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The Effect of Pulsatile Flows on the
Transport Across Membranes: An
Analytical and Experimental Study

Aaron M. Thomas

University of Idaho, Moscow, ID

Aashika Jain

Semitool, Inc., San Jose, CA

Abstract: Pulsatile flows have shown to increase the permeation flux in reverse

osmosis studies and to reduce fouling that exists in using membranes for separation

processes. However, this study demonstrates that permeation from the inside of a

hollow fiber with a membrane boundary to the outside decreases once pulsations are

added to the inside of the membranes. The increase in the axial flux due to the flow

pulsations are the reason for the increased permeation in reverse osmosis and the

decrease in transport from inside to outside. An analytical model for a two-dimensional

system is presented along with experimental results in separating oxygen from air using

polycarbonate based hollow fiber membranes.

Keywords: Pulsatile, membranes, mass transfer, gas separation, analytical, experimental

INTRODUCTION

The process of transporting gases or liquids through a membrane boundary in a

steady flow field is related to the classic Graetz (1) problem that analyzes the

concentration (or temperature) profile of a fluid steadily flowing through a

tube that undergoes a step change on the boundary. The calculated profile for

the Graetz problem can then provide the Sherwood (or Nusselt) number to
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determine mass transfer (or heat transfer) from the tube wall to the moving fluid.

Superimposing an oscillating flow to the steady flow in the tube will alter the

flow profiles and thus will alter the concentration and mass transfer of the

system. Krasuk and Smith (2) examined the oscillating flow problem and

determine that the mass transfer from a napthol-coated tube to a water stream

did indeed increase with the introduction of flow oscillations. Although they

were not able to solve for the concentration profiles explicitly, they were able

to approximate the ratio of the mass transfer in steady flow to oscillating flow

by examining the ratio between the shear stress exhibited by each configuration.

The trends of their analytical finding agreed with their experiments.

This work examines a slightly different configuration, but still draws com-

parisons with the Graetz problem and the work of Krasuk and Smith. Instead

of a boundary coated with a given species, we will analytically and experimen-

tally examine a permeable membrane and determine whether or not the mass

transfer through the membrane increases or decreases with the introduction of

an oscillating flow field. If it can be shown that adding a pulse in the lumen of

an existing membrane system will increase the transport of species through the

membrane, this will increase the membrane efficiency. A simplified system

that will analyze the transport of oxygen in a nitrogen carrier, a simulated

air mixture, is presented in order to analytically answer this question.

ANALYTICAL PROCEDURE

Although the lumen described above and that is also used in the experiments that

follow is tubular in shape, a two-dimensional geometrical configuration is

presented with an oscillating fluid flowing between two parallel flat plates. In

a way, the channel between the flat plates can be considered a “stretched out”

cylinder. The trends observed in this two-dimensional model will be the same

as the trends observed in a cylindrical geometry. For the model, the fluid is oscil-

lating between the plates due to an oscillating pressure gradient given by

�
@P

@x
¼

Pmax

L
sinðvtÞ ¼ �

iPmax

2L
ðe�ivt � e�ivtÞ ð1Þ

where Pmax is the maximum amplitude of pressure applied, L is the distance

along the plates, v is the frequency of oscillation, and i is the imaginary

number,
p
21. Let us assume that we are purifying an air stream where the

membrane preferentially selects oxygen to pass through and nitrogen will be

purified at the end of the membrane. The binary fluid then consists of species

A (oxygen) present in carrier B (nitrogen) that enters with an initial amount

CA1. Species A will then exit the system with a much smaller concentration of

CA2. At the boundary, we will assume that the surface concentration is

constant at some value Cs. Ideally, one would use a continuity of flux through

both surfaces of themembrane and into the outside stream; however, for our sim-

plified calculation, the surface concentrationwill be held fixed.Cs will need to be

less than the entrance and end concentrations (CA1 and CA2) to model a system
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where the desired species transports from the lumen, through the membrane,

and to the outside stream. Although a small amount of nitrogen will also pass

through the membrane, this model focuses entirely on the transport of the

oxygen (Figure 1).

The calculation of the velocity profile is straightforward. The result,

assuming anincompressible Newtonian fluid that is axi-symmetric about the

centerline and has the noslip condition at the wall, gives

VxðyÞ ¼ V̂xðyÞe
ivt þ ~VxðyÞe

�ivt ¼
iPmax

rvL

cos hðay=hÞ

cos hðaÞ
� 1

� �
eivt

�

þ 1�
cos hða0y=hÞ

cos hða0Þ

� �
e�ivt

�
ð2Þ

where a ¼ h
p
iv/v ¼ V

p
i,a0 ¼ h

p
2iv/v ¼ V

p
2i, v is the kinematic

viscosity of the gas mixture, and “�” and “ � ” denote complex conjugates.

The Womersley number, V, can be considered a dimensionless frequency.

The dimensionless velocity can be written as

V�
x ðy

�Þ ¼ V̂
�

x ðy
�Þeit

�

þ ~V
�

xðy
�Þe�it� ¼ i

cos hðay�Þ

cos hðaÞ
� 1

� �
eit

�

�

þ 1�
cos hða0y�Þ

cos hða0Þ

� �
e�it�

�
ð3Þ

where y� ¼ y/h; x�¼ x/L; t� ¼ vt; and Vx
� ¼ VxrvL/Pmzx.

For the concentration, the species conservation equation is given by

@CA

@t
þ Vx

@CA

@x
¼ D

@2CA

@x2
þ
@2CA

@y2

� �
ð4Þ

given a dilute species with a constant molecular diffusion coefficient, D, no

chemical reaction, and Fickian diffusion. The concentration will involve

two terms, one based on the profile with flow pulsations superimposed upon

the profile without flow pulsations, or CA ¼ CNPþ CP denoting no-pulsations

(NP) and pulsations (P) present. It was initially assumed that these terms

would be of the form

CNP ¼ CNPðx; yÞ ð5Þ

and

CP ¼ ĉðx; yÞeivt þ ~cðx; yÞe�ivt ð6Þ

Figure 1. Two-dimensional membrane geometry.
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Upon substitution into the species conservation equation, and grouping like

orders of the exponentials (as they are independent of one another), the

resulting equations are for terms with e0

V̂x

@~c

@x
þ ~Vx

@ĉ

@x
¼ D

@2CNP

@x2
þ
@2CNP

@y2

� �
ð7Þ

with eivt

ivĉþ V̂x

@CNP

@x
¼ D

@2ĉ

@x2
þ
@2ĉ

@y2

� �
ð8Þ

and with e2ivt

V̂x

@ĉ

@x
¼ 0 ð9Þ

Similar results occur for the e2ivt and e22ivt. Note that Eqn. (9) suggests that ĉ

must be constant in x in order to satisfy this equation. The same conclusion can

be drawn if CP was taken as a Fourier Series of the form

CP ¼
X1
n¼1

½ĉnðx; yÞe
invt þ ~cðx; yÞe�invt� ð10Þ

However, if CP is of the form

CP ¼
X1
n¼1

½ĉnðx; yÞe
invt þ ~cnðx; yÞe

�invt� ð11Þ

an analytical solution would not be possible. Therefore, we will force ĉ and c̃

to be a function of y only in order to satisfy Eqn. (9) and therefore modify Eqn.

(6). The new equations for e0 and eivt are then

D
@2CNPðx; yÞ

@x2
þ
@2CNPðx; yÞ

@y2

� �
¼ 0 ð12Þ

and

D
@2ĉðyÞ

@y2
� ivĉðyÞ ¼ V̂xðyÞ

@CNPðx; yÞ

@x
ð13Þ

With ĉ ¼ ĉ(y), terms with e2ivt do not appear in the final result.

When no flow pulsations are present, species transport is purely by

molecular diffusion with a concentration profile of the form

C�
NPðx

�; y�Þ ¼
X1
m¼0

2=bmð�1ÞmC�
0 � ebm=k

1� e2bm=k
ebmx

�=k

�

þ
2=bmð�1ÞmC�

0 � ebm=k

1� e2bm=k
ebmx

�=k

�
cosðbmy

�Þ ð14Þ
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where

C�
NP ¼

CA�Cs

CA2�Cs

; C�
0 ¼

CA1�Cs

CA2�Cs

; k¼
h

L
; and bm ¼

2mþ 1

2

� �
p ð15Þ

This result is based on an axi-symmetric concentration profile, constant

concentration at the boundary, and at the ends of the membrane.

When analyzing the term when pulses are present, Eqn. (13) needs to be

solved for ĉ(y). However, taking the gradient of CNP in the x-direction as

shown on the right hand side of the Eqn. (13) gives a result that is a

function of both x and y. This would necessitate that ĉ is a function of both

x and y and contradict our need to have ĉ as a function of y only. However,

we have also shown that ĉ must be a constant in x to satisfy Eqn. (9). In

order to overcome this problem, the exponentials in x for CNP will be

expanded as a series, and only the terms that do not include x once the deriva-

tive is taken will be kept. Therefore,

dC�
NP

dx�
¼

2

k

X1
m¼0

2=bmðe
bm=k � ebm=kÞ

þð�1ÞmC�
0ðe

2bm=k � e2bm=kÞ

ð1� e2bm=kÞð1� e2bm=kÞ

2
6664

3
7775 cosðbmy

�Þ

¼ �
2

k

X1
m¼0

fm cosðbmy
�Þ ð16Þ

will be the representation used to find ĉ(y). The solution to ĉ(y) that is

axi-symmetric about the centerline and is constant at the boundary wit h a

value Cs is then

ĉ�ðy�Þ ¼

Pe

2b

X1
m¼0

fm

ðb� aÞ cosðbmy
�Þ cos hðay�Þ

�bm sinðbmy
�Þ sin hðay�Þ

cos hðaÞ½ðb� aÞ2 þ b2m�

þ
Pe

2b

X1
m¼0

fm

ðaþ bÞ cosðbmy
�Þ cos hðay�Þ

þbm sinðbmy
�Þ sin hðay�Þ

cos hðaÞ½ðbþ aÞ2 þ b2m�

þ
Pe tan hðahÞ

2b cos hðbhÞ
cos hðby�Þ

X1
m¼0

ð�1Þmfm

bm

½ðaþ bÞ2 þ b2m�
�

bm

½ða� bÞ2 þ b2m�

" #

þ
C�
1

cos hðbÞ
� Pe

X1
m¼0

fm
cosðbmy

�Þ

b2 þ b2m

8>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>:

9>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>;

ð17Þ

where ĉ� ¼ ĉ/(CA22 Cs), C
�
1 ¼ Cs/(CA22 Cs)b ¼ h

p
iv/D ¼ V

p
iSc, and

Pe ¼ Pmaxh/vD.
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ANALYTICAL RESULTS

Now that the concentration profiles are known, one can then determine if the

flow oscillations increase or decrease the transport across the membranes and

thus increase the membrane efficiency. Normally, the flux at the wall is deter-

mined and used to find a mass transfer coefficient for the process. However,

when calculating the flux at the wall,

Jyjy¼h ¼ �D
@CA

@yy¼h

and time averaging this over one period of oscillation, the flow oscillations have

no effect on the flux as it time averages out to zero. Krasuk and Smith (2) were

able to overcome this issue and determine a mass transfer coefficient by taking

the shear stress at the wall and using this as an indicator of the mass transfer

coefficient in much the same way as using Reynolds analogy to approximate

a mass transfer coefficient. We will use a different approach. In this system,

species will transport in the x-direction down the plates and also in the y-

direction across the membranes. If no flow oscillations are present, the sum

of the mass transfer in both x and y can be found by taking the time- and

spatially-averaged flux in x and y to give the total number of moles that are

transfer per unit of time. However, if a pulse is added to the system, the sum

of the mass transfer in both directions will not change from the value found

with no flow oscillations as mass is not being added to the system and the

pulse is purely oscillatory so that no net flow is present. Therefore, if the pulsa-

tions increase the mass transfer in the x-direction along the plates compared to

the no pulse case, it must then decrease the transport through the membranes.

The reverse is true if the x-direction mass transfer decreases due to the pulsa-

tions. Although the flux and mass transfer in the y-direction does not yield

useful results, the results for mass transfer in the x-direction will provide

insight to the effect of flow pulsation on the transport through the membranes.

When no flow oscillations are present, the flux and mass transfer in the

x-direction are

Jx ¼ �D
@CNP

@x
ð18Þ

and

Qx ¼

ðh
�h

Jxdy ¼ 2

ðh
0

Jxdy ¼ �2D

ðh
0

@CNP

@x
dy ð19Þ

respectively. Because of the two-dimensional geometry, the mass transfer will

be in units of moles/time per unit width. When the pulsations are added, the

flux becomes

Jx ¼ �D
@

@x
ðCNP þ CPÞ þ VxðCNP þ CpÞ ð20Þ
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After time averaging over one period and recalling that CP is only a function

of y, the flux is now

�Jx ¼
v

2p

ð2p=v
0

Jxdt ¼ �D
@CNP

@x
þ 2<f ~Vxĉg ð21Þ

where < represents the real part of Ṽxĉ. The mass transfer will then be

�Qx ¼ �2D

ðh
0

@CNP

@x
dyþ 4<

ðh
0

~Vzĉdy

8<
:

9=
; ð22Þ

or in dimensionless form

�Q
�

x ¼ �2k

ð1
0

@C�
NP

@x�
dy� þ 4Pe<

ð1
0

~V
�

x ĉ
�dy�

8<
:

9=
; ð23Þ

with Q̄x/D(CA12 Cs). Note that the first term on the right hand side of

the mass transfer is the same as the mass transfer when no pulse is present

Eqn. (14). The effect of the pulse then lies in the second term, and this will

then be the focus of our attention.

Plotting the second term, or the convective portion of the mass transfer,

versus frequency of oscillation in Fig. 2 reveals that the mass transfer is both

positive and decreases for increasing frequency of oscillation. This indicates

that the flow pulsations cause more mass to be transported along the plates

and less mass is being transferred through the membranes. Therefore, the sep-

aration of the gases flowing between the membrane boundaries decreases once

the flow oscillations are started. The results also show that as the frequency of

Figure 2. Convective mass transfer versus Womersley number for oscillating flow

between two flat membranes.
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oscillation increases, the mass transfer in the x-direction asymptotes toward zero

that says that it will eventually approach the no pulse system. Experiments were

then performed in order to verify these results.

EXPERIMENTAL SETUP

Experiments were performed using substituted polycarbonate based hollow

fiber membrane fabricated by GENNERONw to purify nitrogen from an air

stream by separating out the oxygen through the membranes. 180 of these

fibers are encased in a tube with each fiber ranging in diameter from 120–

140 mm and having a length of 61 cm. The range of the separation factor of

these membranes was 6–8 which is defined as the oxygen to the nitrogen

flow rate in the permeate stream. Here the reject is defined as the stream

that exits the membranes and the permeate is the stream that runs on the

outside of the membranes as the given species “permeates” or transports

through the membranes to the outside stream. During these experimental

runs, no sweep gas was used on the permeate side, and the permeate stream

was configured in a counter-current fashion with one end completely closed

and the other open to the atmosphere.

The schematic of the experimental setup is depicted in Fig. 3. Compressed

air is fed to the membranes using a gas cylinder, and mass balances where

initially done to determine if leaks where present in the experiment. Once

the original mass balance was performed, the pressure in the lines into and

out of the reject and permeate were monitored to see if any air leaks were

present. These leaks were then found using a soap solution and fixed.

Figure 3. Schematic of the experimental apparatus.
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The flow pulsations were produced using a CRANEw pump with a

diaphragm motor. The pump was then connected to a 3-speed controller so

that the frequency of pump pulsations could be controlled. Pump pulsations

at the inlet were observed using a pressure transducer connected to an oscillo-

scope and recorded with a computer. Flow pulsations were evident at the

outlet using a hand-held flow meter that showed an oscillating flow rate.

Although the outlet pulsations were not recorded, the aim was to ensure the

pressure pulsations were observed at the outlet. The change in the percentage

of oxygen in the reject stream was measured using a TELEDYNEw 3300PA

oxygen analyzer.

Again, it may seem that the experiments and theoretical setup are not

related. The experiment is a cylindrical geometry with pulsations imposed

upon a steady flow while the theory is for flat plates without a steady flow.

The change in the geometry will not qualitatively affect the trends observed

in the model. The shapes of the velocity profiles in the channels will be

similar to the velocity profile shapes in the cylinder. Therefore, the trends in

the model demonstrate that the amount of oxygen in the reject stream will

increase leaving less oxygen in the permeate stream thus indicating a

decrease in the separation once the flow pulsations are introduced. This

result should also be evident in the experiments. Further, as the flow oscil-

lations increase, the effect should become less and less as predicted by the

model. These observations in the model will not be effected by either a

change in geometry or by adding a steady flow to the system. Although the

results would be more accurate if these changes were added, the qualitative

trends would remain the same.

EXPERIMENTAL RESULTS

For the experiments, the pressure at the inlet of the membranes averaged 117

psig and 109 psig at the outlet. The maximum pressure change at the highest

motor speed was observed to be 2 psig. Figure 4 depicts the average oxygen

concentration for the flow pulsation above the average steady flow value

measured from the experiments in the reject stream as a function of motor

speed. Recall that the membranes are designed to remove oxygen in order

to have a purified nitrogen stream in the reject. Figure 4 shows that as the

flow pulsations are imposed upon the feed stream, the oxygen concentration

rises in the reject indicating that less separation is evident with the introduc-

tion of the pulsations. A peak is reached around 1250 RPMs and decreases as

the motor speed increases. This is similar to the analytical result that indicated

the difference between the mass transfer for a pulsed and non-pulsed system

would decrease for increasing frequency. Now, a motor speed of 750 RPM

does not correspond to oscillating occurring 750 times a minute. For 750

RPM, a pulse cycle takes about 1.5 seconds and about 0.66 seconds at 1750

RPM. The ratio of the flow rates of the reject to the permeate stream
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averaged to be about 14%, and this ratio did not change with the addition of

the flow pulsations.

EXPLANATION OF RESULTS

Even though the model correctly predicted the experimental results, the

findings were not expected considering the work of Krasuk and Smith (2)

who were able to prove that increasing the frequency and amplitude of pulsa-

tions improved the mass transfer of ß-naphthol into water. Furthermore, using

pulsating flows in reverse osmosis studies (3, 4, 5) show an increase in the per-

meation flux through the membranes due to the flow pulsations. The question

becomes why our results show a decrease in separation whereas these other

studies show an increase in permeation flux and mass transfer.

First, in the experiments of Krasuk and Smith, they transferred mass

(ß-naphthol) from the wall into the bulk (water) by superimposing a pulse

on the steady flow of the water. In this case, the flow pulsations produced a

higher mass transfer, though the direction of species movement was from

wall boundary into the bulk. In contrast for the membranes, transfer of mass

needs to be in the opposite direction or from the bulk to the wall boundary

to increase efficiency.

The proposed explanation for this difference is that pulsations not only

increase the overall radial concentration gradients, but also increase the

axial transport of species down the tube (6–8). Therefore, the increase in

O2 transport along the tube and out of the reject is much more than the

effect of the increased radial concentration gradients, which will in turn

produce a higher O2 concentration in the reject stream. Furthermore, as the

Figure 4. Oxygen concentration above the steady flow value versus the motor speed

of the pump.
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pulsation frequency increases, the time scale of oscillations compared to the

time scale for species transport through the membranes must be important.

In other words, as the time it takes to complete one oscillating cycle

diminishes, the less time the species has to react to the oscillating flow

profile. Eventually, the oscillations will occur so rapidly, that it will seem

that the oscillations do not exist. Then, the result will begin to approach to

the runs with no flow pulsations.

With the transfer of species from the wall to bulk, as is the case in Krasuk

and Smith’s study, the flow oscillations help increase the radial concentration

gradients and aid in increasing the mass transfer down the tube. If one looks at

the concentration difference between the wall and the bulk, it would be higher

for pulsating flow as the gradients increase and the species is swept down the

tube at a greater rate. This is depicted in Fig. 5 from situation a, with no pulses

to b, when pulses are added.

Because the concentration difference is the driving force for mass transfer

from the wall, the flux would therefore increase. The same is true for species

that pass from the outside of the membranes, through the membrane wall,

and into the lumen of the membrane. In steady flow, a buildup of species

will form on the inside of the membrane wall causing a polarization of the

membrane that in turn decreases the driving force across the membrane.

Flow pulsations will reduce polarization by transporting species away from

the wall and down the length of the membrane. This then increases the per-

meation flux through the membrane as the driving force becomes higher.

However, the opposite situation occurs for the problem analyzed in this

study. The flow pulsations have actually decreased the driving force through

Figure 5. a) Transport from outside the membranes to the lumen in steady flow. b)

Transport to the lumen once pulses are added. c) Transport from lumen to the out-

side of the membranes in steady flow. d) Transport to the outside once pulses are

added.
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the membranes as species is being more rapidly transported from the entrance

to the exit of the membrane as shown in Fig. 5c and d. There is less time for the

species to transport through the membrane before it exits on the reject side.

Therefore, the mass transfer through the membrane is less and the concen-

tration in the reject stream is higher when flow pulsations are added.

EXPERIMENTS WITH AIR ON THE OUTSIDE

It was decided to try and replicate the results of others with the current exper-

imental set-up. This time, the airflow was changed to the outside of the

membranes while the entrance of the membrane was attached to the pump

with the exit open to the atmosphere to create the pulsations in the lumen.

Measurements were again taken in the reject stream, the same side as the

inlet air stream that is now on the outside of the membranes, so that a low

O2 concentration indicates a larger transport of O2 through the membranes

into the lumen. The results of this configuration depicted in Fig. 6 show that

flow pulsations cause a decrease in the oxygen content in the permeate

stream over that due to purely steady flow. Therefore, more oxygen is being

transported through the membranes and out of the reject. The flow pulsations

increase the mass transfer along the length of the tube and thus “draw” more

oxygen through the walls of the membrane. This is consistent with the results

one would expect based on the findings of Krasuk and Smith (2) and the expla-

nation given previously.

It is important to note that although these experiments were performed on

gas species, the same types of results would arise for liquid separations as

well. Despite the 5 orders of magnitude difference in diffusion coefficients

Figure 6. Oxygen concentration below the steady flow value versus the motor speed

of the pump for air on the outside of the membranes.
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and the lower kinematic viscosity of liquids, the transport mechanism from the

bulk flow to the boundary of the membranes is still the same. The effect of the

flow pulsations on liquid separations would agree with the results for gas

separations.

CONCLUSIONS

Models were developed to predict the effect of flow pulsations on the

mass transfer and resulting separation of species in a gas stream traveling

through a system bounded by a permeable membrane. The simplified, two-

dimensional model shows that the flow pulsations reduce the transport

across the membrane boundary and thus reduce the purification of the gas

stream. Experiments demonstrated that the purification of N2 from a

standard air stream traveling through hollow fiber membranes used to

separate out O2 indeed decreased as the flow pulsations were added. Flow

pulsations increase the axial transport down the tubes so that it reduces the

interaction time of the oxygen with the membrane boundary. For these

processes, it is evident that flow pulsations that may arise due to improper

flow control be eliminated as much as possible so that the highest

membrane efficiency can be achieved. However, if one flows on the outside

of the membranes, transport through the membranes into the lumen

increases with flow pulsations added to the lumen.
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