire cross-section of the column. The sampling device (see
Figure 3) was of a special design; the samplers enabled sampling
from four regularly spaced points along a radial cross-section of
the column. The main pressure drop in the individual sampling
lines was concentrated in the capillaries placed in each of the
lines. The capillaries are of the same size, ensuring thus the same
sample flow rate in all the lines. The sampling device was turned
downward for gas sampling and upward for liquid sampling.
Two optical oxygen probes Fibox 3 (PreSens) were used to

measure the oxygen concentration in liquid samples withdrawn
from the column continuously. Flow rates of the samples were very
small because the optical probe does not consume oxygen, and thus,
the steady-state probe signal is not affected by the liquid flow rate
before the probe membrane. Similarly, the CO2 concentration was
measured in the gas samples withdrawn from the column con-
tinuously using IR analyzer S710 (Maihak). The sulfite concentra-
tion was determined using the classic back-iodometric titration.
2.2. Experimental and Evaluation Procedures. 2.2.1. kLa

Measuring Procedure. The volumetric liquid-side mass-transfer
coefficient was measured using oxygen desorption from air-
saturated water into a stream of nitrogen. Details of the method
are given elsewhere by Linek et al.11 The desorption experiment
is simpler to carry out, and thus we prefer it to the absorption
version. Nitrogen gas flow rate through a column is used low (uG
g 0.03 m/s), but it is sufficient to keep the oxygen concentration
in the effluent gas lower that 0.2 vol %. This ensures negligible
back-pressure of oxygen and negligible influence of axial disper-
sion in the gas phase. The kLa value was calculated from the
readings of oxygen probes in liquid samples taken from the upper
(cO2

u ) and the lower (cO2

l ) sampling points of the measuring
section from

kLa ¼ uL
H

ln
clO2

cuO2

 !
ð1Þ

where H is the height of the packed bed between two sampling
points and uL is the superficial liquid velocity. The effect of liquid-
phase axial mixing on the kLa values is analyzed in the Appendix.
There is shown that the axial mixing increases kLa values in
comparison with the plug flow model. Their difference decreases
with increasing liquid flow rate, is lower than 10% for the rates
higher than 15 m/h, and reaches up to 43% at the lowest rate of
2.5 m/h.
2.2.2. Interfacial Area Measuring Procedures. The interfacial

area of the packing was measured by using two different
chemisorption systems: CO2/air�NaOH and O2�Na2SO3.
2.2.2.1. Chemisorption of Diluted CO2 (1 vol % in Air) into

Aqueous NaOH Solution of Initial Concentration of 1 kmol/
m3. Details of this method have been presented by Linek et al.11

Figure 2. Configuration of the absorption column.

Figure 3. Detail of the sampling device.
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The lye solution was replenished when the concentration of
OH� dropped below 0.4 kmol/m3. Assuming the plug flow and
the negligible gas-phase mass-transfer resistance, the following
relation is derived for the evaluation of the specific mass-transfer
area (a) from CO2 concentrations measured at the lower (cCO2

l )
and upper (cCO2

u ) sampling points in the column

a ¼ uG
HK

ffiffiffiffiffiffiffiffiffiffiffi
cOH;av

p ln
clCO2

cuCO2

 !
ð2Þ

with

K ¼ He
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCO2kOH

p
ð3Þ

He and DCO2
are the distribution coefficient and diffusion

coefficient of carbon dioxide, cOH,av is an average OH-ion
concentration in lye solution in the column, kOH is the second-
order kinetic constant of the reaction between carbon dioxide
and OH-ions, and uG is the superficial gas velocity. Validity of the
assumptions used was carefully analyzed: Rejl et al.11 evaluated
gas-phase relative mass-transfer resistance occurring in the
effective mass-transfer area measurements of various authors.
They have shown that when the gas velocity is higher than 0.5 m/
s, the errors in a are lower than 6%. The effect of gas-phase axial
mixing on a values is evaluated in the Appendix, and it is shown
there that the effect is negligible in our experiments.
The experimental value of K = (2.24 ( 0.08) � 10�3 m/s

related to cOH = 1 kmol/m3 measured by Linek et al.11 was
utilized. This value is in full agreement with that calculated from
eq 3 using the recommended data of Pohorecki and Moniuk.7

2.2.2.2. Chemisorption of Oxygen into Aqueous Na2SO3.
Details of this method have been given by Linek et al.12 The
concentration of SO3

2� ions did not drop below 0.4 kmol/m3

during the experiments. The following relation was derived by
Linek et al.13 for the oxygen absorption rate into the 0.8 kmol/m3

sulfite solution from our own and all of the other available
literature regarding kinetic data concerning the reaction between
oxygen and sulfite in the presence of a cobalt catalyst

N=ðkmol=ðm2 sÞÞ ¼ 4:469� 10�5c0:496CoSO4

� ðpH� 6:459Þ exp � E
R

1
T
� 1
303:15

� �� �
pO2

9:5058 � 104

� �3=2

ð4Þ
N is oxygen flux at partial pressure of oxygen pO2

(Pa) into 0.8
kmol/m3 sulfite solution in the presence of cobalt catalyst
concentration cCoSO4

(kmol/m3) at temperature T (K) and
pH. The activation energy E = 19 000 kJ/kmol is independent
of pH and comprises the activation energy for the solubility and
the molecular diffusivity of oxygen and for the second-order rate
constant. The relation may be used for the interpretation of the
oxygen absorption rate into a sodium sulfite solution provided
that the following three conditions, discussed in detail by Linek
and Vacek,14 are fulfilled:

(i) The concentration of sulfite should not drop below 0.45
kmol/m3 in order to maintain a zero order of the reaction with
respect to sulfite.
(ii) The oxygen concentration at the interface c*O2

must be
lower than 6� 10�4 kmol/m3 in order to reach second order of
the reaction with respect to oxygen. For air and oxygen absorp-
tion into 0.8M sulfite this condition is fulfilled at a temperature of
20 �C and higher.

(iii) Cobalt catalyst concentration, cCoSO4
, must be greater

than 3 � 10�5 kmol/m3. Then the oxygen absorption rate does
not depend on the agitation intensity of the liquid phase.
The following relation can be derived for the evaluation of the

specific mass-transfer area from sulfite concentrations measured
at the upper (cNa2SO3

u ) and lower (cNa2SO3

l ) sampling points in the
column taking into account axial dispersion in the liquid phase

a ¼
ðcuNa2SO3

� clNa2SO3
ÞuL

2NH

þ uL
2NBoL

dcNa2SO3

dz

� �
z¼ l

� dcNa2SO3

dz

� �
z¼ u

" #
ð5Þ

N in the equation is constant along the column and is calculated
from eq 4 for the catalyst concentration, the partial pressure of
oxygen in the gas phase, the mean temperature values, and the
pH that persisted in the absorption column during the measuring
of the area. The second term on the right side of the equation,
representing the effect of liquid-phase axial mixing on sulfite
balance, was not taken into account as it is negligible. It is
demonstrated on the data of Mellapak 250Y in Appendix. The
term's equal to 0.31�0.033 m�1, while the first terms of the
equation are higher than 150 m�1 for liquid flow rates from 40 to
100 m/h, i.e., when pure oxygen absorption was used.
The results measured using the sulfite method were not

affected by the axial mixing either of the liquid phase (because
absorption rate N does not change along the column) nor of the
gas phase due to the small change in the oxygen concentration
along the column. The air velocity in the columnwas 1m/s, which
ensures negligible oxygen concentration change along the col-
umn, or pure oxygen at a flow rate of 0.1 m/s was used. In our
experiments, 0.8 kmol/m3 sulfite solution with 5� 10�4 kmol of
CoSO4/m

3, initial pH 8.65 and temperature 20 �C, was used.
Absorption of air was used in the experiment preformed at a liquid
flow rate of 10 m/h and pure oxygen absorption in the experi-
ments preformed at liquid flow rates of 40, 80, and 100 m/h.

3. RESULTS AND DISCUSSION

3.1. Volumetric Liquid-SideMass-Transfer Coefficient kLa.
The experimental results presented in Figure 4 are well-corre-
lated by the following relation

kLa ¼ a1B
α ð6Þ

The correlation is based on the experimental data in the range of
liquid flow rate from 2.5 through 100 m/h. The constants a1 and

Figure 4. Volumetric mass-transfer coefficients for the Mellapak pack-
ings series.
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α are given in Table 1 for all of the packings tested. The kLa
values differ from one another only slightly, and only Mellapak
500Y shows up to 2-fold lower values at liquid flow rates lower
than 10 m/h. These results confirm the findings of Laso et al.15

that an additional increase in the geometric area of the packing
above 350 m�1 is not reflected in a corresponding enhancement
in the kLa value. The practical conclusion is that the application
of Mellapak 500Y does not intensify physical mass-transfer
processes (e.g., beer or beverage carbonation) in comparison
with the application of Mellapak 250Y. The data measured by
Murrieta et al.3 on Flexipac 2 (Koch-Glitch) are up to 2-fold
lower than the data on the geometrically almost identical
Mellapak 250Y packing. Similarly to us, all mentioned authors
have used the plug flow model in evaluating their results.
3.2. Effective Mass-Transfer Area a. Experimental results

measured using the CO2/air�NaOH system are presented in
Figure 5a,b as a function of the gas and liquid flow rates. The lines
presented in the figure end at the liquid velocities that correspond
to the loading points. The results can be summarized as follows:
(a) The effective mass-transfer area measured using sampling

points inside (H = 0.63 m) and outside the bed (H = 0.84 m) did
not differ as demonstrated by the results presented in Table 2.
This finding indicates that the end effects on the upper and lower
sides of the packing are negligible.
(b) The effect of gas velocity on the wetted area on the high-

performance Mellapak 452Y differs considerably from the effect
observed on the other classic Mellapak packings. For the high-
performance packing, the area is not practically affected by the
gas velocity up to the loading point while, for all the other
packings, the area increases with gas velocity and increases
sharply just before the loading point. The phenomena conform
to the flow pattern deduced from the pressure drop measure-
ments on the Mellapak packing series. The main difference
between high performance packings such as Mellapak 452Y
and the other classic Mellapak packings used in this work lies
in the gas�liquid interaction just at the transitions between the
packing elements (entrance effects). At both ends of the high-
performance packing pieces, the corrugation smoothly changes
its orientation from 45� to the vertical, eliminating so the right
angle change of gas flow occurring at the interfaces in the classic
Mellapak packings. The intensive gas�liquid interaction gives
rise to gas�liquid dispersion and to the formation of foam
bubbles, resulting in backflow of gas and finally starts flooding
of packing.
(c) The ratio of the wetted to the geometric area a/ao on most

Mellapak packings achieved a value of a maximum of 0.8. The
ratio of unity, i.e., a completely wetted geometric surface of the
packing, was achieved only on Mellapak 250Y. A ratio slightly
above unity was observed recently on this type of packing by Tsai
et al.,2 though their data measured on Mellapak 500Y are much
lower than ours, achieving a maximum of 0.55 (see Figure 5a).
The ratios greater than unity, measured by de Brito et al.,1 and
usually observed on dumped packings, were not observed at all.

(d) On Mellapak 350Y, and to a lesser extent on Mellapak
250Y, a significant decrease of the wetted area was observed at
low gas velocities (<1.0 m/s) with high liquid velocities exceed-
ing 40 m/h. We attribute this phenomenon to the increased
hydrodynamic interaction between gas and liquid at the transi-
tions between packing elements as described above. It occurs at
liquid velocities higher than the critical values, which induces a
backflow of gas. Results of the CO2�lye method are critically
dependent on the validity of the plug flow concept of the gaseous
phase in the column. The plug flow model ceases to be valid at

Table 1. Constants and Ranges of Validity of the Correlations 6 and 7

Mellapak a1 � 103, s�1 α range of B, m/h b1 β range of B, m/h γ

250Y 2.37 0.668 Æ2.5; 100æ 0.573 0.104 Æ5; 100æ 0.565

350Y 2.48 0.717 Æ2.5; 100æ 0.521 0.0962 Æ5; 50æ 0.618

452Y 1.92 0.735 Æ2.5; 100æ 0.536 0.0911 Æ5; 90æ 0.643

500Y 1.28 0.816 Æ2.5; 100æ 0.417 0.116 Æ5; 100æ 0.698

Figure 5. Relative wetted area of (a) Mellapak 250Y and 500Y and (b)
Mellapak 350Y and 452Y packingsmeasured using the CO2/air�NaOH
system.
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these “supercritical” liquid flow rates. As a consequence, the
driving force of absorption deduced from the plug flow model is
overestimated and the evaluated area is then underestimated. It
was also observed that this phenomenon is enhanced by the
carbonization of the solution, which increases the foaming
tendency of the lye. This is demonstrated in the experiments
performed with fresh and somewhat carbonated solution labeled
as “run 1” and “run 2” in Figure 5a,b.
(e) Addition of antifoamer Ocenol (1 ppm by volume)

eliminated the decrease of the wetted areameasured forMellapak
350Y at the higher liquid rates of B > 40 m/h, while the area
measured at lower liquid rates was not affected. Ocenol lowered
the surface tension of the solution from 77 to 45 mN/m as we
found using the ring method for measuring the surface tension. It
was observed visually that the addition of Ocenol essentially
lowered the number of bubbles in the liquid emanating from the
packing and eliminated the creation of liquid films between the
liquid streams. These findings confirm that a decrease in the area
is a phenomenon caused by the backflow of the gas phase,
induced by the liquid flow. Recently, Tsai et al.2 studied the effect
of the surface tension. For Mellapak 250Y, this effect was not
significant. Similarly in our experiments with Mellapak 250Y,
Ocenol did not affect the wetted area at low liquid flow rates (B <
40 m/h). For Mellapak 500Y, its decrease from 72 to 35 mN/m
even raised the area by 50%, while in our work no significant
effect was observed.
The crucial role of gas-phase axial mixing in the decrease of the

wetted area observed at low gas and high liquid velocities was also
confirmed by experiments performed using the sulfite system.
The application of pure oxygen for absorption or air absorption
(with the small change in the oxygen concentration along the
column due to low solubility of oxygen) prevents possible effect of
the gas-phase axial mixing. The results measured on Mellapak
350Y are compared with those measured using the CO2 system in
Figure 6. The sulfite system data are quite scattered, though they
show no decrease in the wetted area of the packing at high liquid
velocities as appears in the data using the CO2 system. The large
scatter of the datameasured using the sulfite system is partially the
result of the lack of experience of the working team with the
methodology of this new measuring system. The crucial problem
of this method is the accurate determination of the small sulfite
concentration differences between the samples withdrawn from
the upper and lower sampling points in the column. The vertical
lines in Figure 6 represent differences caused by scatter in the two
repeated titrations of the sulfite samples. In subsequent experi-
mentation, more convenient and accurate in-line monitoring of
the sulfite concentration by UV absorption at the wavelength of
255 nm will be used instead of the iodometric back-titration. The
UV method was improved recently by Korda�c et al.16

The relative wetted to geometric area measured at a gas
velocity of 0.5 m/s is well-correlated by the following relation

a
ao

¼ b1BL
β for uG ¼ 0:5 m=s ð7Þ

The b1 andβ constants are given in Table 1 for all packings tested,
together with the ranges of their validity in the liquid flow rate B.
For the purposes of illustration, the datameasured at uG = 0.5m/s
are plotted in Figure 7 in a logarithmic scale that apparently shows
to what extent this relation matches the experimental data. The
revealed values of the exponent are around βav = 0.1 and
correspond well with that predicted by the Oluji�c et al.10 model
(β = 0.12) but are much lower than those predicted by the Billet
and Schultes8 and Rocha et al.9 models (β = 0.4).
3.3. Liquid-Side Mass-Transfer Coefficient kL. Coefficients

kL calculated as the ratio of kLa (calculated from correlation 6) and
a (calculated from eq 7) are plotted in Figure 8 as a function of the

Figure 6. Comparison of the relative wetted area of packing measured
using the CO2/air�NaOH and O2�Na2SO3 systems.

Figure 7. Relative wetted area measured at uG = 0.5 m/s vs liquid flow
rate plotted in log scale.

Figure 8. Liquid-side mass-transfer coefficients as a function of the
liquid flow rate.

Table 2. Comparison of Data with Sampling Inside (0.63 m)
and Outside (0.84 m) the Bed of Mellapak 250Y

a, m�1 a, m�1

B, m/h uG, m/s 0.63 m 0.84 m uG, m/s 0.63 m 0.84 m

5 0.5 177 176 1.0 160 182

10 177 187 187 193

20 191 196 209 205

40 216 213 220 220

60 208 202 243 234
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liquid flow rate. kL values for all of the packings differ from each
other only slightly, and only Mellapak 500Y shows 2-fold lower kL
values. De Brito et al.17 found a similarly lower kL value on 500Y in
comparison with 250Y. This is due to the fact that the liquid film
spread on the packing of a larger surface is thinner than that on the
packing of a smaller surface, and therefore the liquid film flows at a
lower velocity on the larger packing surface and has lower kL
coefficients compared to those on a smaller packing surface.
Highermass-transfer coefficients are usuallymeasured on dumped

packings, particularly on packings of a larger size. This is due to the
intensive mixing of the liquid phase by bouncing droplets and by the
mixing of the liquid film upon contact with the packing body. This is
illustrated in Figure 8, in which kL data measured on metal Pall rings
50 are shown and they are up to twice as high as compared to
Mellapak 250Y and three times as high, compared toMellapak 500Y.
The γ exponents in the relation kL � uL

γ can be calculated as a
difference of the exponents, α� β = γ, and in Table 1 are defined
for all the packings tested. On average, they equal 0.631 and
therefore this value is much higher than the value of 0.302 mea-
sured by de Brito et al.17 on Mellapak 250Y and 500Y. They sub-
stantiated the lower value of the exponent using a theoretical value
deduced from a mass-transfer model of laminar liquid film flowing
on the packing surface. It seems that the laminar flowmodel is not a
good approximation for the description of absorption rate to the
liquid film flowing over the surface of these packings.

4. EVALUATION OF THE MASS-TRANSFER MODEL FOR
CORRUGATED SHEET STRUCTURED PACKINGS

The parameters measured in this work were compared with
those calculated from the BS (Billet and Schultes8), RBF (Rocha
et al.9), and DELFT (Oluji�c et al.10) models. These results are
plotted in Figure 9a,b in a logarithmic scale which enables one to

estimate directly the relative differences between the calculated
and the experimental data. Except for a small discrepancy
((10%) of the kLa values on Mellapak 250Y for the BS model,
all of thesemodels underestimate the effective mass-transfer area,
even multifold (e.g., RBF three times), and overestimate the
liquid-side mass-transfer coefficient to a similar extent (e.g., RBF
2-fold, DELFT up to four times). The volumetric mass-transfer
coefficient is either largely overestimated (DELFT) or largely
underestimated (BS and RBF).

Similar discrepancies also exist between the predicted and the
measured dependencies of these parameters on the phase flow
rate. The exponents α, β, γ, and δ in the relations kLa � uL

α, a �
uL
β, kL� uL

γ, or kGa� uL
δmeasured onMellapak 250Y in this work

and those predicted by the models are compared in Table 3.
These differ, especially the exponent β that is four times higher
than the predicted value and the exponentγ that is approximately
half of the predicted value.

Recently, the “profile method” for the measurement of vapor-
and liquid-side volumetric mass-transfer coefficients directly in
distillation columns was developed. This method, described in
detail by Rejl et al.,18 evaluates the coefficients by comparing the
vapor and liquid concentration profiles with those calculated
from a rate-based distillation model. This makes it possible to
validate the models more conclusively than by means of compar-
ing the experimental and the calculated HETP values. The
exponents α and δ of the kLa and kGa flow dependencies
measured by the profile method by the distillation of the three
different mixtures of alcohols (methanol�ethanol, ethanol�
propanol, and methanol�propanol) on Mellapak 250Y are
presented in Table 3. A striking finding is that the BS and RBF
models predict the exponentsα and δ as 0.7 and 1.2, respectively,
while the profile method provides approximately the same values
of the exponents but in the opposite sequence, i.e., 1.2 and 0.7,
respectively.

The significant differences between the absolute values of the
parameters and their flow dependencies indicate an insufficient
relevance of the model parameters. The predictive accuracy of
the existing models can be improved empirically on the basis of
experiments performed on different packing sizes, using different
testing systems and under different operating conditions for the
measuring and evaluating procedures that produce mass-transfer
parameters of clear physical meaning which is not affected by any
artifacts such as axial mixing of the phases or the end effects in
apparatus. In this situation, comparison of the absorption
coefficients with those measured in distillation columns using
the profile method might have an instructive significance. The
distillation coefficients are usually measured at higher tempera-
tures in liquids with a lower surface tension. These wet the
packing surface more thoroughly than do aqueous absorption

Figure 9. (a) Comparison of the volumetric liquid-side mass-transfer
coefficients and the effective mass-transfer areas measured in this work
with those calculated from RBF, BS, and DELFT models. (b) Compar-
ison of the liquid-side mass-transfer coefficients measured in this work
with those calculated from RBF, BS, and DELFT models.

Table 3. Exponents α, β, γ, and δ in Power Dependences kLa
� uL

α; a � uL
β; kL � uL

γ; and kGa � uL
δ

model α β γ δ

BS 0.733 0.4 0.333 1.16

RBF 0.597 0.4 0.197 1.20

DELFT 0.445 0.125 0.32 0.845

this work 0.734 0.1 0.631

“Profile Method” M�E, E�P, and M�P Distillation Systems

piston flow20 1.18 0.771

axial dispersion21 1.00 0.512
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solutions; therefore, the size of the installed surface that is
effectively used as the interface for themass transfer in absorption
and distillation may differ significantly and should be identified
first.

5. CONCLUSIONS

Similar kLa values were obtained for all of the packings studied
(Mellapak structured packing series 250Y, 350Y, 452Y, and
500Y) except for Mellapak 500Y showing two-time lower values
at low liquid flow rates (<10 m/h).

The slight increase of the mass-transfer area with liquid flow
rate was well-described by the relation a � uL

0.1 for all of the
packings. The gas velocity did not affect the a values for high-
performance Mellapak 452Y and increases them slightly for all
other packings. The ratio of wetted to geometric area (a/ao)
reached a maximum of 0.8 for all the packings except for
Mellapak 250Y for which a completely wetted geometric surface
of the packing was achieved.

A marked effect of gas-phase axial mixing was observed on the
data measured by the CO2/air�NaOH system at low gas and
high liquid velocities for all packings except of Mellapak 452Y in
which the interaction between the gas and liquid at the interfaces
between individual packing elements is suppressed substantially.
The marked effect of the axial dispersion on other packings was
eliminated by the addition of antifoamer Ocenol to a lye solution
and was not observed in the sulfite system which does not have a
tendency to foam.

kL values of all the packings studied differ only a little from
each other; only Mellapak 500Y shows two-time lower values.

Large differences were revealed between the mass-transfer
parameters measured in this work and those predicted by models
especially designed for the prediction of the parameters in
corrugated sheet structured packings (Billet and Schultes,8

Rocha et al.,9 and Oluji�c et al.10). Except for a small discrepancy
((10%) of the kLa values onMellapak 250Y for the BSmodel, all
of these models underestimate the effective mass-transfer area
(e.g., RBF three times) and overestimate the liquid-side mass-
transfer coefficient kL to a similar extent (e.g., RBF 2-fold,
DELFT up to four times). The volumetric mass-transfer coeffi-
cient kLa is either largely overestimated (DELFT) or largely
underestimated (BS and RBF). Similar discrepancies also exist
between the predicted and the measured dependencies of these
parameters on the phase flow rate.

’APPENDIX

Effect of gas and liquid axial mixing on the mass-transfer
parameters measured in this work under conditions when
foaming of absorbing solution does not occur.

A1. Oxygen Desorption from Water, Carbon Dioxide
Absorption in Lye Solution. Axial mixing of phases lowers
the driving force of the interfacial mass transfer in the absorption
columns compared with the force calculated from plug flow
model used in the evaluating of kLa and a parameters. As a result,
the apparent plug flow parameters, kLaplug and aplug, are over-
estimated compared with the true parameters, kLatrue and atrue. In
the absorption systems used for their measuring, the axial mixing
is decisive only in one of the phases; the liquid phase for kLa
measuring and the gas phase for measurement of a. For the case
of significant axial dispersion of just one phase, Miyauchi and
Vermeulen21 derived following relation between numbers of the

true (Ntrue) and the plug flow (Nplug) transfer units

expð �NplugÞ ¼ 4b expðBo=2Þ
ð1 þ bÞ2 expðbBo=2Þ � ð1� bÞ2 expð � bBo=2Þ

Nplug ¼ ln
cl

cu

 !
; b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ 4Ntrue=Bo

p
ðA1Þ

Axial dispersion in the respective phase is expressed by means
of the Bodenstein numberBo. The numbers were calculated from
the following correlations deduced22 by means of the ‘cold’ air-
water dynamic experiments performed under similar hydraulic
conditions as the measurement of mass-transfer parameters were
measured for Mellapak 250Y in this work (Bo numbers are
related to the packing height of 1 m)

BoL ¼ 1:022Fi0:478
3

sin2 α

� �1:159

ðdaoÞ6:337 ðA2Þ

BoG ¼ 2:807� 106ReG
�0:00895ð10�0:00394ReLÞðdaoÞ�7:792

ðA3Þ

Validity ranges of phase flow rates: 0 < B < 40 m2/(m3 h); 0 < uG
< 2 m/s. The characteristic dimension d of Mellapak 250Y, d =
0.012 77 m.
Relative increase of the true values of the mass transfer

parameters, ptrue, related to the plug flow value pplug is given by
following relation

Rp=% ¼
ptrue � pplug

pplug
� 100 ¼

Ntrue �Nplug

Nplug
� 100

p ¼ kLa or a ðA4Þ
TheRa values (Table 4) calculated for limiting gas and liquid flow
rates used in the measurement of interfacial area show that the a
values are not affected by gas phase axial mixing. On the other
hand, the RkLa values (Table 5) show that the kLatrue values are
higher (by up to 43% at the lowest liquid load of 2.5 m2/(m3 h))
than the kLaplug values, and differ in their dependence on the
liquid flow rate (see Figure 10) as follows

kLatrue ¼ 3:50� 10�3B0:581

kLaplug ¼ 2:37� 10�3B0:668
ðA5Þ

We are investigating the effect of axial mixing of both phases on
mass transfer coefficients in absorption and distillation columns
in more detail now. Absorption columns operate usually at liquid
flow rates higher than 20 m/h; i.e., the correlation based on the
plug flow model are acceptably accurate for their design. On
other side, liquid flow rates in distillation columns are usually low,

Table 4. Relative Increases Ra of a Values Due to Gas- and
Liquid-Phase Axial Mixing

B, m/h uG, m/s aplug, m
�1 BoG Nplug Ntrue Ra, % atrue, m

�1

5 0.5 170 264 0.4233 0.4239 0.14 170

100 229 264 0.5395 0.5405 0.19 229

5 1.5 181 261 0.1376 0.13765 0.07 181

60 250 269 0.1881 0.1882 0.07 250
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often lower than 20 m/h and the effect of liquid phase axial
mixing should be taken into account. Some first results concern-
ing this effect on mass transfer coefficient in distillation column
we published elsewhere.20

A2. Oxygen Absorption in Sulfite Solution. The local slope
of sulfite concentration profile in the column occurring in the
second term on the right side of eq 5 were calculated from sulfite
concentration profile deduced from following differential mass
balance of sulfite

Nt þ X � 1
BoL

dX
dZ

¼ 0 ðA6Þ

where

Z ¼ z
0:84

, Nt ¼
2NaH
uL

, X ¼ dcNa2SO3

dZ
ðA7Þ

Solution with boundary condition X(1) = 0 gives

XðZÞ ¼ dcNa2SO3

dZ

¼ �Nt½1� expf � BoLð1� ZÞg� ðA8Þ

Samples of sulfite solution were withdrawn from the packing at
Zu = 0.105/0.84 = 0.125 and Zl = 0.735/0.84 = 0.875 where 0.84
m is the total height of four packing pieces installed in the
column. Values of the second term corresponding to the limiting
liquid flow rates 40 and 100 m/h used in the work for pure
oxygen absorption are as follows. Corresponding BoL and N

values were taken from Table 2A and calculated from eq 4,
respectively.

uL
ð2Þð0:84ÞNBoL

ðXð0:875Þ � Xð0:125ÞÞ

¼ 40 ÷ 100
ð2Þð0:84Þð1:7� 10�5Þð3600Þð27:5 ÷ 42Þ
�ð2:17� 10�3 ÷ 1:42� 10�4Þ

uL
2N BoL

dcNa2SO3

dz

� �
z¼0:735

� dcNa2SO3

dz

� �
z¼ 0:105

" #

¼ 0:31 ÷ 0:033m�1 ðA9Þ
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Nomenclature
a = effective specific mass-transfer area, 1/m
ao = specific geometrical area of the packing, 1/m
B = superficial liquid velocity, m3/(m2 h)
Bo = uH/De, Bodenstein number
b = defined by eq A1
c = molar concentration, kmol/m3

d = packing characteristic dimension, m
D = diffusion coefficient, m2/s
De = axial dispersion coefficient, m2/s
E = activation energy, kJ/kmol
Fi = ηLuL/d

2FL g
g = gravity acceleration, m/s2

H = packing height between two sampling points, m
He = distribution coefficient
K = mass-transfer coefficient defined by eq 3, m5/2/(kmol1/2 s)
kL,G = liquid-/gas-side mass-transfer coefficient, m/s
kOH = second-order kinetic constant, m3/(kmol s)
N = oxygen flux into sulfite solution given by eq 4, kmol/(m2 s)
Np = number of transfer units given by eq A1 (p = plug or thru)
Nt = number of transfer units defined by eq A7, kmol/m3

p = pressure, Pa
R = gas constant, kJ/(kmol K)
Rp = relative increase of the true to the plug flow parameters p =

kLa or a given by eq A4
ReG = uG dFG/ηG
T = temperature, K
uj = superficial velocity (j = L, G), m/s
X = slope of concentration profile in column defined by eq A7,

kmol/m3

z = packing height coordinate taken from top of the packing
(z = 0), m

Z = z/0.84 dimensionless packing height coordinate

Subscripts
G = gas phase
L = liquid phase

Figure 10. Effect of liquid-phase axial mixing on kLa values measured
for Mellapak 250Y.

Table 5. Relative Increases RkLa of kLa Values Due to Liquid-
Phase Axial Mixing

B m/h kLaplug, 10
�2 s�1 BoL Nplug Ntrue RkLa, % kLatrue, 10

�2 s�1

2.5 0.40 7.32 3.628 5.207 43 0.57

5 0.74 10.1 3.356 4.359 29 0.96

8 1.02 12.7 2.892 3.500 21 1.23

13 1.30 16.1 2.268 2.569 13 1.47

20 1.79 19.7 2.030 2.227 9.7 1.96

40 2.70 27.5 1.531 1.613 5.3 2.84

60 3.39 33.4 1.281 1.329 3.7 3.52

80 4.33 38.3 1.228 1.267 3.1 4.47

100 5.45 42.6 1.236 1.271 2.8 5.60
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plug = based on plug flow model
true = based on axial dispersion model

Superscripts
α = exponent in relation to kLa � uL

α

β = exponent in relation to a � uL
β

γ = exponent in relation to kL � uL
γ

δ = exponent in relation to kGa � uL
δ

σ = surface tension, mN/m
l = lower sampling points of the measuring section
u = upper sampling points of the measuring section
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Gas and Liquid Axial Mixing in the Column Packed with Mellapak 250Y, Pall
Rings 25, and Intalox Saddles 25 under Flow Conditions Prevailing in Distillation
Columns

L. Valenz,* F. J. Rejl, and V. Linek*

Prague Institute of Chemical Technology, Department of Chemical Engineering, CZ-166 28 Prague 6, Czech Republic

The axial dispersions of gas and liquid phase in a column of inner diameter 0.297 m packed with random
packing of metal Pall rings 25 and Intalox saddles 25 and structured packing of Mellapak 250Y were measured
using a dynamic method under hydraulic conditions common in distillation columns, i.e., liquid flow rate
from 6.94 × 10-4 to 0.0111 m/s and gas flow rate from 0.25 to 2 m/s. The two-response method with a
diffusion-type model was used to reproduce the experimental response curves. Axial mixing in the gas increases
with gas and liquid rates for both random and structured packings, but the dependence on the gas rate is very
weak for the structured packing. The largest gas mixing was found for the Pall rings at the highest gas rate;
the least was found for the structured packing at the lowest gas and liquid rates. Liquid-phase axial mixing
increases with decreasing liquid flow rate and is independent of gas flow rate for both random and structured
packings. The largest liquid mixing was found for the Intalox saddles at the lowest liquid rate; the least was
found for the structured packing. The correlations of BoL and BoG numbers deduced for all types of packings
used reproduced the experimental data within (22%.

1. Introduction

In our recent paper1 we presented the “profile method”, which
evaluates the vapor- and liquid-side volumetric mass transfer
coefficients kVa and kLa by comparing the concentration profiles
measured along the distillation column with the simulated
profiles. The method was applied in a distillation column packed
with random packing of Intalox saddles 25 or structured packing
of Mellapak 250Y. It was revealed that experimental liquid and
vapor concentration profiles along the column under total reflux
do not superimpose (Figure 1). However, the plug flow model
that was used in the simulation1 predicts their agreement. The
difference between the phases’ concentrations is apparently a
consequence of the longitudinal mixing in the packed bed. The
differences observed for the structured packing are lower in
comparison to those for the random packing. Therefore, the
volumetric mass transfer coefficients evaluated from each one-
phase concentration profile were nearly the same1 for the
structured packing whereas they differ for the random packing.
A clear physical meaning of the mass transfer coefficients
underlies their applicability/transferability to other conditions
than those in which they were measured. The aim of our further
investigation is to include the effect of the longitudinal mixing
into the evaluation procedure of the distillation volumetric mass
transfer coefficients by the profile method. The mass transfer
coefficients are used as the process parameters in rate-based
models for the distillation column’s design from the first
principles, and neglecting its effect may substantially reduce
the reliability of the column’s design.

Longitudinal mixing has been studied thoroughly in first-
generation random packings (Raschig rings, Berl saddles). For
example, studied were the effects of (i) mutual phase interaction,2-6

(ii) response evaluation method,7 (iii) end effects,8 (iv) packing
length and its diameter,4,5,9,10 (v) wall flow,10 (vi) static and
dynamic holdups,11,12,15 (vii) viscosity and surface tension,13

(viii) a complete dynamic approach to characterize gas-liquid

columns (axial dispersions, mass transfer coefficient, holdups)
by using transient techniques with transferable tracer,14,26 and
(ix) elevated pressure.16 On the other hand, the data of the
longitudinal mixing for modern random (Intalox saddles) and
structured (Mellapak) packings are rather limited,17-21 and the
data available do not cover gas and liquid flow rates used in a
distillation column where gas- and liquid-side volumetric mass
transfer coefficients were evaluated by the profile method.1,22,23

This work aims at providing these data by means of the “cold”
air-water dynamic experiments performed under hydraulic
conditions, by which the concentration profiles were measured22

in the distillation column.

2. Experimental Section

The axial dispersion of gas and liquid phases in packed
columns was measured using a dynamic method based on
injecting the step concentration impulse of a tracer into the inlet
stream and subsequent monitoring of the response patterns at

* Corresponding author. E-mail: linekv@vscht.cz (V. Linek);
valenzl@vscht.cz (L. Valenz).

Figure 1. Vapor and liquid concentration profiles measured in column
packed with random (Intalox saddles) and structured (Mellapak 250Y)
packing for ethanol-propanol distillation system.
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two different points downstream from the injection point. Gas-
phase dispersion was evaluated from two responses monitored
in gas samples withdrawn from the packing at two sampling
points in the column packing. In the liquid phase, the two
responses were obtained by monitoring the tracer concentration
in the outlet liquid from the column with different packing
heights. The concentration step change was carried out by
momentarily stopping the tracer injection into the input-phase
flow after achieving a steady-state tracer concentration in the
column. Helium gas and an aqueous solution of NaCl were used
as the inert tracers in the gas and the liquid phase, respectively.

2.1. Column. The column body was formed by a varying
number of flange Perspex tubes of inner diameter 0.297 m filled
with packing. Using a different number of the tubes enabled
measurement at different packing heights, keeping the distance
between the liquid distributor and the packing the same. The
extent of axial mixing greatly depends on the uniformity of the
phase distribution in the bed. This is why great attention was
paid to the uniformity of gas and liquid distribution onto the
bed. The distributors were of special design, enabling us to
introduce the step concentration change of the tracer uniformly
across the column cross section into the inlet streams of gas
and liquid and, in the case of the gas distributor, to allow
monitoring of the response in the liquid leaving the column.
Their construction minimized the tracer holdups between the
injection point and the packing and therefore minimized the
end effects.

2.1.1. Bottom of the Column. Gas entered the bottom of
the column through 16 cups regularly spaced over the column
base cross section. Helium tracer was injected into the gas
entering the column packing through a three-way solenoid valve
and a small retention cylindrical vessel (volume 300 cm3). The
vessel was used to distribute helium through 16 flexible tubes
of the same length (30 cm) and diameter (6 mm) into each of
the 16 cups in the gas distributor. At the end of the tubes were
10 cm long Perspex tubes drilled with four 1.5 mm orifices that
controlled the main pressure drop of the whole dosing system
and thereby ensured the same helium inflow to each of the cups.
The solenoid valve was also connected to a diaphragm vacuum
pump to remove the helium from the dosing pipes at the same
moment as the implementation of the step concentration change
in the input gas flow was performed. This prevents the slow
helium flushing from the supply sleeves after interruption of
its feeding. Liquid leaves the column bottom through four
symmetrically distributed channels of diameter 30 mm, each
equipped with conductance probes. The same liquid level was
maintained by overflow in all four channels under the various
flow rates used. Details of the distributor, helium dosing system,
and liquid outflow channels equipped with conductance sensors
are given in Figure 2.

2.1.2. Head of the Column. Uniform liquid distribution onto
the bed was realized via 16 regularly spaced exchangeable
nozzles of different diameters (2, 3, 5, and 7 mm), providing
242 pour points per m2. The different nozzle diameters were
used to keep the liquid discharge velocity lower than 2 m/s at
various liquid flow rates and, at the same time, to keep the
pressure drop on the nozzle higher than 2 cm of H2O. The
pressure drop ensured the same discharge velocity in the nozzles.
NaCl solution was injected into each of the nozzles by syringe
needles with a diameter of 0.5 mm and length of 8 cm, which
came through the column head. The needles ended 2 mm below
the edge of the nozzles. The salt solution was fed into the
individual needles by flexible tubes with a diameter of 6 mm.
A strictly uniform tracer flow rate was assured by an overflow

placed 2 m above the column head. The main pressure drop
of the whole NaCl tracer dosing system was concentrated in
the capillaries, thus ensuring the same tracer flow rate in each
nozzle. Gas was drawn from the column by 9 openings with
diameters of 30 mm passing through the distributor. Injection
of the solution directly into the liquid entering the distributor
led to large scatter in the data. Details of the distributor, NaCl
tracer dosing system, and air exhaust tube are given in
Figure 3.

2.2. Experimental Conditions, Types of Packings, and
Experiment Procedure. Experiments were performed in a
column at ambient temperature (∼22 °C) and pressure. In these
experiments, two types of packing (metal Intalox saddles 25
mm and Mellapak 250Y) were investigated with water flow rates
up to 40 m/h and air flow rates up to 2 m/s. These flow ranges
are valid for measuring the gas and liquid mass transfer
coefficients in a distillation column.22,23 Gas-to-liquid flow rate
combinations used in this work are given in Table 1. A packing
of metal Pall rings 25 was also investigated because, for this
packing, it is possible to find some literature data15,17,18 for

Figure 2. Details of the gas inlet tubes, gas-phase tracer (helium) injection
system, liquid outflow tube, and location of the conductivity probe.

Figure 3. Details of the liquid distributor and liquid-phase tracer injection
system.

Table 1. Combinations of the Gas and Liquid Flow Rates Used in
This Work

liquid-phase axial dispersion

uL mm/s 6.86 14.4 23.9 33.9 55.6 111
uG m/s 0 1 2

gas-phase axial dispersion

uL mm/s 0 13.9 27.8 55.6 111
uG m/s 0.25 0.50 1.0 1.5 2.0

Ind. Eng. Chem. Res., Vol. 49, No. 20, 2010 10017



comparison. The results measured on structured packing Mel-
lapak 250Y and on similar structured packing Flexipac 2 are
rather scarce.18,20

Concentration of the liquid tracer was monitored by flow
conductance cells installed in each of the four liquid outlet tubes
of the column. The NaCl concentration during the liquid
experiments was kept to a value of 1.2 g/L. Under this condition,
it was experimentally observed that conductivity cell signal is
linearly proportional to the NaCl concentration. The size of the
cells was modified, to give the same signal in solutions of the
same salt concentration. Thus, the contributions of the single
cells to the overall signal after their mutual electric intercon-
nection were the same. Differences of the packing heights of
the short and long columns, L, used for measuring the axial
dispersion in the liquid phase, are given in Table 2, together
with the characteristics of the packings used. In these measure-
ments, the spacings between the liquid distributor and the top
of the packed bed were the same in the short and long columns.

The gas tracer concentration was monitored in sample gas
withdrawn continuously from the column by two gas samplers.
The samplers were placed in the bed so that the spacing between
gas distributor and the first gas sampling point was filled with
Pall rings 25 to the height of 33 cm. Holes for the sampling
devices, depicted in Figure 4, were drilled through the structured
packing by an electricodischarge technique. The distances of
the sampling points L used in this work are given in Table 2.
The samplers enable sampling of gas from six points regularly
spaced along the radial cross section of the column. In all
experiments, gas was sampled from the center of the cross
section, i.e., from position 3 (see Figure 4), except the situation
when the effect of the radial concentration profile of the tracer
was studied (section 4.1). Steady flow of the gas samples sucked
into the thermal conductivity detector through a 35 cm long
tube of 1 mm diameter was held to 150 mL/min by a mass
flow controller (the residence time of gas in the tube was 0.12 s).
The experiments were performed with the He concentration up
to 5% vol. In this concentration range, the signal of the thermal

conductivity detector is linearly dependent on the He concentra-
tion, which was experimentally verified.

3. Data Evaluation Method

Axial dispersion of a tracer that flows along column mass
transfer exchangers has been described in this work, similarly
as it is in the works of other authors, by Fick’s diffusion model.
In this model, the molecular diffusion coefficient is replaced
by an effective dispersion coefficient De. Then the tracer
movement in the column is described through the material
balance of the tracer over a differential element dz of the packing
bed:

The solution of this equation, with the initial and boundary
conditions corresponding to experimental conditions and the
tracer concentration pulse at the input to the packing test section,
provides a model tracer concentration response for a place where
the second response is measured. Matching the model response
onto the experimental one, the best-fit values of the model
parameters, effective dispersion coefficient, and mean residence
time are then obtained by an optimization procedure. This two-
response method cancels the effects of the probe dynamics, the
imperfection of the tracer concentration step change, and the
ends of the column.

As the dispersion model (eq 1) is linear, the convolution
integral can be used to calculate the normalized profile of the
tracer concentration cII(t) at a distance L downstream in the
column (see Figure 5) from the experimentally determined
profile cI(t) at an arbitrary place z in the column by using the
pulse, E(t), or transient, F(t), characteristic of the section L of
the packing:

Table 2. Characteristics of the Packings and Lengths of the Test
Sections Used in This Work

Intalox saddles Pall ring Mellapak 250Yc

deq mm 25.4 25.4 12.77a

ap m-1 205 205 250
L m 0.89/0.92b 1.46/1.47b 0.84/0.84b

a Calculated from eq 18 in ref 17. b Length of the test section used in
measuring BoG/BoL. c R ) 45°.

Figure 4. Gas sampling device.

Figure 5. Experimental scheme for dynamic response studies in both phases.
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The pulse characteristic Eo(t) of the part L of the packing is
obtained by solving eq 1 with the following initial and boundary
conditions corresponding to an open system:

An analytical solution was presented by Levenspiel and
Smith24 in the form

The pulse characteristic Ec(t; L) deduced from an analytical
solution of eq 1 with the following initial and boundary
conditions corresponding to a closed system

is deduced in ref 23 in the form

where Bj are roots of equations

One thousand members in the series (eq 6) were used when
the response Ec was calculated. The same responses were
obtained using 500 members.

The parameters characterizing the axial dispersion flow, mean
residence time tm, and effective mixing coefficient De were
determined from both gas- and liquid-side dynamic response
data using the two-point detection technique as is described
below. The detector signals measured on the short, sI(t), and
the long, sII(t), column packing were transformed to a normalized
profile of the tracer concentration cI,exp and cII,exp,

where s0 and s∞ are initial and final steady-state probe signals,
respectively. The experimental responses cII,exp, measured at the
end of the test section (gas-phase measurement) or at the outlet
of the long column (liquid-phase measurement), were compared
to those, cII,cal, predicted by the theoretical transformation of
the experimental concentration profiles cI,exp, measured at the
inlet into the test section (gas-phase measurement) or at the
outlet of the short column. The transformation was made via

the convolution integral (eq 2) using the pulse characteristic
(eq 4 or 6) in evaluating gas or liquid responses, respectively

Equation 8 was solved using numerical integration with integra-
tion steps of 0.05 and 0.005 s when the liquid and the gas
responses were evaluated, respectively. The same results were
achieved using twice higher integration steps, i.e., 0.1 and 0.01 s,
respectively.

The best-fit values of the model parameters tm and Bo were
obtained by minimizing the objective function

The simplex method has been used to search for the optimal
pair of parameters [tm, Bo]. Minimization has been performed
until the differences in the values of the parameters in the two
following steps were lower than 10-5.

An example of gas and liquid experimental and calculated
responses is shown in Figure 6. The axial dispersion model fits
the experimental responses accurately. The standard deviations
of the experimental and the calculated responses in liquid phase
were <0.015 and in gas phase were <0.004.

There were some doubts concerning an application of the
closed system pulse characteristic Ec. Thus, we have also used
the open system pulse characteristic Eo in evaluating the liquid-
phase responses. The results in Table 3 show insignificant
(compared with their parameter sensitivity on experimental
errors) differences between BoL numbers evaluated using either
Eo or Ec.
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Figure 6. Liquid and gas experimental responses and the responses fitted.

Table 3. Parameter BoL Evaluated Using Open or Closed System
Pulse Characteristic, Eo or Ec, Respectively

uG, m/s 0 1
uL, mm/s 14.4 33.9 14.4 33.9

characteristics Ec Eo Ec Eo Ec Eo Ec Eo

BoL 14.0 15.0 21.2 22.1 12.4 13.5 20.2 21.2

cII,cal(t;tm, Bo) ) ∫0

t
cI,exp(t - τ)Ei(τ;tm, Bo) dτ;

i ) o, c for gas and liquid, respectively (8)

R(tm, Bo) ) ∑
j)1

n

(cII,exp ,j - cII,cal,j)
2 (9)
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The parameters tm and BoL evaluated on various packing
heights Lexp were recalculated on the height of 1 m to b e
mutually comparable. So, all the data presented below were
recalculated using the ratio 1/Lexp.

4. Results

4.1. Radial Scatter of the Gas-Phase Tracer Concentra-
tion. The model of the tracer axial dispersion assumes that no
concentration gradient exists in the radial direction. The radial
scatter of helium tracer concentration was measured in the
column packed with Pall rings 25. The height of the first part
of the packing was L1 ) 0.33 m, of the test section was L )
0.95 m, and of the packing height above the test section was L2

) 0.20 m. The helium concentration differences relative to the
mean of the values taken at six regularly distributed points over
the column cross section are given in Table 4. At the entrance
into the test section (L1 ) 0.33 m), the relative differences reach
9.47% at maximum, whereas at the outlet of this section (L1 +
L ) 1.28 cm), the differences are all <1%. This confirms the
assumption of the model on the uniform radial tracer concentra-
tion. The parameters tm and Bo evaluated from the responses
sampled at the individual radial positions show similarly small
differences. Thus, we believe that our results measured in the
center of column (position 3) represent well the nonideal flow
conditions in the whole column cross section.

4.2. Sensitivity of the Parameters on Experimental Er-
rors and Their Scatter. Experiments were repeated 4 times
for each gas-to-liquid flow rate combination. To reduce the
scatter of the experimental points, the mean values of the
parameters tm and Bo have been used in further calculations.
Mean deviation of the parameters of the repeated experiments
from their mean value are given in Table 5. Bo parameters have
larger scatter than tm ((1%). The largest observed scatter
((24%) was in the BoG numbers of Mellapak 250Y.

The parameters tm and Bo were studied for their sensitivity
to the probe signal sII,0 (used in normalizing the second response,
cII) and to the time shift t0 of the response cII measured with
the long column. The following expressions represent the ratio
of relative errors of the parameter p, tm, or Bo, and of
experimentally measured values sII,0 and t0. These ratios were

evaluated by numerical derivation for some experiments exhibit-
ing the highest scatter, i.e., measurement of BoG numbers of
Mellapak 250Y.

The highest values of the ratios, indicating the highest effect
of experimental errors on the measured parameters, were found
for the experiments for Mellapak 250Y. In Table 6, the ratios
calculated for some experiments are given together with the
relative errors of Bo induced by following probable experimental
errors of t0 and sII,0: the probable error of t0 is 0.04 s for gas
and 0.4 s for liquid responses, and the relative errors of
normalized response ∆relsII,0 are 0.3 and 3% for gas and liquid
responses, respectively. The results show that the parameter
sensitivity, both of tm and Bo, increases with decreasing
residence time in the tested section of the bed. The parameters
measured for liquid phase exhibit lower error/scatter than those
measured for gas phase, which can reach up to 50% at the
shortest residence time, i.e., at gas flow rate uG ) 2 m/s. This
has fully confirmed our following experimental results, e.g., see
the highest scatter of BoG numbers measured at this gas flow
rate for Mellapak packing in Figure 12. The analysis of the errors
presented here can be used for calculation of the height L of
test section needed to keep up the accuracy of the parameters
on controlled level.

4.3. Holdup. Total liquid holdup Ht () uLtm/L) for random
packings Pall rings and Intalox saddles and for structured
packing Mellapak are compared with available literature15,17,20

data in Figure 7. The holdups for Pall and Mellapak packings
for nonzero gas flow rate are only slightly higher (at maximum
20%) compared with zero gas flow rate. This confirms findings
by others that liquid holdup is not significantly affected by gas
rate but only by liquid loading and packing geometry. Holdup
was correlated by using the following correlation, which was
deduced25 from dimensionless analysis of quantities affecting
decisively the holdup, i.e., liquid flow character, gravitational
force, and packing geometry. For the random packing

and for structured packing

The exponents of the packing geometry characteristics were
taken to be the same as those found by Macı́as and Fair,17 and
the constants a1 and a2 were obtained by multiple nonlinear
regression analysis of experimental data. These constants and

Table 4. Radial Distribution of Tracer Concentration and Its Effect on the Parameters tm and Bo

position 1 2 3 4 5 6

tracer concentration differences from the mean value, %

section I 4.48 -9.43 -9.37 -1.25 7.71 7.86
section II 0.72 0.75 -0.76 -0.98 -0.17 0.43

effect of radial distribution on evaluated parameters tm and Bo

repetition 1 2 1 2 1 2 1 2 1 2 1 2
tma, s 0.89 0.90 0.92 0.91 0.91 0.91 0.87 0.88 0.90 0.95 0.95 0.96
avg tma, s 0.908 ( 0.024
BoG

a 129 135 129 127 114 113 101 109 115 114 107 109
avg BoG

a 117 ( 10.0

a The parameters recalculated for L ) 1 m.

Table 5. Deviations between the Parameters Evaluated from
Individual Experiments and Their Mean Value, Which Have Been
Used in Figures

Pall rings Intalox saddles Mellapak

tm Bo tm Bo tm Bo

mean deviation measured in gas phase, %

0.06 6.12 1.01 16.1 0.74 23.4

mean deviation measured in liquid phase, %

1.19 4.95 1.24 6.95 0.93 5.88

∆relp

∆relsII,0
) ( ∂p

∂sII,0
)

t0

sII,0

p
;

∆relp

∆relt0
) (∂p

∂t0)sII,0

t0
p

; p ) tm or Bo

(10)

Ht ) a1ReL
a2Ga-1/3(deqap)

4.945 (11)

Ht ) a1Fia2( 3

sin2 R)0.877
(deqap)

2.405 (12)
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standard deviations of the correlations are given in Table 7.
The data for Pall rings coincide with data by Kushalkar and
Pangarkar15 and are only 20% lower than Macı́as-Salinas and
Fair17 data. Holdup of Intalox saddles is up to two times higher
at low liquid rates (uL < 27.8 × 10-4 m/s) compared to Pall
rings. Our data for structured packing Mellapak 250Y lie
between the Sueze and Spiegel20 data measured on Mellapak
250Y, Mellapak 250X, and Mellapak 500Y packings and the
Macı́as-Salinas and Fair17 correlation deduced from data
measured on Flexipak 2 and Sulzer BX.

4.4. Liquid-Phase Axial Dispersion. Bodenstein numbers
BoL of the random packing Pall rings 25 and Intalox saddles
25 and the structured packing Mellapak 250Y (related to packing
height L ) 1 m) are plotted in Figure 8. For all the packings,
the axial mixing in the liquid decreases with increasing liquid
rate and is unaffected by the gas rate in the range investigated.
It is evidenced by Figure 9 in which BoL are plotted as a function
of gas flow rate. BoL numbers measured at 0 and 2 m/s gas
flow rates do not differ, compared with the data scatter.
Mellapack produced the lowest and Intalox packing the highest
axial mixing results. The mixing on Pall rings lies between them
and lies also between literature data by Kushalkar and Pan-
garkar,15 which are up to two times lower, and Macı́as-Salinas

and Fair,18 which are two times higher than our data (Figure
8). Axial dispersion of Mellapak presented by Zhang et al.21 is
higher, i.e., BoL numbers are lower by multiples compared with
our data. The multiple lower values of BoL ascertained in refs
15 and 21 are probably due to the experimental technique used
by the authors. Their experiments were performed on one
packing height, the responses were sampled in the outlet flow
of the column, and the end effects were ignored in the evaluating
procedure. The evaluation without considering the end effects
leads to lower value of Bodenstein number.

Correlation of BoL numbers of structured packings Flexipac
2 and Sulzer BX by Macias-Salinas and Fair17 gives ∼2 times
lower values compared with our experimental data. Nevertheless,
the experimental data of Sulzer BX packing overtaken from
Figure 14 of their work18 coincide practically with our data, as
shown in Figure 8.

Our experimental mixing results were correlated using the
form given by Macı́as-Salinas and Fair.18 For random packings

and for structured packing

The values of the correlating constants b1 and b2 were
obtained by multiple nonlinear regression analysis of the data,
whereras the exponents of the packing geometry characteristics
were retained the same as in the original correlations. The
constants are given in Table 7 together with the standard
deviations of the experimental data from the correlations.

4.5. Gas-Phase Axial Dispersion. The studies on the gas-
phase axial mixing through metal Pall rings 25 are relatively
available. Our results obtained for this packing were compared
to those correlated by previous investigators. For this purpose,
we have used the correlation deduced by Macı́as-Salinas and
Fair18 for random packings

The values of the correlating constants c1-c4 obtained by
the authors18 using multiple nonlinear regression analysis of the
data measured for Raschig and Pall rings 25 are given in Table
8 together with the standard deviation of the experimental data
from the correlation. Our results for Pall rings measured within
the operating ranges of Macı́as-Salinas and Fair18 (uL < 9.44
mm/s; 0.86 < uG < 3.5 m/s) agree well with theirs, as illustrated

Table 6. Effect of Experimental Errors of t0 ) 0.04 s for Gas and of t0 ) 0.4 s for Liquid and of ∆relsII,0 ) 0.003 for Gas and ∆relsII,0 ) 0.03 for
Liquid Responses on the Parameters tm and Bo Evaluated on Mellapak 250Y Evaluated from Eq 10

no.

conditions

(∆relBo)/(∆relsII,0) (∆reltm)/(∆relsII,0) (∆relBo)/(∆relt0) (∆reltm)/(∆relt0) (Bo, %uG, m/s B, m/h L tm,iS Boi i

1 0.25 10 0.84 3.33 139 G 10.9 0.52 2.00 1.01 5.7
2 0.5 10 0.84 1.66 171 G 22.7 0.78 2.00 1.01 12
3 2 20 0.84 0.411 105 G 94.7 3.36 2.01 1.02 48
4 1.5 5 0.84 0.556 296 G 151 2.24 2.06 1.01 60
5 1.5 10 0.84 0.540 211 G 123 2.40 2.01 1.01 52
6 1.5 20 0.84 0.535 88 G 55.5 2.48 1.97 1.02 31
7 0.5 0 0.84 1.81 258 G 29.7 0.72 2.35 1.01 14
8* 0.25 0 0.95 3.99 145 G 9.15 0.46 2.01 1.01 4.8
9 0 2.74 0.84 22.8 9.25 L 5.7 0.68 2.59 0.97 10
10 0 8.60 0.84 14.3 23.0 L 5.1 0.48 2.24 0.98 11
11 0 20.0 0.84 9.53 20.4 L 4.9 0.45 2.17 0.98 14
12 2 8.60 0.84 16.5 17.9 L 5.3 0.51 2.24 0.98 11

* Data for Pall rings 25.

Figure 7. Effect of liquid flow rate on the total holdup of the liquid.
Comparison with literature data.

BoL ) b1ReL
b2Ga-1/3(deqap)

2.11 (13)

BoL ) b1Fib2( 3

sin2R)1.159
(deqap)

6.337 (14)

BoG ) c1ReG
c210c3ReL(deqap)

c4 (15)
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in Figure 10. The coincidence of our data with the literature
correlation for the relatively well studied packing of Pall rings
supports/confirms the correctness of the measuring technique.
The filled points in the figure, which differ from the correlation
significantly, were measured outside the operating ranges of the
correlation (uG < 1 m/s; uL > 83.3 × 10-4 m/s).

The correlating form of eq 15 was used to regress our BoG

data measured for Pall rings 25 (except the data for the highest

liquid load 111 × 10-4 m/s) and all data measured for Intalox
saddles 25. The magnitude of the axial dispersion for Intalox
saddles was lower than for Pall rings. The resulting constants
c1-c3 (the exponent c4 of the packing geometry characteristics
was retained the same as in the original correlation18) were
obtained by multiple nonlinear regression analysis of our data
and are given in Table 8 for both packings. The correlations
acceptably reproduce the experimental data within (13% and
(22% for the Pall and Intalox packing, respectively, as is shown
in Figure 11. Axial mixing in the gas increases with both gas
and liquid rates for both random packings, but the extent of the
dependence on gas flow rate is much weaker compared with
the Macı́as-Salinas and Fair18 correlation. This is illustrated in
Figures 13 and 14 in which the BoG numbers are plotted for all
three packings as a function of liquid and gas flow rate,
respectively. Note also the lower value of the exponent c2 in
the correlations of our data compared with the one in the original
correlation,18 as is given in Table 8.

Similar comparisons, which were done for the random
packings, were done also for the structured packing, Mellapak
250Y. The comparison with the Macı́as-Salinas and Fair18

correlation (deduced from BoG data for Flexipak 2 and Sulzer
BX) is presented in Figure 10. BoG numbers, which we measured
for Mellapak within the operating range of the Macı́as-Salinas
and Fair18 correlation (33 × 10-4 < uL < 85 × 10-4 m/s; 1 < uG

< 3.5 m/s; see Figure 6 of their work), are up to four times
higher compared with those calculated from their18 original
correlation. Using the form of eq 15 to regress our all BoG data
measured for Mellapak packing resulted in the constants c1-c3,
which are given in Table 8. The correlation acceptably
reproduces the experimental data within (20% difference
between measured and predicted values; see Figure 12.

Our BoG numbers for Mellapak 250Y exhibit a substantially
lower level of axial mixing (up to three times, see Figure 10)
and much weaker dependence of the axial mixing on gas flow
rate (see exponents c2 in Table 8) than the Macı́as-Salinas and
Fair data18 for similar Flexipak 2 packing. They18 found
approximately the same BoG numbers for Pall rings and Flexipak
2 (see Figure 7 of their work), whereas we obtained the numbers
for Mellapak up to six times higher than those for Pall rings, as
is shown in Figure 13. We believe that our data describe the
physical reality more accurately for the following reasons. The
axial mixing is caused by the instable gas flow, which results
in the formation of eddies in the flow channels available for
gas flow in the bed. In packings within random structure, the
random variation of the channel geometry may produce higher
turbulence intensity than gas flow through a structured packing,
which has regular pores. This could provide an explanation for
the increased amount of dispersion in the gas phase for the
random packings in comparison with the structured packing.
This explains also the weaker dependence of the axial mixing

Table 7. Constants of the Regression Eqs 11-14

a1 a2 σ × 103 eq b1 b2 σ eq source

Pall ring 25

8.17e-4 0.5442 11 26.75a 0.5544 13 refs 17 and 18
8.65e-4 0.4863 4.97 11 13.45 0.5557 1.25 13 our datab

Intalox saddle 25

2.17e-3 0.3309 3.54 11 0.5642 1.0575 0.88 13 our datab

Mellapak 250Y

0.0557 0.3165 12 8.917a 0.7082 14 refs 17 and 18
0.6844 0.5296 3.12 12 1.022 0.4784 3.76 14 our data#

a Recalculated from L ) 0.914 m, used in ref 17, onto L ) 1 m, used in this work. b Operating ranges: 22 < ReL < 281; 0 < ReG < 3240; Ga ) 1.60
× 108; deqap ) 5.21. # Operating ranges: 8 < ReL < 141; 0 < ReG < 3240; 4.3 × 10-7 < Fi < 6.96 × 10-6; deqap ) 3.19; R ) 45°.

Figure 8. Experimental BoL numbers on random and structured packings
(L ) 1 m) as a function of liquid flow rate. Comparison with literature
data.

Figure 9. Experimental BoL numbers as a function of gas flow rate.
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on gas flow rate occurring for structured packing. This type of
packing exhibits less increase of pressure drop with increasing
gas flow rate, i.e., less energy dissipation due to turbulence,
and thus less increase of the axial mixing.

5. Conclusions

The axial dispersion of gas and liquid phases in columns
packed with metal Pall rings 25, Intalox saddles 25, and
Mellapak 250Y were measured using a dynamic method under
hydraulic conditions common in distillation columns. Flow rates
used in the experiments were within the ranges 0 < uL < 111 ×
10-4 m/s and 0 < uG < 2 m/s.

Gas and liquid distributors of a special design were used for
introduction of a step concentration change of tracer uniformly
across the column cross section into the inlet streams of gas
and liquid. The radial scatter of the helium tracer concentration
was measured, and it was found that our results measured in
the center of the column using the bottom packing height of 33
cm of Pall rings represent well the nonideal flow conditions in
the whole column cross section.

BoL and BoG numbers for Pall rings were found to be close
to the ones calculated by the Macı́as-Salinas and Fair18

Table 8. Constants of the Regression Equation 15

c1 -c2 × 102 -c3 × 103 c4 ReG ReL σ source

Pall ring 25
0.09602a 89.15 0.75 8.231 340/4066 90/237 8.5 ref 18
0.00169 37.33 1.164 8.231 405/3241 0/141 10.8 our data

Intalox saddle 25
0.00200 30.16 1.136 8.231 405/3241 0/282 33.6 ref 18

Mellapak 250Y
4.644 × 108 a 89.6 2.08 -7.792 381/3516 25/122 4.37 ref 18
2.807 × 106 0.895 3.94 -7.792 204/1630 0/142 41.8 our data

a Recalculated from L ) 0.914 m, used in ref 17, onto L ) 1 m, used in this work.

Figure 10. Comparison of experimental BoG numbers with Macı́as-Salinas
and Fair correlation. The filled points were measured outside the operating
ranges of the correlation (Pall ring: uL < 9.44 mm/s; 0.86 < uG < 3.5 m/s.
Mellapak 250Y: 3.3 < uL < 8.5 mm/s; 1 < uG < 3.5 m/s).

Figure 11. Comparison of our experimental BoG numbers for Pall rings
and Intalox saddles with values calculated by eq 15.

Figure 12. Comparison of experimental BoG numbers for Mellapak 250Y
with the values calculated by eq 15.

Figure 13. Gas-phase mixing numbers BoG vs liquid flow rate measured
for two different gas flow rates.
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correlation. This agreement validates our measuring technique,
especially that used in the liquid phase. It is based on the
reproduction of the experimental response curves measured at
the outlet of the long column by the response predicted by the
theoretical transformation of the experimental concentration
profiles measured at the outlet of the short column using a
diffusion-type model. The technique circumvents the effect of
the probe dynamic, the imperfection of the tracer concentration
step change, and the end effects on the evaluated parameters.
Pulse characteristics of the open and closed systems used for
the response evaluation gave practically the same results.

The results confirmed the dependence trends of gas and liquid
longitudinal mixing on the rates of phases revealed by the
Macı́as-Salinas and Fair’s data18 for random and structured
packings, but our BoG numbers for structured packing of
Mellapak 250Y show up to three times lower level of axial
mixing and much weaker dependence on gas flow rate than their
data for similar Flexipak 2 packing.

The following correlations were developed for the prediction
of axial mixing in both phases under countercurrent, two-phase
flow conditions.

For random packing of metal Pall rings 25,

with a valid operating range of 22 < ReL < 281; 0 < ReG <
3240; Ga ) 1.60 × 108; and deqap ) 5.21, and

with a valid operating range of 0 < ReL < 141; 405 < ReG <
3240; and deqap ) 5.21.

For random packing of metal Intalox saddles 25,

with a valid operating range of 22 < ReL < 281; 0 < ReG <
3240; Ga ) 1.60 × 108; and deqap ) 5.21, and

with a valid operating range of 0 < ReL < 281; 405 < ReG <
3240; deqap ) 5.21.

For structured packing of Mellapak 250Y,

with a valid operating range of 8 < ReL < 141; 0 < ReG < 3240;
4.3 × 10-7 < Fi < 6.96 × 10-6; deqap ) 3.19; and R ) 45°, and

with a valid operating range of 0 < ReL < 141; 204 < ReG <
1630; and deqap ) 3.19. The correlations reproduce the
experimental data within (22% of the measured values.
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Nomenclature

ap ) packing geometrical area, 1/m
Boi ) Luj,i/De,i, Bodenstein number
c ) normalized concentration response
deq ) nominal diameter (random packing), equivalent diameter

(structured packing), m
De ) effective dispersion coefficient, m2/s
E ) pulse characteristic
F ) transient characteristic
Fi ) ηLuL/deq

2FLg, film number
g ) gravity acceleration, m/s2

Ga ) deq
3FL

2g/ηL
2, Galileo number

Ht ) uLtm/L, total liquid holdup, m3/m3

L ) height of test section of packing, m
L1,2 ) packing heights before and behind the test section, m
R ) objective function eq 9
Rei ) uideqFi/ηi, Reynolds number
s ) probe signal, V
t ) time, s
tm ) mean residence time, s
t0 ) time shift of the responses on short and long column, s
ui ) superficial gas/liquid velocity, m/s
uj ) interstitial velocity (velocity in actual flow cross section), m/s
z ) packing height coordinate, m

Greek symbols

R ) corrugation inclination angle
δ ) Dirac function
η ) viscosity, Pa s
F ) density, kg/m3

σ ) standard deviation
θ ) t/tm, dimensionless time

Subscripts

axial ) axial dispersion considered
c ) closed system
cal ) predicted value
exp ) measured value
i ) G or L, gas or liquid phase
o ) open system
plug ) plug flow considered
I ) first measuring point, short column
II ) second measuring point, long column
0 ) initial steady-state probe signal
∞ ) final steady-state probe signal
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a  b s  t  r  a  c  t

This paper refers on gas mass-transfer characteristics of several metal sheet Mellapak structured packings (M250Y,

M350Y,  M452Y, M500Y) under absorption conditions. These characteristics have been measured using standard

absorption  systems of SO2 chemisorption into the NaOH aqueous solution (kGa) and CO2 chemisorption into the

NaOH  aqueous solution (effective area a). Measurements were performed with four elements of the packing with

diameter  of 0.29 m and total height of 0.84 m. Gas-phase mass-transfer coefficients for all studied packings have been

correlated  by the dimensionless equation ShG = 0.409 · Re0.622
G · Re0.0592

L . The experimental values of kG are in the most

cases  significantly under-predicted by fundamental mass-transfer models, wetted-wall column correlations and by

the  model packages developed for structured packing. The exponent 0.622 of gas Reynolds criteria is lower than

expected  by the models starting from the imagination of the flow through the channel and corresponding experi-

ments  with wetted-wall columns. The revealed value of the exponent agrees better with those found for flow around

submerged  objects like spheres or through the bed consisting of random packing, suggesting that the wetted wall

column  is not a suitable experimental simplification for the study of structured packings.
© 2014 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Absorption; Mass-transfer; Structured packing; Mellapak

port  from the interface by turbulent eddies and analogy
between momentum, heat and mass transfer. The
1.  Introduction

Structured packings are now widely utilized due to their low
pressure  drop per unit of separation efficiency. Since their
introduction number of models predicting their mass-transfer
performance has been published. Comprehensive review of
mass-transfer  models for packed columns has been provided
by  Wang et al. (2005). While new and new models are created
(some  of them are incorporated into the simulation programs)
their  reliability is still not broadly acknowledged (Crause and
Nieuwoudt,  1999).

Principally, all gas-phase mass transfer correlations devel-
oped  for structured packings are based on the following
fundamental models of mass transfer of gas component from
interface  to the bulk phase: (i) wetted wall mass transfer
model, (ii) boundary layer model and (iii) turbulent flow mod-
els  utilizing “Chilton–Colburn analogy” (Chilton and Colburn,
1934).
∗ Corresponding author. Tel.: +420 220 44 3299.
E-mail address: frantisek.rejl@vscht.cz (F.J. Rejl).
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(i) Wetted wall mass transfer models utilize the relation

Sh = C Rem Scn (1)

with the parameters C, m and n optimized on the basis of
experiments in the wetted wall column performed with
various  absorption and/or distillation systems.

(ii) Boundary layer models assume development of boundary
layer along the surface. Below the critical Reynolds num-
ber  this layer remains laminar. For laminar boundary
layer developing along the flat plate, while bulk remains
turbulent, following formula has been derived

Sh = C Re1/2 Sc1/3 Re < 5 × 105 (2)

(iii) Turbulent flow models assume dominant form of trans-
Elsevier B.V. All rights reserved.
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Nomenclature

a effective interfacial area (m2/m3)
ag geometrical area of the packing (m2/m3)
B liquid superficial velocity (m/h)
Cp isobaric heat capacity (J/kg/K)
CV packing characteristic constant in Eqs. (9) and

(10)
cA concentration of solute A (mol/m3)
D  diffusion coefficient (m2/s)
deq packing equivalent diameter in Eq. (32);

deq = 0.01277 m
dp packing characteristic diameter (m); dp = 4ε/ag

(m)
f friction factor
FiL liquid film number; FiL = �LuL/d2

eq�Lg

H  packing height (m)
He  liquid–gas equilibrium constant, He = cL/cG

h heat transfer coefficient (J/m2/K)
hL liquid hold-up (m3/m3)
jH Chilton–Colburn’s heat transfer j-factor
jM Chilton–Colburn’s mass transfer j-factor
KOG overall gas mass transfer coefficient (m/s)
KOGa overall gas volumetric mass transfer coefficient

(s−1)
kG gas mass-transfer coefficient (m/s)
kGa volumetric gas mass transfer coefficient (s−1)
kOH kinetic constant of the second order between

CO2 and OH− (m3/s/mol)
l length (m)
Pr  Prandtl number; Pr = cp�L/h
Re  Reynolds number; Re = dpu�/�
RG gas-phase relative resistance
Sc  Schmidt number; Sc = �/D�
Sh  Sherwood number; Sh = (k · dp)/D
u phase velocity (m/s)

Greek  letters
ε  packing void fraction (m3/m3)
� inclination of the channels from horizontal

plane (◦)
� dynamic viscosity (Pa s)
�GL gas–liquid friction factor
� density (kg/m3)
�rel relative standard deviation, RSD
ϕ fraction of the channel occupied by liquid

Indexes
E effective
G gas-phase
i interstitial
IN at the inlet
L  liquid-phase
lam laminar
OUT at the outlet
turb  turbulent

kG e.g., kG ∝ umG d
m−1
p for most frequently used type of correla-
Chilton–Colburn analogy postulates equality of j-factors

jM ≡ f = jH ≡ h
Pr2/3 = jM ≡ kG

Sc2/3 (3)

2 Cp�u u
These factors are functions of Reynolds number and the
dependence must be determined experimentally. This
dependence is rather weak for flow in tubes

ji = 0.023 Re−0.2 Re > 104 (4)

resulting in

Sh = 0.023 Re0.8 Sc1/3 (5)

and more  pronounced for the flow around submerged
object such as single sphere

ji = 0.37 Re−0.4; 20 < Re < 104; Sh = 0.37 Re0.6 Sc1/3 (6)

or around submerged objects, where abrupt changes in
gas  flow direction and its velocity occurs like in the flow
through the packed bed for which was found

ji = 1.17 Re−0.415; 10 < Re < 2500; Sh = 0.37 Re0.585 Sc1/3

(7)

Eqs. (4)–(7) have been taken from Henley et al. (2011).
There  is usually assumed, that the gas flows  upwards

through the system of mutually perpendicular 45◦ (Y-type)
inclined, triangular channels with one side open and the
gas  does not change its direction until reaching edge of
the  element or the wall of the column. Due to the inclina-
tion  of the channels, true gas velocity through the channel
is  higher than the superficial velocity by factor

√
2 (for

Y-type). No slip condition is assumed for the gas at the inter-
face.  The determinative for hydrodynamic and mass-transfer
calculations of counter-current absorption and distillation
columns is therefore the sum of interstitial liquid and super-
ficial  gas velocities, “effective velocity” – uE. Determination
of the interstitial liquid velocity out of superficial velocity
might  be tricky and desires at least knowledge of liquid
hold-up.

There is necessary to determine the characteristic dimen-
sion  of the packing, dp, for calculation of the Reynolds number.
It  is usually identified with the hydraulic diameter of the
packing,  4ε/ag, or the length of the channel. Turbulent flow
is  usually tacitly assumed for the gas-phase hydrodynamics,
although the ReG calculated with the hydraulic diameter of
the  packing taken as the characteristic dimension is relatively
low.  For example the gas-phase Reynolds number equals only
ReG = 1455 for superficial velocity of 1 m/s, air at ambient con-
ditions  and M250Y. However, as the power law slope on the
pressure  drop curve versus gas rate is very close to 2 even for
the  smallest gas rates, the character of the flow is probably
really  close to the fully developed turbulent one. The intricate
geometry  of the channels and the roughness of tube walls
induce  turbulent flow in the channels or the gas flow path
is  more  complicated than simple channel flow. The value of
the  critical Re-number for the transition to the turbulent flow
decreases  from 2100 down to the value, which is probably in
the order of few hundreds.

It  should be noted, that recommended correlations binds
together  velocity and characteristic dimension dependence of
tion (Eq. (1)).
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2.  Survey  of  correlations  of  gas-phase
mass-transfer  in  structured  packings

Models of gas-phase mass-transfer for the structured pack-
ing  are often based on the experiments in the wetted-wall
column, e.g. on the study of Johnstone and Pigford (1942).
They  optimized the parameters m and C in Eq. (1) on the
basis  of experiments performed with four distillation and
two  absorption systems. They found the values m = 0.77 and
C  = 0.0328. The exponent n = 0.33 was  taken over from Chilton
and  Colburn (1934) because their experiments covered only a
narrow range of Sc values and it was  not possible to determine
the  effect of this criteria.

Rocha  et al. (1996) modeled mass-transfer in the gas-
phase  in the dimensionless form (Eq. (1)) where characteristic
dimension is calculated from geometry of corrugation (further
referred  to as (RBF)). They correlated the HETP data of Sulzer
BX  packing measured on four distillation systems under var-
ious  pressures with assumptions of fully wetted area of the
packing  and the mass transfer resistance limited to the gas-
phase  and found the relation

ShG = 0.054Re0.8
G Sc0.33

G (8)

Billet and Schultes (1999) (further referred to as (BS)) pro-
posed  gas-phase mass-transfer model

kG = CV

[
ag

dp(ε − hL)

]1/2

DG

(
uG�G

ag�G

)3/4

Sc
1/3
G (9)

which can be redrawn as

ShG = CV

(
4ε

ε − hL

)0.5
Re0.75

G Sc
1/3
G (10)

where CV is the packing specific constants and the hydraulic
dimension of the packing dp

dp = 4ε
ag

(11)

Olujic et al. (1999, 2004) assume that for gas velocities
prevailing in distillation columns hydrodynamic conditions
correspond rather to transient than turbulent behavior (their
model  is further referred to as (DELFT)). In order to cover the
whole  range of operating conditions encountered in typical
total  reflux distillation tests, the authors takes vapor side mass
transfer  coefficient comprises both a laminar and a turbulent
part  and is described as

ShG =
√
Sh2

G,lam + Sh2
G,turb (12)

Expressions for Sherwood numbers have been deduced
from  analogy with the heat transfer and the source relations
are  chosen that for short tubes with pronounced entrance
effects  for which the flow is not stabilized.

ShG,lam = 0.664Re1/2
G Sc

1/3
G

(
dp

lG

)1/2

(13)

(
ReGScG�GLϕ

8

)(
dp

)1/2
ShG,turb =
lG

1 + 12.7
√

�GLϕ
8 (Sc2/3G − 1)

(14)
Crause and Nieuwoudt (1999) and Nieuwoudt and Crause
(1999)  considered earlier performed tests on wetted wall
columns  as inappropriate to be a basis for structured packings
due  to the length to diameter ratio far greater than that occur-
ring  in structured packings. They performed experiments on
the wetted-wall column with a length of four diameters using
pure  liquids. For low viscosity liquids they found

ShG = 0.054ReGSc
0.33
G Re0.08

L (15)

Model of Hanley and Chen (2012) is based on the dimension
analysis of the quantities describing gas-phase mass-transfer,
which results in dimensionless Eq. (1) (further referred to as
(Hanley)).  Values of exponent m and n are specified using
Chilton–Colburn analogy in the form

jM ≡ ShG

ReGSc
1/3
G

= f (ReG)
2

(16)

For larger channels of metal sheet packings the Reynolds
number dependence of the friction factor is assumed negligi-
ble  and therefore

ShG = C ReGSc
1/3
G (17)

For smaller channels assumed for gauze packings the
Reynolds number dependence of the friction factor is assumed
non-negligible and the resulting relation takes form of

ShG = C Re1/2
G Sc

1/3
G (18)

Constant C has been validated through the fit to distillation
data  only, absorption experiments served for fit of liquid side
mass-transfer coefficient solely.

The model should not be applied below minimum liquid
rate  expected for good performance of the packing – typically
about  30–40% of the flood.

Only  limited absorption gas-phase mass-transfer data are
published  for size series of the structured packings. Aim
of  this work is therefore focused on measurement of volu-
metric  mass-transfer coefficients in the gas-phase, kGa, for
the  three metal structured Sulzer Mellapak packings differ-
ing  in nominal geometric area – Mellapak 250Y (M250Y),
Mellapak 350Y (M350Y), Mellapak 500Y (M500Y) and one
high-capacity packing of the same vendor Mellapak M452Y
(M452Y).  Mass-transfer coefficients in the gas-phase, kG,
are  determined using the data of independently measured
effective interfacial area published recently in Valenz et al.
(2011a,b).

These  data shall serve as a base for correlation of the
mass-transfer coefficients with the gas velocity and packing
characteristic dimension. The data and the revealed depen-
dences  will be compared with the predictions of the models
developed or used in the connection with the investigation of
the  structured packings.

3.  Experimental

The experiments have been carried out in the column with
a  0.29 m inner diameter. The packed bed consisted of four
elements  of the packing rotated mutually by 90◦ with a total
bed  height of 0.84 m.  The packings used were  M250Y, M350Y,

M452Y,  and M500Y. Each element of the packing was  hori-
zontally  drilled by electrical discharge machinery to enable
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nstallation of a sampling device for the withdrawal of the
as  samples. This sampling device is a virtually tube of a
iameter  of 30 mm with four downward conical openings col-

ecting  solely the gas and performing so uniformly along the
acking  diameter. The effect of the sampling device instal-

ation  on the measured data has been published together
ith  detailed drawing of the absorption column and sam-
ling  device in Valenz et al. (2011a,b). The authors concluded
n  the basis of the effective mass-transfer area measurement
sing sampling points inside and outside the bed of the pack-

ng  are negligible. Liquid distribution over the cross-section
f  the column was  carried out by the pipe liquid distributor
ith drip-point density of 630 dp/m2. Gas entered the column

hrough  a large drum where the flow was  calmed and pro-
eeded  into the column through the grid which secured its
niform  distribution. Absorption liquid was  the aqueous solu-
ion  of NaOH with concentration of 1 kmol/m3. The solution
as  recirculated. The batch was  superseded when the con-

entration  of OH– dropped under certain limit; 0.5 kmol/m3

 in the case of interfacial area measurement; 0.1 kmol/m3 –
n  the case of kGa measurement. The gas circuit was  open.
he  experiments were  performed at atmospheric pressure
ith  the temperature of the gas and liquid entering the

olumn  maintained at 20 ◦C. The gas was  saturated with
ater  vapor. The experiments were carried out up to flood-

ng  conditions with liquid velocities of 5, 10, 20, 40, 60, 80,
00  m3/(m2 h) and gas superficial velocities of 0.5, 1.0, 1.5, 2.0,
.5,  3.0 m/s.

The  tracer gas was  introduced into the gas-phase long
efore  it entered the column and was  therefore well mixed.
racer  gas flow was  set to maintain its concentration at
he  lowest sampling point at least 1000 ppm. The gas was
ampled  from each element at four different levels of the
acked  bed. The height of the packing between the sam-
ling  points corresponded to the height of the element and
as  0.21 m.  Mass-transfer characteristics were evaluated from

oncentrations measured in only two sampling points, how-
ver.  Their choice has been done on the basis of an effort
o  cover as long packed bed as possible, but the top concen-
ration  must not drop below about 20 ppm. Below this limit
he  error in concentration determination would be unbear-
ble.  For measurement of the interfacial area this politics
eant  most often utilization of 0.63 m of the bed, while

or  kGa determination 0.21 m or 0.42 m of the bed was  uti-
ized.

The  CO2 and SO2 concentration in the gaseous samples
ere  measured continuously using IR analyzer S710 (Sick).
efore  entering the analyzer the gas was  dried by a passage
hrough the cartridge filled by crushed CaCl2 (CO2 analysis) or
g(ClO4)2 (SO2 analysis).

.1.  kGa  determination

easurement of the volumetric mass-transfer coefficients,

Ga, is performed through experiments with systems, for
hich  the mass-transfer resistance is limited to the gas-phase.

vaporation or absorption accompanied by the instantaneous
eaction of the transferring gaseous solute at the interface is
ommonly utilized (Danckwerts, 1970; Rejl et al., 2009). In this
ork,  absorption of SO2 into the lye has been used. Under the
ssumptions  of the plug flow of the gas-phase, instantaneous

eaction between SO2 and OH− ions resulting in zero concen-
ration  of SO2 at the interface and the low concentration of the
absorbed  component, the kGa value can be calculated from the
following  relation:

kGa = uG

H
· ln

cINSO2

cOUT
SO2

(19)

which also predicts arrangement of the experiment and
necessary quantities to be measured. The assumptions of
the  instantaneous reaction at the interface and negligible
mass  transfer resistance in the liquid phase were  verified by
measuring  the dependence of kGa value on the NaOH con-
centration in Linek et al. (1995). The authors have shown an
independence of kGa on OH− concentration in the range of
NaOH  concentration from 0.1 M to 1.0 M.

3.2.  Effective  area  determination

Experimental set-up for the effective interfacial area measure-
ment  consists in the absorption of the diluted CO2 from the air
into  the aqueous NaOH solution, which is the system, where
the  gas-phase relative mass-transfer resistance is low and the
rapid  reaction of CO2 with OH− consumes quantitatively CO2

within the liquid film. In such case, the mass-transfer rate is
determined  by the reaction-transport phenomena in the liq-
uid  film and is determined solely by the physical quantities
of  the system. Effective interfacial area can be calculated by
combination  of the relation for the CO2 local mass-transfer
rate and its balance along the height of the packing (Linek
et  al., 1984)

aRG=0 =
(KOGa)CO2

He
√
DL,CO2kOHcOH,ave

= 1

He
√
DL,CO2kOHcOH,ave

· uG

H
· ln

cINCO2

cOUT
CO2

(20)

Value of the reaction term He
√
DL,CO2kOHcOH,ave = 2.24 ×

10−3 m/s  (20 ◦C and 1 M NaOH solution) was determined by still
level  experiments (Linek et al., 1995) as this procedure circum-
vents  the errors induced by application of different physical
data  of solubility and diffusivity by the authors. The data of
the  effective interfacial area for all Mellapak packing types
were  originally published by Valenz et al. (2011a,b). In this
work  effective area data were corrected to the gas-phase mass
transfer  resistance using relation

a = aRG=0

1 − RG
(21)

taken from Hoffmann et al. (2007) where RG stands for the rel-
ative  mass transfer resistance. For systems used in this work
is  RG defined as

RG =
(KOGa)CO2

(KOGa)SO2

·
(
DG,SO2

DG,CO2

)2/3

(22)

The RG reaches 11% at the lowest gas velocity used 0.5 m/s
and  decreases with increasing the liquid and gas velocities to
3% evaluated for gas superficial velocity of 2.5 m/s.

3.3.  kG determination
The absorption experiments related with kGa as well as a
determination have been performed using lye as a liquid
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Table 1 – Constants of correlations (24), (25) and (26).

C1  ̨  ̌ �rel(kGa) C2 	 ı �rel(a) C3 
 � �rel(kG)

M250Y 4.37 0.651 0.137 2.3% 156 0.010 0.106 4.8% 0.028 0.642 0.031 5.3%
M350Y 5.64 0.643  0.164 4.9% 214 0.016 0.066 5.0% 0.026 0.626 0.098 7.0%
M452Y 5.92 0.624 0.146 3.6% 202 -0.009 0.085 1.5% 0.029 0.632 0.061 3.9%

0.136

Gas-phase mass-transfer coefficient is often suggested (as
in  DELFT, RBF model) as a function of the single mutual

Table 2 – Geometrical properties of the packings.

aG (m−1) dp (m)  ε �

M250Y 250 0.0155 0.97 45
M350Y 350 0.0106 0.93 45
M452Y 350 0.0106 0.93 45
M500Y 500 0.00728 0.91 45

Table 3 – Gas-phase properties of the system air–SO2.

DSO2 (m2/s) �G (kg m−3) �G (Pa s)
M500Y 6.08 0.746 0.278 6.7% 243 

phase and air as the gas-phase. Under the same liquid and gas
flow  rate, effective interfacial area for both experiments can
be  therefore considered equal, as usage of CO2 or SO2 cannot
effectively change hydrodynamic conditions. Mass transfer
coefficient  was  therefore determined as

kG = kGa

a
(23)

4.  Results

4.1.  Correlation  of  the  experimental  data

Values of volumetric mass-transfer coefficient (kGa) and effec-
tive  interfacial area (a) resulting from the experiments have
been  correlated in the power law form (Eqs. (24) and (25)).

kGa = C1 · u˛G · Bˇ (24)

a = C2 · u
	
G · Bı (25)

The correlations have been constructed for each of the
packing  individually in order to provide correlations most
closely  fitting experimental data. The sum of squares of differ-
ences  between measured and calculated quantity have been
used  as the objective function; points contributing to the value
of  the objective function represented more  than five times the
value  of the average contribution were  excluded from the set
of correlated data as outlying ones and the correlation pro-
cedure  was  repeated. Altogether 12 experimental values have
been  excluded from the overall number of 98kGa experiments
performed. The constants of Eqs. (24) and (25) for individual
packings are given in Table 1.

Range of flows, for which the correlations are valid, corre-
sponds  with the range of the experimental data plotted in the
Fig.  1a–d.

As  can be seen from these figures, for given load, M250Y
packing provides the lowest kGa values, while M500Y pack-
ing  achieves the highest absolute values of kGa. M350Y and
M452Y  packings provide similar mass-transfer behavior in the
preloading  region with intermediate values of kGa. Highest
capacity  has been achieved with M452Y packing.

Values of the mass transfer coefficients (kG) for each pack-
ing  are presented in the power law form

kG = C3 · uςG · B� (26)

where constants for this correlation have been obtained by
division  of Eq. (24) by Eq. (25). Values of the constants C3, 
, �

can  be found in Table 1. These correlations fit experimental
data well for phase velocities up to about 2/3 of those at flood-
ing  as is demonstrated in the parity graphs (Figs. 2 and 3) and
in  Fig. 1a–d presenting kGa values for all studied packings.

As  the recalculation of the kGa data to conditions of other

systems is challenging, the data have been compared to
those  obtained for Mellapak 250Y and SO2–air–lye system by
 0.112 3.7% 0.025 0.610 0.166 7.7%

Klement  (2002) with good results (see Fig. 1a). The correlation
of  the effective area of M250Y is in good agreement with the
correlation  published by Tsai et al. (2009).

Constants of Eq. (26) for the mass-transfer coefficient kG

(C3, 
, �) reveal, that dependence of kG on the superficial gas-
phase  velocity is for all packings close to kG ∝ u0.63

G , while
dependence of kG on the liquid flow rate is rather weak
kG ∝ B≤0.166.

As  the geometry of the studied packing series is similar, it
there  should be possible to correlate resulting values of the
mass-transfer coefficient kG for all the packing types with a
single  dimensionless equation. When hydraulic diameter of
the  channel has been utilized as a characteristic dimension of
the  packing correlation of experimental data for all packing
types  is found to be

ShG = 0.409 · Re0.622
G · Re0.0592

L st. dev. = 6% (27)

for the range of ReG = 240–2500 and ReL = 10–300.
Correlation (27) fits well with experimental data of all

packing types used as demonstrates the parity graph in
Fig.  4. Schmidt number has been omitted from the corre-
lation  as the physical properties of the gas-phase were  not
changed  throughout the experiments and its influence on the
Sherwood  number could not be determined. Experimentally,
mass-transfer coefficients kG were studied independently as
a functions of the phase flows and of the packing dimension.
However, Eq. (27) postulates single dependence of ShG on ReL

and ReG, which makes the kG = kG(dp) relation dependent.

kG ∝ d
(m+n−1)
p = d−0.319

p (28)

Low dispersion of the correlation (27) validates also the
analogy  between the mass-transfer phenomena on the vari-
ous  Mellapak packing types and usefulness of the choice of
the  channel hydraulic diameter as a packing characteristic
dimension (Tables 2 and 3.).

4.2.  Use  of  the  effective  mutual  phase  velocity
1.22 × 10−5 1.21 18.2·10−6
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Fig. 1 – (a) M 250Y: volumetric mass-transfer coefficients kGa data used for construction of the correlation Eq. (24). The lines
represent the correlation. Comparison with the data of Klement (2002). (b) M350Y: volumetric mass-transfer coefficients kGa
data used for construction of the correlation Eq. (24). The lines represent the correlation. (c) M452Y: volumetric
mass-transfer coefficients kGa data used for construction of the correlation Eq. (24). The lines represent the correlation. (d)
M500Y: volumetric mass-transfer coefficients kGa data used for construction of the correlation Eq. (24). The lines represent
t

“
t

u

F
(

he correlation.

effective” phase velocity, uE, rather than as the function of
he  gas and the liquid superficial velocity.
E = uL,i + uG,i (29)

ig. 2 – Comparison of experimental and from correlation
24)  calculated kGa.
Interstitial  gas velocity differs from superficial veloc-
ity  due to the inclination of channels (and correspond-
ing prolonging of the flow path through the element)

and due to liquid hold-up restricting available channel

Fig. 3 – Comparison of experimental and from correlation
(25)  calculated interfacial area. Comparison with the
correlation by Tsai et al. (2009) for aqueous system and
M250Y  packing.
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Fig. 4 – Comparison of experimental and from the

Table 4 – Comparison of kG calculated from the model
packages for standard conditions.

Author Dependences kG, nominal (m/s)

Johnstone and Pigford (1942) kG ∝ u0.77
G d−0.23

p 7.5 × 10−3

Hanley and Chen (2012) kG ∝ u1
Gd

0
p 7.3 × 10−3

Rocha et al. (1996) (RBF) kG ∝ u0.8
G d−0.2

p 16 × 10−3

Olujic et al. (2004) (DELFT) No explicit
relation

9.6  × 10−3

Billet and Schultes (1999) (BS) kG ∝ u3/4
G d−5/4

p 45 × 10−3

Nieuwoudt and Crause (1999) kG ∝ u1
Gd

0
p 4.7 × 10−3

Onda et al. (1968) kG ∝ u0.7
G d−2

p 48 × 10−3

This work kG ∝
0.622 −0.319

30 × 10−3
correlation (27) calculated ShG.

cross-section.

uG,i = uG

sin� · (ε − hL)
(30)

Interstitial liquid velocity is assumed to be such that
enables the volumetric flow of the liquid through the column
to  be achieved through the cross-section provided by the liquid
hold-up.

uL,i = uL

sin� · ε · hL
(31)

The effect of using the effective phase velocity instead
of  the superficial one for correlation of the gas-phase mass-
transfer  data has been tested for M250Y. Required liquid
hold-up  has been measured with M250Y earlier (Valenz et al.,
2011a,b) using the same apparatus with water–air system pro-
viding  regression

hL = 0.571 · Fi0.519 ·
(

3

sin2 


)0.877

· (deqag)2.405 (32)

Shape of the correlation as well as the dependence on the
packing  geometry was  adopted from Macías-Salinas and Fair
(1999).

Mass-transfer coefficients, kG, evaluated from Eq. (26) for
M250Y  and for all experimental conditions have been corre-
lated  in two different ways  – utilizing either effective phase
velocity,  uE, or superficial velocity of the gas, uG.

kG = 0.0308 · u0.628
G rel. st. dev = 3.16% (33a)

kG = 0.0209 · u0.703
E rel. st. dev = 2.85% (33b)

Utilization of the effective velocity improves fit of the kG

data as can be deduced from the value of the relative stan-
dard  deviation (RSD) of the correlation by Eq. (33) provided in
Table  1. Optimized value of the exponent at the velocity, �,
changes  substantially from 0.628 to 0.703 when the effective
phase  velocity is used instead of the superficial one.

5.  Discussion  of  the  results
Ability of the relations/models presented in the literature to
describe gas-phase mass-transfer in the structured packings
uG dp

can be studied through comparison of predicted absolute kG

values, dependences of kG on gas velocity or characteristic
dimension they predict.

5.1.  Values  of  kG predicted  by  gas-phase
mass-transfer  models

For simplicity, following “standard” conditions correspond-
ing  with actual experimental system has been chosen
for  calculation of the “nominal” kG value: uG = 1 m/s,
dp = 0.0155 m (M250Y), �G = 1.21 kg/m3, �G = 18.2 × 10−6 Pa s,
DG = 1.22 × 10−5 m2/s (ReG = 1455, ScG = 1.23); physical data cor-
respond to dilute SO2 in the air at 20 ◦C and atmospheric
pressure.

Experiments reveal values of kG of about 0.030 m/s  for the
standard  conditions. These values are largely under-predicted
by  model packages from Table 4, in some cases almost by an
order  of magnitude. Only exception is that of BS model, which
adjusts  the results to the experimental values through usage
of  packing specific constants. For comparison, the results of
the  Onda’s model (Onda et al., 1968) developed for random
packing are also enlisted.

As  can be seen from Fig. 5a–c, under the same phase veloc-
ities,  the value of the mass-transfer coefficient kG increases
with  geometrical area of the packing, these differences are
more  pronounced for high liquid velocities.

5.2.  Dependence  of  kG on  phase  velocities

The exponent on the gas velocity in the dependences of kG

predicted by correlations of wetted-wall column experiments
kG ∝ u0.8–1

G is too high in comparison with the one found here
for  structured packings. Experiments performed here pro-
vide  quite convincingly dependence kG ∝ u0.62

G . When more
elaborate approach utilizing mutual effective phase velocity
has  been applied, dependence kG ∝ u0.7

G was found for M250Y.
Similar performance kG ∝ u0.6–0.7

G has been found earlier for
random packings e.g. by Onda et al. (1968). On the other hand,
exponent  of the dependence kG ∝ u0.5

G predicted by the pene-
tration  theory and by the laminar boundary layer model is bit
too  low.

It  leads us to the belief, that modeling of the gas-phase
mass-transfer in the structured packings on the basis of the
flow  through the straight channel and on wetted-wall experi-
ments  is not (at least not universally) appropriate. The value
of  the exponent in the velocity dependence of kG dropping
to  0.62 is characteristic for flow around submerged objects,
where  abrupt change in gas flow direction and its velocity

occurs. CFD simulations (Saleh et al., 2011) indicate, that the
gas  is actually proceeding vertically through the packing in all
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Fig. 5 – (a) Comparison of the experimental and from model
package  predicted dependence of kG on the gas velocity for
liquid  load B = 5 m/h. (b) Comparison of the experimental
and from model package predicted dependence of kG on the
gas  velocity for liquid load B = 20 m/h. (c) Comparison of the
experimental and from model package predicted
dependence of kG on the gas velocity for liquid load
B

d
s
i
i
a
t

 = 80 m/h.

irections from −45◦ to +45◦ with respect to the vertical, what
uggests,  that fair amount of the gas moves  around the crimps
nstead  of flowing straightly along the corrugation of the pack-
ngs.  Perpendicular and skewed arrangement of the channels

lso  implies inevitable formation of rotational component of
he  velocity vector. There is also interesting, that absolute
kG values and its dependence on the gas velocity are quite
well  described by venerable model Onda characterizing first
generation  packings. These packings (Raschig rings, spheres,
saddles)  certainly do not form straight channels, rather lead
to  the imagination of flow around an object.

5.3.  Dependence  of  kG on  packing  characteristic
dimension

Mass-transfer coefficient kG can be successfully correlated by
the  dimensionless correlation (27) which proved to fit well
experimental data measured for all the packing types with
relative  standard deviation of 6% and with the hydraulic
diameter of the channel taken as the packing characteristic
dimension. The dependence of the mass-transfer coefficient
on  the packing characteristic dimension is according to the
correlation  kG ∝ d−0.32

p . Close fit indicates that the gas-phase
mass-transfer phenomena for various dimensions of Mellapak
packing  are indeed analogical and that the packing character-
istic  dimension has been chosen properly.

6.  Conclusions

Mass-transfer characteristics of metal sheet structured
Mellapak-Y packings have been measured using standard
methods and the values of the gas-phase mass-transfer coef-
ficient  have been evaluated in the dependence on phase flows
for  each packing. The data has been correlated by Eqs. (24)–(26)
with  the relative standard deviation lower than 8%.

Gas  flow through the structured packing is usually modeled
on  the basis of turbulent flow through the channel of the trian-
gular  cross-section. Long or short wetted-wall column is taken
as  a corresponding experimental set-up. Alternatively results
of  heat-transfer in the straight tube are utilized using anal-
ogy  between heat and mass-transfer. Values of kG acquired
from  this geometrical arrangement are substantially lower
than  those found experimentally in this work, i.e. kG of about
0.030  m/s  for here defined standard condition. The depen-
dence  of kG on gas velocity is found also different, kG ∝ u0.62

G .
It suggests that modeling of the gas-phase mass-transfer

in the structured packings on the basis of the flow through
the  straight channel and on wetted-wall experiments is not
appropriate.  Conversely, the value of exponent in velocity
dependence of kG dropping to 0.62 is characteristic for flow
around  objects, suggesting that fair amount of the gas moves
around  the crimps instead of flowing straightly along the cor-
rugation  of the packings.

Mass-transfer  data measured for all studied types of
Mellapak packing has been successfully correlated by the
dimensionless correlation (27), which interrelates the effect
of  the packing geometry and the phase velocities on the
mass-transfer. Close fit with relative standard deviation of 6%
indicates that the gas-phase mass-transfer phenomena for
various  dimensions of Mellapak packing are indeed analog-
ical  and that the packing characteristic dimension defined by
Eq. (11) has been chosen properly.
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Olujic’, Ž., Kamerbeek, A.B., de Graauw, J., 1999. A corrugation
geometry based model for efficiency of structured distillation
packing. Chem. Eng. Proc. 38, 683–695.

Onda, K., Takeuchi, H., Okumoto, Y., 1968. Mass transfer
coefficients between gas and liquid phases in packed
columns. J. Chem. Eng. Jpn. 1 (1), 56–62.

Rejl, F.J., Linek, V., Moucha, T., Valenz, L., 2009. Methods
standardization in the measurement of mass-transfer
characteristics in packed absorption columns. Chem. Eng.
Res.  Des. 87, 695–704.

Rocha,  J.A., Bravo, J.L., Fair, J.R., 1996. Distillation columns
containing structured packings: a comprehensive model for
their  performance. 2. Mass transfer model. Ind. Eng. Chem.
Res.  35, 1660–1667.

Saleh,  A.R., Hosseini, S.H., Shojaee, S., Ahmadi, G., 2011. CFD
studies  of pressure drop and increasing capacity in
MellapakPlus 752.Y structured packing. Chem. Eng. Technol.
34  (9), 1402–1412.

Tsai,  R.E., Seibert, A.F., Eldridge, E.B., Rochelle, G.T., 2009.
Influence of viscosity and surface tension on the effective
mass transfer area of structured packing. Energy Procedia 1,
1197–1204.

Valenz,  L., Rejl, F.J., Linek, V., 2011a. Effect of gas- and
liquid-phase axial mixing on the rate of mass transfer in a
pilot-scale  distillation column packed with Mellapak 250Y.
Ind.  Eng. Chem. Res. 50 (4), 2262–2271.
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This paper supports the drive to standardize methods used in the measurement of mass-transfer characteristics (kLa,

kGa, a) in packed absorption columns. Using 25 mm Pall rings as packing, Hoffmann et al. [Hoffmann, A., Mackowiak,

J.F., Gorak, A., Haase, M., Loning, J.-M., Runiwski, T. and Hallenberger, K., 2007, Standardization of mass transfer

measurements. Basis for the description of absorption processes, TransIChemE, Part A, Chem Eng Res Des 85(A1):

40–49] recently proposed various such methods. Their recommendations are assessed in the light of the results

reported by other researchers using the same type of packing of different sizes (25 and 50 mm) in different absorption

systems. Data differences between these authors are analyzed, and the reasons for them explained. On this basis,

absorption systems and measurement procedures are proposed capable of providing consistent data for primary

quantities (kGa, kLa, a). We recommend to use only such absorption systems and under such conditions, in which

interfacial mass-transfer resistance is fully concentrated in single, addressed phase. Thus, for the measurement of

kLa, we recommend the absorption/desorption of sparingly soluble gases, such as oxygen or carbon dioxide in/from

water, i.e. systems in which mass-transfer resistance is fully concentrated in the liquid phase. The absorption of NH3

in water is not recommended as approx. 50% mass-transfer resistance is concentrated in gas phase and has to be

measured and subtracted by independent experiment. Suitable system for the measurement of kGa is the absorption

of SO2 in NaOH solution. For the measurement of the effective interfacial area, we recommend the absorption of

CO2 in aqueous NaOH solution under conditions in which the gas-phase mass-transfer resistance is negligible (i.e.

uG ≥ 0.5 m/s, cOH ≤ 1 M). It is emphasized that the values of the physical properties (diffusivity, solubility) used in the

evaluation of the area must be the same as those used in the evaluation of the kinetic constant (of the reaction of CO2
−
and the OH ions). To eliminate end-effects, the gas and liquid phases should be sampled directly from the packing

rather than from the inlet and outlet pipes.

© 2008 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Absorption; Interfacial area; Mass-transfer coefficient; Standardization

columns have become more sophisticated in recent years.
. Introduction

t is currently difficult to predict mass-transfer absorption
haracteristics with any degree of certainty. While a lot of data
xists, much of it has been measured using various different,
nd often erroneous, methods. This has resulted in the publi-
ation of vastly conflicting data, which force plant engineers

o greatly overestimate column parameters in their designs.
ecently, Hoffmann et al. (2007) proposed the development

∗ Corresponding author.
E-mail address: linekv@vscht.cz (V. Linek).
Received 12 May 2008; Received in revised form 21 August 2008; Accep

263-8762/$ – see front matter © 2008 The Institution of Chemical Engi
oi:10.1016/j.cherd.2008.09.009
of a set of standardized procedures for the measurement of
mass-transfer absorption characteristics. Having previously
highlighted the need for such standardization and attempted
to galvanize action towards it (Linek and Moucha, 2000), we,
in particular, support such efforts.

Models of the processes that take place in absorption
ted 29 September 2008

However, as such models only produce useful results when
the parameters on which they are based have been determined

neers. Published by Elsevier B.V. All rights reserved.

http://www.sciencedirect.com/science/journal/02638762
mailto:linekv@vscht.cz
dx.doi.org/10.1016/j.cherd.2008.09.009
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Nomenclature

a effective gas/liquid interfacial area per volume
(m−1)

at geometric surface of packing per volume (m−1)
B liquid load (m/h)
Bo Bodenstein number (=uH/E)
c concentration (kmol/m3)
c* equilibrium concentration (kmol/m3)
d characteristic dimension of packing (m)
D diffusion coefficient (m2/s)
E dispersion coefficient (m2/s)
F gas capacity factor (=uG(�G)1/2) (Pa1/2)
H packing height (m)
He distribution coefficient of carbon dioxide
I ionic strength (kmol/m3)
k mass-transfer coefficient (m/s)
kGa gas-phase volumetric mass-transfer coefficient

(piston flow) (s−1)
kLa liquid-phase volumetric mass-transfer coeffi-

cient (piston flow) (s−1)
kOH second-order kinetic constant (m3/(kmol s))
KG = He

√
DCO2,LkOH (m5/2/(kmol1/2 s))

KOG overall gas-phase mass-transfer coefficient
(m/s)

NTU number of transfer units
p mass-transfer parameters (kLa, kGa or a)
r relative mass-transfer resistance
Re Reynolds number (=u�d/�)
u superficial velocity in the column (m/s)

Greek symbols
� viscosity (Pa s)
� density (kg/m3)

Sub- and superscripts
CO2 carbon dioxide
G gas phase
i G or L
in input value
L liquid phase
NH3 ammonia
out output value
O2 oxygen
p plug flow
SO2 sulphur dioxide
true plug flow with superimposed axial dispersion
* at equilibrium

dependence on gas flow rate below the loading point.

Fig. 1 – Comparison of kLa values measured by various
authors for metal Pall rings in different absorption systems
with sufficient accuracy, it is surprising that far more attention
has been paid to enhancing the models than to identifying
the values of the parameters underlying them. Therefore,
in this paper we focus on the development of an absorp-
tion measurement database which contains quantities with
clear physical meanings that condition their transferability
to absorption/distillation systems in general. Such quantities
should neither be influenced by the effects of phenomena not
included in the kGa, kLa, a evaluation models (e.g. differences
in wetted area, axial dispersion in combined experiments) nor
by artefacts caused by the usage of incorrect equilibrium or

kinetic data for the evaluation of experimental data.
design 8 7 ( 2 0 0 9 ) 695–704

Recently, Hoffmann et al. (2007) recommended the follow-
ing: the absorption of SO2 in an aqueous NaOH solution for
the determination of the volumetric mass-transfer coefficient
in the gas phase; the absorption of CO2 in an aqueous NaOH
solution for the measurement of the effective interfacial area;
and physical absorption systems (i.e. the absorption of NH3 in
water or the stripping of CO2 from water) for the determina-
tion of the volumetric mass-transfer coefficient in the liquid
phase.

In this paper we evaluate the methods proposed by
Hoffmann et al. (2007) to determine whether or not their
data is consistent with the literature data. There is analyzed,
whether physical-chemistry data used for mass-transfer
experiments evaluation are consistent and whether other
phenomena usually not taken in account (like axial disper-
sion) affect the results. The results of this analysis should be
taken into account before recommendation of these methods
as the standard ones.

2. Analysis of measurement methods

2.1. Methods for the measurement of kLa

Although the absorption/desorption of sparingly soluble
gases, typically oxygen or carbon dioxide in/from water, is
generally used to measure kLa, Hoffmann et al. (2007) recently
recommended using the absorption of NH3 in water. Various
researchers, including Hoffmann et al. (2007) have measured
kLa values for 25 mm and/or 50 mm metal Pall rings in dif-
ferent absorption systems operating under conditions below
the loading point (see Table 1). Physical-chemical properties at
20 ◦C and packing data used in calculations in this paper are
given in Table 2. Fig. 1, which compares the results of these
authors, shows that the data are in good agreement, except
in the case of Hoffmann et al. (2007), whose data deviates
from the others by up to almost 100%. In addition, as is well
known, kLa is proportional to the liquid flow rate (B) to some
power. Almost all authors report this power to be around 0.8
at all gas velocities, while, in stark contrast, Hoffmann et al.
(2007) reported power of 0.358, 0.479 and 0.7 at uG = 0.9, 1.8
and 2.3 m/s, respectively. Further, only their data show marked
below the loading point (see Table 1).
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Table 1 – Methods used by various authors to measure kLa, kGa and a.

Author System kLa System a System kGa

Sahay and Sharma (1973) CO2–H2O
CO2–1 M NaOH

Cl2–1 M NaOH
Air–dithionite

Onda et al. (1968) CO2–H2O CO2–1 M NaOH Evaporation NH3–H2O

Billet and Schulte (1999) CO2–H2O CO2–1 M NaOH
SO2–1 M NaOH
NH3–1 M H2SO4

Hoffmann et al. (2007) NH3–H2O CO2–1 M NaOH SO2–1 M NaOH
Linek et al. (1984, 1995, 2001) O2–H2O CO2–1 M NaOH SO2–1 M NaOH

Table 2 – Physical–chemical properties at 20 ◦C and packing data used in calculations.

DSO2 ,Airr 1.22E−5 m2/s DO2 ,water 2.12E−9 m2/s
DCO2 ,Air 1.54E−5 m2/s DCO2 ,water 1.80E−9 m2/s
DNH3 ,Air 2.37E−5 m2/s DNH3 ,water 1.98E−9 m2/s
DCl2 ,Air 1.26E−5 m2/s DCl2 ,water 2.12E−9 m2/s
�Air 1.205 kg/m3 �Air 1.82E−6 Pa s
HeO2 ,water 0.0334 HeNH3 ,water 1854
HeCO2 ,water 0.950 at (Pall 25) 200 m−1

−1

t
t

r

i
a
t
o
b
d
a
s
e
t
fl
a
t
o
t
e
i
o
n
p
o
t
v
S

an air–dithionite system (see Table 1). Fig. 2 compares the
effective areas measured by various authors using different
absorption systems with the same packing of Pall rings. The
at (Pall 50) 99 m

Using Eq. (1), we evaluated the liquid-phase relative mass-
ransfer resistance, rL, from kLa and kGa values calculated from
he HTU values published by Hoffmann et al. (2007):

L =
(

1 + kL · He

kG

)−1
∼=

(
1 + kLa · He

kGa

)−1

(1)

As about 50% of mass-transfer resistance is concentrated
n the gas phase in the absorption system used by Hoffmann et
l. (2007) (see Table 3), the authors have evaluated kLa by sub-
racting the gas-phase resistance measured by the absorption
f SO2 in lye from the total mass-transfer resistance measured
y the absorption of NH3 in water. This calculation proce-
ure assumes that the effective mass-transfer areas in both
bsorption systems, namely NH3–water and SO2–lye, are the
ame. However, the effective area for a physical absorption
xperiment is lower than that for evaporation or chemisorp-
ion experiments, this being true over a wide range of gas
ow rates unless the surface is completely wetted (Yoshida
nd Koyanagi, 1962; Danckwerts, 1970). We suppose this is
he main reason why their kLa data differs from those of
ther authors. These facts lead us to suggest not to use
he absorption of NH3 in water for the measurement of kLa,
ven if the gas-phase resistance measured by SO2 absorption
n NaOH solution is taken into account. We prefer system
f oxygen desorption from air-saturated water into gaseous
itrogen. In our introducing work (Linek et al., 1984), we
roved experimentally that the values of kLa derived from
xygen absorption and desorption are identical and that the
ransport coefficients are gas flow independent. All the kLa

alues measured since (Linek et al., 1995, 2001; Linek and
inkule, 1997) were obtained by desorption experiments which

Table 3 – Relative resistance (rL, %) of NH3 absorption in
water in the liquid phase.

uG (m/s) B (m/h)

10 20 30

0.9 44 45 42
1.9 51 48 48
2.3 47 45 37
were the simple of the two to carry out. Nitrogen gas flow
rate through a column is low (uG ≈ 0.03 m/s) but sufficient
to keep the oxygen concentration in the effluent gas lower
that 0.2 vol%. This ensures negligible back pressure of oxy-
gen and negligible influence of axial dispersion in the gas
phase.

2.2. Methods for the measurement of effective
interfacial area

The effective interfacial area, a, is usually measured using
the absorption of carbon dioxide-enriched air in 1 M NaOH
solution, although Sahay and Sharma (1973) additionally used
Fig. 2 – Comparison of effective areas measured by various
authors for the same type of packing in different absorption
systems (see Table 1).
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Fig. 3 – Gas-phase relative mass-transfer resistance, rG,
698 chemical engineering research

data plotted for Hoffmann et al. (2007) are those corrected for
the effect of gas-phase resistance. Our data (Linek et al., 1995)
measured at various gas flow rates illustrate well negligible
effect of gas velocity on the effective interfacial area. The data
for uG ≥ 0.5 m/s were correlated using the following relations:

a = 48.9B(0.567−0.132 log B) (S.D. = 3.4%) for Pall 25 mm (2)

a = 62.3B(0.187−0.0184 log B) (S.D. = 3.5%) for Pall 50 mm (3)

We did not find good agreement between these results,
with differences as high as 200% being observed in some cases.
Similar disagreement was found among the values reported
for the reaction kinetic constant and other physical properties
used by the individual authors to evaluate their experimental
data.

To precisely define the physical quantities discussed below,
it is first necessary to present the relations used to evaluate the
effective area. Assuming plug flow and negligible gas-phase
mass-transfer resistance, this relation is obtained by integrat-
ing the equation for carbon dioxide balance in a differential
section of a column, dH, as follows:

−uG dcCO2,G = c∗
CO2,L

√
DCO2,LcOHkOHa dH = cCO2,GKG

√
cOHa dH

(4)

where

KG = He
√

DCO2,LkOH, He =
c∗

CO2,L

cCO2,G
(5)

Subsequently, the integration of (4) with the limits 0 → H
and cin

CO2,G → cout
CO2,G results in the following relation:

a =
(KOGa)CO2

KG
√

cOH,ave
(6)

where overall gas-phase volumetric mass-transfer coefficient
of carbon dioxide into NaOH solution is calculated as

(KOGa)CO2
= uG

H
ln

cin
CO2,G

cout
CO2,G

(7)

Hoffmann et al. (2007) recommended taking into account
the gas-phase mass-transfer resistance using volumetric
mass-transfer coefficient determined from SO2 absorption in
NaOH solution recalculated on the influence of the gas-phase
diffusion coefficient. Eq. (6) can be then rewritten as

a =
[

1
(KOGa)CO2

− 1
(kGa)SO2

(
DG,SO2

DG,CO2

)2/3
]−1

1
KG

√
cOH,ave

(8)

The difference between the simple relation (6), used, for
example, by Linek et al. (1984, 1995, 2001), Linek and Sinkule
(1997), Billet and Schulte (1999) and Kolev et al. (2006), and the
calculation procedure (8) recommended by Hoffmann et al.
(2007) is illustrated in Fig. 3. In the figure, the gas-phase relative
mass-transfer resistance, rG, are presented which occurred
in the effective mass-transfer area measurements of various
authors. The rG values were calculated from the relation:
rG =
(KOGa)CO2

(kGa)SO2

(
DG,SO2

DG,CO2

)2/3

(9)
occurring in the effective mass-transfer area
measurements of various authors.

The results in this figure show that when the gas veloc-
ity is higher than 0.5 m/s, the errors in a are lower than 6%.
Therefore, when the gas velocity ≥0.5 m/s, the omission of
gas-phase resistance is an acceptable method for the mea-
surement of the effective area by the absorption of carbon
dioxide-enriched air in lye.

The dependence of the carbon dioxide absorption rate on
the square root of the concentration of hydroxyl ions included
in Eqs. (6) and (8) was verified experimentally by Linek et al.
(1984) for the concentration range 0.1–1 M. Because this depen-
dence results from the first-order reaction occurring between
carbon dioxide and hydroxyl ions in liquid film no mistake or
approximation is factored into the evaluation. Even after mul-
tiple passages the concentration of hydroxyl ions changes only
insignificantly as the liquid phase passes through the column.
Therefore, an average OH− concentration can be used in the
column, cOH,ave, and can be considered to be equal to that in
the inlet stream. This holds while the concentration of carbon
dioxide in the gas phase is low (usually 1 vol%).

The accumulation of carbonate in the circulating NaOH
absorption solution increases its ionic strength, I, which,
because the reaction kinetics depends on it, must be taken
into account. The effect of the kinetic constant and physical
properties (solubility and diffusivity of carbon dioxide) on the
calculation of the effective area is expressed by KG in Eqs.
(6) and (8). In accordance with the theory of absorption in
fast chemical reactions, KG can be determined experimentally
under conditions where the rate of carbon dioxide absorption
in an NaOH solution is not dependent on the physical mass-
transfer coefficient kL or, in other words, on the hydrodynamic
conditions prevailing at the liquid interface. As most of the
kinetic constants published in the literature have been deter-
mined from absorption data (e.g. Pohorecki and Moniuk, 1988),
when using a published kinetic constant to calculate the effec-
tive area from the absorption rate, the diffusion coefficient
and solubility values used must be the same as those used
by the author of the corresponding kinetic constant. Hence,
the way proposed by Hoffmann et al. (2007) on improvement
the accuracy of physical properties for the system by using
kinetic constant by Pohorecki and Moniuk (1988) and values
of others needed physical quantities (solubility and diffusiv-
ity) from more accurate but different sources from those used
by Pohorecki to evaluation of the kinetic constant is wrong.

Table 4 shows KG values calculated from the physico-
chemical data published by some authors for 1 M NaOH at

◦
a temperature of 20 C, together with KG values used by
other authors to calculate the effective area. While the value
employed by Linek et al. (1984, 1995, 2001) and Linek and
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Fig. 4 – Effect on KG of changes in the ionic strength of

NaOH solution during procedures (a) and (b).

Sinkule (1997) differed only slightly (about 5%) from those
recommended in the literature (Pohorecki and Moniuk, 1988;
Kucka et al., 2002; Kolev et al., 2006), de Brito et al. (1994) used
approximately half the KG value used by Linek and Sinkule
(1997) and Tsai et al. (2008) to evaluate the effective wet-
ted area of Mellapak 250.Y packing. Consequently, de Brito
reported a suspiciously high-wetted area (375 m−1) compared
with other authors using the same packing, who reported
values only slightly higher than the geometric area of the
packing (250 m−1). Hoffmann et al. (2007) recently used a value
of 4.17 × 10−3 m/s, which, calculated from physical-chemical
data (obtained, on enquiry, from the author), was 86% higher
than the literature and our data.1 Nevertheless, the resulting
values of effective interfacial area are similar! It is due to the
fact that the experimental values of overall gas-phase volu-
metric mass-transfer coefficient of carbon dioxide inter NaOH
solution, measured by Hoffmann and by Linek for the same
hydrodynamic conditions differ in similar scope (83% higher,
see Table 5) as the KG values used by the authors.

Fig. 4 plots the effect on KG of relative changes in the ionic
strength, I, of the circulating NaOH solution. Results are shown
for carbon dioxide absorption without the addition of NaOH
concentrate (Fig. 4(a)), and with NaOH concentrate added to
maintain a constant concentration of 1 M NaOH (Fig. 4(b)). As
the effect of these changes is significant, they should be taken
into account in the calculation of the effective area. Proce-
dure (a) comes out better from this comparison because, as
I = 2.5 − 1.5·cOH, it does not require the concentrations of both
Na2CO3 and NaOH to be simultaneously monitored. Addition-
ally, changes in the ionic strength occurring during procedure
(a) have slightly less effect on KG than those taking place dur-
ing procedure (b).
Following our analysis, we recommend usage of the phys-
ical property values and reaction kinetic constants published

1 Also, surprisingly distribution coefficient used by Hoffmann
was high (He = 1.00), which is close to the solubility of carbon
dioxide in pure water (He = 0.95).
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Table 5 – Comparison of overall gas-phase volumetric mass-transfer coefficient of carbon dioxide into NaOH solution,
(KOGa)CO2

, measured for metal Pall ring 25 mm.

uG (m/s) B (m/h) Hoffmanna (KOGa)CO2
(s−1) Linekb (KOGa)CO2

(s−1) Relative increase Hoff/Lin (%)

∼0.9
10 0.510 0.287 78
20 0.576 0.361 59
30 0.572 0.401 43

∼1.4
10 0.550 0.295 86
20 0.672 0.353 90
30 0.712 0.382 87

∼1.85
10 0.570 0.303 88
20 0.687 0.346 99
30 0.794 0.364 118

Mean relative increase 83

a Hoffmann et al. (2007).
b Linek et al. (1995).

Fig. 5 – Comparison of kGa values measured by various

As there is generally good agreement among the published kLa
data (Fig. 1), these differences are due to the lack of agreement
authors for metal Pall rings in different absorption systems
below the loading point (see Table 1).

either by Pohorecki and Moniuk (1988) or Kolev et al. (2006) in
the evaluation of the resulting experimental data.

2.3. Methods for the measurement of kGa

The gas-phase volumetric mass-transfer coefficient, kGa,
is typically measured using systems whose mass-transfer
resistance is limited to the gas phase. Data from evaporation
experiments can be utilized for such measurements, as well
as data from absorption experiments in which an instan-
taneous reaction occurred in the liquid phase. Sahay and
Sharma used the absorption of chlorine in lye. Both Linek et
al. (1984, 1995, 2001), Linek and Sinkule (1997) and Hoffmann
et al. (2007) used SO2 absorption in lye, while Billet (1995) and
Billet and Schulte (1999) used SO2 absorption in lye as well as
NH3 absorption in sulphuric acid solution. Onda et al. (1968)

used evaporation experiments in an air–water system and
experiments involving the absorption of NH3 in water, the
latter involving the subtraction of liquid-phase mass-transfer
resistance. The instantaneous course of the reaction of SO2

with OH− ions at the interface was experimentally proven by
Linek et al. (1995), who, across a range of concentrations down
to almost zero (cOH ≈ 0.01 M), demonstrated the independence
of the absorption rate from the concentration of OH− ions.

Fig. 5 presents the kGa values calculated from correlations
published by various authors and Hoffmann’s experimental
data. The data reported by Hoffmann et al. (2007), Linek et
al. (1995) and Sahay and Sharma (1973) for 25 mm Pall rings
are in relatively good agreement (differences less than 50%).
However, the data calculated from correlations published by
Onda et al. (1968) and Billet and Schulte (1999) underestimate
kGa values by 100–200%. Only the values predicted by Billet
and Schulte (1999) correlation for data measured for 50 mm
Pall rings is in good agreement with our data.

2.4. Mass-transfer coefficient kL in the liquid phase

Fig. 6 shows kL values calculated using various literature corre-
lations for kLa and a, and shows large differences of up to 200%.
Fig. 6 – Comparison of liquid-phase mass-transfer
coefficients kL calculated either from experimental data or
using various literature correlations of kLa and a.
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Fig. 7 – Correlation of kL data measured over several years
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Fig. 9 – Correlation of kG data measured over several years
n a single laboratory for various packing types and sizes
Linek et al., 1995, 2001; Linek and Sinkule, 1997).

mong literature effective area values (Fig. 2). However, disper-
ion among the kL data decreases significantly when only data
easured in a single laboratory for various packing types and

izes (Linek et al., 1995, 2001; Linek and Sinkule, 1997) are used
n the calculation. When only these data were fitted (Fig. 7)
sing the regression relation:

L = 5 × 10−5B0.628(at)
−0.253 (S.D. = 12%) (10)

A low mean deviation of 12% was obtained between the
xperimental data and the values calculated using Eq. (10).
n close agreement with the correlations published by Billet
nd Schulte (1999) and Onda et al. (1968), who stated that

L ∼ B2/3, the kL coefficient is proportional to the liquid veloc-
ty to the power of 0.628. Conversely, the data measured by
offmann et al. (2007) was less proportional to the liquid load

kL ∼ B0.18). The negative value of the power in Eq. (10) applied
o the geometric area of the packing, at, corresponds to the
act that the thickness of the liquid film on the packing, and,
hus, kL increases with the wetting rate, uL/at. The value of
he power in our relation approximates to those used by Billet
nd Schulte (1999) and Onda et al. (1968); namely, −0.333 and
0.267, respectively.

.5. Mass-transfer coefficient kG in the gas phase
or one type of packing (25 mm metal Pall rings), Fig. 8 shows
he kG calculated from either experimental data or calculated
sing various literature correlations. Although not as pro-

ig. 8 – Comparison of gas-phase mass-transfer
oefficients kG calculated for 25 mm metal Pall rings either
rom experimental data or using various literature
orrelations for kGa and a.
in a single laboratory for various packing types and sizes
(Linek et al., 1995, 2001; Linek and Sinkule, 1997).

nounced as in the case of kL, the differences still reach 100%,
possibly as a result of errors in the determination of kGa and/or
the interfacial area. However, again differences among the kG

data decrease significantly when only data measured in a sin-
gle laboratory for various packing types and sizes (Linek et al.,
1995, 2001; Linek and Sinkule, 1997) are used in the calcula-
tion. When only these data were correlated (Fig. 9) using the
relation:

kG = 2.06 × 10−2u0.608
G (at)

0.121 (S.D. = 8.2%) (11)

A mean deviation of just 8% resulted, with the kG coefficient
being proportional to the gas velocity to the power of 0.608. The
correlations published by Billet and Schulte (1999) and Onda
et al. (1968) predict kG ∼ u

3/4
G and kG ∼ u0.7

G , respectively. The
positive value of the power of at corresponds to the fact that,
at a fixed superficial gas velocity, turbulence in the gas phase
(and thus gas-phase mass-transfer coefficient) is higher when
passing through finer ribbing of packing with a higher geomet-
ric area, a higher pressure drop and higher energy dissipation.
The value of the power in our relation approximates to those
used by Billet and Schulte (1999) and Onda et al. (1968); namely,
0.25 and 0.3, respectively.

Successful calculation of the fundamental transport coef-
ficients kL and kG requires the utilization of flexible, empirical,
multi-parameter correlations able to interpolate and smooth
experimental data with sufficient accuracy. For example, Linek
et al. (2001) used the following formula to correlate kGa data:

kGa = 10e1 Be2+e3 log B, ej = e1j + e2juG + e3ju
2
G for j = 1, 2, 3

(12)

This formula has been shown to fit experimental data with
a mean deviation of just 6% when the gas velocity range
is 0.2–2.5 m/s and the liquid load range is 1–100 m/h. The
calculation of mass-transfer coefficients using this complex,
physically unfounded, but close-fitting relation can signifi-
cantly reduce the dispersion of kL and kG as correlated with
physico-chemical properties and flow rates.

Using correct methods for the determination of kLa, kGa and
a, good agreement and a low degree of dispersion was found in
both kL and kG data calculated from primary data (kLa, kGa, a)
measured on different types of random and structured pack-
ing. This suggests that the establishment a set of recognised

methods for the measurement of mass-transfer characteris-
tics in absorption columns would prove to be of considerable
benefit.
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Fig. 10 – Relation between the relative error of the

parameter p, �p/p, and that of the concentrations, �c/cin, as
a function of the ratio of outlet to inlet concentration.

3. Experimental setup

We echo the experimental setup recommendations expressed
by Hoffmann et al. (2007). Attention should also be paid to
sampling. In particular, to avoid end effects, we recommend
that sampling should be performed directly from the packing,
not from the streams going in and out the column as Hoff-
mann et al. do. In our forgoing works (Linek et al., 1984, 1995,
2001; Linek and Sinkule, 1997), samples of gas were withdrawn
from the packing through three funnels distributed regularly
over the column cross-section while those of liquid were taken
from a free-flow channel placed across the column diameter.
Now, we use another system: six small funnels drilled into
Perspex rod of diameter 30 mm and length equal to column
diameter of 300 mm. For the sampling of liquid or gas, the
funnels/rod are directed up or down, respectively. The funnel
stems are equipped with adjustable resistive elements, which
enable to adjust the same sampling rate of fluid through the
individual funnels. Installation of the sampling rods into the
column with random packing brings no problem. With the
structured packing, the rods are inserted into the holes (of
diameter 34 mm) cut out by water jet cutter horizontally to
the packing elements at required positions.

Transport parameters p (kLa, kGa and a) are calculated from
the concentrations measured in continuously sampled fluid
at the input, cin, and output, cout, of measuring section of the
packing from following relation:

p = ui

zH
ln

cin
i

cout
i

p = kGa, a; i = G

p = kLa; i = L
(13)

where z = 1 for kLa and kGa evaluation and z = KG
√

cOH,ave for
evaluation of a. The height of the measuring section H should
be chosen with respect to accuracy of the concentrations mea-
suring methods. Following relationship, between relative error
of the parameter p, �p/p, and relative error of the concentra-
tions relative to the concentration at the input of measuring
section, �c/cin, follows from Eq. (13):

�p/p

�c/cin
= (1 + (cin/cout))

ln(cin/cout)
(14)

Fig. 10 shows that the height limitation is based on the ratio
of outlet to inlet concentration: the height of measuring sec-

tion must not lead to output concentration below 5% of the
input because it produces an unacceptable error in the mea-
sured parameter. For this reason, the height of the measuring
design 8 7 ( 2 0 0 9 ) 695–704

section was 1 m in measuring kLa and a using oxygen–water
and CO2–1 M NaOH systems, respectively and only 0.5 m in
measuring kGa using SO2–1 M NaOH system (Linek et al., 1995,
2001; Linek and Sinkule, 1997).

4. Assessment of the influence of axial
dispersion on the measurement of
mass-transfer parameters

The true values of the mass-transfer parameters, ptrue, with
axial dispersion in the respective phase expressed by means of
the Bodenstein number (Bo), was calculated using the equation
described by Miyauchi and Vermeulen (1963):

pi,true = pi
NTUi,true

NTUi,p
i = G, L; p = kLa, kGa (15)

where NTUi,p and NTUi,true is the number of transfer units
assuming plug flow and assuming plug flow with superim-
posed axial dispersion, respectively. NTUi,p is given by the
relation:

NTUi,p = uL

H
ln

ci
in

ci
out i = G, L (16)

and NTUi,true is obtained by solving the following implicit rela-
tion between NTUi,true, NTUi,p and Boi

exp(−NTUi,p)

= 4b exp(Boi/2)

(1 + b)2 exp(bBoi/2) − (1 − b)2 exp(−bBoi/2)
i = G, L (17)

where

b =
√

1 + 4NTUi,true

Boi
(18)

Axial mixing of the phases in terms of Bodenstein numbers,
Boi (i = G or L), has been measured in an absorption col-
umn of inner diameter 0.29 m with air–water system packed
with 25 mm metal Pall rings using dynamic measuring meth-
ods. The experiments consisted in monitoring of the exit
response on the sudden change of the concentration of the
tracer in the inlet stream. The tracer was helium for the
gas phase (concentration determined through thermal con-
ductivity measurement) and aqueous solution of NaCl for
the liquid phase (conductivity measurement). To eliminate
end effects, Bodenstein numbers have been evaluated via
analysis of response obtained by deconvolution of responses
measured for the two heights of the packing. The difference
height of the packing and the characteristic dimension for Boi

numbers was 1.47 m. The following regression relations were
derived from our hitherto unpublished measurements for gas
phase

BoG = 3.94 × 104 Re−0.894
G (19)

and for liquid phase

BoL = 6.11 + 0.525 · B − 10−3B2 (20)
The effect of phase axial dispersion on kGa and kLa, by com-
paring the values obtained when axial dispersion is taken into
account, pi,true, with those obtained when it is not, pi, illustrate
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Fig. 11 – Effect of gas-phase axial mixing on k a values
m

F
e
p
s
A
w
s
t
t
N
i

s
T
a
fl
e
s
t
p
u

l
l
t
t
b
e

F
m

G

easured by Linek et al. (1995) for 25 mm metal Pall rings.

igs. 11 and 12, respectively using absorption data by Linek
t al. (1995) measured in a column of inner diameter 0.29 m
acked with 1.04 m of 25 mm metal Pall rings. For the mea-
urement of kLa, oxygen was desorbed from water to nitrogen.
s the increase in the oxygen concentration in the column
as negligible during the gas phase (due mainly to the low

olubility of oxygen and sufficiently large flow of nitrogen),
he effect of gas-phase axial dispersion was insignificant in
hese kLa measurements. Similarly, using absorption of SO2 in
aOH solution, the effect of liquid-phase axial dispersion was

nsignificant in kGa measurements.
Fig. 11 shows the dependencies of kGatrue and kGa on the

uperficial gas velocity for two values of the liquid load, B.
he kGatrue values, calculated with axial dispersion taken into
ccount, are 10–15% higher than those calculated with plug
ow assumed. Therefore, axial dispersion cannot be used to
xplain differences in the literature data of up to 200%. We
uggest that the cause of these discrepancies is most likely
o be found in experimental technique; namely, in sampling
rocedures (non-elimination of end effects) and in initial non-
niform distribution of the gas and liquid phases.

Fig. 12 plots the dependence of kLatrue and kLa on the liquid
oad B. The kLatrue values are higher (by up to almost 30% at low
oads) than the kLa values, and differ in their dependence on
he liquid load (kLatrue ∼ B0.71; kLa ∼ B0.81). We are investigating
he effect of liquid-phase axial dispersion in more detail now

ecause the effect is comparable with the differences in the lit-
rature data and might negatively influence correlation of the

ig. 12 – Effect of liquid-phase axial mixing on kLa values
easured by Linek et al. (1995) for 25 mm metal Pall rings.
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mass-transfer coefficient with properties of the system and
their application/transfer onto other absorption/distillation
systems.

5. Conclusions

In this paper we have assessed various procedures for the
measurement of the effective interfacial area a and the volu-
metric mass-transfer coefficients, kGa, and kLa. On this basis,
we herein propose the procedures that we believe should
become the standard methods of the future.

We tested these methods for 25 and 50 mm metal Pall rings,
and compared our results with the experimental data reported
by Hoffmann et al. (2007) and Sahay and Sharma (1973), as
well as with data resulting from use of the correlations pub-
lished by Billet and Schulte (1999) and Onda et al. (1968); all
data obtained below the loading point.

The kLa data measured using different absorption sys-
tems with mass-transfer resistance limited to the liquid phase
(absorption/desorption of oxygen/carbon dioxide in water) are
in good agreement. We, therefore, recommend the use of these
systems as standard methods in the determination of kLa.
However, the absorption of NH3 in water, as recommended by
Hoffmann et al. (2007), is not an appropriate method because
of the inaccuracy introduced by combining the results of two
separate experiments measured in different phases. This con-
clusion is supported by the fact that the data measured by
Hoffmann et al. (2007) was less proportional to the liquid load
(kL ∼ B0.18) compared with other data (kL ∼ B2/3).

For the measurement of kGa, we recommend the absorp-
tion of SO2 in NaOH solution. For the determination of the
effective interfacial area, a, we recommend the chemisorption
of CO2 in NaOH solution. Large differences exist between the
effective area values published by various authors; differences
that are due to inconsistencies in the kinetic, solubility and
diffusivity data used in their evaluation. It is therefore neces-
sary to unify the physical property and kinetic constant values
used in the evaluation of a from absorption data. For this
purpose we recommend the data presented by Pohorecki and
Moniuk (1988) or Kolev et al. (2006) because they are complete
and because the KG values calculated from them are similar
to those measured experimentally by many other authors.

To eliminate end effects we emphasise the need to sample
the gas and liquid directly from the packing instead of from
the top and bottom of the column.

For the calculation of the mass-transfer coefficients kL and
kG we advise the use of flexible, empirical, multi-parameter
interpolation formulas capable of smoothing the experimen-
tal data with sufficient accuracy. The use of such formulas can
significantly reduce the dispersion of kL and kG as correlated
with the physical–chemical properties and flow rates in the
column.
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“Profile Method” for the Measurement of kLa and kVa in Distillation Columns.
Validation of Rate-Based Distillation Models Using Concentration Profiles
Measured along the Column

F. J. Rejl, L. Valenz, and V. Linek*

Department of Chemical Engineering, Prague Institute of Chemical Technology, CZ-166 28 Prague 6, Czech Republic

The “profile method” enables the determination of vapor- and liquid-side volumetric mass-transfer coefficients
kVa and kLa by comparing the concentration profiles measured in both phases in a distillation column with
the simulated profiles. The method is based on the fact that the shape of the concentration profiles along the
column depend significantly on the distribution of the mass-transfer resistance between the liquid and vapor
phases. This makes it possible to measure kLa and kVa directly in the distillation columns, in the same manner
that is possible in absorption columns, and therefore to validate the distillation models more conclusively
than by means of comparing the experimental and calculated height equivalent to a theoretical plate values.
The coefficients were measured on structured packing Mellapak250Y. A small axial mixing of phases on this
type of packing enables the use of a plug-flow model for both phases. Three distillation systems,
methanol-ethanol, ethanol-propanol, and methanol-propanol, were used under total reflux and atmospheric
pressure. Samples of the phases were withdrawn directly from the column packing by means of special sampling
devices. The dependence of the individual transport coefficients on the phase flow rate was obtained by
changing the reboiler duty. The dependencies were compared with those predicted by the following three
mass-transfer correlations developed for packed columns: RBF (Rocha et al. Ind. Eng. Chem. Res. 1996, 35,
1660), BS (Billet, R.; Schultes, M. Trans. Inst. Chem. Eng. 1999, 77, 498), and DELFT (Olujic et al. Chem.
Eng. Proc. 1999, 38, 683). The coefficients obtained by the profile method differ substantially from those
calculated from the original models. Specifically, all of the original models considerably overvalue the kLa
coefficients (RBF by up to 2 times, BS by up to 1.5 times, and DELFT by up to 6.3 times) and undervalue
the kVa coefficients (all by up to 2 times). The dependence of the mass-transfer coefficients on the rate of the
phases predicted by any of the original models is not consistent with that of the profile method. It has also
been shown that the experimental concentration profiles strongly differ from the profiles calculated from the
Aspen Plus simulation program. The correlations of the kLa and kVa coefficients with improved flow
dependencies according to the profile method are presented. The concentration profiles calculated from the
improved correlations fit the profiles accurately.

1. Introduction

1.1. Transport Parameters in Rate-Based Models of a
Packed Distillation Column. Many correlations have been
published for the calculation of the partial transport coefficients
kL and kV and the effective mass-transfer area a on random and
structured packing. Wang et al.1 reviewed the correlations
developed during the last decades, from among which we
employ in this work the models presented by Rocha et al.2,3

(RBF), Billet and Schultes4 (BS), and Olujic et al.5 (DELFT).
The forms of the correlations are derived from simple hydro-
dynamic and transfer models, which are then designed or
rectified, according to the results of the absorption experiments,
which enable the measurement of these transport coefficients
separately. Validation of these relations has hitherto been carried
out by comparing the predicted height equivalent to a theoretical
plate (HETP) values with the experimental values established
by the product concentrations.

Taylor6 gave a telling assessment of the present state-of-the-
art in distillation model validation with the following conclusion:
“To properly validate any column model (be it EQ with
efficiencies, NEQ, or CFD), it is necessary to measure composi-
tion profiles along the flow path(s)snot at all an easy task
(especially for packed columns). Such data are, however,

essential. Product concentrations are useless for evaluating
column models, as almost any model, sometimes even relatively
simple black boxes, can be validated with such data. Measured
composition profiles, especially in reactive and three-phase
distillation processes, would be especially welcome, much more
so than more profiles computed from increasingly sophisticated
models.”

Validation of the models by means of the product concentra-
tions has led to situations in which the resulting HETP values,
predicted by various models, agree well with the experimental
data, despite the fact that the values of the transport parameters
differ by multiples. An example is shown in Table 1: The models
predict an almost identical value of HETP ) 0.31 m for
atmospheric rectification of the methanol-propanol (M-P)
mixture. Nevertheless, the DELFT model presumes a kLa value
of double and a kVa value of half in comparison with the RBF
model, and the BS model presumes an a value of half in
comparison with the RBF and DELFT models. This indicates
an unsatisfactory relevance of the parameters used in the
simulation models of the processes occurring in distillation

* To whom correspondence should be addressed. E-mail:
linekv@vscht.cz.

Table 1. Transport Data of M-P (xA ) 0.0782; P ) 40 kW)

model kLa, s-1 kVa, s-1 a, m-1 HETP, m

RBF 0.0322 7.91 208 0.313
BS 0.0303 9.55 106 0.304
DELFT 0.0755 4.34 235 0.311
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columns and their degradation into purely matching parameters
with no clear physical meaning. However, the clear physical
meaning of these parameters underlies their applicability for
other distillation systems and the loadings of the column and
condition their transferability to similar processes like absorption.

The aim of this work is to determine the kLa and kVa in the
distillation column by the profile method7,8 applied to experi-
mental data measured on the structured packing Mellapak250Y.
A small axial mixing of phases on this often used packing makes
it attractive for the profile method because the results are less
biased by the hydrodynamic plug-flow model utilized. The
values of kLa and kVa and their dependence on the rate of phases
are then utilized for qualitatively higher validation of the models
presently in use for the calculation of these parameters in the
rate-based models of distillation.

1.2. “Profile Method” Measurement of Volumetric
Vapor and Liquid Mass-Transfer Coefficients in a
Distillation Column. The effect of the resistance in individual
phases on the local mass-transfer intensity changes significantly
along the distillation column depending on the local slope of
the equilibrium curve, as results from eq 1 for the overall mass-
transfer coefficient

where mA is the local slope of the equilibrium curve. As a result,
the hypothetical concentration profiles in the column differ
considerably, when calculated as providing the resistance against
the interfacial mass transfer, which is concentrated in the vapor
or liquid phase. This is demonstrated in Figure 1, where the
hypothetical profiles are compared with the experimental data
measured at identical product concentrations. The experimental
profile lies between the hypothetical extremes.

The profile method applies the fact that the relative resistance
of the individual phases varies along the column, according to
eq 1, for the separate determination of the volumetric mass-
transfer coefficients in the vapor and liquid phases. Simulated
concentration profiles are calculated by integration of the rate-
based model, with kLa and kVa as the matching parameters. The
profile method modifies the values of kLa and kVa, calculated
from the original model RBF, BS, or DELFT, by multiplication
with the correction factors bL and bV to fit the experimental
profiles. The best fit with the experimental profiles is obtained
with the optimal values of the pair (bL, bV), which is unambigu-
ous. The data obtained from these three different models by
the profile method provide similar values of the volumetric
mass-transfer coefficient. This supports the premise that the kLa
and kVa data obtained by the profile method are unique.

2. Mass-Transfer Parameter (kL, kV, and a) Correlations
Used in This Work

2.1. RBF Model. The Rocha et al.2,3 relation for the liquid-
side mass-transfer coefficient is based on the penetration theory,
with the contact time expressed in terms of the average liquid
velocity uLE in an actual liquid-phase-flow cross section and a
characteristic length, which is identified with the corrugation
length ds of the packing. The resulting value is reduced by a
factor of 0.9

The liquid velocity is given by

and hLR is the total liquid holdup given by eq 19 in ref 3.
The relation for the vapor-side mass-transfer coefficient is

based on earlier investigations on absorption in a wetted-wall
column

uVE denotes the average gas velocity in an actual gas-phase-
flow cross section

For calculation of the effective mass-transfer area below the
loading point, the authors start from the Shi and Mersmann9

correlation and suggest the following relation:

For sheet-metal packing, they give cos γ ) 0.9 for σ < 0.055
N m-1. This is the case for the alcohol systems used in this
work.

2.2. BS Model. The Billet and Schultes4 relation for the
liquid-side mass-transfer coefficient is also based on the
penetration theory, but the contact time is expressed in terms
of the superficial liquid velocity uL and the mixing length is
defined as the equivalent hydraulic diameter dh of a channel in
the packing fully filled with liquid. The resulting value is
multiplied by a constant CL, specific for each type of packing

hLB is the total holdup given by eqs 11 and 12 in ref 4.
For calculation of the vapor-side mass-transfer coefficient,

the dependence on diffusivity, based on a penetration model in
a laminar film from the hindered side, is used and the
dependence on the vapor flow rate is deduced from experimental

Figure 1. Comparison of concentration profiles calculated, provided the
mass-transfer resistance is concentrated in the liquid or vapor phase, with
the experimental profiles measured at identical product concentrations.
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data. The resulting value is multiplied by a constant CV, specific
for each type of packing.

The effective mass-transfer area below the loading point is
calculated from the following relation:

It was shown that, below a lower limit for the surface tension
of 30 mN m-1, the surface of metals, plastics, or ceramic is
completely wetted. If a real liquid has a surface tension below
this value (as it is in our case; see Table 3), the calculations
have to be performed with the limiting value of 30 mN m-1.

2.3. DELFT Model. The Olujic et al.5 relation for the liquid-
side mass-transfer coefficient is also based on the penetration
theory, with the contact time expressed in terms of the effective
liquid velocity and the mixing length

The liquid-phase interfacial velocity uLE is defined by eq 3 in
which the total liquid holdup hLR is calculated from eq 11 in
ref 5 and the hydraulic diameter dhV of the triangular channel
is given as

The thickness of the liquid film δ is calculated from following
relation:

It is assumed in this model that the liquid-side mass-transfer
coefficient kL does not depend on the vapor-phase velocity up
to the loading point.

The vapor-side mass-transfer coefficients were calculated
assuming that the transitional phase flow and, by analogy with
heat transfer the overall coefficient, was a geometric mean of
the coefficients calculated in the laminar and turbulent regimes,
respectively.

where

The vapor-phase interfacial velocity uVE is defined by eq 5.
Calculation of the effective mass-transfer area started from

the Onda et al.10 correlation, which is multiplied by the
expression 1 - Ω, taking into account the perforation of the
structured packing

where Ω means the portion of the packing surface occupied by
holes. In this work, the decrease of the effective mass-transfer
area due to the perforation was not considered, Ω ) 0.

3. Theoretical Section

3.1. Distillation-Column Model. The distillation process has
been modeled as continuous and one-dimensional. The model has
been based on mass and energy balances and the mass-transfer
relation to a differential control volume S dz of the column (see
Figure 2) developed on the basis of the following assumptions: (i)
the process is the distillation of a binary mixture under total reflux,
i.e., L ) V and x ) y at one/the same cross section of the column;
(ii) the process is adiabatic and steady state; (iii) the overall pressure
is constant throughout the column; (iv) there is plug flow in both
phases; (v) interfacial mass transport is described using a film model
in which the convective flow is taken into account; (vi) the rate of
heat transfer is such as to keep the vapor and liquid phases just at
their dew point and boiling point, respectively; (vii) there is
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Figure 2. Differential control volume of a distillation column.
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thermodynamic equilibrium at the interface. A complete set of
corresponding model equations can be found in work by Rejl et
al.;8 the algorithm for their solution can be found in work by Linek
et al.7

3.2. Method of Concentration Profile Calculation. The
concentration profile of the liquid phase xA(z) along the column
has been obtained by means of the simultaneous integration of
the differential equations

with the initial conditions

The molar flow of the liquid phase at the inlet of the column,
L0, is determined experimentally from the volumetric flow F,
concentration xA0,exp, and temperature of the reflux. The molar
fraction of the more volatile component, xA0, in the liquid-phase
inlet of the column either is determined experimentally or is
subject to optimization (see further). The molar fluxes transferred
per unit height of packing NA and NB were calculated either
with convective flow taken into account from the equation

or by assuming equimolar counterdiffusion (i.e., the convective
flow is not taken into account) from the equation

The volumetric mass-transfer coefficients kLa and kVa are not
considered constant along the column. Their dependence on phase
flows and physicochemical properties has therefore been left in
the form assumed by the RBF, BS, or DELFT model, and their
variability, required for the purpose of optimization, has been
retained by application of the multiplication parameters bL and bV

Enthalpies were calculated from equations

and their derivatives

were obtained numerically using dtL/dxA and dtV/dxA from the
dependence of the boiling and dew points on the concentration of
the mixture, respectively.

In the calculation, the thermodynamic properties FL, FV, cpL,
cpV, ∆hmix, ∆hvap, σ, µL, µV, DL, and DV were considered as
functions of the concentration and temperature, and hence they
vary along the column. The corresponding functions were taken
from the literature: the molar densities of the liquid mixtures
according to Barner-Quinlan’s rule, using data from Vargaftik;11

the vapor phase was considered as ideal, molar heats according
to Zábranský et al.;12 heats of mixing were not considered
because the enthalpy change of the liquid phases along the
column is 400 times greater than the enthalpy change due to
the heat of mixing; the molar heat of vaporization according to
Majer and Svoboda,13 the surface tensions according to Yaws,14

viscosities according to Reid et al.15 with the exception of
propanol vapor viscosity according to Chung et al.;16 the
vapor-liquid equilibria have been taken from Gmehling et al.17

and the diffusion coefficients from Zarzycki and Chacuk18 and
those in the liquid using a thermodynamic correcting factor in
accordance with Krishna and Wesselingh.19

Using the auxiliary relations (23)-(27), the differential
equations 21 can be transformed to

The equations, after their replacement with the set of difference
equations, have been solved by the Gauss method with bL and
bV as the sought parameters.

3.3. bL and bV Optimization Procedure. Four concentration
profiles were calculated according to the procedure described
in section 3.2 with estimated values [bL0, bV0] identical for all
of these profiles and with the initial conditions Lb0 and xbA0

corresponding with four experimental series, measured at the
same reboiler duty. Their mutual consistency was quantified
using the objective function

where s represents the standard deviation of the experimental
and calculated molar fractions. The simplex method has been
used to search for the optimal pair of parameters [bL, bV].
Minimization has been performed until the difference in the
values of the objective function s in the two following steps
was lower than 10-7% of its value and the differences in the
parameter values were lower than 10-4% of their values.

In this manner, the profile method provides a set of correction
parameters bL and bV, which modify values kL

modelamodel and
kV

modelamodel for the real values in the column according to eq
25, for each of the RBF, BS, and DELFT models and for one
reboiler duty. The pairs of parameters bL and bV, obtained by
minimizing the objective function eq 28, represent the global
minimum. This confirmed therefore that the parameters for the
different initial estimates [bL0, bV0] do not differ significantly.

4. Experimental Section

4.1. Distillation Column. The experiments were performed
in a stainless steel atmospheric distillation column (see Figure
3) with an interior diameter of 0.15 m, packed with 10 pcs of
Mellapak250Y, to a height of 2.1 m. Each of the packing pieces
was equipped with two wall wipers that redirect the wall flow
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back into the packing. The small diameter of the column and
the high number of the wipers justify our assumption that even
a small maldistribution of the liquid (higher liquid flow near
the column wall) is suppressed substantially in our column. The
characteristics of the packing are described in Table 2. An
electrically heated reboiler, equipped with an electric power
regulator (up to 60 kW), was used to maintain a constant rate
of boiling. The power was measured with a three-phase
wattmeter (Orbit Merret 405, accuracy 240 W). The complete
spiral condenser with a height of 1 m was mounted at the top
of the column. The column and reboiler were covered with Orsil
insulation. The heat loss, measured by independent experiments,
was less than 3% of the reboiler duty.

The column was operated under total reflux, which was
maintained by PI regulation of the liquid level in the reflux head.
The reflux flow was measured with a radial turbine flowmeter
(Omega FTB9510, with an accuracy of 0.001 L min-1). Reflux
flow was distributed on the packing using a shower distributor
with 25 openings (see Figure 4; 1472 holes m-2). Vapor from
the reboiler was introduced into the column by a distributor
with four openings regularly spaced over the column base cross
section.

The column was equipped with seven openings for the
placement of thermistors and sampling devices for the with-
drawal of liquid and vapor samples along the column (see Figure
3). A platinum thermometer (Pt 100, accuracy 0.05 °C) was
installed in the collecting channel of the sampling device (Figure
5). Note that the sampling tubes were equipped with an overlap,
preventing a mixture of the wall-flow liquid with the liquid
sampled from the packing. Holes for the sampling devices were
drilled through the structured packing with a water jet. We
believe the sample points do not affect the phase flow in the
packing, notably because the volume of the holes occupies 3.3%
of the packing volume only. The column also enables the

withdrawal of samples of the liquid reflux and of the vapor
entering the bottom of the column from the reboiler.

4.2. Experimental Procedures, Conditions, and
Analytical Methods. Three distillation systems were used:
methanol-ethanol (M-E), ethanol-propanol (E-P), and
methanol-propanol (M-P). About 45 L of the distillation
mixture was poured into the reboiler, and the electric power
input to the reboiler was adjusted to the desired level. Four of
the power input levels were employed, namely, P ) 10, 20,
30, and 40 kW. The column was operated for a sufficient length
of time to achieve a steady state, which usually took 1 h. Liquid
and vapor samples (2.5 mL) were withdrawn by means of glass
syringes from all of the sampling devices simultaneously over
a period of approximately 6 min. The vapor phase was
withdrawn into a syringe by self-suction due to the self-
condensation of vapor inside the syringe, which was cooled by
acetone evaporation from the cotton-wool wrapping of the
syringe. Analysis of the samples was carried out using a
tempered digital refractometer, the Atago RX5000, at 20 °C.
The refractometer measures the refractive index with an
accuracy of 10-5. The indexes nD of the pure components of
the mixtures differ significantly (nD: for methanol, 1.32854;
ethanol, 1.36123; propanol, 1.38516); the dependence of the
mixture indexes on their concentrations does not manifest any
extremes, and the accuracy of the molar fraction determination
is better than 0.001.

These experiments were repeated four times for every power
input with four different concentrations of the mixture in the

Figure 3. Schematic drawing of the packed distillation column operating
under total reflux.

Table 2. Characteristics of Mellapak250Y

ap

(m-1)
ε h (m) B (m-1) ds (m)

R
(deg)

FSE Ω σc

(N/m)
hpe (m)

250 0.97 0.0117 0.22 0.016 06 45 0.35 0 0.071 0.21

Figure 4. Schematic drawing of the liquid distributor.

Figure 5. Sampling and measuring device assembly.
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reboiler. The concentrations were chosen in order to encompass
the entire concentration range of the measured concentration
profiles in the column. The result of these experiments is 16
sets of data, each of which includes a set of seven liquid, xAi,
and vapor concentrations, yAi, along the packing, the liquid
concentration in the reflux tube xA0,exp, the vapor concentration
entering at the base of the column from the reboiler (in the shell
of the plate) yA8; the volumetric flow rate of the liquid reflux
F, the barometric pressure p, and the average temperature of
each phase at the time of withdrawal tLi and tVi. A complete
list of the source data is given in the Appendix. Illustrative vapor
and liquid flow rates in the column calculated from the reboiler
duties and some physical properties of the distillation systems
used are defined in Table 3.

4.3. Data Evaluation Method. Before the final evaluation
of all of the experiments, the effect of the three following
conditions of the model and their integration with the best-fit
parameters bL and bV was tested on a narrow set of data: (i)
fixed versus optimized initial conditions; (ii) transverse convec-
tive flow; (iii) optimization toward the profiles in separate liquid
and vapor phases.

(i) Effect of the Fixed or Optimized Initial Conditions
in the Search for Parameters bL and bV. Within the scope of
this test, the parameters bL and bV evaluated with the fixed initial
conditions xA(z)0) ) yA(z)0) ) xA0,exp were compared with
the values evaluated with the initial conditions xA(z)0) )
yA(z)0) optimized simultaneously in accordance with the
parameters bL and bV for every set of data measured at the same
reboiler duty. The same value of L0 was used for both initial
conditions.

From the results summarized in Table 4, it is apparent that

the parameters bL and bV evaluated with the fixed and optimized
initial conditions differ about 22-49%, but the optimized
xA(z)0) values differ from the measured values xA0,exp just about
less than 0.015(!) on average. It is thus evident that the
sensitivity of the parameters on the initial conditions is high.
Because the optimized values xA(z)0) did not take any
unrealistic values, we have presumed that the optimization of
the initial conditions together with the parameters bL and bV is
a correct method and, hence, this method has been used further.

(ii) Effect of Convective Flow. Convective flow of methanol
(A component) xA(NA + NB) induced by the total flow of the
mixture through an interface (NA + NB) relative to the flow NA

is presented for M-P and M-E distillation systems as a
function of the concentration of methanol in Figure 6. The
convective flow reaches up to 25% and 12% of the flow of
methanol at the top of the column in M-P and M-E systems,
respectively, and flows from the liquid into the vapor along the
whole column. No reversal of the direction of the convective

Table 3. Vapor and Liquid Flow Rates in the Distillation Column at Limiting Reboiler Duties and Physical Properties of the Distillation
Systems Used (p ) 101.3 kPa)

xA

P ) 10 kW P ) 40 kW
tbp,
°C

∆hvap,
kJ mol-1

cL × 10-4,
mol m-3)

cV,
mol m-3)

DAB,L × 109,
m2 s-1

DAB,V × 105,
m2 s-1

µL × 104,
Pa s

µV × 104,
Pa s

s × 103,
N m-1B, m h-1 uV, m s-1 B, m h-1 uV, m s-1

Methanol-Ethanol

0 3.30 0.42 13.2 1.69 78.3 38.6 1.60 34.7 5.28 1.34 4.30 10.4 17.5
0.2 3.14 0.43 12.5 1.70 75.2 38.0 1.71 35.0 5.16 1.35 4.14 10.3 17.8
0.4 2.97 0.43 11.9 1.71 72.2 37.4 1.83 35.3 5.06 1.33 3.96 10.3 18.1
0.6 2.80 0.43 11.2 1.73 69.4 36.8 1.98 35.6 4.97 1.31 3.79 10.2 18.3
0.8 2.63 0.44 10.5 1.74 66.9 36.2 2.14 35.8 4.92 1.27 3.61 10.1 18.6
1 2.45 0.44 9.80 1.76 64.6 35.6 2.34 36.1 4.93 1.25 3.44 10.1 18.8

Ethanol-Propanol

0 3.97 0.41 15.9 1.64 97.0 41.9 1.23 32.9 4.13 0.95 4.94 9.59 17.6
0.2 3.81 0.41 15.3 1.64 91.7 41.4 1.29 33.4 3.84 0.93 4.88 9.45 17.7
0.4 3.67 0.41 14.7 1.64 87.4 40.9 1.36 33.8 3.67 0.91 4.76 9.34 17.8
0.6 3.54 0.41 14.2 1.65 83.9 40.2 1.43 34.1 3.61 0.89 4.61 9.24 17.8
0.8 3.42 0.42 13.7 1.67 80.9 39.4 1.51 34.4 3.64 0.88 4.46 9.16 17.7
1 3.30 0.42 13.2 1.69 78.3 38.6 1.60 34.7 3.76 0.87 4.30 9.09 17.5

Methanol-Propanol

0 3.97 0.41 15.9 1.64 97.0 41.9 1.23 32.9 4.99 1.24 4.94 9.59 17.6
0.2 3.64 0.41 14.5 1.63 87.6 41.1 1.36 33.8 4.61 1.18 4.74 9.34 18.2
0.4 3.33 0.41 13.3 1.64 79.6 40.0 1.53 34.6 4.39 1.14 4.45 9.13 18.6
0.6 3.03 0.42 12.1 1.66 73.1 38.7 1.74 35.2 4.18 1.10 4.11 8.95 18.9
0.8 2.74 0.43 11.0 1.70 68.0 37.2 1.99 35.7 3.73 1.07 3.77 8.82 19.0
1 2.45 0.44 9.80 1.76 64.6 35.6 2.34 36.1 4.24 1.05 3.44 8.73 18.8

Table 4. bL and bV Parameters Calculated with Fixed and Optimized Initial Conditions: System M-P, Model RBF

fixed initial conditions optimized initial conditions

P, kW bL bV s bL bV s shift xA*

10 0.342 3.01 0.0367 0.441 2.11 0.0335 0.0121
20 0.453 1.85 0.0349 0.620 1.32 0.0303 0.0159
30 0.598 1.45 0.0341 0.853 1.08 0.0300 0.0142
40 0.734 1.27 0.0345 1.09 0.993 0.0266 0.0100

* Absolute value of the difference of optimized xA(z)0) and fixed (measured) xA0,exp. Mean values of four series.

Figure 6. Convective flow of methanol (A component), xA(NA +NB), relative
to the flow NA as a function of the concentration of component A.

4388 Ind. Eng. Chem. Res., Vol. 49, No. 9, 2010



flow was observed, in contrast to the system ethanol-water
presented in ref 8. An effect of the convective flow on
parameters bL and bV is, however, minimal. The results
presented in Table 5 show that differences of the parameters
bL and bV evaluated assuming equimolar counterdiffusion, i.e.,
using eq 24 in the rate-based model of the column, or taking
the convective flow into account, i.e., using eq 23, reach 6% at
most. Because the calculation with eq 23 does not bring any
other problems, except for an increase in the computation time,
and is physically more consistent, this model has been used
further.

(iii) Effect of Optimization toward the Profiles in the
Liquid and Vapor Phases Separately. Experimental liquid and
vapor profiles do not coincide with each other (see Figure 7).
This is apparently a consequence of the longitudinal mixing of
the phases. The plug-flow model was used in both phases of
this work in spite of the fact that the model assumes the
coincidence of both profiles. The reasons for its application
follow. Our hitherto unpublished data20 concerning the axial
dispersion in the absorption tower packed with random (Inta-
lox25) or structured packing (Mellapak250Y) revealed multiple
lower longitudinal mixing of the structured packing. Also, the
distillation profiles for Mellapak250Y indicate a lesser mutual
spacing of vapor and liquid profiles in comparison with the
spacing on the random packing (see ref 20). The parameters bL

and bV, obtained by the adjustment of the liquid concentration
profiles and of the vapor profiles, differ only about 10% on
average, and the parameters obtained by the adjustment of both
of the profiles together constitute roughly their average, as is
demonstrated in Table 6. Another reason is that this model has
also been used by the authors of mass-transfer correlations,
which are compared with the data measured by the profile
method in this work.

5. Results

5.1. Temperature of Phases. The liquid phase was found
to be overheated at whichever location in the packing for all
three distillation systems. This overheating was highest for the
M-P system, reaching 3 °C. Vapor was found to be roughly
saturated, with the highest deviation from saturation discovered
for the M-P system, namely, subcooling by 1 °C. Further

analysis of the experimental data achieves these findings: (i)
there is no clear relationship between the overheating/subcooling
of the phases and the reboiler duty; (ii) the scatter of the
overheating/subcooling data is less when it is plotted as a
function of the concentration phase than when it is plotted as a
function of its position in the column; (iii) subcooling of the
vapor phase and overheating of the liquid phase have their
maxima at around the equimolar concentration of the mixture,
at which the temperature difference of the phases and mass-
transfer intensity achieve their maximum values (see the
experimental data in Tables A1-A3 in the Appendix).

5.2. Parameters bL and bV and Concentration Profiles
Evaluated by the Profile Method. The pairs of the best-fit
parameters [bL, bV], obtained by minimizing the objective
function eq 13, are shown in Table 7, together with the standard
deviations s of the experimental and calculated concentrations.
The s values show that all of the models with the best-fit
parameters obtained by the profile method fit the concentration
profiles with practically the same precision. The most precise
are the fitted data of the M-E system (s < 0.018), and the worst
are those of the M-P system (s < 0.034). That is why the data
for the M-P system are used to illustrate the data behavior
obtained by the profile method in the calculations of this work
because the deviations for this system are the largest and
therefore our conclusions are on the safe side. This is demon-
strated clearly in Figure 8, in which the experimental concentra-
tion profiles xA,exp and yA,exp are compared with those calculated
from the RBF model with the best-fit parameters bL and bV for
the M-P and E-P distillation systems.

The parameters bL and bV depend on the reboiler duty P or,
in other words, on the phase flow rates (Table 7). The bL values
increase and the bV values decrease with P as much as 2-fold
in the range of the reboiler duties utilized. This indicates that
the individual models do not fit the dependence of the volumetric
mass-transfer coefficients on the phase velocities well. This is
discussed in section 5.4.

5.3. kLa and kVa Evaluated according to the Profile
Method. The dependence of the volumetric mass-transfer
coefficients calculated from the models RBF, BS, and DELFT
using the best-fit parameters bL and bV on the superficial vapor
and liquid phase velocities is shown in Figure 9, together with
the coefficients calculated from the original models presented
in the literature. The kVa dependence on the vapor flow rate
shows a wide dispersion due to the kVa dependence on the
physical properties of the distillation mixtures, which, not having
been eliminated, infiltrates these plots. The differences between
the coefficients determined by the profile method and those
calculated from the original models can be estimated from the
ratio of the corresponding model parameters b. The parameters
bL,orig and bV,orig of the original correlations are also give in
Table 7. For example, the ratios bL,orig/bL,RBF ) 1/0.474 ) 2.11
and bV,orig/bV,RBF ) 1/2.00 ) 0.5 indicate that the RBF model
gives 111% higher kLa and 50% lower kVa data on average,
compared with the profile method in the M-E system at a
reboiler duty of 10 kW. From these ratios, it follows that the

Table 5. bL and bV Parameters Calculated with (Eq 23) or without (Eq 24) Equimolar Counterdiffusion Considering Convective Flow: System
M-P, Model RBF

With convective flow equimolar counterdiffusion

P, kW bL bV s bL bV s

10 0.449 2.05 0.0335 0.475 2.02 0.0336
20 0.628 1.29 0.0303 0.658 1.28 0.0304
30 0.862 1.06 0.0300 0.907 1.06 0.0301
40 1.098 0.971 0.0266 1.181 0.965 0.0266

Figure 7. Vapor and liquid concentration profiles adjusted together and
separately by the profile method using the RBF model.
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coefficients predicted by the original RBF model most closely
match the coefficients obtained by the profile method at the
highest reboiler duty of 40 kW, i.e., at flow rates near the loading
point: the differences between kVa coefficients do not exceed
10% and 16% for kLa coefficients in all of the distillation
systems employed. At this reboiler duty, a similar congruence
exists between the coefficients calculated from the BS model
(the differences do not exceed 22%). In all remaining situations
(reboiler duties and distillation systems), all of the original
models considerably overvalue the kLa coefficients (by up to
6.3 times; DELFT model) and undervalue the kVa coefficients
(by up to 2 times).

The conclusion is that none of the literature correlations (RBF,
BS, or DELFT) describes the distillation mass-transfer coef-
ficients along the column sufficiently accurately for all of the
distillation systems used in this work. An encouraging fact is
that the volumetric mass-transfer coefficients evaluated from
these three different models (RBF, BS, and DELFT), after
correctionbytheprofilemethod,demonstratemutualcompatibility.

5.4. Dependence of kLa and kVa on Phase Flow Rates. The
dependence of the mass-transfer coefficients and interfacial area
on the physiochemical properties and on the flow rate of phases
allows, to a certain extent, validation of the models for kLa and

kVa evaluation. The physicochemical properties of the alcoholic
systems utilized in this work do not vary much. The greatest
differences exist between the M-E and E-P systems (see Table
5). The differences in the surface tension and vapor viscosity
do not exceed 3% and 10%, respectively, but more noticeable
differences occur in the viscosity of the liquid phase (by an
average 21%) and in the diffusivity, namely, 34% and 45% on
average for the liquid and vapor phases, respectively. The bL

values (see Table 7) evaluated by the profile method in the M-E
and E-P systems, utilizing the RBF, BS, and DELFT models,
differ on average by about 6%, 7%, and 11%, respectively, for
the same reboiler duties, i.e., at the same rate of phases, and
similarly the bV values differ on average by about 7%, 8%, and
12%, respectively. This is why, in this work, the dependence

Table 6. bL and bV Parameters Calculated from Liquid or Vapor and/or Both Concentration Profiles: System M-P, Model RBF

liquid profile vapor profile both profiles

P, kW bL bV bL bV bL bV

10 0.413 2.27 0.498 1.94 0.449 2.05
20 0.636 1.25 0.595 1.41 0.628 1.29
30 0.825 1.04 0.851 1.13 0.862 1.06
40 1.020 0.990 1.193 0.969 1.098 0.971

Figure 8. Experimental concentration profiles compared with those
calculated from the RBF model with the best-fit parameters bL and bV

evaluated by the profile method for the M-P and E-P distillation
systems.

Table 7. Best-Fit Parameters bL and bV Obtained by the Profile Method

bL,orig
a bV,orig

a P, kW

methanol-ethanol ethanol-propanol methanol-propanol

bL bV s bL bV s bL bV s

RBF 1 1 10 0.474 2.00 0.018 0.418 2.14 0.025 0.449 2.05 0.034
20 0.564 1.50 0.014 0.580 1.38 0.022 0.628 1.29 0.030
30 0.763 1.27 0.014 0.794 1.18 0.020 0.861 1.06 0.030
40 0.971 1.16 0.012 1.025 1.09 0.015 1.098 0.97 0.027

BSb 1.334 0.385 10 0.917 0.580 0.018 0.755 0.650 0.025 0.858 0.592 0.034
20 0.971 0.444 0.014 0.937 0.428 0.022 1.060 0.378 0.030
30 1.242 0.382 0.014 1.192 0.375 0.020 1.353 0.320 0.030
40 1.494 0.356 0.012 1.442 0.350 0.015 1.621 0.298 0.027

DELFT 1 1 10 0.196 1.56 0.018 0.158 1.96 0.025 0.178 1.68 0.033
20 0.259 1.59 0.014 0.249 1.71 0.022 0.289 1.45 0.030
30 0.392 1.59 0.014 0.369 1.72 0.020 0.447 1.40 0.030
40 0.534 1.63 0.012 0.493 1.76 0.015 0.596 1.43 0.026

a Values of the multiplication parameters used in the original models. b Billet and Schultes4 did not present the constant for Mellapak250Y. For
comparison, the constants are presented for similar packing Ralu-Pak.

Figure 9. Volumetric mass-transfer coefficients calculated from the models
RBF, BS, and DELFT using the best-fit parameters bL and bV as a function
of the superficial vapor and liquid phase velocities and from the original
model correlations.

4390 Ind. Eng. Chem. Res., Vol. 49, No. 9, 2010



of the volumetric mass-transfer coefficients on the rate of the
phases predicted by the models was tested because it was only
possible to change the rates in a wide range, approximately four
times, by changing the input into the reboiler.

5.4.1. kLa and kVa Dependence on the Rates of Phases
Predicted by the RBF, BS, and DELFT Models. It follows
from the forms of the correlation that the dependence of the
transport characteristics on the rate of the phases can be
represented by the following power dependence:

We assume that the vapor velocity does not affect the mass-
transfer area up to the loading point (a ∝ uV

0 ). Then the
dependence of the volumetric coefficients will have the follow-
ing form:

At total reflux, it holds the following mass balance:

Relations (30) may therefore be rewritten for the column
working under total reflux as follows:

AL,V are functions of the physicochemical properties of the
system itself that are given by the original models RBF, BS, or
DELFT, and bLV,orig are multiplication parameters used in the
models that are given in Table 7. The exponents of the power
dependence in eq 29, predicted by the RBF, BS, and DELFT
models, were obtained by smoothing the data calculated from
the respective model within the range of experimental rates (see
Table 5) under the following conditions:

where k stands for the transport characteristics (kL, kV, and a)
and � for the exponents (R, �, γ, δ, and ε). The exponents
evaluated are presented in Table 8 for all of the distillation
systems.

The overall exponents, R + � + ε and γ + δ + ε, evaluated
from the individual models do not depend in practical terms
on the rate, concentration, and distillation system within the

range of conditions of our experiments. For example, the
exponents calculated from the RBF model for the rates uL )
0.236 m s-1 and uV ) 1.8 m s-1 and the system M-P, R +
� + ε ) 0.580 and γ + δ + ε ) 1.19, hardly differ from the
exponents presented in Table 8 for the half rates, namely,
0.580 and 1.20, respectively.

5.4.2. kLa and kVa Dependence on the Rate of Phases
Predicted by the Profile Method. When the power input into
the reboiler is altered, only the rate of the phases changes
significantly in relation to eq 32 (see Table 5). The rate of
liquid and vapor in the column rises proportionately to the
power. If the kLa and kVa dependence on the rate of the
phases of the RBF, BS, and DELFT models is described well,
the parameters bL and bV, obtained by optimization, should
not be dependent on the power input to the reboiler. However,
the value of the parameter bL increases with the power for
all of the models, and the value of the parameter bV decreases
for the RBF and BS models. This indicates inaccurate kLa
and kVa dependence on the rate of the phases included in
the original RBF, BS, and DELFT models.

The dependence of the experimentally determined param-
eters bL and bV on the power P, i.e., on the mean velocity of
the phases in the column, was adjusted in regard to the power
relation, in analogy to relations according to eq 29 for the
transport coefficients

The λ and υ exponents found are shown in Table 8. Relations
(32) rewritten so as to include the effect of the rate of the
phases on the bL and bV parameters revealed by the profile
method are the following:

Corrected values of the overall exponents R + � + ε + λ
and γ + δ + ε + υ, presented in Table 8, show that the
RBF, BS, and DELFT models considerably undervalue the
kLa dependence on the rate (the exponents in the original
models range from 0.445 to 0.733, while the profile method
yields values in the range fro 1.06 to 1.37) and considerably
overestimate the kVa dependence (the exponents in the
original models range from 1.16 to 1.20, and those in the
profile method range from 0.682 to 0.846).

The best-fit parameters bL,profile and bV,profile were obtained
by the profile method with the corrected dependence of

Table 8. Values of the Exponents in Relations (29) and (33)

methanol-ethanol ethanol-propanol methanol-propanol

RBF BS DELFT RBF BS DELFT RBF BS DELFT

R + ε 0.597 0.733 0.445 0.596 0.733 0.445 0.597 0.733 0.450
� -0.015 0 0 -0.020 0 0 -0.017 0 0
ε 0.4 0.4 0.125 0.4 0.4 0.125 0.4 0.4 0.125
R + � + ε 0.582 0.733 0.445 0.576 0.733 0.445 0.580 0.733 0.450
λ 0.506 0.339 0.735 0.610 0.432 0.776 0.622 0.437 0.851
R + � + ε + λ 1.09 1.07 1.19 1.19 1.17 1.22 1.20 1.17 1.30
δ + ε 0.435 0.408 0.192 0.436 0.408 0.202 0.436 0.408 0.200
γ 0.759 0.750 0.631 0.764 0.750 0.670 0.761 0.750 0.644
γ + δ + ε 1.19 1.16 0.823 1.20 1.16 0.872 1.20 1.16 0.844
υ -0.350 -0.317 0.025 -0.454 -0.420 -0.078 -0.502 -0.466 -0.111
γ + δ + ε + υ 0.844 0.843 0.848 0.747 0.740 0.794 0.695 0.693 0.733

kL ∝ uL
R; kL ∝ uV

� ; kV ∝ uL
δ; kV ∝ uV

γ ; a ∝ uL
ε (29)

kLa ∝ uL
RuV

� uL
ε

kVa ∝ uL
δuV

γ uL
ε (30)

uLSFL ) uVSFV (31)

kLa ) bL,origAL(phys properties) uL
R+�+ε

kVa ) bV,origAV(phys properties) uV
γ+δ+ε (32)

k ∝ uL
� |uV)const.; k ∝ uV

� |uL)const.;uL,const. )

0.118 m s-1;uV,const. ) 1 ms-1; xA,const. ) 0.5; t ) tboiling

bL ∝ Pλ

bV ∝ Pυ (33)

kLa ) bL,profileAL(phys properties) uL
R+�+ε+λ

kVa ) bV,profileAV(phys properties)uV
γ+δ+ε+υ (34)
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volumetric mass-transfer coefficients on the velocity of the
phases using the following relations:

for calculation of the coefficients in optimizing the procedure
instead of the relation (25). bL,profile and bV,profile are given in
Table 9. The s values, practically the same as those in Table
7, demonstrate that the concentration profiles are fitted with
the same accuracy as previously, but the bL,profile and bV,profile

values are now practically independent of the phase flow rates
and therefore the dependence of the coefficients on the rate
is substantively better described.

5.5. kLa and kVa Evaluated by the Profile Method with
Correction of the Dependence on the Flow Rates of the
Phases. The corrected values of the overall exponents R +
� + ε + λ and γ + δ + ε + υ presented in Table 8 for
different models and distillation systems differ very little from
each other. The same holds true for the best-fit parameters
bL,profile and bV,profile obtained in different distillation systems.
Their mean values are listed in Table 10, together with their
standard deviations. Making use of these mean values of the
parameters and exponents, the final forms of the mass-transfer
correlations referred to in the literature, adjusted according
to the profile method, are as follows:

Corrected RBF2,3 model.
(kLa)PM,RBF ) 24.9uL

0.579(kLa)RBF,orig

(kVa)PM,RBF ) 1.33uV
-0.435(kVa)RBF,orig

(36)

fits the experimental concentration profiles of all distillation
systems used with the standard deviation sPM,RBF ) 0.0373,
while the original RBF correlation with sRBF,orig ) 0.121.

Corrected BS4 model.
(kLa)PM,BS ) 13.3uL

0.403(kLa)BS,orig

(kVa)PM,BS ) 0.422uV
-0.401(kVa)BS,orig

(37)

fits the profiles with sPM,BS ) 0.0383, while the original BS
correlation with sBS,orig ) 0.0765.

Corrected DELFT5 model.
(kLa)PM,DELFT ) 42.5uL

0.787(kLa)DELFT,orig

(kVa)PM,DELFT ) 1.71uV
-0.055(kVa)DELFT,orig

(38)

fits the profiles with sPM,DELFT ) 0.0393, while the original
DELFT correlation with sDELFT,orig ) 0.145.

Other forms of the correlations may be discussed; e.g., the
Reynolds number may be used in place of the velocity.
However, such a discussion would perhaps be premature at this
time because it is based on a very narrow database of only three
distillation systems, with little variance in the physicochemical
properties. In this situation, it is difficult to distinguish the
exponent values λ and υ, revealed by the profile method,
between the exponents of the Reynolds, Weber, and Froude
criteria, which include velocity in the original RBF, BS, or
DELFT models.

These experimental concentration profiles are compared with
those calculated from the corrected RBF model (36) for the
M-P and E-P distillation systems in Figure 10. The most
accurate are the data of the E-P system and the least accurate
those of the M-P system. The standard deviations of the
experimental concentrations and those concentrations calculated
from eq 36 for the M-E, E-P, and M-P systems are s ) 0.035,
0.028, and 0.042, respectively. In any case, the correlation (36)
is much more precise than the original RBF model with the
standard deviations s ) 0.069, 0.078, and 0.164 for these same
systems. Improved accuracy can also be demonstrated for the
BS and DELFT models.

The experimental concentration profiles are also compared
with those calculated from the Aspen Plus simulation program
for the M-P and M-E distillation systems in Figure 11 on the
log-log scale, which enables detection of the relative differences
of the data. In the simulation program, the rate-based model of
the distillation columns utilizes either RBF mass-transfer
coefficients published by Bravo et al.22 or BS mass-transfer
coefficients published by Billet and Schultes.23 The profiles

Table 9. Best-Fit Parameters bL,profile and bV,profile Obtained by the Profile Method

methanol-ethanol ethanol-propanol methanol-propanol

P, kW bL,profile bV,profile s bL,profile bV,profile s bL,profile bV,profile s

RBF 10 17.2 1.35 0.018 30.1 1.42 0.025 36.0 1.35 0.033
20 13.5 1.24 0.014 25.2 1.31 0.022 30.1 1.24 0.030
30 14.5 1.27 0.014 26.1 1.36 0.020 30.7 1.27 0.030
40 15.7 1.35 0.012 27.6 1.45 0.015 32.0 1.35 0.027

BS 10 10.07 0.445 0.018 15.50 0.440 0.025 17.63 0.408 0.033
20 8.104 0.444 0.014 13.40 0.404 0.022 15.53 0.368 0.030
30 8.837 0.437 0.014 14.02 0.424 0.020 16.37 0.374 0.030
40 9.504 0.449 0.012 14.76 0.451 0.015 16.04 0.419 0.026

DELFT 10 36.6 1.72 0.018 36.6 1.94 0.025 72.9 1.65 0.033
20 26.8 1.72 0.014 30.2 1.79 0.022 59.2 1.51 0.030
30 29.1 1.67 0.014 31.3 1.84 0.020 61.1 1.51 0.030
40 31.1 1.69 0.012 32.6 1.92 0.015 62.3 1.59 0.026

Table 10. Mean Values of the Corrected Overall Exponents and the Best-Fit Parameters

all systems

RBF BS DELFT all models

R + � + ε + λ 1.16 ( 0.050 1.14 ( 0.06 1.24 ( 0.05 1.18 ( 0.066
γ + δ + ε + υ 0.762 ( 0.062 0.759 ( 0.066 0.792 ( 0.047 0.771 ( 0.061
bL,profile 24.9 ( 7.4 13.3 ( 3.2 42.5 ( 15
bV,profile 1.33 ( 0.064 0.422 ( 0.027 1.71 ( 0.136
λ 0.579 0.403 0.787
υ -0.435 -0.401 -0.055

kLa ) bL,profileuL
λ(kL

modelamodel)

kVa ) bV,profileuV
υ (kV

modelamodel)
model is RBF, BS or DELFT

(35)
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calculated from the profile method correlations (36) and (37)
are also plotted in the figure. The product concentrations
measured on our distillation column having 5.5 theoretical plates
differ considerably from those calculated by the Aspen Plus
program. The RBF model gives 30% and 70% higher and the
BS model (Dr. Schultes informed us that ASPEN has made
noticeable mistakes incorporating the BS model into the program
simulation and that ASPEN has been informed about these
mistakes; unfortunately, it will take some time before corrections
will be made) 250 and 1800% lower product concentrations in
comparison with the experimental values. The profile method
correlations (36) and (37) fit the profiles accurately.

5.6. HETP Values and Relative Liquid-Side Mass-
Transfer Resistance. The experimental HETP values were
calculated from a number of theoretical plates, as part of the
packing, delineated by the liquid concentrations measured at
the top and base of the packing part and by the actual height of
this part. These are compared with the HETP values evaluated
from the concentration profiles calculated by integration of the
rate-based model (21), using kLa and kVa values, calculated from
the original RBF, BS, and DELFT models or from their
corrected versions, i.e., from eqs 36-38, respectively. The
resultant values are plotted in Figure 12 for the M-P and M-E

distillation systems. The following conclusions result from the
data presented in the figure: (i) HETP values predicted by the
original RBF and DELFT models differ considerably from the
experimental results; the differences amount to as much as
100%; the original BS model fits the experimental HETP values
the best; the maximum difference makes 20% only. (ii) the
experimental HETP values are consistent with the values
calculated from the three corrected models, RBF, BS, and
DELFT, i.e., from the correlations (36), (37), and (38),
respectively. (iii) HETP values calculated from these three
correlations practically coincide; the differences between them
amount to 8% at most.

Variations of the relative liquid-side mass-transfer resistance
along the column underlie the applicability of the profile method
for the separate evaluation of kLa and kVa from the concentration
profile in the distillation column. The resistance calculated from
eq 1 using the mass-transfer coefficients obtained by the profile
method, using the RBF model with corrected dependence on
the velocity of the phases, is shown in Figure 13. The resistance
decreases from the base to the top of the column in all of the
distillation systems used and does not manifest any extreme
such as, e.g., the ethanol-water system.8 The greatest change
in the resistance occurs in the M-P system at the lowest reboiler
duty of 10 kW (from 80% to 20%), and the least change occurs
in the M-E system at the highest reboiler duty of 40 kW (from
50% to 10%). In any case, the variation is sufficient for the
successful application of the profile method in these distillation
systems.

6. Conclusions

The profile method for the simultaneous determination of
vapor- and liquid-side volumetric mass-transfer coefficients in

Figure 10. Comparison of the experimental concentrations with those
calculated from the corrected RBF model, i.e., from eq 36.

Figure 11. Experimental concentration profiles and profiles calculated from
the Aspen Plus simulation model and from the profile method correlation
(36).

Figure 12. HETP evaluated from the original models RBF, BS, and DELFT
or their corrected versions by the profile method, i.e., from eqs 36-38
respectively.

Figure 13. Relative liquid-side mass-transfer resistances calculated from
eq 1 using kLa and kVa obtained by the profile method, using the RBF
model with corrected dependence on the velocity of the phases, i.e., with
bL,profile and bV,profile.
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a distillation column was successfully applied on structured
packing Mellapak250Y for the atmospheric distillation of three
alcoholic systems: M-E, E-P, and M-P. This method
calculates the transport coefficients by comparing the concentra-
tion profiles measured in both phases with the simulated profiles.
The dependence of the coefficients kLa and kVa on the phase
flows and physicochemical properties has been considered in
the form assumed in the RBF, BS, or DELFT models, and their
variances, which are necessary for the purpose of optimization,
have been retained by application of the multiplication param-
eters bL and bV. The choice of the structured packing with minor
axial mixing of the phases was driven by the intention to apply
a simple plug-flow model for both phases.

It was discovered that the relative liquid-side mass-transfer
resistance decreases from the base to the top of the column in
all of the distillation systems used and does not manifest any
extreme. Variations in the resistance along the column range
between 80% and 10% for the M-P system and between 50%
and 20% for the M-E system.

The liquid phase along the entire column is overheated for
all of the three distillation systems. The highest overheating was
registered for the M-P system, reaching 3 °C around the
equimolar concentration of the mixture, in which the temperature
difference of the phases and mass-transfer intensity achieve
maximum values. The vapor phase was more or less saturated.

The convective flow of a more volatile ingredient, methanol,
induced by the total flow of the mixture through an interface,
reaches up to 25% and 12% of the flow of methanol in the
M-P and M-E systems, respectively, but its influence on the
parameters bL and bV in comparison with their evaluated values,
assuming equimolar counterdiffusion, reaches 6% at the most.

The volumetric mass-transfer coefficients obtained by the
profile method differ considerably from those calculated from
the original RBF, BS, and DELFT models. The original models
overvalue the kLa coefficients (by up to 6.3 times; DELFT
model) and undervalue the kVa coefficients (by up to 2 times).
The coefficients evaluated by the profile method with these three
different RBF, BS, and DELFT models, using the best-fit
parameters bL and bV, demonstrate mutual compatibility.

The best-fit bL and bV parameters depend on the reboiler duty,
i.e., on phase flow rates. This indicates that none of the models
fits precisely with the dependence of the volumetric mass-
transfer coefficients on the phase velocities. According to the
profile method, kLa depends on the phase flow in accordance
with the relation kLa ∝ uL

1.18, which is considerably greater than
what the original models predict (approximately kLa ∝ uL

0.7),
and kVa is in accordance with the relation kVa ∝ uV

0.775, which
is considerably less than what the models predict (approximately
kVa ∝ uV

1.2). The best-fit parameters bL,profile and bV,profile evaluated
by the profile method using this corrected dependence of the
coefficients on the velocity of phases depend neither on the
reboiler duty nor on the distillation system and are specific only
for the model (RBF, BS, or DELFT). Correlations of kLa and
kVa coefficients with the improved flow dependence according
to the profile method are presented in the form of eqs 36, 37
and 38. HETP values calculated according to the three suggested
correlations practically coincide, with the differences between
them reaching 8% at most.

The experimental concentration profiles differ from the
profiles calculated from the Aspen Plus simulation program. The
differences reach up to 70% for the RBF model and 1800% for
the BS model. The profile method correlation (36) fits the
profiles accurately.

The profile method allows evaluation of the volumetric mass-
transfer coefficients in the individual phases in distillation
columns, in a manner similar to that also possible in absorption
columns, and thereby substantial improvement to the mass-
transfer models of distillation and to their validation.

Appendix

A full list of the source data is given in Tables A1-A3 for the
distillation systems M-E, E-P, and M-P, respectively.

Nomenclature

a ) effective mass-transfer area, m-1

ap ) packing geometrical area, m-1

B ) superficial liquid velocity, m h-1

b ) triangular channel base dimension, m-1

bL,V ) empirical correction factors obtained by using eq 25 in the
profile method

bL,V,profile ) empirical correction factors obtained by using eq 35 in
the profile method

bL,V,orig ) multiplication parameters used in the original models
RBF, BS, and DELFT

CV, CL ) packing-specific constant for the BS model
c ) molar concentration, mol m-3

cp ) molar heat, kJ kmol-1 K-1

D ) diffusion coefficient, m2 s-1

dh ) equivalent hydraulic diameter defined in eq 8, m
dhV ) packing characteristic dimension, eq 12, m
ds ) side dimension of packing corrugation, m
HETP ) height equivalent to a theoretical plate, m
F ) volumetric flow rate of reflux, L min-1

FV ) uV�(FV) ) gas capacity factor, Pa1/2

FSE ) surface enhancement factor
g ) gravity acceleration, m s-2

h ) triangular channel height, m
hpe ) height of the packing element, m
h ) molar enthalpy, kJ kmol-1

hLB ) liquid holdup given by eqs 11 and 12 in ref 4
hLR ) liquid holdup given by eq 19 in ref 3
∆hmix ) heat of mixing, kJ kmol-1

∆hvap ) molar heat of vaporization, kJ kmol-1

KV ) overall mass-transfer coefficient, m s-1

KA ) equilibrium coefficient in the equation yA ) KA xA

kL ) liquid-side mass-transfer coefficient on a more volatile
component concentration, m s-1

kV ) vapor-side mass-transfer coefficient on a more volatile
component concentration, m s-1

kLa ) liquid-side volumetric mass-transfer coefficient, s-1

kVa ) vapor-side volumetric mass-transfer coefficient, s-1

lV,pe ) length of the gas flow channel in a packing element, m
L ) liquid-phase molar flow, kmol s-1

mA ) dcAV* /dcAL* ) local slope of equilibrium curve
nD ) refractive index
N ) molar flux transferred per unit height of packing, kmol m-1

s-1

p ) atmospheric pressure, Torr
P ) reboiler duty, kW
r ) quantity defined by eq 23
Rliquid ) relative liquid-phase mass-transfer resistance defined by

eq 1
ReVrv ) Reynolds number defined by eq 18
s ) objective function defined by eq 28
S ) column cross section, m2

Sci ) µi/Fi Di ) Schmidt number (i ) V, L)
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ShV,i ) Sherwood number (i ) turd, lam) defined by eq 16 or 17
t ) temperature, °C
u ) superficial velocity, m s-1

uLE ) average liquid velocity in an actual liquid-flow cross section
defined by eq 3, m s-1

uVE ) average liquid velocity in an actual liquid-flow cross section
defined by eq 5, m s-1

xA ) mole fraction of a more volatile component in the liquid phase
yA ) mole fraction of a more volatile component in the vapor phase
z ) packing height coordinate taken from the top (z ) 0), m
Subscripts
L ) liquid phase
V ) vapor/gas phase
PM ) profile method
profile ) profile method
orig ) original RBF, BS, or DELFT model
w ) vapor-liquid interface
Superscripts
R, �, γ, δ, ε ) exponents in relation (29)
λ, υ ) exponents in relation (33)
* ) equilibrium value
Greek Symbols
R ) corrugation angle, deg
δ ) liquid film thickness defined by eq 13 or 29, m
ε ) packing porosity
� ) fraction of the channel occupied by the liquid defined by eq

19
γ ) contact angle, deg
µ ) viscosity, Pa s
F ) density, kg m-3

σ ) surface tension, N m-1

�VL ) friction factor defined by eq 19
Ω ) packing surface void fraction
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F. Vapour- and liquid-side volumetric mass transfer coefficients measured
in distillation column. Comparison with data calculated from absorption
correlations. Chem. Eng. Sci. 2006, 61, 6096.

(9) Shi, M. G.; Mersmann, A. Effective interfacial area in packed
columns. Ger. Chem. Eng. 1985, 8, 87.

(10) Onda, K.; Takeuchi, H.; Okumoto, Y. Mass transfer coefficients
between gas and liquid phases in packed columns. J. Chem. Eng. Jpn. 1968,
1, 56.

(11) Vargaftik, N. B. Tables on the Thermophysical Properties of Liquids
and Gases, 2nd ed.; Wiley: New York, 1975.
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The  model  of  hydrogen  isotopes  desorption  from  lead  lithium  alloy  in packed  column  is presented.
Mass  transfer  coefficient  kLa  are evaluated  from  Alpy’s  Melodie  loop  experiments.
Packing  height  and  efficiency  of packed  columns  in  DEMO  plant  for DCLL  and  HCLL  are  evaluated.
Effects  of  liquid  phase  axial  dispersion,  surface  tension  and  wettability  of packing  are evaluated.
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a  b  s  t  r  a  c  t

The  model  of  the  desorption  of  hydrogen  isotopes  from  lead  lithium  alloy  in  a packed  column  is  derived
from  the  first  principles  using the plug  flow in  the liquid  phase  either  the  plug  flow  or  ideal  mixing  in the
gas  phases.  Sievert’s  law  of  non-linear  equilibrium  is  followed.  The  volumetric  mass  transfer  coefficient
kLa and its  dependence  on the  liquid  metal  flow  rate  are  evaluated  on  the  basis  of  the  Melodie  loop
experiments.

The  presented  model  is  used  for  evaluation  of the  minimum  flow  rate  of  the purge  gas  for  which
the  concentration  of  the  isotope  in  the  gas  leaving  the column  is  at its  highest,  while the  driving  force
of  the  interfacial  transport  of  the isotope  is still not  reduced  and  the  tritium  desorption  efficiency  is
therefore  retained.  The  potential  effect  of the  axial  dispersion  in  the  gas  and  liquid  phase  is  evaluated.
Highlighted  are  the  issues  of the  optimum  packing  geometric  surface  area, above  which  the  efficiency
starts  to decrease,  and  of  the  role of  the  surface  tension  and  the  contact  angle  with  regard  to  the  wettability

of  the packing.  On  the  basis  of the  findings  related  to these  factors,  the  Mellapak  500  Y and  Mellapak
packings  with  flat  surfaces  are  recommended  for the  tests  aiming  to intensify  the  tritium  desorption
efficiency  in the  packed  columns.  The  models  were  used  for the engineering  sizing  of  the  packed  columns
in  two  breeding  blanket  concepts  for  the  DEMO  plant  –  utilizing  DCLL  (dual  coolant  lead  lithium)  and
HCLL  (helium  cooled  lithium  lead).

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Desorption from the liquid lead lithium eutectic alloy into an
nert gas (He, H2) in the column packed with structured packing
as selected [1] as a favorable candidate for the process of tritium
xtraction. Using this system, the mass transfer resistance is con-
entrated in the liquid phase and there is no boundary layer at the

∗ Corresponding author. Tel.: +420 220 443 298.
E-mail  address: linekv@vscht.cz (V. Linek).

ttp://dx.doi.org/10.1016/j.fusengdes.2014.05.024
920-3796/© 2014 Elsevier B.V. All rights reserved.
interface as there is with the metal membranes. The eddies ensuing
from the bulk of the liquid bring a melt with a higher content of tri-
tium to the interface, which is a faster process in comparison with
diffusion through a boundary layer on a solid membrane surface.

Mohan  et al. [2] presented a model of packed columns design for
tritium desorption based on the HTU concept. Plug flow is applied
and mass transfer resistances are considered in both phases. The

mass transfer coefficients are evaluated using the correlations by
Rocha et al. [3,4]. The stripping factor utilized for evaluating the
overall mass transfer coefficient was calculated as the average slope
of the equilibrium curve. The evaluation of the gas phase flow rate

dx.doi.org/10.1016/j.fusengdes.2014.05.024
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
mailto:linekv@vscht.cz
dx.doi.org/10.1016/j.fusengdes.2014.05.024
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Nomenclature

A =�d2/4, cross section of column, m2

Ac parameters defined in Eq. (7), mol/m3

Ap parameters defined in Eq. (8), Pa1/2

a specific effective interfacial area, m−1

at specific geometric area of packing, m−1

B liquid load, m/h
BoG,L =uG,LZ/EG,L gas/liquid Bodenstein number
b  channel base of packing corrugation, m
cG,L bulk gas/liquid isotope concentration, mol/m3

cG1,L1 gas/liquid isotope concentration at inlet of the col-
umn, mol/m3

cG2,L2 gas/liquid isotope concentration at outlet of the col-
umn, mol/m3

cL* equilibrium isotope concentration at interface,
mol/m3

DL diffusion coefficient, m2/s
d diameter of column, m
dh hydraulic diameter = 4 �/at, m
ds characteristic length of packing (Mellapak

250Y  = 16.1 mm),  m
E  axial dispersion coefficient, m2/s
Fi film number = �LuL/(d2

s �Lg)
h packing channel dimension – crimp height, m
KS Sievert constant, mol/m3 Pa1/2

kL mass transfer coefficient, m/s
kLa volumetric mass transfer coefficient, 1/s
N, Nt number of the plug flow and the true transfer units,

respectively
pG partial pressure, Pa
pL equilibrium partial pressure, Pa
pt total pressure, Pa
QG,L volumetric gas/liquid flow rate, Nm3/h
R gas constant = 8.31 Pa m3/mol, K
Rei Reynolds number = ui ds �i/�i, (i = L or G)
RG =QG/QL = uGN/uL relative gas to liquid flow rate
RT relative tritium production rate per volume of liquid

metal = To/QL, mol/m3

r roughness factor
s  packing channel side, m
t, T temperature ◦C, K
To tritium production rate, mol/s
U˛ quantity defined in Eq. (14)
uG,L superficial gas/liquid velocity, m/s
uGE,LE interstitial/true gas/liquid velocity of the liquid film,

m/s
uGN superficial gas velocity at normal conditions, m/s
V  quantity defined in Eq. (17)
z longitudinal coordinate taken from the top of col-

umn, m
Z  height of packing, m
Zt true height of packing, m

Greek symbols
˛  relative increase of packing height = Z/Zmin

 ̌ relative liquid metal flow rate led into packed col-
umn = QL/QLR

� volumetric flow rate of the fluid per wetted perime-
ter in cross-sectional slice of the packing, m3/m s

ı corrugation angle,◦

� viscosity, Pa s
� =(cL1 − cL2)/cL1 desorption efficiency of the column
�  density, kg/m3

� surface tension, N/m
	  intrinsic contact angle, deg

tope mass balances can be recorded in a differential section dz of the
column for both phases drawn schematically in Fig. 1 as follows:

uLdcL = −kLa(cL − c∗
L )dz (1)
ε void fraction of packing
 ̊ apparent contact angle, deg

was based on the non-flooding criterion. This form of the column
design for the desorption from liquid metal suffers from inaccura-
cies due to the prediction of the transport characteristics by using
correlations based on the data obtained with aqueous systems.
Aqueous systems have significantly different transport properties
(in terms of their density, viscosity, surface tension) from those
found in liquid metals.

The  aim of this paper is to present the mass transfer model of
the hydrogen isotopes desorption derived from first principles. The
interfacial mass transfer of an isotope is described in terms of the
liquid side volumetric mass transfer coefficient of hydrogen eval-
uated from the desorption experiments carried out by Alpy et al.
[5,6] Mass transfer resistance in the gas-phase is neglected and the
non-linear Sievert’s law is used. This model is used for the sizing
of the columns in two facilities, absorption/desorption circulation
experimental loop and the columns at the DEMO plant for both the
HCLL and the DCLL breeding blanket systems.

2. Model of the desorption of hydrogen isotopes from the
Pb–17Li  eutectic alloy

2.1.  The plug flow model of phases

Assuming negligible gas side mass transfer resistance, the iso-
Fig. 1. Schema of the column.
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GdcG = −uLdcL = kLa(cL − c∗
L )dz (2)

here  uG and uL are superficial gas and liquid velocities in column,
G and cL are local bulk gas and liquid isotope concentrations, cL*
s equilibrium isotope concentration at the interface and kLa is a
olumetric mass transfer coefficient. Low solubility and diffusivity
f the isotopes in the liquid alloy compared with that in the gas
hase confirms the validity of the negligible gas side mass trans-
er resistance. The isotope concentration at the interface cL* is in
quilibrium with the local gas phase concentration and is given by
ievert’s law

c∗
L

KS

]2

= pG = cGRT (3)

The  local gas phase concentration is given by the overall mass
alance

G = − uL

uG
(cL1 − cL) + cG2 = − uL

uG
(cL2 − cL) + cG1 (4)

Explanation  of the used symbols gives Fig. 1. Combination of
elations (1) through (4) and integration of the resulting differential
quation provides the following relation:

 = uL

kLa

∫ cL1

cL2

dcL

cL − KS(uLRT/uG)1/2(cL − cL2 + cG1uG/uL)1/2
(5)

mong  the height of packing Z, an isotope concentration in the out-
et liquid metal cL2, a flow rate of purge gas uG and of lead lithium
lloy uL, an isotope concentration in the melt cL1 and in the purge
as cG1 entering the desorption column.

If the concentrations in the liquid phase are expressed in terms
f the equilibrium partial pressures of the isotope, the relation (5)
educes to

Z = uL

kLa

∫ p
1/2
L1

p
1/2
L2

d(p1/2
L )

p1/2
L − (KSpt · 0.0224/RG)1/2(p1/2

L − p1/2
L2 + RGpG1/Ks

cLi = KSp1/2
Li

; RG = uGptTo

uLpoT
= uGpt · 0.0224

uLRT
= uGN

uL

.2.  A plug flow model of the liquid, a perfect mixing model of the
as

At  very low gas velocity through the packing, the gas can be
onsidered ideally mixed (see Section 3.2.1). In this case, the partial
ressure of the isotope in the gas is constant along the column and

s equal to its concentration in the gas leaving the column cG2 and
q. (5) reduces to the following explicit relation for the packing
eight

 = uL

kLa
ln

cL1 − Ac

cL2 − Ac
; Ac = KS

(
uLRT

uG

)1/2
(cL1−cL2 + cG1 · uG/uL)1/2

(7)

Using the equilibrium partial pressures of the isotopes instead of
heir molar concentrations in the liquid phase leads to the relations

 = uL

kLa
ln

p1/2
L1 − Ap

p1/2 − Ap

; Ap =
(

KSpt · 0.0224
RG

)1/2
L2

× (p1/2
L1 − p1/2

L2 + pG1 · RG/(Kspt0.0224))
1/2

(8)
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.0224)
1/2

(6)

At a sufficiently low concentration of isotopes in gas, the param-
eter Ap is negligible with respect to the pressure p1/2

L2 i.e., p1/2
L2 � Ap

and the relation (8) reduces to

Z = uL

kLa
ln

p1/2
L1

p1/2
L2

; (9)

2.3.  The effect of the axial mixing of the phases

The axial mixing of the phases in columns is an undesirable phe-
nomenon since it lowers the driving force of the interfacial mass
transfer. As a result a higher packing height of Zt is necessary to
obtain the same output concentration of the transferred species in
both phases, compared with that of Z for the plug flow. In situations
in which the axial mixing and mass transfer resistance are signif-
icant in one phase only, the effect of axial mixing is described by
the following relation adapted from Ref. [7].

exp(−N) = 4b  exp(Bo/2)

(1 + b)2 exp(b Bo/2) − (1 − b)2 exp(−b Bo/2)

b =
√

1 + 4
Nt

Bo
; Bo = uZ

E
;  N = ln

c1

c2
;

N

Nt
= Z

Zt
;

(10)

where the Bodenstein number Bo characterizes the effect of axial
mixing through the axial dispersion coefficient E of the phase and
c1 and c2 are concentrations in the inlet and the outlet of the phase
from the column. The relative increase of the packing height, Zt/Z,
compensating the effect of axial mixing is obtained by solving the
implicit relation (10) where N and Nt are numbers of the trans-
fer units for the plug flow and for the true flow, respectively. The
relation (10) is plotted in Fig. 2.

The Bo-number correlations deduced [8] from the ‘cold’ air-
water dynamic experiments performed in the column packed with

Mellapak 250Y structured packing (the Bo number is related to the
packing height of 1 m).

BoL = 1.022 Fi0.478
(

3

sin2 ı

)1.159
(dsat)

6.337

BoG = 2.807 · 106 Re−0.00896
G 10−0.00394 ReL (dsat)

−7.792

(11)

The correlations were deduced from experiments made in the
following ranges of phase flow rates: 0 < B < 40 m/h; 0 < uG < 2 m/s.

3.  The physical data and the mass transfer characteristic
kLa for the design of columns packed with structured
packings

There exist three models that are most frequently used for
the design of packed columns filled with structured packings: the
model presented by Rocha et al. [3,4] (further denoted as RBF), by
Billet and Schultes [9] (further denoted as BS) and by Olujic et al.
[10] (further denoted as Delft). These models were based on the
data measured using aqueous solutions and organic solvents but
their application to a quite different physical system such as liquid
metal can lead to considerable errors (see Fig. 3).
3.1. Physical properties of lead lithium alloy used in this paper

Lead  lithium eutectic alloy (17 at% = 15.7 wt% of Li): [11]
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Fig. 2. Relative increase of the column packing height, Zt /Z, eliminating an effect
of  the axial dispersion in the liquid phase characterized by the BoL number. Points
represent  Alpy’s experiment presented in the first raw of Table 1.

Fig. 3. Mass transfer coefficients of hydrogen kLa into lead lithium alloy at 673 K
e
[

relative increase in the packing height, Zt/Z, eliminating the effect
of the longitudinal dispersion in the gas and liquid phase, is charac-

T
M

valuated from the experiments of Alpy et al. [5,6] using Eq. (9) and from the RBF
3,4], the BS [9] and the Delft [10] models.

Melting point: T = 508 K;
Density:  �L=10.52 (1−1.13·10−4 T) kg/m3; �L(673 K)=9720 kg/m3

Viscosity: �L=1.87·10−4 exp[1400/T] Pa s; �L(673 K)=0.0015 Pa s

Surface tension: � = 0.52 − 1.1·10−4·T N/m; �(673 K) = 0.446 N/m
Molecular weight: Mw  = 0.176 kg/mol;

able 1
ass  transfer coefficients calculated from Alpy et al. [5,6] data.

T (K) QL (L/h) B (m/h) QG·103 (Nm3/h) Ap (Pa) p∗
L1H

(Pa) p∗
L2H

(Pa) 

Ref. [5]; Z = 0.6 m;  d = 0.06 m
673 71 30.2 3 7.83 1085 653 

673  66 28.0 6 5.17 1003 613 

673  69 29.4 9 4.29 927 557 

673  100 42.6 6 5.50 1188 858 

713  61 26.0 3 8.23 1258 682 

713  68 28.9 6 5.70 1152 670 

713  68 28.9 9 5.00 1158 612 

713  100 42.6 6 7.04 1228 712 

713  70 29.8 6 7.91 2490 1215 

Ref.  [6]; Z = 0.8 m;  d = 0.06 m
673 80 28.2 6 5.92 1275 796 

673  40 14.1 6 4.77 1050 515 

673  40 14.1 30 2.10 988 484 

673  40 14.1 6 3.48 463 267 

673  40 14.1 6 2.90 225 130 
d Design 89 (2014) 2504–2515 2507

Tritium:

[12]: DL,T = 2.50 · 10−7 exp
{

− 27000
RT

}
m2/s;

DL,T (673 K) = 2.00 · 10−9 m2/s
[13]: KS,T = 1.24 · 10−3 exp

{
− 1350

RT

}
mol/m3 Pa1/2;

KS,T (673 K) = 9.74 · 10−4 mol/m3 Pa1/2

Hydrogen:

[14]: DL,H = 8.18 · 10−8 exp
{

− 15800
RT

}
m2/s;

DL,H(673 K) = 4.85 · 10−9 m2/s
[15]:  KS,H = 1.33 · 10−4 exp

{
− 1350

RT

}
mol/m3 Pa1/2;

KS,H(673 K) = 1.04 · 10−4 mol/m3 Pa1/2

3.2. Analysis of the mass transfer data from a Melodie loop

Alpy  et al. [5,6] presented hydrogen desorption rates for liquid
lead lithium eutectic alloy measured in the Melodie loop using a
column with a 6 cm diameter packed with Mellapak 750Y to the
heights of 0.6 and 0.8 m and at various gas and alloy flow rates.
Alpy’s data are reproduced in Table 1. The estimation of the gas
and liquid phase axial mixing in the column has enabled to find
the proper relation for evaluation of the volumetric mass transfer
coefficients from their [5,6] experiments.

3.2.1. Effect of gas and liquid phase axial mixing
When gas velocity through the packing is very low gas mald-

istribution may  occur. In this case pressure drop of the packing
is too low to offer the proper resistance to the gas flow, allow-
ing the spread of the gas in radial directions: maldistribution
leads to channeling phenomena resulting in high axial disper-
sion, with a drastic reduction of the mass transfer efficiency.
The longitudinal mixing of the gas flowing through the col-
umn at extremely low rates may  be enhanced by a counter
currently flowing liquid. In most situations, for example in the
Melodie loop, the actual gas flow rate was as low as 1 mm/s
(uGE = uG/ε = 1/0.93 = 1.1 mm/s) (see Table 1). A film of liquid metal
flows counter-currently at a much higher interstitial velocity such
as 169 mm/s  (uLE = uL/(1 − ε) = 11.8/(1 − 0.3) = 169 mm/s) promot-
ing the longitudinal mixing of the gas phase in the column.

The  significance of the longitudinal mixing utilized in these
experiments can be also judged from the diagram in Fig. 2. The
terized by the BoG or BoL number which can be estimated using Eq.
(11) for similar packing, i.e. Mellapak 250Y: ds = 0.01606 m;  ı = 45◦;

kLa·103 s−1 Eq. (8) kLa·103 s−1 Eq. (9) kLa·102 s−1 BS kLa·102 s−1 RBF

4.87 3.55 4.42 1.54
3.92 3.19 4.18 1.47
4.13 3.47 4.32 1.51
3.88 3.21 5.69 1.89
5.06 3.68 3.95 1.56
4.50 3.63 4.70 1.66
5.16 4.27 4.70 1.66
6.99 5.37 6.27 2.10
6.12 4.95 4.72 1.69

2.84 2.31 4.20 1.48
2.12 1.75 2.52 0.97
1.90 1.75 2.52 0.97
1.66 1.35 2.52 0.97
1.73 1.34 2.52 0.97
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G = 〈0.73–7.3〉 mm/s; uL = 〈3.92–11.8〉 mm/s. Even the correlation
11) was deduced from the ‘cold’ air-water dynamic experiments,
ts applicability to describe axial dispersion might not be lost. The
xial dispersion, unlike the molecular diffusion, is connected with
acroscopic hydrodynamic behavior, and it can be assumed that

he measure of non-ideality in liquid flow will be similar in the case
f hot gas or liquid metal.

The  physical data of Pb–Li/He system were taken from Section
.1 at temperature of 673 K and the resulting Bo numbers lie in the
ollowing intervals: BoG 〈1.69–1.73〉·10−2 BoL 〈38.2; 64.6〉. The BoL

umber of Mellapak 750Y would still be higher than that for 250Y.
he low values of BoG number and the high number of BoL in Alpy’s
xperiments indicate perfect mixing of the gas phase in the column
nd plug flow of the liquid metal which underlies negligible effect of
he axial dispersion on the mass transfer in the column. For illustra-
ion, the values corresponding to the liquid phase of the experiment
resented in the first row of Table 1 (NL = 0.5·ln [pL1/pL2] = 0.254;
oL = 54.9) are plotted in Fig. 2.

.2.2. Evaluation of the kLa-correlation of hydrogen and tritium
rom Alpy’s data

The  Ap-values calculated from Eq. (8) and presented in Table 1

o not unambiguously confirm the validity of the Ap � p1/2
L2 relation

or all of Alpy’s experiments. Therefore the non-simplified relation
8) was used for the evaluation of the volumetric mass transfer
oefficients of hydrogen kLaH based on Alpy’s experimental data.
he resulting kLaH-values are given in Table 1 and are plotted as a
unction of liquid load B in Fig. 3. There is consistency between the
xperimental value of the exponent in the dependence of kLa on
he flow rate of the alloy and that predicted by the RBF [3,4], the
S [9] and the Delft [10] models, however the coefficients calcu-

ated from the model are three-fold (RBF) and ten-fold (BS, Delft)
igher (see Fig. 3). The regression of the experimental data from the
elodie loop identifies the following relation for the volumetric
ass transfer coefficient of hydrogen on Mellapak 750Y at 673 K

LaH = 1.90 · 10−4 · B0.869 (12)

This correlation for hydrogen can be recalculated for tritium
sing following relation between mass transfer coefficient and dif-
usivity resulting from the penetration model of unhindered liquid
ow along the interface kL ∝ D0.5. The diffusivity of tritium was
aken from Section 3.1. The final correlation for tritium is

kLaT = kLaH

(
DT

DH

)0.5
= 1.90 · 10−4 · B0.869

(
2.00 · 10−9

4.85 · 10−9

)0.5

kLaT = 1.22 · 10−4 · B0.869

(13)

The correlations (12) and (13) are derived from the data for
he system Pb–17Li at 673 K, the packing Mellapak 750Y, a liq-
id flow rates from 10 to 50 m/h  and a gas flow rates from 0.3 to
.0 Nm3/m2s.

It should be emphasized that the values of kLaH measured in
his manner do not depend on the solubility and the diffusivity
f hydrogen and thus, the correlation (12) does not suffer from
heir experimental errors. The reliability of the kLaT correlation
erived in this manner depends only on the reliability/accuracy of
he hydrogen to tritium diffusivity ratio.

. A sensitivity analysis of the desorption efficiency of the
olumn
The  sensitivity analysis presented below is performed in regard
o hydrogen transfer i.e. Eq. (12) is used to calculate kLaH and the
S,H solubility is used. The same behavior of the model would also
e obtained using these quantities for tritium.
Fig. 4. The dependence of the packing height Z and of the concentration of hydrogen
pG2 the gas leaving the column on the relative gas flow rate RG for its requisite
desorption  efficiencies � calculated from Eq. (14). (pL1 = 1000 Pa; B = 20 m/ho).

4.1. The effect of the gas flow rate on the performance of a packed
column

The usual practice in the design of absorption columns is to
choose a column working point close to the loading point, and to
evaluate the diameter of the column out of the gas flow rate at
which the flooding condition occurs. A choice of this kind is not
suitable for tritium desorption as there is endeavor to obtain high
concentration of tritium in the exiting gas. In such a situation, the
gas flow rate should be deduced from the minimum gas flow rate
for which the concentration of the isotope in the leaving gas is the
highest but the driving force of desorption is still not reduced and
the column height does not have to be seriously increased.

Model of the perfect mixing of the gas and the piston flow of liq-
uid metal is used to evaluate the effect of the throughput of the inert
gas on the performance of the column. The relationship between
the packing height Z, absorption efficiency �, the relative flow rate
of the purge gas RG and the isotope concentration in the gas leav-
ing the column pG2 provides relation (8) which is simplified if pure
tritium not containing purging gas is used cG1 = 0

Z = uL

kLa
ln

p1/2
L1 − Ap

p1/2
L1 (1 − �) − Ap

;

Ap =
(

KSpt · 0.0224
RG

)1/2
(p1/2

L1 − p1/2
L2 )

1/2
;

pG2 = 0.0224
p1/2

L1 ptKS�

RG
;

RG,˛ = 0.0224
KSpt�

U2
˛p1/2

L1

; U˛ = (1 − �)1−˛ − 1

(1 − �)−1 − 1
;

˛  = Z

Zmin
(14)

A calculation was  performed with regard to the conditions
under which the measurement on the Melodie loop was effected:
pL1 = 1000 Pa; pL2 = 〈100; 900〉 Pa; B = 20 m/h; KS,H from Section 3.1
and kLaH from Eq. (12) at a temperature of 673 K were utilized.
These results are plotted in Fig. 4. When the gas flow rate decreases
below a certain minimum gas flow rate RGmin, the concentration of

the isotope in the gas in the column increases so that the driving
force of the mass transfer of the isotope starts to reduce and the
packing height has to be increased to maintain its required effi-
ciency. In the figure, the line of thick, short dashes corresponds to
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Fig. 5. Effect of the lead–lithium liquid eutectic flow rate B on desorption efficiency
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 and hydrogen concentration pL2 in the eutectic leaving the column of different
acking  heights Z calculated from Eq. (15) for pL1 = 1000 Pa.

he relative gas flow rate at which the relative increase  ̨ = Z/Zmin
f the packing height needed to maintain the efficiency constant
s 5%. Gas flow rates higher than RGmin do not increase the desorp-
ion efficiency and only diminish the isotope concentration in the
as leaving the column. This is illustrated in Fig. 4. For example:
f the hydrogen concentration in the lead lithium liquid eutectic is
L1 = 1000 Pa and the specific liquid metal flow rate B = 20 m/h, 60%
f the hydrogen should be removed and the minimum relative gas
ow rate RG = 24 was used, the sufficient minimum packing height

s 2 m and the hydrogen concentration in the outlet gas is 0.8 Pa. If
n this situation a 100 times lower gas flow rate RG = 0.24 was used
he requisite packing height would increases to 6 m while the same
mount of hydrogen would be removed and its outlet concentration
ould increase 100-fold to pG2 = 80 Pa. Similarly, if in this situation a

as flow 10 times higher than the minimum rate RG = 240 is used the
ufficient packing height (2 m)  would not change, the same quan-
ity of hydrogen would be removed, but its concentration in the gas
eaving the column will decrease 10-fold to pG2 = 0.07 Pa.

Using  this procedure it is possible to calculate the packing height
 and the gas flow rate RG needed to achieve the required efficiency
f the column � and the isotope concentration in the outlet gas
G2 for the given flow rate of lead lithium alloy uL and the isotope
oncentration pL1.

.2. The effect of the liquid flow rate on packed column
erformance

As was explained above, the model of the piston flow of liquid
etal is used for evaluating the effect of the liquid flow rate on

he performance of the column. The gas flow rate is used higher
han the minimum gas flow rate RGmin whereby the effect of the
as phase on the column desorption efficiency is negligible. This
ituation describes the relation (9) which is used to the follow-
ng sensitivity analysis of the effect of liquid flow on the column
esorption efficiency �. The relation can be redrawn as follows:

 = 1 − exp
{

−ZkLa

uL

}
; pL2 = pL1 exp

{
−2

ZkLa

uL

}
(15)

Calculations are carried out for the hydrogen content in the
etal pL1 = 1000 Pa. The liquid flow rate effect on desorption effi-

iency � and hydrogen concentration pL2 in the lead-lithium liquid
utectic is illustrated in Fig. 5 as their dependences on the liquid

oad B for different packing heights Z. As follows from Eq. (15), the
ow dependence is moderate because it is diminished by the flow
ependence of kLa on uL (∼uL/kLa ∼ B1−0.869 ∼ B0.31).
Fig. 6. Relative wetted area of Mellapak 500Y, a/at , as a function of the liquid flow
rate. Slightly modified version of figure from Ref. [17].

4.3. Effect of the geometric surface area of the packing

It is a usual practice to increase the mass transfer efficiency of
packed column by using packing with a higher geometric area (at).
This is successful only to the certain value of the geometrical area
of the packing. The effective interfacial area (a) responsible for the
desorption efficiency of the column, represents only the part of
the geometric surface area of the packing which is actually wetted
by the liquid metal. This is why the current correlations for the
effective area are based on the study the falling liquid film spreading
on the packing surface [16].

Decisive parameters affecting the spreading process are den-
sity, viscosity, surface tension and contact angle of the liquid on
the packing material and the volumetric flow rate of the fluid
per wetted perimeter in cross-sectional slice of the packing �
(m3/m s) = uL/L where wetted perimeter L = (4 s)/(b h). The dimen-
sions of packing channels b (channel base) h (crimp height) and
s (channel side) are presented for various sizes of Mellapak in Ref.
[16]. The film thickness and its tendency to spread over the packing
surface increase with increasing � . For physical systems which do
not wet the packing completely (like water or Pb–Li) in the columns
packed with the same type of the packing (Mellapak) of different
geometric area, the wetted perimeter L increases with increasing
geometric packing area (at = 250 m−1, L = 0.237 m−1; at = 500 m−1,
L = 0.531 m−1) and the flow rate � decreases producing thinner liq-
uid film with lower tendency to spread over the packing surface.
As a result, further increase of geometric area of the packing above
a certain limiting value need not lead to the further increase in the
mass transfer efficiency. The efficiency may  even decrease if other
phenomena e.g. the decrease of mass transfer coefficient from the
attenuated liquid film, also takes place.

This explains the significantly lower utilization of the geometric
area of Mellapak 500Y [17] by higher surface tension liquid (water
� = 72 mN/m,  only 55% at liquid load 30 m/h; see Fig. 6) in compar-
ison with the practically complete wetting of Mellapak 250Y [17]
(water � = 72 mN/m,  95% at liquid load 30 m/h; see Fig. 7). The two
times higher liquid flow rate per packing perimeter on Mellapak
250Y also leads to the thicker liquid film with higher mass trans-
fer coefficients kL. As a result, the coefficients kLa of Mellapak 250
and 350 with a lower geometric area are even 30% higher than the
coefficients of the Mellapak 500Y with a liquid load of 30 m/h [18];
see the data in Fig. 8. Note that this phenomenon did not occur on

the packing perfectly wetted by the low surface tension liquid.

These  experimental results and theoretically non-predicted lim-
iting value of the geometric area of packing lead us to recommend



2510 V. Linek et al. / Fusion Engineering and Design 89 (2014) 2504–2515

Fig. 7. Relative wetted area of Mellapak 250Y, a/at , as a function of the liquid flow
rate. Slightly modified version of figure from Ref. [17].
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by Alpy et al. [5,6]; compare these results with the data provided
ig. 8. The dependence of the mass transfer coefficients kLa on liquid loading B of
he Mellapak series. Taken from Ref. [18]. The air–water system.

ellapak 500Y as an alternative packing to the proposed Mellapak
lus 752Y in the experiments for determination of the mass transfer
ata for the sizing of tritium extraction units.

. Engineering sizing of the desorption columns

.1. The absorber/desorber circulating system for experimental
tudy

The  flow-sheet shown in Fig. 9 simulates an experimental loop
hat is usually utilized for the kinetic study of the hydrogen iso-
opes desorption in packed columns. Specifically it comprises of
n absorber and a stripper. The liquid metal tank and the pumps
nd blowers are omitted as they are not relevant components
or describing the mass transfer rates and the concentration dis-
ribution in the system. The circulating system with the packed
bsorption column is more suitable than the bubble column uti-
ized in the Melodie loop. It may  provide absorption and desorption
inetic mass transfer data measured simultaneously under the
ame operating conditions. Their comparison/reversibility would
ontribute to the solution of the still unanswered question whether
he interfacial mass transfer process is controlled by the diffusion
f gas atoms through the boundary layer or whether the recom-

ination/dissociation reactions of tritium atoms and molecules at
he liquid-gas interface also affect the rate of the transfer process
ignificantly [19–21].
Fig. 9. Flow-sheet of the experimental setup normally utilized for the kinetic study
of tritium desorption in a packed column.

The calculations have been carried out using the same process
parameters in accordance with those at which the experiments for
the Melodie loop were performed. The authors [5] used a high
gas flow rate and therefore pGD = 0. Using a similarly high gas
flow rate in the absorption column it then holds pGA1 = pGA2 = pGA
and the mass transfer in both the desorber and the absorber is
well described by the Eq. (9). The steady-state distribution of the
hydrogen isotope concentration in the system is described by the
following equations of the mass transfer rates in the columns. (The
symbols utilized are described in Fig. 9 in the flow-sheet.)

Desorber

Z1 = uL

kLa
ln

p1/2
LD1

p1/2
LD2

Absorber, assuming pLA1 = pLD2 and pLA2 = pLD1

Z2 = uL

kLa
ln

p1/2
GA − p1/2

LA1

p1/2
GA − p1/2

LA2

= uL

kLa
ln

p1/2
GA − p1/2

LD2

p1/2
GA − p1/2

LD1

;

By combining the relations the steady state concentrations of
the isotope in all the streams of the circulation system are obtained

p1/2
LD2 = p1/2

LA1 = p1/2
GA

1 − K2

1 − K1K2
; p1/2

LD1 = p1/2
LA2 = K1p1/2

GA

1 − K2

1 − K1K2
;

Ki = exp
{

ZikLa

uL

}
(16)

This illustrative calculation is created by using the process
variable for the desorber of Alpy et al. [5]. Desorber: Z1 = 0.6 m;
B = 30.2 m/h; pGD = 0; T = 673 K; kLa = 3.46·10−3 s−1. Absorber:
Z2 = 0.8 m;  B = 30.2 m/h; pGA = 2500 Pa (xGA = 0.02; p = 125 kPa);
673 K; kLa = 3.46·10−3 s1.

The results calculated from Eq. (16) are following: hydrogen
concentration in the liquid leaving the absorption column and then
entering the desorption column is pLD1 = pLA2 = 1026 Pa and in the
liquid leaving desorption and then entering the absorption column
is pLD2 = pLA1 = 623 Pa. The efficiencies of both columns are the same
and equal to � = 22%. Its efficiency is consistent with that obtained
in the first line of Table 1.
This model, based on realistic modeling and experimental

data originating from Alpy [5,6], can be utilized to predict the
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Fig. 10. Flow-sheet of simplified tritium extraction process in packed column of
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Fig. 11. Flow-sheet of simplified tritium extraction process in packed column of
DCLL system and symbols used. Losses of tritium in piping and blanket are neglected.

realistic mass transfer data deduced from the actual data regarding
CLL system and symbols used. Losses of tritium in piping and blanket are neglected.

erformance of the experimental apparatus for investigating the
ass transfer of hydrogen isotopes in packed columns and for esti-
ating the anticipated concentrations as a function of the flow rate

f the eutectic and of the concentration of the isotope in absorbed
as.

.2. Sizing of the column for the DEMO plant for HCLL and DCLL
reeding  blankets

The  2300 MW reactor was selected for the purpose of column
izing. This reactor produces 385 g of tritium daily. The Pb–Li flow
ate through the HCLL blanket is 810 kg/s [22]. A comparable exam-
le of the use of DCLL is a blanket for the Chinese FDS-II reactor with
500 MW of power producing 405 g of tritium per day and a PbLi
ass flow of 55,000 kg/s [23].
The objective of the column sizing described in this paper is

o provide dimensions for the tritium desorption column for both
he blanket concepts. The sizing is based on realistic modeling and
xperimental data from Alpy et al. [5,6]. The flow-sheet of the facil-
ty and the symbols utilized are defined in Fig. 10 of the HCLL system
nd in Fig. 11 of the DCLL system. In order not to underestimate the
eights of packing in the columns, the gas is considered ideally
ixed in further calculation as predicts the lowest driving force of

bsorption and thus leads to the highest packing height in the col-
mn. The model (8) of the perfect mixing of the gas and the piston
ow of liquid metal was  used for the calculation. When this model

s applied to the blankets it leads to the following relations in regard
o the evaluation of the main parameters of the device which are
n the safe side of the estimation.

Z[RG, RT , �, B] = B

3600 · kLa
ln

1 − V

(1 − �) − V
;  V =

(
0.0224

ptK2
S,T �2

RGRT

)

RG,˛ = 0.0224
ptK2

S,T �2

U2
˛RT

; U˛ = (1 − �)1−˛ − 1

(1 − �)−1 − 1
; pL2 =

[
(1 − �)RT

KS,T �

Input  parameters for evaluation of the packing heights Z in HCLL

nd DCLL systems are the relative purge gas flow rate RG, the rela-
ive tritium production rate per volume of liquid metal RT, efficiency
f desorption column � and liquid metal load B of the column.
 pG2 = 0.0224
ptRT

RG

pL1 =
[

RT

KS,T �

]2
(17)

Fig. 12. Packing height Z and tritium concentration pG2 in the gas leaving desorption
column  and the efficiency of the columns of the HCLL blanket. Tritium production
rate  To = 385 g/day; flow rate of Pb–Li = 0.81 t/h; B = 60 m/h; d = 2.58 m.

5.2.1. The HCLL breeding blanket
The relative production rate of tritium using the HCLL sys-

tem amounts to RT = (To/QL) = (385/3 · 24 · 3600)(9273/810) =
1.017 mol/m3. The pressure in the column was considered as being
1.5 kPa and the tritium losses were ignored for column sizing. The
results calculated for this RT value are presented in Fig. 12 in terms
of the dependence of the packing height Z and of the concentration
of tritium in the gas leaving the column pG2 at the relative gas flow
rate RG and the efficiency of desorption column �. The tritium con-
centration cL2 in the lead lithium alloy exiting from the desorption
column and the superficial gas velocity in the column of the blanket
are presented in Fig. 13. As can be seen below, the graphs enable
the rapid estimation of the impact of the various process param-
eters on the tritium desorption column design based on the more
the hydrogen desorption from the Pb–17Li melt.
In the DEMO global balance study [22] an efficiency of the

Tritium Extraction System of between 70–90% was  assumed,
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ig. 13. Tritium concentration pL2 in the lead lithium alloy exiting the desorption
olumn  and the superficial gas velocity in the columns of the HCLL blanket. Tritium
roduction rate To = 385 g/day; flow rate of Pb–Li = 0.81 t/h; B = 60 m/h; d = 2.58 m.

.e. values significantly higher than the up-to-date experimental
esults obtained (30%). Packing height Z may  be read from Fig. 12.
or greater efficiency 90%, the tritium column is rather high (10 m).
he lower 60% requirement leads to a more realistic packing height
stimation of 3.8 m.  The column diameter depends on the lead
ithium alloy flow rate maintaining a reasonable liquid load B higher
han 50 m/h. The column diameter requisite for the HCLL blanket
o maintain B = 60 m/h  is 2.6 m.

The lines corresponding to the gas flow rate below which the
acking height should be increased to maintain constant desorp-
ion efficiency are also illustrated in Fig. 12 for the relative increase
f the packing height  ̨ = 1.05. For example, if the minimum gas flow
ate RG,1.05 = 103 is utilized and the desorption efficiency needed is
0%, the requisite packing height is 3.8 m (see Fig. 12), the tritium
artial pressure in the gas leaving the column is 0.02 Pa, the corre-
ponding superficial gas velocity in the column is an unrealistically
igh 20 m/s  and the tritium concentration in the eutectic leaving
he desorption column cL2 and flowing into the main area of the
EMO facility is 135 Pa (see Fig. 13). If the thousand times lower
as flow rate RG = 1 is utilized, the requisite height of the column
ncreases to 6.5 m,  but the tritium partial pressure in the gas leaving
he column increases to 58 Pa, while the corresponding superficial
as velocity in the column decreases to 0.02 m/s  (which promotes
he creation of a perfect mixing gas phase in the column) and the
ritium concentration in the eutectic leaving the desorption column
emains unchanged and is equal to 135 Pa.

It  should be noted that only the tritium concentration in the gas
eaving the desorption column pG2 and the packing height Z are
ependent on the tritium solubility KS,T and only at significantly

ow flow rates of purge gas whereby the mass transfer driving force
tarts to decrease as is explained in Section 4.2. In this situation, the
alue of parameter V is not negligible in comparison with the value
f (1 − �) (see Eq. (17)) and the relation (1 − �) �V is no more valid.

.2.2. DCLL breeding blanket
The  main difference between the HCLL and the DCLL blankets

n regard to the operation of the desorption column is that in the
CLL blanket, only part  ̌ = QL/QLR of the circulating eutectic is led

nto the desorption column. The blankets are compared with regard
o the situation in which the same desorption columns are used in
oth the systems. This is achieved by using the same parameter

alues for determining the size of the columns. In the illustrative
alculations presented below, the same values for the parame-
ers are used as were used for the HCLL breeding blanket: RG = 1;
T = 0.017 mol/m3; � = 60%; B = 60 m/h. This solution is reached if
d Design 89 (2014) 2504–2515

the  following gas and liquid flow rates and column diameter are
utilized.

RT = To

QL
= To

ˇQLR
= 0.017 = 405 · 9273

3 · 24 · 3600 · QL
; QL = 852 kg/s;

RG = 1 = QG
9273

852 · 3600
;  ⇒ QG = 331 Nm3/h;

B  = 60 m/h  = 852 · 3600 · 4
9257 · �d2

; ⇒ d = 2.65 m

In this situation only 1.55% of the circulating eutectic is led into
the desorption column (  ̌ = 852/55,000 = 0.0155). The values of the
parameters calculated based on Eq. (17) describing the operation
of desorption column in the DCLL breeding blanket are also the
same as in the HCLL blanket i.e., the necessary height of the col-
umn Z = 6.5 m,  the tritium partial pressure in the gas that leaves the
column pG2 = 58 Pa and the tritium concentrations in the eutectic
alloy flowing into and leaving the desorption column pL1 = 991 Pa
and pL2 = 135 Pa.

The concentration of tritium in the eutectic leaving the reac-
tor pR2 and flowing into the desorption column pL1 equal to
pR2 = pL1 = 991 Pa and the concentration in the eutectic entering
the reactor pR1 and circulating in the main part of the DCLL
breeding blanket of the DEMO facility equals to pR1 = (1 − �)
pL1 + � pL2 = (1 − 0.0155)·991 + 0.0155·135 = 978 Pa. This concentra-
tion is substantially higher as compared to the tritium concentra-
tion in the eutectic alloy circulating in the HCLL breeding blanket.
This may  increase the loss of tritium in the piping of the blanket.

6.  Analysis of the effect of the wettability of the packing

The  surface tension and the contact angle are decisive quantities
for determining the spreading of a liquid film on the packing surface
and thereby making the effective surface area available for a mass
transfer.

6.1. The effect of surface tension

Low surface tension liquids (� < 30 mN/m)  such as alcohols or
hydrocarbons, spread very easily on metallic or plastic surfaces
whereas water and most of aqueous systems of higher surface ten-
sion (approx. 72 mN/m)  wet  these surfaces substantially less. This
is illustrated in Fig. 6, taken from Tsai et al. [17] The decrease in
the surface tension of the water from 72 to 35 mN/m (induced by
the addition of a surfactant) increased the wetted area of the Mel-
lapak 500Y two-fold. The high value of the surface tension of the
liquid metal Pb–Li (� = 446 mN/m)  indicates ineffective wetting of
the packing. The wetted area of packing, a, relative to the geometric
area, at, can be estimated from the relation (18) of Onda et al. [24]
For Mellapak 750Y and the Pb–17Li melt at a flow rate of 30 m/h
and 673 K it gives (physical data taken from Section 3.1, hydraulic
diameter of the packing dh = 4ε/at = 4·0.95/750 = 0.00507 m)

a

at
= 1.5√

dhat

(
uLdh�L

�L

)−0.2
(

uL
2�Ldh

�

)0.75(
uL

2

dhg

)−0.45

= 0.12

(18)

Similarly, a low value of the wetted area of the packing is pre-
dicted by the RBF model [3,4] (12%), and a somewhat higher value
is predicted by models BS [9] and Delft [10] (35%), see Fig. 14.

The extremely low wetted area of the packing is caused by the
extremely high surface tension of the Pb–17Li melt, however these
data may  be unreliable, because the relations were derived for liq-
uid systems with a substantially lower surface tension <80 mN/m.
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of the packing surface on its wettability by Pb–Li alloys have also led
us to recommend the use of the Mellapak packings with flat surfaces
for experiments testing the efficiency of hydrogen isotopes desorp-
tion in packed columns. The fundamental science behind wetting
ig. 14. Relative wetted area of the packing calculated for the Pb–17Li system from
he RBF [3,4], BS [9] and Delft [10] models.

Nevertheless, serious wetting of the packing cannot be expected
n regard to liquid with such a high surface tension and its lowering
y the application of some additives to the eutectic alloy is hardly
easible. In the case of liquids badly spreading over the surface of
acking is also very important its good initial distribution over the
olumn cross-section. This is why the liquid distributors with suf-
ciently high number of drip points per unit area should be used. A
inimum of the drip points/m2 depends also on the ability of the

acking to spread the liquid phase over the packing cross-section.
his depends on the geometry of the packing and can hardly be
redicted for the liquid metal from present correlations based on
he data measured using aqueous solutions and organic solvents.

.2.  The effect of the contact angle

The capability or the tendency of liquid film to spread over a
acking surface depends, apart from the surface tension, on the
ontact angle. A limiting value of the contact angle determining
he transition from no spreading to spreading film is 90◦. A marked
ecrease of the contact angle to below this value leads to a sim-

lar increase in the wetting of the packing and thereby also of
ass transfer efficiency of the column. This effect was  already

eing utilized in the industry [25] (Raschig GmbH, Ludwigshafen) to
mprove the wettability of plastic packings (PP: 	 = 102◦; PE: 	 = 96◦)
y means of aqueous media. The decrease of the contact angle
f the plastic packing by aqueous media (	 < 5◦) using chemical
ydrophilization of their surface enhances their wetting two-fold
s compared to the untreated ones, as shown by the data measured
n PP Mellapak 250Y (Fig. 15) or to the random packings shown
n [26]. The data have also shown decisive role of contact angle in
omparison with the effect of surface tension. The increase in wet-
ed area is achieved in liquid (1 M NaOH solution) of rather high
urface tension (72 mN/m)  in the group of liquids, for which the
odels of RBF [3,4], BS [9] and Delft [10] have been derived.
In  contrast to the surface tension, the contact angle of the liq-

id metal on a metal surface can be essentially affected by any
oughness or impurities, particularly oxygen which forms a layer
f oxides at the interface. Wettability of the rough surfaces is
escribed by Wenzel’s relation between intrinsic (	) and apparent
Ф) contact angles

os 
 = r cos 	 (19)
 represents the roughness factor defined as the ratio of the real
rea of the solid body to the apparent area of a plane with the
ame macroscopic dimensions. One fundamental observation is
hat roughening the surface improves wetting if 	 < 90◦, whereas, it
Fig. 15. Relative wetted area of polypropylene Mellapak 250Y of a hydrophilized
(	  < 5◦) and untreated (	 = 102◦) surface.

decreases the wetting if 	 > 90◦. Steel surfaces, if they are not spe-
cially treated become covered by an oxide layer that manifests poor
wettability, the contact angle typically being greater than 120◦.
Thereby the roughness of metal surfaces may  not improve their
wettability as it is applicable safely for water and other liquids with
surface tension below 90◦. The wettability of Fe–Cr steel by lead and
Pb–Li alloys was  studied by Protsenko et al. [27] and Gubzhokov
et al. [28]. Their main results are shown in Figs. 16 and 17.

The  results of Protsenko et al. [27] have shown, see Fig. 16,
that in a high vacuum, pure lead does not wet  (	 = 150◦) oxidized
steel at temperatures lower than 600 ◦C. At higher temperatures
〈600–800〉 ◦C, the contact angle is lower, but it remains very close
to the non-wetting/wetting transition value of 90◦. The addition of
Li to Pb decreases the contact angle of Pb on oxidized steel by more
than 20◦ and thereby improves the wetting of the steel (	 ∼ 60◦).

The most recent results of Gubzhokov et al. [28], reproduced
in Fig. 17 and also measured on the oxidized steel surface, are
quite different. They show a decrease of the contact angle with the
addition of Li to Pb, but the values of 	 (〈110–135〉◦) are higher as
compared with those published by Protsenko et al. [27] indicating
the non-wetting of the steel.

These ambiguous results concerning the effect of the roughness
Fig. 16. Contact angle of Pb on untreated i.e. partially oxidized stainless steel as a
function of time in the course of a temperature cycle in high vacuum, studied using
the sessile drop method.

Source:  Adapted from Ref. [27].
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Fig. 17. Temperature dependence of the contact angle for the following Pb–Li melt
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and main operating parameters impact for demo lithium lead breeding blanket
n the 12Cr18Ni9Ti steel: 1 – 0.03 at.% Li; 2 – 0.1 at.% Li; 3 – 0.3 at.% Li; 4 – 0.5 at.% Li.

ource: Adapted from Ref. [28].

nd the contact angle phenomena for this system might bring simi-
ar practical benefits in this instance, as it has already brought about
he improved wetting of plastic packings.

. Conclusions

The correlations (12) and (13) for kLa of hydrogen and tritium
n Mellapak 752Y at 673 K are deduced from the data measured by
lpy et al. [5,6] on the Melodie loop. The kLa values are three times

ower than that predicted by the RBF [3,4] model.
The coefficients are used in the model of the hydrogen isotope

esorption efficiency of the packed column. Introduction of the
xperimental Bodenstein number into the model of axial mixing
ffect on the efficiency of desorption shows, that the axial mixing
f the liquid phase is negligible. The relation for the calculation of
he minimal gas flow rate is presented; application of the minimal
as flow rate leads to the highest concentration of the isotope in
he gas leaving the column, while the mass-transfer driving force
s still not reduced and the height of the column does not need to
e lengthened for keeping the efficiency.

The model developed was applied to describe a steady-state
ass transfer in a closed loop for the absorption/stripping of the

ydrogen isotopes experiments and also to the DEMO sized reactor.
ssential input data for the design of desorption column were the
reeder mass flow, the tritium concentration in the breeder at the
olumn inlet and some requirements for the desorption process.

hile the desorption efficiency has been used for the determi-
ation of the column packing height in this paper, other design
pecifications can also be utilized, such as the tritium concentration
n the breeder at the column outlet or the outlet isotope concen-
ration in the stripping gas. Optimal choice of the specifications is
ot yet well documented in the open literature.

The results of the simulation showed that a packed column can
e used for both types of blanket, however the application on the
CLL blanket leads to a higher tritium concentration in the circu-

ating eutectic alloy as compared to the HCLL breeding blanket. To
mprove this comparison the real geometry of the system must be
aken into account to include the actual tritium losses in the anal-
sis. Geometry inputs indicate rough blanket geometry (wetted
urface and wall thickness), pipe dimensions (length and thick-
ess), breeder temperatures and construction material.

Larger wetted area and mass transfer coefficient on Mellapak

50Y than on Mellapak 500Y with twofold larger geometric area
re foreseen due to the higher liquid flow rate per perimeter of
he M 250Y packing. This is why we also recommend the testing

[

d Design 89 (2014) 2504–2515

of  the desorption efficiency of the Mellapak 500Y, apart from the
Mellapak 750Y.

The  roughness of the packing surface may  increase its wettabil-
ity if the contact angle is lower than 90◦. It has been shown that the
literature data on the contact angle of lead lithium alloys to the oxi-
dized steel surface are ambiguous. This is why parallel tests of the
desorption efficiency of the packings with smooth and with rough
surfaces are recommended.
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a b s t r a c t

A laboratory differential simulation method is used for the design of carbonization columns at coal-tar
processing in which phenols are regenerated from phenolate solution by carbon dioxide absorption. The
design method is based on integration of local absorption rates of carbon dioxide along the column. The
local absorption rates into industrial phenolate mixture are measured in a laboratory model contactor for
various compositions of the gas and liquid phases under the conditions that ensure the absorption rates in
the laboratory absorber simulate the local rates in the industrial column. This condition is the same value
of physical liquid-side mass transfer coefficients in the laboratory model contactor and in the absorption
column. As the model contactor a stirred cell is used in which the interfacial area is well defined. By using
an auxiliary surface stirrer the values of the physical mass transfer coefficient are extended up to the values
encountered in packed absorbers. In experiments, carbon dioxide was absorbed into industrial pheno-
late mixture containing Na-phenolate of the phenol-mixture of the following approximate composition:
phenol 44%, o-cresol 9%, p-cresol 10%, m-cresol 15%, 2,4-xylenol 2%, 2,5-xylenol 1%, 2,6-xylenol 0.5%, 2,3-
xylenol 0.5%, 3,4-xylenol 1%, 3,5-xylenol 2%, o-ethyl-phenol 0.5%, m-ethyl-phenol 2%, p-ethyl-phenol 1.5%,
others 11%. The experiments were performed in the following ranges of temperature 50–90 ◦C and pres-
sure 100–700 kPa. An explicit formula correlating the absorption rates with carbonization of phenolate
solution, partial pressure of carbon dioxide and temperature was derived which facilitated an assessment
of various technological variants.

On the bases of the calculations, two-step carbonization columns were designed for 30 000 t/year of the
phenolate solution treatment by carbon dioxide. The absorption proceeds at higher pressure of 500 kPa

◦
and temperatures from 50 to 65 C, pure carbon dioxide is used and toluene is added. These conditions
have the following favourable effects: (i) significant size reduction of the columns, (ii) it is possible to
process more concentrated solutions without danger of silting the columns by crystallization of NaHCO3

on the packing, (iii) small amount of inert gas is released; from environmental standpoint, this pro-
cess arrangement represents an encapsulated technology without harmful influence on environment,
(iv) lower alkalinity and better separability of the organic phase (phenols with toluene) from water phase
(soda or bicarbonate solution) in separators.

I
g
c

D

. Introduction

A fundamental quantity for the design of packing height in an
bsorption column is absorption rate of the gas into the absorp-
ion solution used. The industrial absorption solutions are often a
ixture of substances for which all required physical and kinetic
ata necessary for the design from first principles are not known.
n empirical simulation method is then practically the only fea-
ible approach for the calculation of the column packing height.
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n this method, the absorption rate is measured directly in the
iven absorption system in a laboratory apparatus under the same
onditions as are in the industrial column.

The laboratory differential simulation method was proposed by
anckwerts and Gillham [1] and developed by other authors [2–4].
he reliability of the method was tested by the simulated design of
n existing industrial packed column for CO2 scrubbing at a high
ressure (28 kPa) with a mixed solution of 30% triethanolamine and

% diethanolamine. They found an excellent agreement between
he calculated (23.1 m) and the actual (24.5 m) height of packing.
o allow more flexible design and optimization with respect to
hanges in process conditions (activator concentration, tempera-
ure, and gas and liquid flow rate), Linek et al. [5] have presented

http://www.sciencedirect.com/science/journal/02552701
http://www.elsevier.com/locate/cep
mailto:linekv@vscht.cz
dx.doi.org/10.1016/j.cep.2008.09.005
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new version of the method allowing also a simple way of the
nclusion of an axial mixing of gas phase into the design.

The laboratory differential simulation method, using a stirred
ell in a batch arrangement as a model contactor, is employed in
his work to design high-pressure CO2 absorber for carbonization
f 30 000 t/year of phenolate solution in the treatment of a coal-
ar. The aim is also to find suitable temperature and pressure for
bsorption and to evaluate a possible effect of addition of toluene
nto the absorption process.

. Scheme of industrial carbonization unit

Phenols are usually separated from coal-tars by extraction into
ye solution in the form of phenolates. From the solution of the
ndustrial phenolate mixture (IPM), the phenols are regenerated
y absorption of carbon dioxide performed in carbonization unit.
uring the absorption, soda produced by neutralization of Na-
henolate stays in aqueous phase while released phenols pass

nto newly formed organic phase of phenols. The carbonization
nit should ensure: (i) minimum content of Na+-ions in organic
hase of phenols, (ii) minimum quantity of gaseous outlets, which
ontain carcinogenic vapour of phenols, (iii) minimum content of
henolates in the outgoing soda solution, (iv) minimum content
f bicarbonate in outgoing soda solution. Increasing carboniza-
ion affects contradictory the requirements: favourably affects the
equirements (i) and (iii) and unfavourably (ii) and (iv). Accordingly,
t was suggested to carry out the carbonization of the IPM in two
ounter current pressure absorbers using pure carbon dioxide in
he following way.

In the first absorber, the IPM is saturated by carbon dioxide to the
xtent that its alkalinity will be converted into Na2CO3. Bicarbonate
olution flowing out of the second column is fed to lower section
f the first column to be converted back onto soda before leaving
he bottom of the first column. Addition of toluene to the solution
utgoing from first column may markedly lower water content and
esidual alkalinity of not-fully saturated carbolic acid (NSCA) which
orms in separator after first column. Toluene also facilitates phase
egregation in the funnel by increasing density difference of the
eparated phases.

In the second absorber, the NSCA with addition of a little water is
ully saturate by carbon dioxide, i.e. Na+ in aqueous phase convert
o NaHCO3. In this situation, alkalinity of organic phase of satu-
ated carbolic acid (SCA) which is formed in separator after second
olumn, achieves its minimum attainable under given operational
onditions (temperature and pressure). An application of pure car-
on dioxide for absorption minimize amount of the gaseous outlets
rom the first absorber.

Technological scheme with notation of streams and equipments
s shown in Fig. 1. The industrial phenolate mixture 1 is pumped
o the head of the first absorber D from compensatory reservoir A
y pump C. Part of IPM is recycled back to the reservoir A through
he small packed column B. In this column, the remnants of CO2 are
ntrapped from waste gases 17 drained from whole this carboniza-
ion unit to incineration plant. Carbon dioxide in the stream 9 from
he top of the first column D and in the stream 16, generated by the
ressure release of the saturated carbolic acid in the expander J,

s returned into the process and its losses are so minimized. These
treams, led above water level in the storage tank A, contain except
f CO2 remnants also vapours of phenols, water, and toluene and

nert from the feed of pressurized carbon dioxide 7. Into the lower
art of the first absorber there are led carbon dioxide 8 from the
ottom of the second column H, bicarbonate solution 5 and toluene
0. Liquid mixture 11 is from the bottom of the first absorber led
o the separator E, from which stream 3 of the NSCA and the final

l
b
a
c
C

Fig. 1. Scheme of the carbonization technology.

oda solution 2 issue. Water, stream 4, is added into the stream 3
y means of dosing pump F. The liquids after mixture in the pump
are led at the top of the second absorber H. Liquid mixture 13

s from the second absorber led into the separator I from which is
icarbonate solution 5 returned back to the first column and stream
of SCA is led into the expander J. Gases 16, released from the SCA

practically pure CO2 + vapour of toluene), are led into the storage
ank A where all CO2 is absorbed into the fresh solution of IPM in
he column B. Practically pure CO2 is feed to the top the second
olumn as stream 7.

Pressurized part of the equipment is delimited by bold line on
he scheme. Absorption of pure carbon dioxide under pressure has

number of advantages compared to the absorption at normal
ressure: (i) the equipments are of smaller sizes, (ii) in the small
quipment, the recirculation of the solution for achieving a min-
mum wetting rate for prevention crystallization of NaHCO3 on
he packing is not necessary, (iii) minimize escape of gas waste to
he surroundings (encapsulated technology on the side of gaseous
O2).

. Laboratory differential simulation method of the
arbonization packed column absorber

The laboratory differential simulation method is based on exper-
mentally measured absorption rates of carbon dioxide, NA, into the
ndustrial phenolate mixture in a laboratory model absorber under
he conditions prevailing in the industrial column. The total inter-
acial area in the column, Aw, needed for the required carbonization
f the phenolate mixture is found by numerical integration of the
ocal absorption rates along the column

w = V̇L

cA1∫
cA2

dcA

NA
(1)

A1 and cA2 are carbonizations of the input and the output liquid
tream, respectively. This area is subsequently converted to col-
mn diameter d and packing height H for packing type chosen. To
llow more flexible design and optimization with respect to pos-
ible changes in concentration, temperature, and gas and liquid
ow rate, the absorption rates, NA, must be measured at different
evels of temperature t, carbon dioxide partial pressure pA and car-
onization cA to the extent assumed in the industrial absorber. This
pproach, using a stirred cell in a batch arrangement as a model
ontactor, is employed in this work to simulate the high-pressure
O2 absorber.
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Fig. 2. Laboratory model contactor.

The conditions ensuring the same absorption rates in labora-
ory absorber as the local rates in the industrial column follow
rom the theory of absorption accompanied by chemical reaction.
or absorption with rapid chemical reaction taking part in the liq-
id film (e.g. neutralization reaction), the conditions were defined
y Laurent and Charpentier [3]: if the laboratory experiment is
erformed with the same absorption solution, temperature and
ompositions of both phases as the absorption proceeds at a given
ection of the industrial absorber, then the agreement of physical
ass transfer coefficients kG and kL in both equipments ensures

he usability of the laboratory results for the design. If the resis-
ance against mass transfer in the gas phase is negligible, e.g. when
ure gas is absorbed, the coefficient kG is irrelevant. The agreement
f kL values guarantees the same hydrodynamic conditions at the
nterface in both apparatuses.

. Experimental

.1. Laboratory model contactor

Apparatus, schematically drawn in Fig. 2 and described in detail
lsewhere [4], is made of stainless steel and is immersed into the
ath, which maintains temperature with accuracy of ±0.02 ◦C. It
onsists of a desorption column, the stirred cell, a gas storage tank
VGS = 599.3 cm3) and two accurate pressure transducers in the cell
nd the tank. The apparatus enables to measure an equilibrium
apour pressure of the absorbing solutions, to dose an accurate
mount of CO2 above the solution level and to follow an absorption
ate of gas in the solution as a function of pressure and carboniza-
ion of the absorbing solution.

The stirred cell is a cylindrical vessel with a diameter of 0.08 m,
liquid volume of 212.6 cm3, and a total volume of 915.3 cm3,

quipped with a magnetically driven six-blade turbine stirrer in
he bulk liquid and an auxiliary liquid surface stirrer on a common
haft. The surface stirrer allows one to attain high kL values com-
only encountered in packed columns. The stirrer is a PTFE disk

earing an array of 64 needles (1 mm in diameter). The tips of the
eedles reach 2 mm beneath the liquid surface.
.2. Experimental condition

Experiments were performed with the industrial phenolate
ixture. The mixture contains Na-phenolate of the phenol-mixture

f the following approximate composition: phenol 44%, o-cresol

i
e
s
i
o

d Processing 48 (2009) 569–575 571

%, p-cresol 10%, m-cresol 15%, 2,4-xylenol 2%, 2,5-xylenol 1%,
,6-xylenol 0.5%, 2,3-xylenol 0.5%, 3,4-xylenol 1%, 3,5-xylenol 2%, o-
thyl-phenol 0.5%, m-ethyl-phenol 2%, p-ethyl-phenol 1.5%, others
1%. Alkalinity of streams expressed in kg NaOH/m3 was mea-
ured by titration with 0.1 N HCl using methyl orange as indicator.
he alkalinity of the industrial phenolate mixture was equal to
24 kg NaOH/m3.

Experiments were performed in the stirred cell at agitator fre-
uency of 230 min−1, when the value of kL equals to 2 × 10−4 m/s.
his value well represents mass transfer coefficients in packed
olumns (e.g. for Pall rings 50 mm within the liquid loading interval
rom 40 through 100 m3/m2 h kL = 1.7 through 2.8 × 10−4 m/s, Linek
t al. [6]). Absorption rate at chemisorption depends on kL only a
ittle; even the absorption accompanied by pseudo-first order reac-
ion (e.g. absorption of diluted CO2 into NaOH solution) does not
epend [6] on kL at all.

An aim of the experiments was to obtain absorption rates of
arbon dioxide NA at nodal points of the absorbers designed by inte-
ration Eq. (1). Measurements were performed with the industrial
henolate mixture (IPM) and the mixture of not-fully saturated car-
olic acid (NSCA) with toluene and water mixed in the proportion
f 1:0.23 with resulting constitution 47.4% toluene, 7.7% water and
4.9% phenols. Such conditions of the experiments were selected to
over the possible conditions in the industrial absorption columns,
.e. temperatures 50, 70 and 90 ◦C, partial pressures of CO2 from
quilibrium pressure through 700 kPa, carbonization of solution
rom 0 till 1.5 kmol CO2/m3 for IPM and 0 till 0.25 kmol CO2/m3

or NSCA.

.3. Measurement and evaluation methods

The methods employed were similar to those used in our pre-
ious work [5]. The absorption rate of carbon dioxide into the IPM
nd the mixture of NSCA, water and toluene were measured as fol-
ows. The evacuated cell was filled with degassed absorption liquid
nd after the desired temperature had been established the equi-
ibrium pressure of water, phenols and toluene vapours above the
olution, po

vapor , was recorded. Then the solution was exposed to
ure CO2 and the time course of pressure in the cell was recorded.
hen equilibrium was attained (i.e., the pressure in the cell reached
steady-state) the equilibrium pressure of CO2, pA, was recorded.
fterwards a further amount of pure CO2 was added into the cell
nd the procedure was repeated with the same initial pressure.
he initial pressure ranged from 100 to 750 kPa. The time courses
f the pressure in the cell in each experiment, p(t), were fitted by
he multinomial of the shape

(t) = b0 + b1 t + b2 t2 + b3 t3 + b4 t4 (2)

orrelation coefficients of the equation were higher than 0.9999 in
ll the experiments. The instantaneous absorption rates of carbon
ioxide were calculated from the relation

A = − VG

Acell RT

dpA

dt
= − VG

Acell RT
(b1 + 2b2 t + 3b3 t2 + 4b4 t3) (3)

ecause the partial pressure of carbon dioxide is given by the rela-
ion

A = p − po
vapor (4)

nd tension of vapours above the solution po
vapor is constant dur-
ng the experiment. Instantaneous carbonization of solution, cA,
xpressed as number of CO2-kmoles absorbed in 1 m3 of absorbing
olution, was evaluated from the difference of the amount of CO2
ntroduced to the cell from the storage tank, nAo, and the amount
f CO2, which remained in gaseous phase in the cell at the given
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Table 1
Empirical parameters of Eq. (9).

T (◦C) 50 70 90

a1

a01 −0.5547 −0.5440 −0.5595
a11 2.936e−5 5.343e−5 9.890e−5

a2

a02 −1.400e−3 −1.657e−2 −1.838e−2
a12 −1.163e−4 −1.783e−4 −3.260e−4

a3

a 2.952 1.582 1.174
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in which the absorption rates for all temperatures and the mean
relative deviations are given, that a good agreement was achieved
between the experimental and from the relations (8) and (10) cal-
culated values.

Table 2
Empirical parameters of Eq. (11).

t (◦C) 50

b1

b01 8.934e−4
b11 1.233e−4

b2
Fig. 3. Course of experiment performed with IPM at 50 ◦C.

oment, nAG,

A = nAo − nAG

VL

= VSG�pSG − VG(b0 + b1 t + b2 t2 + b3 t3 + b4 t4)
VL RT

(5)

or illustration, results of one experiment performed with indus-
rial mixture phenolate (IPM) at 50 ◦C are plotted in Fig. 3. The time
rofile of pressure in the cell, fitted by the relation (2), is given as
ell as the dependence of carbon dioxide absorption rate on the

olution carbonization.
Solubility of CO2 in the saturated carbonic acid with toluene was

etermined as follows. Known amount of the liquid was fed to the
ell and was saturated by carbon dioxide at about 500 kPa. In this
ay, all alkalinity was removed from the sample, which could bind
O2 chemically. Then, all physically dissolved CO2 together with
ther gases were removed from the sample by vacuum, vapour
ressure was determined and subsequently, a known amount of
arbon dioxide was introduced to the cell from the gas storage.
he solubility was calculated from the liquid sample volume, the
mount of carbon dioxide added and final equilibrium pressure in
he cell.

. Results and discussion

.1. Equilibrium data

An average equilibrium partial pressures of water and phenols
apours above the IPM, po

vapor , measured at the beginning of the
xperiments performed at 50, 70 and 90 ◦C were 9.18, 21.05 and
5.72 kPa, respectively and are well correlated by the relation of
ntoine type

n po
vapor = −11.5876 − 4703.7

t − 391.45
(6)

verage equilibrium partial pressures of water, phenols and toluene

apours above the mixture of NSCA with toluene measured at
he beginning of the experiments performed at 50 ◦C equals to
6.01 kPa.

The equilibrium partial pressure of carbon dioxide, p+
A , above

he saturated carbonic acid with toluene as a function of physically

b

03

a13 −2.100e−3 −3.448e−4 3.339e−4

4 0.5580 0.5428 0.5545

issolved carbon dioxide, c+
A , in the solution at 50 ◦C was fitted well

s

+
A = 1758c+

A (7)

.2. Absorption rate of carbon dioxide into IPM and NSCA with
oluene

The experimental absorption rates, NA, into the IPM were mea-
ured at three temperatures (50, 70, and 90 ◦C) and into the NSCA
ixture with toluene at 50 ◦C only. Their dependences on partial

ressure of carbon dioxide pA and carbonization of the solutions cA
ere correlated at individual temperatures ti by the formula

A(cA, pA; tj) = a1 [1 − a2(2 − cA)a3 ]1/a3 + a4 for IPM (8)

here ai are linear function of pA

i = a0i + a1ipA i = 1, 2, 3 (9)

nd

A(cA, pA; tj) = b1 + b2(cA)b3 for NSCA with toluene (10)

here bi are linear function of pA

i = b0i + b1ipA i = 1, 2 (11)

he parameters ai and bi were established by minimizing the sum
f squares of relative errors. The results are given in Tables 1 and 2
ogether with the relative mean deviations between experimental
nd from the relations (8) and (10) calculated values. The exper-
mental absorption rates into IPM and NSCA determined at 50 ◦C
re plotted in Figs. 4 and 5, respectively. It is apparent from Fig. 6,
b02 −1.498
b12 1.809e−3

3

b03 3.646
b13 −2.437e−3
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ig. 4. Carbon dioxide absorption rate in IPM at 50 ◦C. Lines calculated from Eq. (8).

.3. Mass balances of the industrial carbonization unit working
t various pressures

Input data of the mass balances of the carbonization unit pre-
ented in Fig. 1 are given in Table 3. Assuming the same composition
f the streams 1 and 18 (see Table 3), we obtain dimensions of the
olumns D and H on the safe side of the design compared to the

ituation when carbon dioxide in the streams 9 and 16 is absorbed
nto the IPM in the column B. Balance-sheet for total pressures of
50 and 500 kPa are given in Table 4. The results show advantages
f the higher-pressure technology: (i) amount of degassed stream
, released from the first column, is lower about 14%. (ii) Total con-

c

f
t

able 3
nput data of the mass balances of the carbonization unit given in Fig. 1.

tream Flow (t/h) Composition

, 18 3.75 10.8% NaOH
– % NaHCO3/% N
– 47.4% toluene;
– M4/m3 = 0.23
– 5% H2O; 0.03%
– 99% vol. CO2; 1

0 0.9264 Toluene

able 4
ass balances of the carbonization unit at the total pressures of 250/500 kPa.

tream Flow (t/h) Alkalinity (kmol Na+/t) Carbonizatio

, 18 3.75 2.70 0
3.23 3.14 1.82
1.95 0.335 0.168
0.450 0 0
0.505 1.27 1.27
1.90 0.0075 0.160

0 0.926
1 5.18 2.08 1.198
2 2.40 0.272 0.136
3 2.40 0.272 0.136
4 3.75 2.71 1.48
5 1.90 0.0075 0.052/0.0477
6

a The data for the total pressures of 250/500 kPa.
ig. 5. Carbon dioxide absorption rate in NSCA at 50 ◦C. Lines calculated from Eq.
10).

umption of carbon dioxide is lower. If CO2 released in the stream
6 is reused for carbonization of IPM in the column B, the total
onsumption reduces about 11%. (iii) Amount of CO2 released in
xpander J from SCA is 2.6 times higher.

.4. Calculation of the packing height of the industrial absorption

olumn

Interfacial areas, Aw, needed to meet the required carbonizations
or the individual technological variants were calculated from rela-
ion (1) by integration of local absorption rates along the column.

� (kg/m3)

1150
a2CO3 = 0.38
7.7% H2O; 44.9% phenols; 13.4 g NaOH/1 kg

NaOH
%vol. inerts

n (kmol CO2/t) Flow (kmol/h) CO2 (% vol.) t (◦C)

0 50
50
50
50
50
50

6.32/6.01a 99 50
6.36/5.44a 88.7 50
0.152/0.131a 50 50

50
60.8
50
50
63.3

a 50
0.276/0.716a 74.1 50
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Table 5
Packing heights in the second carbonization column H for temperature 50 ◦C a pres-
sures of 250 and 500 kPa.

p (kPa) 250 500
A (m2) 15.4 10.9
B
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ig. 6. Comparison of experimental and from regressions (8) and (10) calculated
bsorption rates and mean relative differences between them.

he local absorption rates, NA, were calculated from relations (8)
or solution IPM at temperatures of 50, 70, 90 ◦C and from relation
10) for NSCA at 50 ◦C. For other than mentioned temperatures, the
ates were calculated from Arrhenius interpolation formula

A(cA, pA, t) = ˛ exp

{
ˇ

t + 273.15

}
(12)

and ˇ were determined from the rates at the nearest temperatures
i and tj

(
1 1

)−1
NA(cA, pA, ti)
ˇ =

ti + 273.15
−

tj + 273.15
ln

NA(cA, pA, tj)

˛ = NA(cA, pA, ti) exp

{
− ˇ

ti + 273.15

} (13)

Fig. 7. Schema of the slice balance of column.
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(m/h) 35 40 50 35 40 50
(m) 0.303 0.28 0.27 0.303 0.28 0.27
(m) 1.48 1.69 1.90 1.05 1.19 1.34

nput data for the integration of Eq. (1) were as follows (see Fig. 7):
i) volumetric liquid flow rate, V̇L , (ii) carbonization of input solu-
ion, cA1, and required carbonization of output solution, cA2, (iii)
olumetric fraction of carbon dioxide in entering, yA1, and exiting
as, yA2.

The relations pA(cA) and t(cA) follow from the slice mass and
nthalpy balances of absorber. Following assumptions were used:
i) plug flow of phases, (ii) inert present in carbon dioxide does not
issolve in liquid, (iii) the heat capacity of gas is negligible com-
ared to the liquid one, (iv) gas phase in absorber is saturated with
ater, phenols and toluene, (v) adiabatic absorption and the liq-
id temperature increase is proportional to the amount of carbon
ioxide absorbed. These assumptions – except of (i) – underesti-
ate mass transfer driving force of absorption and thus, lead to

he design on the safe side. Then the relations have the following
orms:

A(cA) = yAp = [p − po
vapor(t) − po

T (t)]
nG1yA1 − V̇L(cA − cA2)

nG1 − V̇L(cA − cA2)
(14)

(cA) = t1 − (cA − cA1) �t (15)

as flow rate at the inlet to the absorber nG1 is calculated from
ollowing overall CO2 mass balance

G1 = V̇L(cA1 − cA2)
1 − yo

1 − yA2

yA1(1 − yo
1) − yA2

(16)

here yo
1 = [po

vapor(t) + po
T (t)]/p and toluene vapour pressure is

og po
T (t) = 6.07954 − 1344.8

t + 219.482
(17)

easured value of the adiabatic temperature rise of liquid due to
O2 absorption in IPM was �t = 9 K m3 IPM/kmol CO2. This value
as used also for calculations in NSCA.

Eq. (1) was integrated numerically by using the net of 200 nod-
cal points. In calculations, zero carbonization of IPM entering the
rst column was considered, although can be expected that the
ntering IPM will already be partially carbonized at finish-cleaning
olumn B (see schema Fig. 1). The calculations were done for two
ressure levels (250 and 500 kPa) and three liquid loads B (35, 40
nd 50 m3/m2 h) preventing crystallization of bicarbonate on the
acking. The areas Aw were then converted to packing height H and
olumn diameter d for the selected liquid loads and packing type of
alu flow ring no. 1 of geometric specific area aw = 144 m2/m3. The
acking heights of the first carbonization column are given in Fig. 8
or various liquid temperatures at the inlet of the column t1 and
hose in the second column are in Table 5 for temperature 50 ◦C. The
igh packing heights at high temperatures are due to high vapour
ensions of the solution and toluene which lower driving force of
bsorption.

. Final production industrial columns
On the basis of the performed calculations, two carbonization
olumns working at pressure of 500 kPa and temperature in inter-
al 50–60 ◦C with pure carbon dioxide of the purity better than
9% have been used for carbonization of 30 000 t/year of phenolate
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ig. 8. Packing height H in the first carbonization column packed with Ralu flow
ing no. 1 as a function of inflowing liquid temperature t1 at three liquid loadings B
nd two pressures.

olution in coal-tar processing at DEZA a.s., Valašské Meziříčí, Czech
epublic. Alkalinity of the final organic phase of the saturated car-
olic acid in the output stream of the second carbonization column
id not exceed 0.009 kmol Na+/t.

.1. Construction of the first carbonization column

Inner diameter of the column is 0.35 m, packing height 3.2 m of
etal Ralu ring 25 mm. The packing is divided into three sections

amely 0.5, 2.2 and 0.5 m separated by redistributors of liquid with
eparated flow of phases. In the upper section, inert components
resented in the “pure” carbon dioxide accumulate. The redistrib-
tor reduces their transport into lower parts of the column by axial
ispersion. On the lower redistributor (situated 0.5 m above the
olumn bottom), toluene and recycled stream of bicarbonate from
he second column are fed. In the low section, the liquid phases are
ell mixed and the bicarbonate is converted back onto carbonate.
arbon dioxide is fed into the bottom and, at the same time, above
he low redistributor to prevent flooding in the column owing to
ossible foaming of the solution in lower parts of the column.

.2. Construction of the second carbonization column

Inner diameter of the column 0.3 m, packing height 1.5 m of
etal Ralu ring 25 mm. Carbon dioxide is fed to the head of the

olumn. Co-current configuration has been used to prevent from
ooding the column.

. Conclusions

The empirical simulation method, developed by Danckwerts
nd Gillham [1] and Laurent and Charpentier [2] for calculation

f the packing height of industrial packing absorption column
or complicated absorption systems, was successfully used in the
esign of pressurized carbonization columns for regeneration of
henols from phenolate solution by carbon dioxide absorption.
tirred cell was used as a model contactor. Correlations for the

[

[

d Processing 48 (2009) 569–575 575

ate of carbon dioxide absorption by phenolate solution valid in
wide rane of temperatures (50–90 ◦C) and partial pressures of

arbon dioxide (0–700 kPa), enabling this design, are presented as
qs. (8)–(13).
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ppendix A. Nomenclature

w specific geometrical area of packing (1/m)
cell gas–liquid interfacial area in stirred cell (m2)
w gas–liquid interfacial area in packed column (m2)

liquid load (m/h)
A concentration of carbon dioxide (mol/m3)

column diameter (m)
height of packing (m)

G mass transfer coefficient in gas (m/s)
L mass transfer coefficient in liquid (m/s)
A absorption rate of carbon dioxide (mol/m2s)
Ao amount of CO2 introduced to the cell from the storage

tank (mol)
AG carbon dioxide in gas phase in the cell (mol)
G1 gas flow rate at inlet to absorption column (mol/s)

total pressure (Pa)
A partial pressure of carbon dioxide (Pa)
o
vapor partial pressures of water and phenols vapours above the

IPM (Pa)
o
T vapour pressure of toluene (Pa)
pSG pressure drop in the storage tank (Pa)

gas constant (Pa m3/mol K)
time/temperature (s/◦C)
temperature (K)

L liquid volume in stirred cell (m3)
G gas volume in stirred cell (m3)
SG volume of dosing CO2-reservoir into stirred cell (m3)

˙ L liquid volume flow rate in to column (m3/s)
molar fraction

o
1 = [po

vapor + po
T ]/p
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Abstract 

 

Volumetric mass-transfer coefficient in the liquid phase, kLa, for Mellapak 250.Y, 350.Y and 500.Y 

structured packings has been measured by standard method of desorption of oxygen into nitrogen from 

pure methanol, ethanol and n-propanol in the column of i.d. of 150 mm. Although utilization of organic 

solvents for absorption experiments provides valuable behavior interlink between properties of aqueous 

absorption systems and ordinary (organic) systems under distillation conditions, studies of such kind are 

not published in the open literature.  

The behavior of the kLa data on alcohol systems do not differ significantly from that found for aqueous 

system, the kLa values rise with the liquid superficial powered to ~ 0.5 - 0.78. For one solvent the kLa are 

almost identical for all three packings under the same superficial velocity. According to the expectations 

the kLa values under the same superficial liquid flow rate are highest for the solvent with the lowest 

viscosity and the highest diffusivity of oxygen, methanol, and decrease in the order ethanol, n-propanol 

and water.  

                                                      
1
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The kL data for all three packings, alcohols and also for water has been successfully correlated by 

dimensionless correlation                                        with mean relative deviation of 

12 %. 

1 Introduction 

 

As an important step for more reliable design of packed absorption and distillation columns we see 

adoption of the rate-based approach for their modeling. Utilization of the rate-based modeling demands 

reliable and accurate knowledge of its parameters, volumetric mass-transfer coefficients. These 

coefficients can be predicted from various models which also describe their dependence on the process 

conditions. To make sure that these predictions are reliable and the models are generally true, they 

should be based or verified against experimental data obtained by standard procedures under as broad 

as possible conditions, namely also under distillation ones. 

Evaluation of the volumetric mass-transfer coefficients, kLa, kGa, under distillation conditions by the 

novel “profile method”  [1], [2], [3] provided very reasonable results in terms of gas-phase ones, but 

results in dependence of kLa values on liquid flow rate of kLa~uL
1, which is steeper than that found 

during absorption experiments, where kLa~uL
0.62-0.9. The significant difference in the properties of the 

distillation mixtures and mostly aqueous systems used for the absorption experiments was suspected as 

a possible cause of the difference. 

This paper refers on kLa data obtained for Mellapak 250.Y, 350.Y and 500.Y structured packings by 

desorption of oxygen into nitrogen from oxygen saturated methanol, ethanol and n-propanol at 20°C. 

The alcohols have been chosen as the constituents of the distillation mixtures used for the profile 

method experiments. They also differ significantly in viscosity and oxygen diffusivity and therefore cover 

broad spectra of the physical properties. Although only Mellapak 250.Y has been used for the mirrored 

distillation experiments, usage of the other packings broadens the experimental portfolio by 

geometrically similar packings of different size. 
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2  Literature review 

 

Volumetric mass-transfer coefficient in the liquid phase, kLa, on structured packings has been measured 

under absorption / desorption conditions with water as a liquid phase by stripping of low soluble gases 

[4], [5], [6], [7] or toluene [8] into the inert gas. The results are shown in the Fig. 1. 

 

Fig. 1 – Liquid phase volumetric mass-transfer coefficient, kLa. Experimental data for Mellapak 250.Y. 
Measured with, or recalculated to the O2 - H2O system.   

For the mutual recalculation of the results obtained with different absorbed / desorbed solutes i, j 

equation based on the penetration theory (1) was used 

      

      
  

  
  

 (1) 

The kLa values reported by the investigators are given either only in the graphical 

form [6] or correlated [4], [5] as a dependence of kLa on the liquid velocity uL in the 

power law form (2) with α in the range of 0.62 - 0.9 (see  
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Table 1). 

      
   (2) 

 

 

 

 

Table 1: kLa values and their trend with liquid velocity for metal Mellapak 250.Y and 

oxygen stripping from water 

  C0 in the  

equation (2) 

kLa [1/s] for B = 20 m/h  

 

Laso (1995) oxygen stripping 0.62 0.0229 

Brunazzi (1997)  CO2 stripping 0.90 0.0080 (bed height = 0.84m) 

Valenz (2011) oxygen stripping 0.668 0.0175 

Wang (2014)  toluene stripping 0.875 0.0114* 

* - recalculated to O2-H2O system according to Eq. (1) 

 

Some authors performed kLa measurements using aqueous systems with modified physical properties 

[9] or with packings of different geometry [8] what enabled more elaborated dimensional or 

dimensionless correlation of the data. While dependence of kLa on the gas velocity up to the loading 

point was found negligible [7], significant dependence of the kLa on the total packed bed height has 

been reported for random [10] as well as structured [7] packings. Large difference in experimentally 

obtained kLa values can be observed and the recent urge for the measurement and evaluation method 

standardization [11], [12], [13] is therefore comprehendible.  

Many mass-transfer models for packed columns have been developed on the basis of the experimental 

data and theoretical considerations; summary of the models developed until 2005 can be found in [14] 

and recent actualization on the limited topic of the liquid side mass-transfer coefficient models on 
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structured packings in [15]. The kLa data calculated out of several models [16], [7], [17], [18], [19], [8] for 

several conditions treated in this work are depicted in the Figs 2-2a,b,c. 

 

  

 

 

Fig. 2 – Liquid phase volumetric mass-transfer coefficient, kLa. Prediction of the literature models. (a) 
Mellapak 250.Y (H2O-O2). (b) Mellapak 250.Y (MeOH-O2). (c) Mellapak 500.Y (MeOH-O2) 

 

The kLa data predicted by the models for water (Fig. 2a) exhibit similar scatter as the experimental data 

(Fig. 1). The scatter increases when non-aqueous system (Fig. 2b) and different packing (Fig. 2c) is 
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introduced, demonstrating unsatisfactory knowledge of the kL dependence on the physical properties of 

the liquid and size of the packing.  

The data obtained with the water-inert gas system serve often as an experimental base for development 

of mass-transfer models which are usually assumed to be valid also for distillation conditions. However, 

water is a substance with high surface tension, far from the properties of the organic systems treated by 

distillation. There can be anticipated that the organic liquid phase in distillation experiments behaves 

significantly differently in terms of the liquid phase mass-transfer than aqueous systems under the 

desorption conditions.  

Only few papers report on absorption/desorption from/into organic liquids in any packed device [20], 

[21]. Desorption experiments with organic liquid phase have been performed recently at our workplace 

using the wetted-wall column [22], however, although the device was often taken as a basis for 

development of mass-transfer correlations for structured packings, the effect of the liquid side 

hydrodynamics on the liquid-side mass-transfer coefficient is completely different.  

There is currently no study dealing with absorption/desorption from/into organic liquids for structured 

packings published in the open literature. This article aims to fill this gap.  

 

3 Theoretical background 

 

The data for absorption of different gases into the liquid on the packing has been many times 

successfully correlated using penetration theory based on the imagination of unsteady diffusion of the 

solute into the liquid behaving like a semi-infinite slab for the period of exposure time τ after which the 

liquid is well mixed. The corresponding mass-transfer coefficient, kL, is obtained through time averaging 

of the molar flux as  
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 (3) 

 As can be seen, the penetration theory doesn’t directly describe either the influence of the liquid flow 

rate or the physical properties of the liquid on the mass-transfer rate. Their possible effect can be 

anticipated to be hidden in the value of the exposure time which can be assumed to be dependent on 

the liquid film hydrodynamics. The lack of prediction tools for determination of the exposure time on 

the basis of viscosity and surface tension can be attributed to relatively low number of experiments 

performed with different solvents.           

Forces acting on the liquid film flowing down the column on the packing and forming its velocity profile 

and thickness are the inertial, gravitational, viscous and surface ones. The hydrodynamics of the film is 

therefore described by the values of Reynolds, Froude and Weber numbers, Re, Fr, We. The relation of 

the hydrodynamics to the mass-transfer is usually expressed by introduction of the Sherwood a Schmidt 

numbers, Sh, Sc. The final correlation can take dimensionless form  

       
               (4) 

        

4  Experimental 

 

Experimental set-up 

Experiments have been carried out in the PVC-U column with of an i.d. of 150 mm (see Fig. 3). The 

packing was stainless steel Mellapak 250.Y, 350.Y and 500.Y with height of the element equal 0.21 m 

provided by Sulzer in the year 2000 and equipped with plain sheet extra wall-wipers designed at the 

workplace (see Fig. 4)2. The liquid phase flowing in the closed circuit has been pumped from the main 

tank into the column by centrifugial pump P1 through the set of turbine flowmeters F1, F2 and 

                                                      
2
 The extra wall-wipers were made from the 0.1 mm thick stainless steel band with the total height of 40 mm. The lower half 

was cut to form downward pointing triangles. The tips of the triangles were manually bended into the packing element. The 
extra wall-wipers were placed just under the lower original ones.  
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distributed over the packing by pipe-type distributor with 25 openings (1415 openings/m2). The liquid 

flowing from the packing has been collected in the liquid collector / chimney gas-distributor and flew 

back to the main tank by means of gravity. The nitrogen from the cylinder has been fed under the gas-

distributor. Its flow was controlled by control valves. 

When tap water was the liquid phase, the batch of 300-400 l was maintained at constant temperature of 

20 °C and saturated with oxygen in the agitated 500 l stainless steel tank H1.  

In the case of alcohols the main storage tank was a 30 l PVC-U vessel H2 submerged in the H1 tank filled 

with water. The water served as a supportive heat transfer medium and also as a safety measure for the 

case of a major leak from the vessel. The alcohols used were of p.a. grade. The vessel was also 

connected to the saturation loop made of i.d. 25mm glass tube with a total length of about 3 m in which 

the liquid was cooled down and saturated with oxygen. The flow of the liquid was driven by centrifugal 

pump P2 and cooled by means of the plate heat exchanger. The oxygen with a flow of approximately 

10 nl/min was introduced into the pipeline by i.d. 4 mm blunt ended steel capillary.    

   

 
 

Fig. 3 – Sketch of the experimental apparatus.   Fig. 4 – Packing with the extra wall-
wipers.  

 

Sampling and analytics 
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The sample of the liquid from the head had been taken from the pipe-line feeding the liquid distributor. 

The sample from the bottom had been taken from five points of the liquid collector. Sampling lines were 

switched by the three-way valve to the oxygen probe overflown by the sample. Sampling rate from each 

line was 6 g/s.  

Optical oxygen probe (PSt3, PreSens) was calibrated using its response in the environment of the 

measured liquid saturated with nitrogen, air and oxygen at 20 °C. The probe is manufactured for 

measurement of the oxygen fugacity in the gas or aqueous media in the fugacity range of 0 – 21 kPa, but 

it proved to be stable in the alcohol environment with the daily drift of 1.5 % on average. In the 

environment of alcohols the probe did not provide linear response with the oxygen fugacity in the entire 

0 – 100 kPa range and the second order polynomial calibration curve was therefore constructed during 

the calibration process and further utilized for evaluation of the results. The accuracy of the probes is 

assumed to be around 1.5 % for the 100 kPa oxygen fugacity and around 10 % for the 0.5 kPa oxygen 

fugacity.        

Table 2: Physical properties of the systems 

   [kgm-3]   [mPas]   [mNm-1] DO2 [m2/s]  H[Pa] 

MeOH 794 0.579 22.5 5.34x10-9 2.46x108 

EtOH 790 1.207 21.6 3.61x10-9 1.70x108 

PrOH 804 2.215 23.7 2.35x10-9 1.47x108 

WATER 998 1.002 72.8 1.90x10-9 4.05x109 

 

The physical properties of the systems used for the calculations are summarized in the Table 2. The 

densities have been calculated according to the Yaws et. al. [23], viscosities according to the Reid et. al. 

[24], surface tension according to the Yaws [23], the diffusivities have been calculated according to the 

Tyn and Calus method [25] and the solubility data were taken from APV86 HENRY database of Aspen 

SW.  
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Volumetric mass-transfer coefficient, kLa, evaluation 

As the samples were not taken out of the packing there was necessary to subtract end-effects formed by 

1) mass-transfer in the space between the packing and the liquid distributor as well as between the 

packing and the liquid collector and in the liquid collector itself; 2) different gas-liquid behavior of the 

packing close to its upper and bottom edge and the middle section of the packed bed. The subtraction 

was performed by measurements with ‘short’ and ‘long’ bed under the same liquid flow rate, as 

discussed e.g. by Billet [26]. The distance of the liquid distributor and liquid collector from the edge of 

the packed bed was kept constant for both cases. The kLa for given liquid flow rate with the end-effects 

subtracted has been evaluated using 

    
  

            
   

  
    

  
    

  
     

  
       (5) 

For measurements performed with water the ‘short’ bed consisted of two packing elements while the 

‘long’ bed consisted of four, six or eight elements. For the measurements with methanol and ethanol 

the maximum number of elements forming the ‘long’ bed were three, otherwise the bottom fugacity of 

oxygen in the liquid was below that the probe was able to determine with reasonable accuracy. For 

measurements with all three alcohols the ‘short bed’ therefore consisted of only a single element (H = 

0.21 m) in order to keep possibility to check agreement of the results obtained with at least two heights 

of the ‘long’ bed  (two elements: H = 0.42 m, three elements: H = 0.63 m)  and to keep procedure for all 

alcohols constant. The kLa data evaluated from the measurements with the ‘long’ bed consisting of two 

elements (together with the data measured with single element ‘short’ bed) are further denoted as “2-

1” while the data evaluated from the measurements with three elements ‘long’ bed (together with the 

data measured with single element ‘short’ bed) are denoted “3-1”. Intense mass-transfer in the liquid 

collector and mass transfer in subtracted part of the packing was also found sufficient for saturation of 

the nitrogen with alcohol vapors.  
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Fig. 5 – End-effect evaluation. NTUL dependence 

on the height of the packed-bed, H. Legend for Fig. 5 

 

Following treatment by Billet [26], the raw number of transfer units in the liquid, NTUL, was evaluated 

out of the head and bottom fugacity of the oxygen for all three heights of the packed bed and NTUL (H) 

dependence was fitted with a straight line.  For several conditions it is depicted in the Fig. 5. 

 

       
  
  

 Eq. (6) 

 

With exception of the outlying data for Mellapak 500.Y and B=60 m/h one can observe that 1) the 

dependences NTUL (H) is linear; 2) these dependences intercept the vertical axis in the limited range 

(around value of NTUL = 1).     

This suggests that 1) all the external and internal end-effects affecting the measurements with ‘long’ 

bed configuration are completely developed already for the ‘short’ bed, and can be therefore subtracted 

according to (5); 2) the end-effects are of similar magnitude for all conditions.  
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5 Results 

The PVC-U i.d. 150 mm column was a new experimental set-up and therefore the measurement method 

has been first thoroughly verified by the experiments with water on Mellapak 250.Y packing. A 

significant dependence of the obtained kLa on the packed bed height as well as noticeable wall flow 

have been observed. Both phenomena have been suppressed by installation of additional plain sheet 

wall wiper on each packing element – after its installation the dependence of kLa on the height of the 

packed bed almost vanished and kLa values nearly matched those found for the i.d. 300 mm column (Fig. 

6a).  

 

  

 

 

Fig. 6 – Experimental data and their correlation (Eqs. 7, 10). (a) Mellapak 250.Y. (b) 
Mellapak 350.Y. (c) Mellapak 500.Y. 
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Measurement of the kLa with methanol proved difficult due to its high degree of desaturation and 

corresponding low values of the bottom oxygen fugacity, which determined the lowest achievable liquid 

flows. High oxygen solubility in alcohols necessitated introduction of the maximum achievable stable 

flow of the nitrogen and it became a limiting factor for the achievement of the valid data for high liquid 

superficial flow.  

Conversely, liquid collector / gas distributor hydraulic behavior was a limiting factor for achievement of 

high liquid superficial flows with n-propanol.  

The measured kLa data for all three packings and all three alcohols in the dependence on liquid 

superficial velocity are depicted in the Fig. 6a,b,c. The numbers in the brackets depict number of 

elements for ‘long’ and ‘short’ bed. Out of the 97 obtained experimental kLa values 5 were discarded as 

outlaying. The data have been correlated with average R.S.D. of 8% by the equation 

       
   (7) 

with optimized constants provided in the Table 3.  

Table 3: Constants of the Eq. (7) 

  Mellapak 250.Y Mellapak 350.Y Mellapak 500.Y 

  C1 C2 C1 C2 C1 C2 

MeOH 0.00754 0.618 0.00151 0.499 0.00463 0.761 

EtOH 0.00416 0.689 0.00472 0.684 0.00319 0.781 

PrOH 0.00286 0.693 0.00355 0.662 0.00298 0.656 

WATER 0.00320 0.557 0.00243 0.720 0.00124 0.821 

 

The kLa values measured for “2-1” and “3-1” configurations are almost identical for the most 

experimental conditions, proving successful subtraction of the end-effects. The behavior also suggest 

sufficient stripping gas saturation with alcohol vapors before entering the measurement section and 
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maintenance of the sufficiently low oxygen concentration in the stripping gas in the frame of the bed. 

Only exception are the data for the methanol and Mellapak 500.Y packing (Fig. 6c).  

The kLa values for the same liquid superficial velocity and the same alcohol do not increase 

systematically with packing geometrical area. Such behavior has been observed for water [5] as well.  

Assuming increasing effective interfacial area with the geometrical one this finding implies decreasing 

values of the mass-transfer coefficient, kL. This in turn can be explained by decreasing liquid interstitial 

velocity on the individual packing sheet as the same liquid flow needs to be distributed on the higher 

number of sheets for the packing with higher geometrical area.       

 

Mass-transfer coefficient, kL, evaluation 

The data processing consisted of extraction of the mass-transfer coefficient kL from kLa data 

   
   

   
 (8) 

The effective area for the conditions of kLa measurement (physical absorption) is not known and its 

closest experimentally achievable approximation was assumed to be the effective area, aCH, obtained for 

the same packing types by the chemisorption of CO2 into aqueous solution of sodium hydroxide [5]. The 

values were calculated according to (9) with constants from the Table 2, the data are graphically 

presented in the Fig. 7. 

       
   (9) 

Table 4: Constants of the Eq. (9) 

PACKING C3 C4 

Mellapak 250.Y 135 0.110 

Mellapak 350.Y 206 0.0626 

Mellapak 500.Y 186 0.112 
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Fig. 7 – Effective interfacial area, aCH, from chemisorption experiments. 

Usage of chemisorption area, aCH, for extraction of the kL from kLa data mostly proved to provide better 

match of developed correlations to the experimental data than usage of geometrical area, aG.   

 

Mass-transfer coefficient, kL, dimensionless correlation 

The kL data for all alcohols, water and for all packings have been correlated in the dimensionless form  

                                        (10) 

with R.S.D. of 12.1%, its success in data fit is shown in the Fig. 8. The similar absolute value of the 

powers at Froude and Weber numbers suggests that the effect of the inertia forces connected with 

these numbers cancels and the numbers can be combined into the Eötvös (Bond) number. After the 

optimization the correlation results in 

                                (11) 

with only minor increase in R.S.D. to the value of 12.6%.  
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The dependence of kL on individual physical quantities as predicted by the Eq. (10) in the form of simple 

power-law dependence 

                 (12) 

is shown in the Table 5.  

Table 5: Dependence of kL on physical quantities according to the Eq. (10).    

Quantity uL   a   g   D 

Power 0.694 0.781 -0.872 -0.27 0.563 -0.511 0.472 

 

The correlation Eq. (10) predicts dependence of the mass-transfer coefficient on the diffusivity with 

power of 0.472 and 0.538, respectively, close to the prediction of the penetration theory (which predicts 

0.5). The correlation predicts the same magnitude but opposite effect of the gravity acceleration and 

the surface tension and relatively small effect of the viscosity. An increase in the packing area has 

significant negative effect on the value of the mass-transfer coefficient. This corresponds with the fact 

that the kLa values for the packings of different sizes (i.e. of geometrical areas) do not change 

significantly.  The 0.7 dependence of the kL on the liquid superficial velocity is in approximate agreement 

with prediction of the models but is too low for explanation of the data evaluated from the distillation 

experiments. In the same time it is higher than predicted by penetration theory. Significant dependence 

on density suggests, that out of various extensive quantities it is in fact mass-flow what directly affects 

mass-transfer on the packing.   
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Fig. 8 - ShL parity graph. Experimental data and 
those calculated from Eq. (10). 

Legend for Fig. 8 

 

6 Conclusions 

Volumetric mass-transfer coefficient, kLa, were measured on three sizes of metal Mellapak structured 

packing (M250.Y, M350.Y, M500.Y) by desorption of oxygen from water and also from methanol, 

ethanol and n-propanol. When the packing was equipped with plain sheet extra wall-wipers suppressing 

significantly wall-flow of the liquid, the kLa values were found constant for different heights of the 

packed bed and for different diameter of the column.  

Under otherwise similar conditions the kLa values are similar for all packing sizes as the higher interfacial 

area is compensated by lower mass-transfer coefficient with possible slight optimum found for M350.Y.  

The mass-transfer coefficient has been successfully correlated for all packings, alcohols and water with 

R.S.D. of 12 % by dimensionless equations (10) and (11) based on the analysis of the forces acting on the 

liquid film flowing down the packing. The diffusivity power of just a little under 0.5 supports the 

penetration theory model for mass-transfer description. The inertial and gravitational forces were found 

supportive for the mass transfer while the viscous and surface forces were found to be suppressive for 

the process. On the basis of the correlations the kL values rise approximately with 0.7 power of the 
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liquid load. The 0.7 power dependence of the kL on the liquid superficial velocity is close to the 

prediction of many mass-transfer models but doesn’t bring any new clue for explanation for the kLa 

behavior evaluated from the distillation experiments.  
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8 List of symbols 

a interfacial area of the packing, (m2/m3) 

aG geometrical area of the packing, (m2/m3) 

aCH effective area measured by chemisorption experiments, (m2/m3) 

B liquid superficial velocity, (m/h) 

Ci multiplication constant or power of a quantity 

c molar concentration of a solute in the liquid, (mol/m3) 

D Diffusivity, (m2/s) 

f fugacity of the oxygen in the liquid, (Pa) 

g gravity acceleration, g = 9.81 m/s2 

H height of the packed bed, (m)  

H Henry constant, (Pa) 

kL liquid phase mass-transfer coefficient, (m/s) 

kGa volumetric gas phase mass-transfer coefficient, (1/s) 

NTUL number of transfer units in liquid,        
  

  
 

kLa volumetric liquid phase mass-transfer coefficient, (1/s) 
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uL liquid superficial veloctity, (m/s) 

 

Greek symbols 

α power of a quantity     

ν kinematic viscosity, (m2/s) 

  dynamic viscosity, (Pa·s) 

ρ density, (kg/m3) 

σ surface tension, (N/m) 

τ exposure time, (s) 

 

Subscripts 

b bottom 

h head 

s superficial 

i interstitial 

i,j individual solutes  

 

Superscripts 

long long bed 

short short bed 

 

 

 

 

 

Dimensionless numbers 

   
  

      
liquid phase Eötvös (Bond) number 
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liquid phase Froude number 

   
   

     
liquid phase Reynolds number 

   
 

 
 liquid phase Schmidt number 

   
  

    
 liquid phase Sherwood number 

   
   

 

    
 liquid phase Weber number 

 

Abbreviations 

i.d. inner diameter 

M250.Y Mellapak 250.Y 

M350.Y Mellapak 350.Y 

M500.Y Mellapak 500.Y 

EtOH ethanol 

MeOH methanol 

PrOH n-propanol 

R.S.D relative standard deviation 
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Volumetric mass-transfer coefficient in the gas phase, kGa, for Mellapak 250.X and 250.Y

structured  packings has been measured by standard method of absorption of SO2 from

carrier  gas to aqueous solution of NaOH in the i.d. 150.6 mm absorption column. Three car-

rier  gases – He, N2 and SF6 – have been utilized providing wide range of ScG from 0.49 to

2.32.  The gas-phase mass-transfer coefficient, kG, has been calculated from the experimen-

tal  kGa data as the ratio of kGa and of the effective interfacial area, a, measured utilizing

CO2/NaOH system. The experimental and literature kG data for Mellapak 250.X, 250.Y, 350.Y

and  500.Y have been correlated by dimensionless correlation ShG = 2.7 + 0.038 · Re0.88
LG · ScˇG

with  ̌ = 0.33 + 0.9 · exp (−0.6 · ScG).  The correlation fits the data in the wide range of ReLG
istillation

ass transfer

tructured packing

and ScG covering the process conditions of common absorption and distillation columns.

©  2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
.  Introduction

ounter-current gas–liquid contactors – absorption and distillation

olumns – are the most widely used separation devices in the chemical

ndustry. Humphrey (1995) estimated that only in US there are more

han  40 000 of distillation towers which handle almost 90% of all sep-

ration  processes. The columns are equipped either with trays or with

andom  or structured packings. The latter are widely used in these

ontactors because of the low ratio of pressure drop to separation effi-

iency.  Their mass-transfer efficiency is usually described by means of

ETP  or, in the case of the rate-based modeling, by the mass-transfer

oefficients in the liquid and gas/vapor phase – kL and kG – and the

ffective interfacial area a.

Numerous models of the mass transfer in structured packings can

e  found in literature; their comprehensive overview and comments

re  given in Wang et al. (2005). Some of them are already incorporated

nto Aspen Plus or CHEMCAD engineering packages and they are rou-

inely  used in a column design. In our previous papers (Rejl et al., 2015;

alenz  et al., 2011) we discussed the reliability of kG and kGa values

redicted by these models for absorption and distillation conditions

nd  Mellapak 250.Y structured packing. Significant differences in pre-

icted  kG and kGa values have been revealed; the predictions differ not

nly  in the values of these parameters but also in their dependencies
n gas/vapor flow rate. The power-law dependence of kG ∝ u˛G,s with ˛

∗ Corresponding author.
E-mail  address: jan.haidl@vscht.cz (J. Haidl).

ttp://dx.doi.org/10.1016/j.cherd.2017.07.034
263-8762/© 2017 Institution of Chemical Engineers. Published by Elsev
ranging from 0.6 to 1 is predicted according to these models. Almost

all  models (except of the correlation of Wang et al. (2016)) involve

the dependence of kG ∝ D2/3
12,G taken from the Chilton-Colburn analogy

(Chilton and Colburn, 1934). The differences found in existing models

led  us to re-opening of the question about modeling of the gas-phase

mass transfer in structured packings.

For the purpose of the gas-phase mass-transfer modeling the struc-

tured  packing is usually described as a bundle of inclined channels of

hydraulic  diameter dh. The modeling of the mass transfer in the pack-

ing  channel is then based on the correlations for kG in a wetted wall

column.

The  turbulent character of the gas flow in the packing channel is

tacitly  assumed due to frequent direction changes in the gas flow.

The  gas-phase mass-transfer characteristics of the wetted wall col-

umn  are usually published in a dimensionless form as a dependence of

gas  phase Sherwood number, ShG, on system properties characterized

by Schmidt number, ScG, and the hydrodynamic conditions character-

ized  by Reynolds number, ReG.1

The simplest and often utilized relation for ShG is a simple power-

law  form

ShG = A · Re˛LGSc
ˇ
G (1)
1 Similarly the heat-transfer characteristics are correlated as a
dependence  of Nusselt number on Prandtl and Reynolds numbers.

ier B.V. All rights reserved.
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Nomenclature

List of symbols
A  (−) Correlation parameter independent on Sc and

Re
ASc (−) Correlation parameter dependent on ScG

a (m2/m3) Effective interfacial area of the packing
ag (m2/m3) Geometrical area of the packing
B  (m/h) Liquid superficial velocity
b  (m)  Length of the channel base
c (mol/m3) Molar concentration
D12 (m2/s) Binary diffusion coefficient
deq (m) Equivalent diameter of the packing
dh (m) Hydraulic  diameter of the packing channel
g (m/s2) Gravitational acceleration, g = 9.81 m/s2

h (m)  Height of the packing channel
hL (m3/m3) Liquid hold-up
kG (m/s) Mass-transfer coefficient in the gas phase
kGa (s−1) Volumetric mass-transfer coefficient in the gas

phase
lh (m) Characteristics length of the packing channel
o (m)  Channel perimeter
p  (Pa) Pressure
S (m2) Channel cross-section
s  (m)  Length of the channel side
u (m/s) Velocity
x,y,z (m)  Spatial coordinates in Eq. (15)
yi (−) Molar fraction of component i

Greek symbols
˛  (−) Correlation parameter, power at Re

 ̌ (−) Correlation parameter, power at Sc (Pr)
ε (m3/m3) Packing void fraction
�  Channel inclination angle
ϑ  Liquid effective angle of channel
� Gas–liquid interaction parameter (DELFT

model)
� (Pa s) Dynamic viscosity
�  (kg/m3) Density

Dimensionless numbers
Mi  Mixing number
Nu  Nusselt number
Pr  Prandtl number
Re  Reynolds number
Sc  Schmidt number
Sh  Sherwood number

Subscripts, superscripts
E  Effective (velocity)
G  Gas phase
h  Hydraulic
L Liquid phase
LG  Gas phase related to liquid phase (Reynolds

number)
lam Laminar
turb Turbulent
with parameters A,  ̨ and  ̌ evaluated on the basis of experimental

data or taken from the heat-transfer correlations utilizing the analogy

of  heat and mass transfer. This form of the ShG correlation with the
parameters A = 0.023,  ̨ = 0.83 and  ̌ = 0.44 was published by Gilliland

and  Sherwood (1934) who evaporated several liquids into the turbulent
air stream in the wetted wall column. Their data had been taken by

Chilton  and Colburn (1934) for simultaneous correlation of heat and

mass-transfer coefficients resulting in famous analogy of momentum,

heat  and mass-transfer with values of A = 0.029, ˛ = 0.78 and  ̌ = 1/3. The

value  of exponent  ̌ = 1/3 was later confirmed by Linton and Sherwood

(1950)  who measured the mass-transfer characteristics of turbulent liq-

uids  with high values of Sc. Johnstone and Pigford (1942) performed

a  series of distillation experiments in the wetted wall column and

reported good agreement of evaluated distillation ShG values with those

calculated  according to correlations of Gilliland and Sherwood and

Chilton  and Colburn. Years later Crause and Nieuwoudt (1999) per-

formed  a series of evaporation experiments in a short wetted wall

column  representing the channel of a structured packing and pub-

lished  the values of  ̨ = 1 and  ̌ = 0.5–0.55. Recently, we have performed

absorption experiments in a wetted wall column with three carrier

gases  having significantly different values of ScG (the same ones were

used  in this work) and found values of  ̨ = 0.9 and  ̌ = 0.6 (Haidl et al.,

2016).  The usability of our correlation was confirmed also for distillation

conditions proving the concept of absorption and distillation process

analogy (Rejl et al., 2016).

In our previous work (Rejl et al., 2015) we performed series of absorp-

tion  experiments on Mellapak 250.Y, 350.Y, 452.Y and 500.Y utilizing

air/SO2/NaOH(aq.) system for kGa measurement and air/CO2/NaOH(aq.)

for a measurement. The kG = kGa/a values for all packings were corre-

lated in a dimensionless form

(
kGdeq

D12,G

)
= 0.409

(
dequG,s�G

�G

)0.622( dequL,s�L

�L

)0.0592

(2)

with deq = 4ε/ag. The results indicate the value of  ̨ = 0.622 which is

in  agreement with findings of Wang et al. (2016) made for various

structured packings using the same absorption systems. It is, however,

significantly lower than the values used in the wetted wall column cor-

relations  and in other models (from 0.75 according to Billet and Schultes

(1999)  to 1 used in the correlation of Hanley and Chen (2012)).

This paper is focused on the experimental study of kG dependence

on physical properties of gas, i.e. ScG, in the range of common absorp-

tion  and distillation systems. For this purpose, the absorption of SO2

from three different carrier gases – He, N2 and SF6 – into aqueous solu-

tion  of NaOH has been utilized for the kGa measurements providing

the range of ScG from 0.49 to 2.32. The kG data measured in this work

together with the literature data are correlated resulting in one dimen-

sionless  correlation.

2.  Experimental

The kGa measurements have been performed with a proven
method  of absorption of diluted SO2 from carrier gas (N2, He,
SF6) into the aqueous solution of NaOH (Rejl et al., 2009). In this
system,  the mass-transfer resistance is concentrated only in
the gas phase due to the instantaneous reaction of SO2 with
sodium  hydroxide at the gas–liquid interface. Assuming plug
flow  of the gas phase, kGa can be calculated from the molar
fraction of SO2 in the gas sampled at the bottom and at the
top  of the packed bed according to Eq. (3).

kGa = uGs

hbed
ln
ySO2,bottom

ySO2,top
(3)

The experiments have been carried out in a 150.6 mm i.d.
absorption column made of transparent PVC-U packed with
Mellapak  250.X (M250X) or Mellapak 250.Y (M250Y) packing.
The  packed bed consisted of six elements of packing for mea-
surements  using N2 and He as a carries gas (total bed height
of  1.26 m with M250Y or 1.32 m with M250X) and of two pack-
ing  elements for measurement using SF6 (total bed height of

0.42  m with M250Y). The individual packing elements were
rotated  around vertical axes by 90◦ with respect to each other.
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Fig. 1 – Experimental setup. 1-PVC-U column; 2-gas mixing
drum;  3-sampling devices; 4-oxygen probe; 5-calibrated
orifice; 6-fan; 7-static mixer; 8-make-up gas; 9-tracer gas;
10-outgas;  11-absorption liquid storage vessel; 12-pump;
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3 It was not possible to use the Horiba analyzer for experiments
carried with SF6 due to the interference of the carrier gas with the
3-turbine flow meter.

he packed bed was  installed 0.4 m above the mixing drum
roviding  the calming section for the gas entering the packing

 see Fig. 1.
The  absorption liquid — aqueous solution of NaOH of ini-

ial  concentration of 0.5 kmol/m3 — was  fed to the column
y  means of pressurized pipe-type liquid distributor with 25
rip  points. In order to minimize the liquid entrainment from
he  top of the packing the liquid distributor was placed right
n  the packing. Two liquid flow rates corresponding to liquid
uperficial  velocities of 20 and 40 m3/m2/h were  utilized; the
iquid  flow rate was  measured with the turbine flow meter.

The  carrier gas was  recirculated in a closed loop by means
f  high speed fan; its flow rate was  controlled via the fan
evolutions and measured via the pressure drop across a cal-
brated  orifice.2 For each carrier gas the lowest gas flow rate
as  limited by the detection limit of the analyzer at the top
f  the packed bed; the highest flow rate was  limited by the
an  capacity and column hydraulics. The pressure in the loop
as  maintained approx. 200 Pa higher than the atmospheric
ressure to prevent ambient air from being sucked in. More-
ver,  the content of the closed loop was  continuously purged
ith  small amount of pure carrier gas from pressure cylinder

o  ensure high purity of the gas inside the loop. Assuming air
o  be the only gas penetrating into the loop, its concentration
nside the loop was  monitored as an oxygen level by means of

he  oxygen optical probe; the concentration of air was main-

2 The calibration of the orifice for each individual carrier gas
as  checked as a steady increase of CO2 concentration in the gas

tream  in front of the column after mixing the gas leaving the
olumn  (lean on CO2 due to its reaction with NaOH) with known
mount  of pure CO2.
tained lower than 3 %. The density of the carrier gas used for
the  evaluation of the measured data has been corrected for
the  presence of air and water vapor in the carrier gas.

The  tracer gas – SO2 – was  fed into the carrier gas in front
of  the static mixer; its flow rate was  controlled by means of
Bronkhorst

®
flow meter. The gas samples were  withdrawn

from the column by means of two sampling devices located
immediately below the packed bed and above the liquid dis-
tributor.  The construction of the sampling devices ensures
that  the gas sample is taken across the whole diameter of the
column  and prevents the liquid phase to influence the sam-
ples.  The gas samples taken below the bed (and also above
in  the measurements with SF6) have been analyzed with Sick
S710  IR spectrometer calibrated for the range 50–3000 ppm of
SO2, the samples taken above the bed have been analyzed
with  Horiba APSA-370 SO2 analyzer calibrated for a range of
20–800  ppb SO2.3 The experimental setup is drawn in Fig. 1.

3.  Results  and  discussion

3.1.  Evaluation  of  kG,  comparison  with  literature

The kG values have been calculated as a ratio of the kGa
measured in this work and the effective interfacial area, a,
measured  independently by absorption of CO2 into the NaOH
solution.4

kG = kGa

a
(4)

The values of a used in this paper and the geometrical char-
acteristics of individual packings – see Fig. 3 – are listed in
Table  1.

The  experimental kG and kGa data measured on Mellapak
250.Y at B = 20 m/h  are compared with the values predicted
by  the most used mass-transfer models in Fig. 2a–c.5 It can
be  concluded that no single model is capable to predict both,
the  kG and kGa values of those three absorption systems accu-
rately.

The  experimental kG data have been correlated in a power-
law  form

kG = A · u˛G,s (5)

with parameters A and � evaluated for each packing and each
carrier  gas separately. The parameters of the correlation and
its  relative standard deviation (RSD) are listed in Table 2.
analyzer,  therefore these experiments have been carried with a
lower  bed (2 elements only) using Sick analyzer for the samples
taken  above and below the packing.

4 Detailed description of a measurement with CO2/air/NaOH
system, kGa measurement with SO2/air and results of those mea-
surements  for Mellapak 250.X, 250.Y, 350.Y and 500.Y are given in
our  previous papers (Rejl et al., 2015; Valenz et al., 2011).

5 The brief description of the models is given in Appendix A. A
special  attention is paid to the dependence of ShG on ReG and ScG.
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Fig. 2 – Comparison of experimental and predicted kG and kGa data for M250Y packing and (a) SO2/N2; (b) SO2/He; (c)
SO2/SF6 system. B = 20 m/h.

Table 1 – Packing parameters and effective interfacial area used in this paper.

b (m) h (m) s (m) ag (m2/m3) ε (m3/m3)  � (◦) a (m2/m3)

B = 20 m/h B = 40 m/h

M250X 0.022 0.012 0.016 250 0.987 60 205 220
M250Y 0.022 0.012 0.016 250 0.987 45 200 218
M350Y 0.016 0.0084 0.012 350 0.982 45 243 260
M500Y 0.010 0.0063 0.0080 500 0.975 45 335 360

Table 2 – Parameters of correlation of kG in power-law
form (Eq. (5)).

Packing System uGS (m/s) ReLG A  ̨ RSD

M250Y SO2/N2 0.7–2.5 1500 0.0312 0.71 ± 0.01 0.03
SO2/He 1.1–5.1 400 0.0397 0.64 ± 0.01 0.02
SO2/SF6 0.2–1.1 4050 0.0261 0.75 ± 0.04 0.09

M250X SO2/N2 0.2–2.6 1100 0.0254 0.66 ± 0.01 0.03
SO2/He 0.7–5.3 250 0.0331 0.53 ± 0.01 0.02

Experimental velocity ranges for higher density gases were lower
than for low density gases due to lower hydraulic capacity of the
column.

Fig. 3 – Geometrical characteristics of structured packings.

3.2.  Dimensionless  correlation  of  kG data

It is usual to correlate kG in the form of ShG
ShG = kG · dh

D12,G
(6)
as  a function of physical properties characterized by Schmidt
number
ScG = �G

D12,G · �G
(7)
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Table 3 – Range of simulation conditions used as input
for  solution of Eq. (15).

dh/L (−) D12

(10−6 m2/s)
�  (10−6

Pa s)
uS (m/s) Re Sc

0.017–1.05 1–20 5–20  0.003–1.34 2.8–1300 0.5–10
nd hydrodynamic conditions characterized by Reynolds
umber

eLG = (uG,e + uL,e) ·  �G · dh

�G
(8)

In this paper we  follow the approach of Rocha et al. (1993)
nd  Olujić  et al. (2004) to model the packing as a bundle of
nclined  triangular channels of base b, height h and sides s.
he geometry of the packing is defined by its geometrical area

g, void fraction ε, inclination angle ϑ and channel dimensions
,  h and s (see Fig. 3). The hydraulic diameter of the channel is
efined as

h = 4S
o

=  (1 − hL)
2bh
b + 2s

(9)

The relation for the liquid hold-up, hL, was  taken from
Olujić  et al., 2004).

L = ag

(
3�LuL,s

�Lgag sin ϑ

)1/3

(10)

ith aG being the geometrical area of the packing and ϑ the
ffective  liquid flow angle defined as

 = arctan

[
cos

(
	
2 − �

)
sin

(
	
2 − �

)
cos

[
arctan

(
b

2h

)]
]

(11)

Gas flows through the packing channel with the effective
elocity

G,e = uG,s

(ε − hL) sin�
(12)

hilst liquid flows down the packing in thin films with the
ffective  velocity

L,e = uL,s

εhLsinϑ
.  (13)

A simple power-law correlation in the form of Eq. (1) is often
sed  for the description of ShG dependence on ReG and ScG.
owever,  the results listed in Table 2 show that the value of ˛

kG ∝ u˛G,s; ShG ∝ Re˛LG) varies from 0.53 to 0.75;  ̨ convincingly

ncreases with increasing value of ReLG. The variance in the
alue  of  ̨ precludes correlating the data in the simple power-
aw  form.

Moreover, the shape of Eq. (1) implies that at low values of
eLG the value of ShG will limit to zero which conflicts with
he  meaning of Sherwood number as a ratio of total mass flux
cross  the gas-liquid interfaceand of the mass flux induced
olely  by diffusion in a stagnant gas. This disadvantage can be
voided by specifying the lowest Reynolds number, ReLG,trans,
he  correlation is valid to with another correlation to be used
or  values of ReLG < ReLG,trans. The value of ReLG,trans is usu-
lly identified as a transition from laminar to turbulent flow
egime.  In our ShG data measured in the wetted wall column
Haidl  et al., 2016) the transition from laminar to turbulent flow
egime  was  observed as a steep change in the dependence of
hG on ReLG. As it can be seen in Fig. 2a–c, the experimental

ata measured in this work do not exhibit such phenomenon
o  the identification of the transition from the laminar to the
turbulent flow regime cannot be performed. As the value of
ShG must have some positive limit a correlation in the form of

ShG = ShG,0 + ASc · Re˛LG (14)

has been proposed instead of Eq. (1). ASc in Eq. (14) represents
an  unknown function of ScG; its value for each physical sys-
tem  is assumed to be constant. The shape of this function is
discussed  later.

The  quantity of ShG,0 represents the limit of ShG for low
ReLG and/or ScG values thus it should be dependent on the
packing geometry only. Its value for corrugated-sheet packing
was  obtained through numerical solution of the set of partial
differential equations describing the momentum- and mass
transfer  within the fluid flowing through the V-channel under
laminar  flow conditions:

−dp
dz

= �

(
∂2u

∂x2
+ ∂2u

∂y2

)

u (x, y) · ∂c
∂z

= D12

(
∂2c

∂x2
+ ∂2c

∂y2

) (15)

with the boundary conditions

x = 0 : u = 0, c = 0

y = 0 : u = 0, c = 0

y = x : u = 0,
∂c

∂x
= ∂c

∂y
= 0

(15a–d)

which describe the conditions (velocity and concentration) on
the channel perimeter. The solution has been obtained for
numerous  dh/L, dp/dz, D12 and � combinations — see Table 3.
From  all the numerical solutions, the limit

ShG,0 = lim
Re→0

ShG = lim
Sc→0

ShG ≈ 2.70 ± 0.05 (16)

has been evaluated. With ShG,0 = 2.7 the experimental data can
be  individually correlated using Eq. (14) with value of  ̨ in the
range  of 0.82–0.90 with value of  ̨ seemingly independent on
ReLG. The scatter of  ̨ can be probably accounted to the uncer-
tainties  in concentration and gas flow rate measurements.

In order to extend the experimental ShG database we  sup-
plemented the data measured in this work also with the data
for  air/SO2/NaOH (aq.) system on Mellapak 250.X, 250.Y, 350.Y
and  500.Y for superficial liquid velocities from 5 to 40 m/h  mea-
sured  in our previous work (Rejl et al., 2015) and also with the
data  of Kunze et al. (2015) measured on Mellapak 250Y using
air/NH3/H2SO4(aq.) system. All the data have been correlated
simultaneously with Eq. (14) resulting in the value of  ̨ = 0.88
and  values ASc listed in Table 5. The value of the relative stan-
dard  deviation (RSD) has been used as the objective function
in  the correlation. The data whose relative deviation from the
correlation  exceeded twice the RSD value of the correlation
have been excluded from the dataset and the values of ASc
and  ̨ have been re-evaluated resulting on lower value of RSD.
This  procedure has been repeated until relative deviations of
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Table 4 – Physical properties of absorption systems.

�G (kg/m3) �G (Pa s) D12,G (m2/s) ScG ReLG

SO2/He 0.187a 2.00 × 10−5 4.63 × 10−5 2.32 85–740
SO2/N2 1.14 1.75 × 10−5 1.28 × 10−5 1.20 320–2700
SO2/air 1.17 1.80 × 10−5 1.30 × 10−5 1.18 250–2300
SO2/SF6 5.78a 1.55 × 10−5 5.48 × 10−6 0.49 2000–5900
NH3/air 1.17 1.80 × 10−5 2.36 × 10−5 0.65 1300–2500

a Density of the pure carrier gas corrected to the low content of air.

Table 5 – Optimized values of ASc for each physical
system,   ̨ = 0.88.

System ScG ASc

Air, N2/SO2/NaOH(aq.) 1.19 0.0437
He/SO2/NaOH(aq.) 2.32 0.0629
SF6/SO2/NaOH(aq.) 0.49 0.0186
Air/NH3/H2SO4(aq.) 0.65 0.0251

Fig. 4 – The optimized values of ASc. Comparison with
simple power-law correlations.

Table 6 – The values of  ̌ evaluated according to Eq. (18).

Pair SO2/SF6 − NH3/air NH3/air − SO2/air SO2/air − SO2/He

imental  ShG data of Mellapak 250.Y in Fig. 6. The correlation

6 The RSD of 5% is calculated on the basis of the dataset which
remains  after outliners have been excluded (14 of 110 data
points).  The original dataset which corresponds with the results
listed  in Table 2 provides RSD of 7%. It should, however, be noted,
that  the data measured on M250X packing using helium as the
carrier  gas exhibit the highest deviation from the correlation
with  RSD of 13%.
all  the remaining data were lower than double of RSD. The
physical  properties of individual absorption systems are listed
in  Table 4.

The  shape of Eq. (1) implies ASc being a power-law function
of  ScG. The optimized values of ASc listed in Table 5 have been
therefore fitted in this form resulting in correlation

ASc = 0.035 · Sc0.72
G (17)

with the RSD of 11%.
The  value of  ̌ = 0.72 implies the dependence of kG ∝ D0.28

G,12.
In  Fig. 4 are shown the values of ASc evaluated from the
experimental data using Eq. (14) with  ̨ = 0.88 in the depen-
dence  on ScG and their comparison with the widely accepted
dependence of ShG ∝ Sc1/3

G and the optimized dependence of
ShG ∝ Sc0.72

G . It can be concluded, that the power of 1/3 which is
suitable  for the mass- and heat-transfer data measured on the
wetted-wall  column in the wide range of Sc and Pr numbers,
respectively, doesn’t fit the data measured in this work.

The  relatively high value of RSD of Eq. (17) together with
the  surprisingly high value of  ̌ led us to the deeper investiga-
 ̌ 1.05 0.92 0.50

tion of function ASc. The power-law form of ASc can be easily
rewritten in the form of

ASc,1
ASc,2

=
(
ScG,1

ScG,2

)ˇ

(18)

which can be used, for example, for recalculation of the known
value  of ASc ,1 from system characterized by ScG,1 to the system
characterized by ScG,2. If this form was used for evaluation of ˇ

from  the following pairs of ScG the values of  ̌ listed in Table 6
were  obtained.

Apparently the value of  ̌ decreases with increasing ScG.
This  observation corresponds with the findings made for heat
and  mass transfer in turbulent pipe flow which can be found
in  the literarure: the correlations describing the heat transfer
in  liquid metals (Pr ≈ 0.1) (Mikityuk, 2009) involve the value of
ˇ  = 0.5–0.9; the correlations of Gilliland and Sherwood (1934)
and  Crause and Nieuwoudt (1999) for ShG measured by evap-
oration  of various liquids into the air stream (ScG = 0.6–2.2)
involve  ̌ = 0.44–0.55; our own measurements (Haidl et al.,
2016)  in the wetted wall column with the same physical
systems as used in this paper give  ̌ = 0.61; and finally the
heat-transfer (Dittus and Boelter, 1930; Gnielinski, 1976) and
mass-transfer (Linton and Sherwood, 1950) correlations for
wide  range of Pr and Sc, respectively, involve the value of
ˇ  = 0.3–0.4. These findings have been deeply examined by
Notter  and Sleicher (1972). They solved a PDE describing
the heat (or mass) transfer in a turbulent pipe flow (Graetz
problem) for wide range of Pr (Sc) and Re using a con-
cept of turbulent quantities (viscosity, diffusivity, temperature
conductivity) and published their results in the form of a
dimensionless correlation for the range of Re = 104 − 106 and
Pr  = 0.1–104:

Nu = 5 + 0.016 Re˛Prˇ

 ̨ = 0.88 − 0.24
4 + Pr

 ̌ = 0.33 + 0.5 · exp (−0.6 · Pr)

. (19)

In this paper, we adopted the shape of relation for calcu-
lation  of  ̌ in order to describe the dependence of ASc on ScG

resulting in the final correlation

ShG = 2.7 + 0.038 · Re0.88
LG · ScˇG

 ̌ = 0.33 + 0.9 · exp (−0.6 · ScG)
(20)

which fits the experimental ShG data with RSD of 5 %.6 The
agreement of the experimental data with the correlation is
shown  in the parity chart (Fig. 5) and illustrated on the exper-
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Fig. 5 – Parity chart. Comparison of experimental data and
correlation  in Eq. (20).

Fig. 6 – Mellapak 250.Y. Comparison of experimental ShG
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Table 7 – Estimation of industrial columns operating
conditions at 50% of their capacity provided by Aspen
Plus  for column packed with Mellapak 250.Y.

System p (bar) ReLG ScG

Distillation p-Xylene/m-xylene 0.133 2500 0.70
Distillation Methanol/ethanol 1 2400 0.81
Distillation Cyclohexane/n-heptane 1.013 5300 0.70
Absorption CO2/H2 20 1500 1.04
Absorption H2S/H2 20 1200 1.91
ith data calculated according to Eq. (20).

s valid for M250X, M250Y, M350Y and M500Y structured pack-
ngs  in pre-loading region and the range of ReLG = 85–5900 and
cG = 0.49–2.32.

The correlation in the form of Eq. (20) implies the following:

(i)  at low values of ReLG and/or ScG the value of ShG limits to
the  value of ShG,0 = 2.7;

(ii) at high values of ReLG (usually the distillation conditions)
the dependence of ShG on ReLG will take a form ShG ∝
Re∼0.9

LG which agrees with most of the distillation mass-
transfer models;

iii)  at very low value of ScG the second term of Eq. (20) van-
ishes resulting in the dependence of kG ∝ D1

G,12 which
corresponds to the “film theory” proposed by Lewis and
Whitman (1924);

iv)  at high value of ScG the dependence of ShG on ScG takes
a  form of ShG ∝ Sc1/3

G which is in an agreement with the
Chilton–Colburn analogy or with the laminar boundary
layer theory.

The  range of the conditions, Eq. (20) has been built on,

overs  the range of process conditions prevailing in common
bsorption and distillation columns — see Table 7. It can be,
therefore, assumed that the correlation is valid not only for
absorption  conditions, but it can be also used for predictions
of  ShG in distillation columns. This assumption is supported
by  our previous work on the wetted wall column for which the
ShG correlation built on the absorption data measured by the
same  systems as in this work was later successfully used for
the  prediction of the separation efficiency under distillation
conditions (Rejl et al., 2016). However, the validation of the
correlation  transferability to the distillation conditions has to
be performed in a future work.

4.  Conclusions

In this work the gas phase mass-transfer coefficients, kG, of
Mellapak  250.X and 250.Y structured packings have been mea-
sured  using absorption of SO2 from carrier gas to the aqueous
solution  of NaOH. Three carrier gases – N2, He and SF6 – have
been  used in these measurements providing wide range of gas
transport properties characterized by ScG from 0.49 to 2.32.
It  was  found that the ShG data is possible to correlate in a
simple  power-law dependence on ReLG if the limiting value
of  ShG,0 = 2.7 is subtracted from the experimental data; the
dependence of (ShG − ShG,0) ∝ Re0.88

LG has been evaluated on the
basis  of the experimental data.

The data measured in this work have been supplemented
with the literature data for Mellapak 250.X, 250.Y, 350.Y and
500.Y  measured with air/SO2/NaOH(aq.) system and the data
for  Mellapak 250.Y measured with air/NH3/H2SO4(aq.) system.
All  the data have been correlated in the dimensionless form
with  Eq. (20). The correlation was  built on the data measured in
wide range of ReLG and ScG which covers the range of operation
conditions of many  industrial columns. In our previous work
the  possibility of recalculation of the absorption ShG to distil-
lation  conditions was  successfully proved therefore it can be
expected the correlation Eq. (20) will be valid for both absorp-
tion  and distillation conditions.
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Appendix  A.  Review  of  gas-phase
mass-transfer  models

(A1)  Billet  and  Schultes

Model of Billet and Schultes (1999) is a comprehensive model

initially  built for design of the absorption and distillation
columns packed with random packings. Later the model has
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lapak  Y packing series and SO2/air system ShG ∝ Re0.59
G . The

7 “Mixing points are the contact points of metal sheets in
been broadened to enable its use also for the structured
packings. The model consists from the relations for the pre-
diction  of the hydraulic (liquid hold-up, effective interfacial
area  and pressure drop) and mass-transfer (gas- and liquid-
phase  mass-transfer coefficients) characteristics of the pack-
ing.  The packing in this model is characterized by its geometry
(geometrical area, void fraction) and by six packing character-
istic  constants; their values have been optimized on the basis
of  results of numerous experimental data. The relation for kG

involved in this model is based on the penetration theory and
adjusted  to fit the wide database of absorption and distillation
data  resulting in Eq. (A1).

kG · ag

D12,G
= CG

a2
g

2ε1/2(ε − hL)1/2

(
uG · �G

ag · �

)3/4

Sc1/3
G (A1)

Due to this adjustment, the dependence of ShG ∝ Re
1/2
G ·

Sc1/2
G originally assumed according to the penetration theory

was  changed to the dependence ofShG ∝ Re
3/4
G · Sc1/3

G .

(A2)  Rocha,  Bravo  and  Fair

This comprehensive model has been built for prediction
of  the mass-transfer performance of the packed distillation
columns. The model consists of two parts — hydraulic (Rocha
et  al., 1993) and mass-transfer (Rocha et al., 1996). The packing
is  characterized by its geometry (geometrical area, inclination
angle,  channel dimensions, void fraction) and by the surface
parameter  (surface enhancement factor). The liquid phase
mass-transfer coefficient, kL, is calculated according to the
penetration  theory. For the calculation of kG the packing is
modeled  as a bundle of inclined triangular pipes and the cor-
relation  of Johnstone and Pigford (1942) for ShG in the wetted
wall  column is utilized in the form

ShG = A · Re0.8
LGSc

1/3
G . (A2)

The front factor A = 0.054 has been adjusted to fit the HETP
data  measured on numerous packings and distillation sys-
tems.

(A3a)  DELFT  model

The model (Olujić  et al., 2012, 2004) has been designed for
prediction  of structured packings efficiency under distilla-
tion  conditions. In this model the packing is characterized by
the packing geometry only. Similarly, as in the Rocha, Bravo
and  Fair model only negligible mass-transfer resistance is
assumed  in distillation processes; the liquid-side mass trans-
fer  coefficient is calculated according to the penetration theory
and  for the gas-phase mass transfer the packing is modeled
as  a bundle of inclined triangular pipes. The analogy of the
heat  and mass transfer in packed columns is assumed; the
relations  for prediction of ShG are based on the relations for
prediction  of Nusselt number for laminar and turbulent flow
in  pipes

ShG,lam = 0.644 · Sc1/3
G ·

√
ReLG

dhG

lhG
(A3a)

�
√

�
( 2/3 ) [ ( )2/3

]

ShG,lturb =

ReLGScG 8 1 + 1.27 8 ScG − 1
1 + dhG

lhG
(A3b)
with �(ı,dhG,ReLG) being gas–liquid interaction factor. The rela-
tion  for � estimation is based on the fit of experimental HETP
and  pressure drop data. A transitional character of the flow is
assumed in the packing; the transitional ShG is calculated by
addition  of laminar and turbulent contributions.

ShG =
√
Sh2

G,lam + Sh2
G,turb (A4)

Unlike the other correlations, the DELFT model does not
implies  a simple power law dependence of ShG on ReLG and
ScG. At the low values of ReLG ≈ 500 the dependence of ShG ∝
Re∼0.6

LG Sc∼0.15
G can be observed on the basis of predicted data

while at the high values of ReLG ≈ 10 000 the dependence takes
a  form ShG ∝ Re∼0.9

LG Sc∼0.3
G .

(A5)  Hanley  and  Chen

The model of Hanley and Chen (2012) is a mass-transfer model
designed  for prediction of kG, kL and a of random and struc-
tured  packings under absorption and distillation conditions.
The  power-law dependencies of a/ag, ShL and ShG on the
other  dimensionless quantities are assumed in the model;
namely  for ShG the dependence of ShG ∝ ReGSc

1/3
G taken from

the  Chilton–Colburn analogy is assumed. The front factors of
the  power-law relations have been fitted to the database of
HETP  data and to the temperature profiles along the amine
absorption columns resulting in the following relation for ShG

in metal sheet structured packings:

ShG = 0.0084 · ReGSc
1/3
G ·

(
cos(�)

cos(	/4)

)−3.072

(A5)

According to the authors the model predicts reliable values
of  the mass-transfer parameters of the packing at the operat-
ing  condition of the column, on the other hand wrong values
can  be predicted by this model for very low or very high loads.

7.  Wang  et  al.

This model (Wang et al., 2016) brings a novel approach to the
modeling  of the mass transfer in structured packings. The
packing  in this model is characterized by the geometrical area
and  the inclination angle only. According to the model the
inclination  angle specifies the Mixing number (Mi) of the pack-
ing  which represents the dimensionless form of mixing point
density.7 The parameters of the model were  adjusted to fit
absorption  kL, kG and a data measured on numerous packings
using  aqueous systems. Similarly, as in this work, kG has been
measured  using absorption of SO2 into the diluted solution of
NaOH  and the results have been correlated in a dimensionless
form

kG

agD12,G
= 14

(
� · uGS

ag�G

)0.59

Sc1/2
G · Mi1.1 (A6)

This correlation predicts the dependence of ShG ∝ Re0.59
G

which is in a close agreement with the dependence of ShG ∝
Re0.62

G published in our previous paper (Rejl et al., 2013) for Mel-
structured packings and are believed to enhance mass transfer.”
(Wang  et al., 2016).
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Maćkowiak,  J., Grünewald, M., Górak, A., 2015. Mass transfer
measurements in absorption and desorption: determination
of  mass transfer parameters. Chem. Eng. Res. Des. 104,
440–452, http://dx.doi.org/10.1016/j.cherd.2015.08.025.

ewis,  W.K., Whitman, W.G.,  1924. Principles of gas absorption.
Ind.  Eng. Chem. 16, 1215–1220.

inton,  W.H., Sherwood, T.K., 1950. Mass transfer from solid
shapes  to water in stream-line and turbulent flow. Chem. Eng.
Prog.  46, 258–264.
ehta,  V.D., Sharma, M.M., 1966. Effect of diffusivity on gas-side
mass  transfer coefficient. Chem. Eng. Sci. 21, 361.
Mikityuk, K., 2009. Heat transfer to liquid metal: review of data
and  correlations for tube bundles. Nucl. Eng. Des. 239,
680–687, http://dx.doi.org/10.1016/j.nucengdes.2008.12.014.

Notter,  R.H., Sleicher, C.A., 1972. A solution to the turbulent
Graetz problem-III Fully developed and entry region heat
transfer  rates. Chem. Eng. Sci. 27, 2073–2093,
http://dx.doi.org/10.1016/0009-2509(72)87065-9.
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