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Microporous hollow fibre membrane modules as gas-
liquid contactors.

Part 1. Physical mass transfer processes
A specific application: Mass transfer in highly viscous liquids

H. Kreulen*, C.A. Smolders, G.F. Versteeg*™ and W.P.M. van Swaaij
Faculty of Chemical Technology, University of Twente, P.O. Box 217, 7500 AE Enschede (The Netherlands)

(Received March 26, 1992; accepted in revised form November 20, 1992)

Abstract

Gas-liquid mass transfer has been studied in a membrane module with non-wetted microporous fibres
in the laminar flow regime. This new type of gas/liquid contactor can be operated stabily over a large
range of gas and liquid flows because gas and liquid phase do not influence each other directly. Therefore
foam is not formed in the module, gas bubbles are not entrained in the liquid flowing out of the reactor
and the separation of both phases can be achieved very easily. These phenomena often limit the appli-
cability of conventional contactors, e.g. a bubble column which was also studied in the present work. The
large mass transfer area of a bundle of small fibres offers the possibility of creating a compact gas/liquid
mass exchanger. However, owing to the small channels in and around the fibres the flow of either gas or
liquid becomes laminar which reduces the mass transfer capacity of the module. Therefore the mass
transfer coefficients in the laminar flow regime were determined experimentally. For mass transfer de-
termined by the transport in the liquid phase it was found that the active mass transfer area is equal to
the total membrane area, regardless the porosity of the fibre. For processes with liquid flowing through
the fibres, the influence of fibre diameter, diffusivity in the liquid, liquid viscosity and liquid velocity on
mass transfer can be correlated extremely well with the Graetz-Lévéque solution derived for the analo-
gous case of heat transfer. For liquid flowing around regularly packed fibres mass transfer was described
satisfactory with a correlation derived from a numerical solution for the similar heat transfer problem
[Miyatake and Iwashita, Int. J. Heat Mass Transf., 33 (1990) 416]. Correlating mass transfer in liquid
flowing around irregularly packed fibres was not possible because of the undefined dimensions of the
different channels between the fibres.
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1. Introduction

A microporous membrane can be used to cre-
ate a fixed interfacial area between gas and lig-
uid phase in gas/liquid processes. Depending
on the interaction of the membrane material,
the liquid and the pressures on each side of the
membrane, either wetted or non-wetted mem-
brane conditions may be realised. In literature
the membrane material is often referred to as
hydrophilic or hydrophobic. In this paper the
only important issue is the medium which is
present in the pores of the membrane, gas or
liquid. Therefore the distinction between wet-
ted and non-wetted is made in stead of hydro-
philic versus hydrophobic. In a wetted mem-
brane the pores are filled with liquid and thus
a stagnant liquid layer is present between the
free gas and liquid phase. A stagnant layer of
gas is present in the pores of a non-wetted
membrane.

Kreulen et al. [1] carried out mass transfer
experiments with flat horizontal membranes in
a stirred cell reactor. It was found that the mass
transfer resistance of non-wetted membranes
is relatively small compared to the resistances
in gas and liquid phase. In wetted membranes
however, the mass transfer resistance of the
liquid layer is much larger. In these membrane
systems mass transfer resistance is mainly de-
termined by the membrane. From this result it
was concluded that non-wetted membranes are
to be preferred for the creation of a fixed inter-
face in gas/liquid absorbers with membranes.

The absorption rate that can be obtained in
a contactor is the product of the interfacial area
and the mass transfer coefficients. It will be
demonstrated that in conventional contactors
the mass transfer coefficients are higher than
those in hollow fibre membrane modules. This
can be attributed to two effects. (1) For the
system with a membrane at the interface the
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mass transfer process is determined by three
mass transfer resistances in series: resistance
in the gas, in the stagnant layer of the mem-
brane and in the liquid. For systems with a free
uncovered gas/liquid interface the stagnant
film is not present and therefore only the two
mass transfer resistances in the gas and the liq-
uid have to be considered. In the free gas and
liquid phase the mass transfer resistance is de-
termined by diffusion and convection while in
the membrane the mass transfer resistance only
depends on diffusion. (2) The hydrodynamic
state of the gas and liquid flow must be consid-
ered. Mass transfer resistances are smaller in
the turbulent than in the laminar regime. In
the hollow fibre membrane contactor the flow
is usually laminar because of the small fibre di-
ameters and the small distance between the
fibers.

The contact area between gas and liquid of
the hollow fibre membrane contactor can be
substantially larger than in conventional gas/
liquid contacting equipment. For instance, the
specific exchange area with a fibre of 11073
m diameter can be about 3000 m?/m?® while in
bubble columns, sieve trays or packed beds this
area is around 800 m2/m?® at a maximum (Lau-
rent and Charpentier [2], Van Landeghem
[3]). For hollow fibre modules numbers of 8,000
m?/m? are reported by Matson et al. [4].

It can be concluded that although the mass
transfer coefficients in hollow fibre modules are
smaller than in conventional contactors, the
substantial increase of the interfacial area can
result in a more efficient absorber.

For the selection of a gas/liquid contactor the
absorption rate is not the only property which
must be taken into account. Another distinct
feature of the hollow fibre module is that flow
of gas and liquid do not influence each other.
This results in a larger operation flexibility than
in the reactors mentioned above, which are re-
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stricted severely by phenomena like flooding,
loading etc. However, it must be noted that due
to the small fibres and the close packing of the
fibres a relatively large pressure drop over the
liquid phase is obtained.

Another selection criterion for contactors is
the separation of gas and liquid flow which can
be of particular interest when gases are ab- or
desorbed in or from viscous liquids. Generally,
small stagnant bubbles are formed which leave
the absorber with the liquid phase. Next, in the
separator care must be taken not to desorb the
gas again while these bubbles are removed. In
the hollow fibre modules gas and liquid flow are
never mixed so the separator stage can be
omitted.

In the present study the application of the
hollow fibre membranes as fixed gas/liquid in-
terface is investigated. Experiments with hol-
low fibre modules were carried out in which fibre
diameter, fibre length, diffusion coefficient and
liquid flow velocities were varied. The results
of these experiments are translated to dimen-
sionless mass transfer correlations which can
be used in scaling up of the process.

The measured mass transfer rates are com-
pared with mass transfer rates measured in a
small bubble column. On the basis of these ex-
perimental results a comparison is made be-
tween the absorption capacity of the hollow
fibre membrane and the bubble column. Spe-
cial attention has been paid to mass transfer
processes in highly viscous liquids to see
whether absorption without stagnant bubble
formation is possible in the hollow fibre mem-
brane module.

2. Theory

Physical absorption from a gas through a po-
rous (gas filled) membrane in a liquid exists of
three steps. Firstly, the transfer from the gas to
the membrane wall, next the transfer through
the stagnant gas in the pores of the membrane
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gas
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Fig. 1. Concentration profile for mass transfer in a gas/
membrane/liquid system, with a pure gas an a non-wetted
membrane.

Fig. 2. Coordinate system in a hollow fibre membrane.

and last, the transfer from the membrane/liq-
uid interface into the bulk of the liquid.

In this study the absorption of a pure gas into
a liquid flowing through the lumen of the fibres
is reported. Therefore the mass transfer resis-
tance in the gas phase does not have to be con-
sidered. The membrane permeability should be
large enough to supply gas at the interface. This
situation is schematically presented in Fig. 1.

The concentration profiles in the liquid can
be calculated from the differential mass bal-
ance (eqn. 1) that describes diffusion and forced
convection in a medium that flows laminarly
through a circular pipe (Fig. 2). Axial diffusion
is neglected because the concentration gradient
in axial direction will be much smaller than the
concentration gradient in radial direction.

oC 14d/( aC
”r?”[; ;T("a—)] (1)

With boundary conditions:
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C._r=Cy=mC,, 0<z<Z

(E) =0, 0<z<”Z
ar r=0

For a fully developed laminar flow in a tube the
velocity profile can be described by:

2
u,=2vm[1—(§) ] (2)

The analogous differential equation for the heat
transfer problem in laminar flow through a cir-
cular duct was solved by Graetz [5,6 ], extended
by Lévéque [7] and is discussed in extenso by
Jakob [8]. From the calculated concentration
profiles, fluxes and mass transfer coefficients
can be deduced. The mass transfer coefficient
is calculated according to eqn. (3), in which C,
is the mixing cup concentration in the liquid at
the axial coordinate z.

J

h=@_q

(3)

Two asymptotic correlations are valid for the
dimensionless mass transfer coefficients.

1/3 2 1/3
Sh= 1.62(Re Scé) =1.62(9d—)
Z DZ (4a)

=1.62Gz'/3

Sh=3.67 (4b)

Equation (4a) is valid for the entrance region
where the concentration profile has to build up,
Re Sc d/Z > 20. Equation (4b) must be applied
for long tubes where the concentration profile
is completely developed, which means that the
profile has a constant shape over the radius, Re
Scd/Z <10. (Re Sc d/Z) is the Graetz number.
Some authors also define this number as @,/
(DZ), which differs a factor of /4 from the
definition in this study.
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3. Literature

A limited amount of papers concerning the
experimental verification of eqn. (4) is avail-
able. For heat transfer applications Sieder and
Tate [9] developed an expression similar to eqn.
(4a) for the Nusselt number form their exper-
imental results. In their empirically obtained
correlation, they also incorporated the influ-
ence of temperature on viscosity.

To study mass transfer the dissolution of
pipes made of soluble solid material was stud-
ied by a few authors. Linton and Sherwood [10]
used pipes constructed of benzoic and cinnamic
acid which dissolved in water. From the weight
loss of the pipes the mass transfer coefficients
were calculated. Their results are in close
agreement with eqn. (4a).

Goldman and Barrett [11] studied the dis-
solution of sodium chloride in water/glycerol
mixtures. The measured weight loss was in ac-
cordance with the weight loss predicted by their
theoretical solution, which is similar to the one
derived by Léveque but also the influence of the
solute on viscosity and density is taken into ac-
count. Therefore, the diffusion process is influ-
enced by the solute. This approach of the dis-
solution process is necessary when a very
soluble material is used, which was the case in
the experiments of Goldman and Barret.

Kafes and Clump [12] studied mass transfer
with tubular dialysis membranes. On the out-
side of the membrane a saturated salt solution
was present while the inside of the membrane
was flown through with city water. Mass trans-
fer coefficients for the laminar flow through the
tube side were calculated from overall mea-
sured fluxes. They could not be correlated with
eqn. (4a). This might be due to convective flow
through the membrane resulting in higher mass
transfer coefficients.

Recently, non-wetted microporous fibres
were used to study mass transfer in pipe flow.
In contrast to the studies with dialysis mem-
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branes water is not absorbed in the fibre wall.
Therefore mass transfer in the free liquid can
be measured directly. Yang and Cussler [13]
studied gas-liquid mass transfer. They deter-
mined the influence of velocity on the mass
transfer coefficient for laminar flow empiri-
cally by desorbing O, from water. The results
of experiments with liquid flowing through the
fibres corresponded to eqn. (4a).

Qi and Cussler [14] measured mass transfer
coefficients with the absorption of CO, in a so-
lution of sodium hydroxide. It might be ex-
pected that the mass transfer process was in-
fluenced by the chemical reaction between
hydroxide and carbon dioxide (Kreulen [15]).
However, the dependency of the overall mass
transfer coefficient on the liquid velocity was
found to be in accordance with eqn. (4a).

When the porous fibres are used in absorp-
tion experiments the question arises which area
of the porous membrane should be taken as the
exchanging area. Either the open pore area can
be chosen or the area of the total membrane
(i.e. pores+polymer). In heat transfer and
mass transfer with soluble walls, the complete
tube area is taking part in the transfer process.
This assumption is also used in the solution of
eqn. (1). :

Wakeham and Mason [16] developed a gen-
eral mathematical model to describe diffusion
through perforated layers into a stagnant
boundary layer. One of their asymptotic solu-
tions may be applicable to the absorption pro-
cess with porous membranes. The main param-
eters which must be considered are the distance
between two pores and the thickness of the
boundary layer. In the present work these pa-
rameters will be evaluated for two types of
membranes with different porosities to deter-
mine which area should be taken.

The mass balance for absorption in the lig-
uid flowing around the fibres cannot be solved
as easily as with liquid through the fibres which
is in fact a two dimensional problem. The in-
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teraction of the different fibres must be taken
into account and therefore a three dimensional
problem is obtained. A simple two dimensional
approximation of the fibre bundle is flow
through an annulus.

Lin et al. [17] used an electrochemical
method for the determination of mass transfer
coefficients in such a geometry. This method
cannot be used in real pipe flow because it needs
the use of two electrodes (Mizushina [18]).
One being the tube wall while the other elec-
trode must be placed in the liquid stream, which
disturbs the flow. Lin et al. translated their ex-
perimental results with the use of the hydraulic
diameter to give results which corresponded to
eqns. (4).

Yang and Cussler [13] also carried out ab-
sorption experiments with liquid flow around
the fibres. Like Lin et al. they also used the hy-
draulic diameter for the translation of their ex-
perimental results to the dimensionless corre-
lations. The mass transfer coefficients were
found to depend almost linearly on the liquid
velocity. This is not in agreement with egns.
(4).

Recently, a numerical solution was pre-
sented for heat transfer in the shell side of a
shell-tube heat exchanger by Miyatake and
Iwashita [19]. From their numerical results di-
mensionless Nusselt correlations were derived
which can also be useful in the interpretation
of experimental mass transfer data for hollow
fibre modules (Appendix A ). However, there is
one very important difference between this type
of heat exchanger and a commercially available
membrane module. The tubes are welded in a
regular packing while the fibres are not posi-
tioned regularly during the construction of the
modules. In the present work a module with
regularly spaced fibres was used to compare its
performance with that of modules with irregu-
larly spaced fibres.

Due to differences in fibre diameter or in the
channel widths between the fibres, substantial
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maldistribution of the liquid around the fibres
can occur. This can have a large influence on
the efficiency of mass transfer as is shown in
the next section.

4. Effects of maldistribution of phases in
hollow fibre modules

In alot of mass exchanging equipment a non-
ideal distribution of gas and liquid phase caused
by the heterogeneity of the contactor results in
lower efficiency of the absorption which leads
to an incorrect interpretation of overall ab-
sorption data. Schliinder [20] developed a
mathematical model to estimate these effects
in fixed beds, fluidised beds and bubble trays.

In membrane modules maldistribution can
occur on both sides of the membrane; (1) the
effect of the thickness of the membrane wall
which effects the actual pore diameter in the
lumen, and (2) local variations in the arrange-
ment (pitch) of the membrane fibres resulting
in preferential flow paths owing to different hy-
drodynamical resistances. The estimation of the
effect of the latter phenomenon on maldistri-
bution is very complicated and requires the
availability of three-dimensional hydrodyn-
amical one-phase flow models in combination
with a mass transfer model. The estimation of
the first effect on the performance of the mem-
brane module will be discussed in this study.

The fibres can introduce a similar heteroge-
neity because they do not have exactly the same
diameter. Moreover, the channels around the
fibres do not have the same dimensions be-
cause the fibres are usually not installed regu-
larly in the modules. With the same pressure
difference between in- and outlet of the fibres
or the channels, unequal flow rates through the
fibres or the channels are obtained. This re-
sults in different degrees of saturation of the
liquid at the outlet of the fibres. The flows of
the individual fibres combine to give a mean
degree of saturation. Mass transfer coefficients
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calculated from this degree of saturation may
deviate substantially from the mass transfer
coefficient obtained from the degree of satura-
tion in a bundle of fibres having exactly the
same diameter.

To show this phenomenon, the absorption in
modules with fibres which have a certain di-
ameter distribution, is mathematically ana'-
yses. Three distributions are considered. The
first assumes a normal probability function for
the fibre diameters:

1 1/d—d\’
o= e -5 | ®
The second distribution assumed an equal
probability for each diameter in the range of
variation, f(d) =constant. In the third distri-
bution only two fibres are considered with di-
ameters equal to the boundary values for the
first and second distribution. It must be noted,
that this case is not encountered for the fibre
modules available, it is only used as an illustra-
tive example.

The degree of saturation in a fibre with a fully
developed velocity profile is calculated with eqn.

(6).

cd RA 4rZ
1o )il )

The mass transfer coefficient k can be calcu-
lated from a generalised numerical solution of
the Graetz-Léveque equation. Curve fitting
yields eqn. (7) which is also valid in the range
of Gz numbers not covered by eqns. (4a) and
(4b).

3

Sh=%=, /3.673+1.623Gz (7)

The velocity in the fibre is calculated from the
Hagen-Poiseuille equation.
_4Pd 2
“32mZ

(8)

v
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The contribution of each fibre to the degree of
saturation in the outlet flow of the module is
proportional to the volumetric flow rate and the
degree of saturation per fibre. The degree of
saturation in the combined outlet flow of the
fibres follows from eqn. (9).

d+4
j d*%f(d)ad
=J_f’{+4 (9)

j d*f(d)ad
d—4

c
C

w

The means mass transfer coefficient for the
module can be calculated from this degree of
saturation by eqn. (10).

Edim=_% n((l—cg) (10)

Calculations were carried out in which the
mean fibre diameter was taken equal to the di-
ameter of one of the fibre types used in the ex-
periments, 2.2 10 ~2 m. Unfortunately, no in-
formation was available on the distribution in
pore diameter and wall thickness of the mem-
brane material used in the present study.
Therefore the range of diameter variation, 4,
was taken to be +2x10~* m. In the normal
probability distribution the standard deviation
was taken such that on either side of the mini-
mum and maximum diameter 5% of the distri-
bution was neglected. The other parameters in
these calculations were taken for the case of ab-
sorption of a gas in a liquid (diffusion coeffi-
cient=10"° m?/sec and dynamic viscos-
ity=10"2 Pa-sec).

The ratio of the mass transfer coefficient
from eqn. (10) and the mass transfer coeffi-
cient calculated for the mean fibre diameter is
presented in Figs. 3(a), (b) and (c) as a func-
tion of fibre length for different mean liquid ve-
locities and the diameter distributions used.
These figures show a decrease of the ratio of the
mass transfer coefficients with fibre length.
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Fig. 3. Ratio of mass transfer coefficients in a bundle of
fibres with different distributions of fibre diameters and a
fibre with the mean diameter versus fibre length, mean lig-
uid velocity (a) 10~3m/sec, (b) 10~2m/sec, (¢) 10~ m/
sec.

This is caused by the fact that in longer fibres
a larger degree of saturation is reached. Due to
the logarithm in eqn. (10), small variations in
the degree of saturation have a larger effect on
the mass transfer coefficient if the degree of
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saturation is closer to 1. The influence of the
fibre distribution does not become negligible at
very short fibre lengths, because still differ-
ences in saturation are present.

In each of the Figs. 3 the difference between
the three kinds of distribution can be observed.
The ratio of mass transfer coefficients differs
more from unity for those fibre bundles that
have more fibres with larger deviations of the
mean diameter. Therefore the mass transfer
coefficient of the two fibre distribution func-
tion shows the largest deviation from the mass
transfer coefficient calculated for the mean di-
ameter. In the normal probability distribution
the smallest amount of fibres with largely de-
viating diameters are present.

The influence of the mean velocity on the ra-
tio of mass transfer coefficients becomes more
pronounced at lower velocities. Like with the
influence of the fibre length, the degree of sat-
uration becomes larger with lower velocities
which has a larger effect on the ratio of mass
transfer coefficients through the logarithm in
eqn. (10).

If the unreal two fibre distribution is ne-
glected, the maximum deviation calculated is
about 5% for the lowest mean liquid velocity.
This allows the use of the mean fibre diameter
for the interpretation of the absorption exper-
iments carried out in the present work.

With liquid flowing around the fibres this
theoretical approach can also be applied. Dif-

ferences in channel width of a factor 2 or higher

are surely in the modules. However, it must be
realised that the liquid-flows through the dif-
ferent channels around the fibres may be mixed
partially while they pass through the module.
This again influences the overall mass transfer.

Interpretation of absorption data in terms of
mass transfer coefficients with mean or hy-
draulic diameters must be carried out carefully
as the problem of unequal flow distribution can
hardly be avoided.

H. Kreulen et al./J. Membrane Sci. 78 (1993) 197-216

5. Experiments
5.1. Hollow fibres and modules

Both modules and single fibres were studied
in the experiments for which 3 different micro-
porous fibres and one type of ultrafiltration
fibre were used. The specifications of the fibres
and the modules are given in Tables 1 and 2,
respectively. Module A was constructed in our
laboratory while module B was purchased from
Akzo/Enka. To obtain a regular fibre packing
in module A, two teflon discs were regularly
perforated with holes just large enough to allow
the fibres to pass through. Next the fibre bun-
dle was aligned and potted in an open glass tube.
The in- and outlet for the inside of the fibres
were fitted at the ends of the glass tube. The
module is shown in Fig. 4.

The experimental setup is shown in Fig. 5.
The viscous liquids used are water/glycerol
mixtures in which CO, is absorbed. The viscos-
ity range covered, varied from 1 upto 68103
Pa-sec at 25°C. The liquid is circulated from a
stirred tank through the module back to the
tank by a centrifugal pump or a tubing pump.
The larger centrifugal pump was used when
modules and the single fibre type III were used,
the small tubing pump was applied when type,
I, II and IV single fibres were used. In the stirred
tank the absorbed CO, is desorbed by a nitro-
gen stream. The CO, concentration at the inlet
of the module was determined by titration. This
value was found to be negligible in relation to
the degree of saturation reached during the ab-

~ sorption in the fibres. The gases were supplied

from gas bottles. CO, is prewetted by a gas bub-
bler filled with the absorption liquid and then
passed through the module.

The mass transfer coefficient is calculated
according to eqn. (10). In the case of absorp-
tion with the single fibres the dimensionless
liquid phase concentration in eqn. (10) was
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TABLE 1
Membrane specifications
Code Material din dout Surface porosity Pore diam.
(107%m) (10~*m) =)y . (m)
1 polypropylene 0.6 1.0 0.7 1x10~7
I polypropylene 2.2 2.6 0.7 1x10-7
111 polypropylene 5.0 8.6 0.7 1x10-7
v polysulfon 1.1 1.8 <0.03 ~5X107°
TABLE 2
Module specifications
Code Fibre type Aonodule Length Nr. of fibres 0L in ar out Xfibres
(10~*m) (m) (m™1) (m™1) )
A I 4.0 0.35 38 209 247 0.16
B II 14 0.30 85 817 1362 0.43
polyurethane C, Oue
= (12)
C. mQ,

potting \

Perforated teflon plate
Fig. 4. Construction of a regularly spaced fibre module.

measured from pressure decrease in a confined
gas volume around the fibre.

P
d ln(—)
C P,) vy

— s _ g
C. dt mQ, (11)

In the case of absorption with the modules the
dimensionless liquid phase concentration in
eqn. (10) was measured from the volume of CO,,
absorbed at constant pressure indicated by a
soap film meter.

The determination of solubility and diffusivity
parameters of CO, in the glycerol/water mix-
tures is reported in Appendix B.

5.2. Bubble column

To compare the absorption capacity of a hol-
low fibre module with that of a bubble column,
absorption experiments in a small scale bubble
column were carried out in a similar setup like
the one in Fig. 5. The column itself consisted of
a glass pipe of 4 X 10~2 m inner diameter with
a liquid hold-up of about 2% 10~* m®. The gas
was supplied to the column through a porous
gas filter. The mass transfer was measured by
the absorption of oxygen in the same liquids as
those applied in the hollow fibre modules. The
oxygen concentration in the liquid was mea-
sured with electrodes in the in- and outlet of
the column. The signal of these electrodes is
proportional to the oxygen content in the liquid
(Halpert and Foley [21]). With the assump-
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module |} |
~—‘ X “
00
0p O
o
N, pump

Fig. 5. Experimental setup.

tion of an ideally stirred liquid phase, k a was
calculated from eqn. (13).

Qv (Cout"' in)
Vd(l_fg) (Csat_ out)

The depletion of the gas phase was negligible.
Therefore an assumption on the behaviour of
the gas phase: plug flow, ideally mixed or a sit-
uation in between of these limits was not needed
for the interpretation of the experimental
results.

kLa= (13)

6. Results
6.1. Hollow fibres and modules

During the absorption experiments with both
the single fibres and the modules, the gas and
liquid flow were always kept separate by the
membrane. Never any stagnant bubble forma-
tion was observed in the liquids, which sup-
ports the applicability of this type of contactor
for absorption. The hydrophobic material of the
membranes prevents wetting of the mem-
branes even at the higher liquid pressures
needed to let the viscous liquids pass through
the modules.
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soap film
meter

Exchanging area

In order to determine which area should be
taken for the interpretation of absorption data
to obtain mass transfer coefficients, absorption
experiments of CO, in water with two single
fibres with porosities of 70% and 3% (type I
and IV respectively) were carried out. The mass
transfer coefficients were calculated by taking
the total membrane surface as exchanging area.
The data are presented in Fig. 6 as Sh versus
Gz number. The results obtained with both
membranes correspond to the line predicted by
theory, which is also drawn in Fig. 6 (eqns. 4).

Because pure gas is used in the present study,
mass transfer is only determined by the resis-
tance in the liquid phase. This situation is
mathematically analysed by Wakeham and
Mason [16]. In the liquid present in the fibres
the CO, molecules diffuse according to the con-
centration gradient, which is present axial,
tangential and radial in the liquid. Along the
membrane wall (axial and tangential) satura-
tion of the liquid is instantaneous compared to
saturation in the radial direction, because the
distance between two pores is much smaller
than the distance between the fibre wall and
the center of the tube. In Table 3 these data,
derived with a triangular pitch of pores, are
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Fig. 6. Absorption data of CO, in water with two fibres with different surface porosities compared to the theoretical solutions,

eqns. (4).

TABLE 3

Pore and porosity related data of two types of membranes

Membrane Pore Surface Pore surface Distance between
diameter porosity density two pores
(m) (%) (m~?) (m)
Polypropylene 1x10~7 ‘ 70 8.9 10 1.38x 108
Polysulfone 5x10-° 3 1.5Xx10% 2.25x 108

given together with the number of pores per area
at the interface. Thus a very small liquid layer
adjacent to the fibre wall can be considered as
completely homogeneously saturated. From this
layer the diffusion process into the flowing lig-
uid takes place. In the further interpretation of
absorption data the total membrane area will
be used as the interfacial area through which
the transport takes place. Keller and Stein [22],
Malone and Anderson [23] and Lopez et al.
[24] have considered analogous phenomenon.

Single fibres

In the absorption experiments with the dif-
ferent viscous liquids mass transfer coeffi-
cients were calculated according to eqn. (6) and
translated into the dimensionless Sh and Gz
numbers with the physical constants men-

tioned in Appendix B. The data calculated from
the experiments are shown in Figs. 7(a), (b)
and (c) for fibres I, IT and III respectively. They
are well described with eqn. (5a).

Modules with liquid through the fibres

In section 4 it was deduced that if only a mi-
nor spread of the diameter of the fibres in a
bundle is present, no difference can be ob-
served between the absorption in liquid flowing
through the bundle or a single fibre of the mean
diameter. The absorption data measured with
modules of type I and II fibres are shown in Fig.
8. Like with the single fibres the experimental
data are in close agreement with the theoreti-
cally derived solution (eqns. 4). It can be con-
cluded that the difference in fibre diameters is
negligibly small.
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Fig. 7. Absorption data measured with a fibre of type I (Table 1) in different glycerol/water mixtures with a fibre of type
(Table 1), (a) type I, (b) type I, (c) type III.

Modules with liquid around the fibres
The results of the experiments are presented
in Figs. 9(a) and (b). In these figures also the
relation derived by Miyatake and Iwashita [19]

is plotted, modified for mass transfer outside
the fibres in a bundle (Appendix A). The ab-
sorption in module A (Fig. 9a) with regularly
placed fibres in a triangular pitch agrees well
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Fig. 9. (a) Absorption data measured in a regularly packed hollow fibre module with different glycerol/water mixtures
flowing around the fibres. (b) Absorption data measured in an irregular packed hollow fibre module with a 50 wt.% glycerol/
water mixture flowing around the fibres.
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Fig. 10. Oxygen absorption measured in a bubble column with different glycerol water mixtures as a function of gas velocity.

with the theoretical solution of Miyatake and
Iwashita. Small deviations must be attributed
to in- and outlet effects and the influence of the
wall of the module which are not incorporated
in the theoretical equation.

The results obtained with module B (Fig. 9b)
show a large difference with the solution of Mi-
yatake and Iwashita. It can be concluded that
the irregular packing of the fibres does not al-
low the use of the approach of Miyatake and
Iwashita. The effects of the liquid distribution
(section 4) must be considered to explain the
absorption behaviour of modules with irregular
packing of fibres.

6.2. Bubble column

Experimental k;a values obtained with ab-
sorption in the bubble column, are plotted in
Fig. 10. The gas phase velocity could not be in-
creased above 1.5 1072 m/sec because foam
formation occurred in the water/glycerol
mixtures.

Mass transfer is positively influenced by the
gas velocity but this effect is less pronounced
in the more viscous liquids. Similar effects were
measured by Buchholz et al. [25] and Voigt et
al. [26], who also studied oxygen absorption in
glycerol /water mixtures in bubble columns.

Mass transfer is also strongly dependent of
viscosity. At the lowest gas phase velocity kpa
differs a factor of 30 for the absorption in water
and the 80% glycerol mixture, while at the
highest velocities this factor is about 125.

If it is assumed that the diffusion coefficient
of oxygen shows a similar decrease with the in-
crease of the glycerol content as the diffusion
coefficient of carbon dioxide in these liquids,
the diffusion coefficient lowers a factor 10 be-
tween water and the 80 wt.% mixture. Calder-
bank et al. [27] correlated k; with the square
root of the diffusion coefficient, which means a
decrease of k;, by a factor of about 3 between
water and the 80% glycerol mixture. Thus not
only the lower diffusion coefficient is respon-
sible for the large decrease of k;a with increas-
ing viscosity, but also the smaller interfacial
area.

7. Discussion, bubble column versus
membrane module

To compare the performance of the hollow
fibre membrane module with the bubble col-
umn, absorption processes under similar con-
ditions in these contactors must be studied. In
the present work the degree of conversion that
can be realized in the contactors was used as a
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TABLE 4
Comparison of hollow fibre membrane module (hfmm) with bubble column (bc)
Liquid Residence Liquid ko Degree of saturation
composition time velocity
(wt.% glycerol) (sec) (10-3m/sec) beeyp hfmm,,;, bCerp hfmm,,,
(sec™?) (sec™?) (-) -)
0 26 11.5 2.0%x10°! 2.3x10~2 0.84 0.87
15 31 9.7 8.0%10~2 2.0%X10~2 0.70 0.87
50 36 8.3 1.5x10~2 6.5x10~2 0.30 0.54
80 180 1.7 1.2x10-3 2.0x10-3 0.20 0.70

tool for comparison. No allowance has been
made for additional aspects, e.g. pressure drop
and the cost of investments. From the experi-
mental results it is concluded that mass trans-
fer in liquid flow through the fibres is described
well with eqns. (4). In this section these rela-
tions are used to predict the absorption in a
hollow fibre membrane module which can be
compared to data for the bubble column used
in the experiments. Therefore a membrane
module with fibres of type I (Table 1) is as-
sumed with the same liquid hold-up and liquid
height as the bubble column used in the exper-
iments. Such a module has a specific interfacial
area of 2000 m?/m® with a fibre length of
1.8X10 ' m.

From these data and eqns. (4) and (6), the
mass transfer coefficient, k; a and the degree of
saturation of oxygen in the water/glycerol mix-
tures can be calculated for the hollow fibre
module. These results are compared with the
experimental data of the bubble column in Ta-
ble 4. It is assumed that the diffusion coeffi-
cient of oxygen shows a similar decrease with
the increase of the glycerol content as the dif-
fusion coefficient of carbon dioxide.

When viscosity increase, ko decreases for
both types of absorbers. However, while the in-
terfacial area of the bubble column is also low-
ered by viscosity (section 6.2), in the fibre
module this is not the case. Therefore, kra of
the module gets larger than k; a of the column.

Although in Table 4 only the k;a value for
the most viscous glycerol/water mixture is
higher for the hollow fibre membrane, the sat-
uration which is obtained in both absorbers is
always higher with the hollow fibre module.
This effect is caused by the difference in the
gas/liquid mixing in the absorbers. While the
bubble column can be considered as a stirred
tank, the contacting in the fibre module is bet-
ter described with plug flow.

8. Conclusions

In the present study the applicability of hol-
low fibre membrane modules in gas/liquid con-
tacting processes was investigated. These mod-
ules offer the possibility of an increased
absorption capacity by applying small fibres in
the modules which creates high interfacial
areas. On the other hand, due to the small fibres
and the narrow channels around the fibres, the
phases on either side of the membrane are
bound to flow laminarly, which may reduce the
absorption capacity again.

In an absorption process carried out with a
microporous membrane module no special at-
tention has to be paid to the separation of gas
and liquid phase. In the present work absorp-
tion in viscous liquids was studied, because in
this field the gas/liquid contact in the mem-
brane module looks very attractive. Since gas
and liquid flow are separated by the membrane
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no stagnant gas bubbles were formed in the lig-
uid nor was any foam formation observed.
These two phenomena are known from indus-
trial practice while they were also observed in
the application of the more viscous liquids in a
lab scale bubble column.

From the absorption experiments carried out
in the membrane modules it was concluded that
although the gas is only in contact with the liq-
uid at the pore mouths, which cover the area
only partially, the total membrane area has to
be used as the exchanging area for the deter-
mination of the mass transfer coefficient. Dif-
fusion takes place effectively from the liquid
layer adjacent to the fibre wall which is homo-
geneously saturated, because the distances be-
tween the pores are extremely small compared
to the distance for diffusion to the centre of the
fibre.

For predicting mass transfer in laminar flow
through a single fibre, the Graetz-Léveque
equation can be used which was originally de-
veloped for heat transfer. In a module, how-
ever, due to small variations in fibre diameters,
differences in saturation per fibre can occur.
With the aid of a mathematical model it was
demonstrated, that these differences were neg-
ligible compared to the experimental accuracy
and thus the Graetz~Lévéque equation can also
be used in the case of a bundle of fibres in a
module. Mass transfer in a laminarly flowing
liquid around regularly packed fibres can be es-
timated satisfactory with the results of the nu-
merical solution for the similar heat transfer
problem obtained by Miyatake and Iwashita
[19]. Normally produced hollow fibre modules
have irregular fibre packings and therefore a
wide variation of the dimensions of the chan-
nels occurs leading to substantial differences in
flow rates. Therefore the method of Miyatake
and Iwashita [19] cannot be used and it is very
difficult to predict mass transfer in liquid flow-
ing around irregularly packed fibres.

If the absorption capacity of the membrane
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module and the bubble column are compared
in terms of k; a, the module only shows a better
performance for more viscous liquids. This is
caused by the fact that the mass transfer coef-
ficient and the interfacial area in the bubble
column are reduced while in the membrane
module only the mass transfer coefficient is af-
fected by an increasing viscosity.

Absorption capacity can also be compared in
terms of the degree of saturation that can be
obtained in both absorbers. Because of the dif-
ference in the mixing pattern, ideal mixing for
the bubble column and plug flow for the mem-
brane module, a higher degree of saturation in
the membrane module is reached in a case with
an equal mean residence time for the liquid.
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List of symbols
A membrane area (m?)
C concentration (mol/m?)

d fibre diameter (m)

D diffusion coefficient (m?2/sec)
Gz Graetz number (-)

Gz’  idem, defined in Appendix

J absorption flux (mol/m?-sec)
k mass transfer coefficient (m/sec)
m distribution coefficient (-)

Nu  Nusselt number

P pressure (N/m?)

Q.  volumetric flow rate (m?/sec)
r radial coordinate (m)

R fibre radius (m)

Re Reynolds number (-)

s half pitch between fibres (-)
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GMASTE M /R NN T T unn

wetted circumference (m)
Schmidt number (-)
Sherwood number (-)
time coordinate (sec)
velocity (m/sec)

volume (m®)

axial coordinate (m)
fibre xe'ngun \m )
diameter ratio (-)

Ahanmntian flaw (m3
nuﬂvlyblull LIUYY (111

hold up (-)

dvnamic viscosity (Pa-
density (kg/m?)
standard deviation (-)
pitch to diameter ratio (-)

2-1()

Indices
abs  absorption
d dispersion
distr distributed
g gas phase
in inlet stream
L liquid phase
m mean value
out  outlet stream
r radial
sat  saturated
th theoretical
tot total
v volumetric
w at the wall of the fibre
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Appendix A

Heat transfer correlations of Miyatake and
Twashita [19] modified for mass transfer

In this appendix the heat transfer correla-
tions derived by Miyatake and Iwashita [19]
are given, modified for mass transfer. Different
equations were obtained for triangular and
square arrangement of the cylinders and differ-
ent ranges of the relative distance between the
cylinders, X. The fibres in the regularly packed
module used in the present study were ar-
ranged in a triangular array.
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Triangular array, 1.0<2'<1.1:
Sh=9.26(1+0.0179Gz' ¢) 1/4
Square array, 1.0<2<1.2:

Sh=4.08(1+0.0349Gz' *-4¢) /4

Triangular array, 1.1<X<4.0 and square ar-
ray, 1.2<2'<4.0:

3 2 1/2
Sh={f 2+(§) Gz'm}

Triangular array:

. 8.92(1+2.289)
T 1+6.86°%

g 2.34(1+240)
T (1+36.50%4) (2,/32%— )3

Square array:

£ 400(1+05090)
= 1+0.7650%°

_ 169(1+9.19)
8=11+10.80%) (40°—7)""

D=3-1

Appendix B

Solubility and diffusivity of CO; in glycerol-
water mixtures at 298 K

In deriving the Sherwood relations for mass
transfer in hollow fibre modules which were op-
erated at 25°C, the diffusion coefficient of CO,
in the glycerol/water mixtures is needed. Val-
ues in mixtures with a glycerol content between
0 and 70% have been reported by Calderbank
[28], who derived the data from experiments
in a liquid-jet. In the present study diffusion
coefficients for mixtures with higher glycerol
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TABLE B-1

Physical data at 25°C of glycerol/water mixtures

Liquid comp. Meo, u P

(wt.% glyc/water) -) (10~2 N-sec/m?) (kg/m?)

0/100 0.82 0.89 997
15/85 0.73 1.34 1034
50/50 0.47 6.46 1138
65/35 0.44 13.2 1169
80/20 0.35 36.2 1201
90/10 0.28 68.2 1217
TABLE B-2
Diffusion coefficients for CO, in glycerol/water mixtures at 25°C
wt.% glycerol D Reference

(10~° N-sec/m*) (10~'° m?/sec)

95 11 17.1 Calderbank [28]
19.3 15 13.4 Calderbank [28]
20 1.38 13.8 Present study
28.0 2.1 9.34 Calderbank [28)
45.0 4.0 6.05 Calderbank [28]
54.0 6.2 499 Calderbank [28]
60.4 9.2 3.88 Calderbank [28]
64.4 12.0 2.88 Calderbank [28]
67.6 154 2.32 Calderbank [28)
704 19.2 1.52 Calderbank [28]
78.7 315 1.33 Present study
83.7 57.9 1.07 Present study
87.5 91.0 0.65 Present study

contents are reported. These were determined

aminags filmm manatan

nic arnth ol
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For the determination of diffusion coeffi-

cients from absorntion exneriments the lami-
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nar film reactor is widely used as a model re-
actor because the interfacial area and the
hydrodynamics of the liquid phase are known,
see e.g. Nijsing et al. [29] and Bird et al. [30].
From the experiments the product of solubility
and the square root of the diffusion coefficient
can be derived. Therefore the solubility must
be measured separately in order to be able to
calculate the diffusion coefficients. In the pres-
ent study the solubility of CO, in glycerol /water

mixtures was determined in a stirred cell as de-
anmhad her Vamatana and Uan Qorani: 191
SUiLUTU U_y vclawcs aLllu va.u UWQGLJ lUJ.J

The results of the solubility experiments are
renorted in Table BR-1. The solubility is ex-

A A R I o = 23T SRARR22LYS

pressed as the distribution coefficient, the ratio
of concentration in liquid and gas phase at
equilibrium. Viscosity and density of the glyc-
erol/water system are also reported in Table B-
1. Viscosity was determined using Ubbelohde
viscosimeters and density was measured in
pycnometers. Both apparatus were submerged
in a thermostatted water bath, which was op-

erated at 25°C. The mixtures used, were taken
from the mass transfer experiments. For the
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Fig. B-1. Diffusion coefficient of CO, as a function of viscosity in glycerol /water mixtures at 25°C.

experiments in the laminar film reactor fresh
glycerol/water mixtures were prepared.

The diffusion coefficients determined in the
present study are given in Table B-2 with the
viscosity of the mixture. This table also in-
cludes the data determined by Calderbank [28].

Both sets of data are presented in Fig. B-1. A
modified Stokes-Einstein correlation deter-
mined from the data of Calderbank also holds
for the diffusion coefficient at higher viscosi-
ties (Dn“=constant, with «=0.74). -



