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Dimensional Analysis of Crossflow
Microfiltration Data

Greg Foley

School of Biotechnology and National Institute for Cellular

Biotechnology, Dublin City University, Dubline, Ireland

Abstract: A new approach to correlating crossflow microfiltration (CFMF) data

based on dimensional analysis is presented. The steady state flux was assumed to

be a function of the trans-membrane pressure (DP), the crossflow velocity (u), the

particle concentration (c), filtrate viscosity (m), and membrane resistance (Rm). Cor-

relations of the form J/u ¼ K(DP/cu2)a (DP/muRm)
b were tested on three sets of

published data: one for CFMF of dried yeast suspensions in a laminar flow hollow

fiber module, one for dried yeast suspensions in a turbulent flow tubular module

and one for suspensions of latex particles in a laminar flow flat sheet module.

The R2 values for the fits of the correlations to the data were 0.98, 0.94, and 0.91

respectively.

Keywords: Crossflow microfiltration, dimensionless numbers, flux, correlation,

steady state

INTRODUCTION

In the last two decades a large body of literature has appeared in the field of

crossflow microfiltration (CFMF). Numerous papers have appeared in which

researchers report experimental flux data for microbial and non-microbial sus-

pensions. References (1–4) are just some recent examples that will direct

the reader to earlier work and which illustrate the breadth of research in this

area. In parallel with the experimental work, many mathematical models of
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CFMF have been developed and many of these have been reviewed by Davis

(5). Some of these models provide good insight into the underlying physics of

CFMF. For example, the force balance models are useful for interpreting

phenomena such as preferential deposition of small particles (6, 7). The

shear-induced diffusion model of Davis and co-workers (8–10) is probably

the best known model of CFMF, and in addition to providing good insight

into back-transport in crossflow systems, it agrees well with experiments

performed with simple model systems composed of latex particle suspensions

(11).

However, it is likely that approaches such as these will be unable to

predict fluxes during crossflow microfiltration of complex microbial suspen-

sion encountered in real bioprocessing. Redkar and Davis (12) compared the

predictions of the shear-induced diffusion model with data for crossflow

microfiltration of suspensions of rehydrated bakers yeast and the study

reveals some of the difficulties with trying to compare theoretical models

with microbial system behaviour. Using one adjustable parameter (the

“crossflow integral”), only moderate agreement was obtained between the

model and the data. For a ceramic filter, the model overestimated the depen-

dence of steady state flux on trans-membrane pressure and wall shear rate,

while better agreement was obtained with a polypropylene filter. In the

context of the pressure dependence, it is interesting to note that the model

did not account explicitly for the pressure dependence of the specific resist-

ance of yeast filter cakes (13). Regarding the weak dependence of flux on

shear rate, it is worth pointing out that in the system studied, membrane

fouling was clearly an important contributor to flux (although not

included in the model), a fact that would weaken the dependence of the

flux on crossflow velocity. In terms of the practical utility of the model,

its one adjustable parameter was found to be a function of both the suspen-

sion and the membrane suggesting that the model must always be

accompanied by experimentation for any given suspension-membrane

system.

Further difficulties with applying theoretical models to CFMF of

microbial suspensions can be anticipated when we consider the factors

affecting the filtration characteristics of these suspensions. The specific resist-

ance of microbial filter cakes, formed under dead-end conditions, depends

not only on pressure, but also on factors such as cell morphology (14, 15)

(which may change during fermentation), pH and ionic strength (16),

surface properties (17), cell ageing (18) and harvest time (19), and these

effects are not easily incorporated into mechanistic models. As an additional

complication, the characteristics of the crossflow cake may depend on

crossflow velocity due to preferential deposition of small cells (20) and

alignment of cells parallel to the tangential flow (21) and may also be

affected by membrane fouling (22).

At present therefore, it is reasonable that a more empirical approach be

employed to correlate crossflow filtration behavior. Indeed, this is an
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increasingly common approach as exemplified by the appearance of signifi-

cant numbers of papers in which the use of artificial neural networks

(ANNs) to correlate crossflow filtration data is reported (23–26). The ANN

approach has proved to be a powerful technique for correlating data but

provides very little insights into the underlying physics of a problem.

Dimensional analysis (27) is a technique that has found widespread use in

the analysis of chemical engineering processes. Like artificial neural

networks, it is used when physical phenomena are so complex that they

cannot be described by predictive equations derived from first principles.

Instead, dimensional analysis is used to reduce the number of variables in

the problem, as a result of which, relatively simple empirical equations can

be used to represent the experimental data. In contrast to neural networks,

dimensional analysis can provide significant insight into the physics of a

problem. CFMF is a complex process and would seem to be well suited to

the dimensional analysis approach. Surprisingly, however, only a few

attempts have been made to use dimensional analysis in crossflow microfiltra-

tion. Previous researchers have correlated CFMF data in terms of the cake

resistance, the trans-membrane pressure, the crossflow velocity, and the sus-

pension density (28–30). These approaches omitted key parameters such as

the particle concentration.

In this paper we report on an attempt to correlate previously published

CFMF data using a set of three dimensionless groups. The aim of the work

is not to construct a correlation with wide applicability—the variability in

microbial suspension and membrane properties precludes this—but to

develop an approach whereby experimental data for a particular suspension-

membrane system can be represented in a convenient and concise way. In

the next section, we develop the relevant dimensionless groups. We then

describe the process by which the raw data was obtained and the dimension-

less groups calculated. Non-linear regression is then applied to obtain the

relevant correlations.

DIMENSIONAL ANALYSIS OF CFMF

The number of variables that determine the steady state flux in CFMF is very

large. Particle and liquid properties, process variables such as trans-membrane

pressure and crossflow velocity, membrane properties, and module geometry

are all significant. Inclusion of all of these variables would lead to a large

number of dimensionless groups making data analysis very difficult. In this

paper, we express the problem in the following way:

J ¼ f DP; u; c;Rm;m
� �

ð1Þ

where J is the steady state flux, DP is the trans-membrane pressure, u is the

crossflow velocity, c is the particle concentration, m is the filtrate viscosity,

Dimensional Analysis of Crossflow Microfiltration Data 3171
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and Rm is the membrane resistance. The membrane resistance is defined by the

standard filtration equation,

Jwater ¼
DP

mRm

ð2Þ

where Jwater is the pure water flux through the membrane. Using the Bucking-

ham Pi theorem, equation (1) implies that CFMF data can be correlated by

three dimensionless groups (27). Applying the Buckingham Pi method gives

J

u
¼ f P1;P2f g ð3Þ

where

P1 ¼
DP

cu2
ð4Þ

and

P2 ¼
DP

muRm

ð5Þ

The physical significance of P1 is not obvious but it does have the familiar

appearance of a friction factor, albeit with particle concentration replacing

fluid density and trans-membrane pressure replacing wall shear stress. P2 is

just the ratio J0/u where J0 is the initial flux.

DATA RETRIEVAL

There are many papers that probe the underlying mechanism of CFMF but these

generally report selected data that test some aspect of a particular flux model

(31–34). For this study we have used a paper that gives detailed steady state

flux data for CFMF of re-hydrated bakers yeast suspensions (35) and a paper

that gives comprehensive data on the CFMF of latex yeast suspensions (36).

In the first paper (35) data were examined for two modules, characteristics of

which are shown in Table 1. The raw data extracted from that paper are

given in Tables 2 and 3. Where data was presented in graphical form in the

original publication, the graphs were scanned, enlarged, and the data

measured directly from the graph. In all calculations, the viscosity was taken

to be 0.797 � 1023Ns/m2 as all experiments were done at 308C. In the

Table 1. Membrane and module characteristics in work of Patel et al. (35)

Module

Tube/fiber
diameter Membrane material Membrane resistance

Tubular 5.5 mm 0.2 mm polypropylene 3.45 � 1011 m21+ 4%

Hollow fiber 1.1 mm 30 kDa polysulphone 1.79 � 1012 m21+ 15%
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Table 2. Flux data for the hollow fiber module in the work of Patel et al. (35)

c ¼ 1 g/L (dry weight) c ¼ 3 g/L (dry weight) c ¼ 50 g/L (dry weight)

DP (kPa) u (m/s) J (m/s � 1025) DP (kPa) u (m/s) J (m/s � 1025) DP (kPa) u (m/s) J (m/s � 1025)

28.2 0.5 1.59 43.2 1.0 1.70 34.5 1.0 0.56

38.8 1.0 1.90 56.5 1.0 1.87 103 0.5 1.48

47.6 1.0 2.08 68.8 1.5 2.03 103 1.0 1.69

49.4 0.5 2.16 77.6 0.5 2.23 103 1.5 1.36

68.8 1.5 2.62 79.4 1.0 2.28 125.8 1.0 1.67

79.4 0.5 2.96 89.1 1.5 2.45

80.3 1.0 3.09 97.1 0.5 2.69

82.1 1.8 3.01 98.8 1.8 2.72

82.9 1.5 2.84 100.6 1.0 2.65

96.2 1.5 3.02 100.6 1.5 2.75

97.1 0.5 3.17 112.9 0.5 3.0

103 1.0 3.19 113.8 1.8 2.95

110.3 0.5 3.29 114.7 1.0 2.91

111.2 1.0 3.21
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Table 3. Flux data for the tubular module in the work of Patel et al. (35)

c ¼ 1 g/L (dry weight) c ¼ 5 g/L (dry weight) c ¼ 50 g/L (dry weight)

DP (kPa) u (m/s) J (m/s � 1025) DP (kPa) u (m/s) J (m/s � 1025) DP (kPa) u (m/s) J (m/s � 1025)

25.5 2.8 2.78 18.8 2.8 0.88 21.5 2.8 0.71

45.7 2.8 3.27 39.0 2.8 1.90 48.4 2.8 0.95

69.9 2.8 5.03 68.5 2.8 2.30 67.2 2.8 1.68

75.3 2.8 5.68 142.5 2.8 3.93 83.3 2.8 1.95

103.0 0.6 3.42 177.4 2.8 4.60 103 0.8 1.14

103.0 1.1 4.49 207.0 2.8 4.91 103 1.6 1.57

103.0 1.7 5.30 231.2 2.8 4.99 103 2.4 2.04

103.0 2.3 6.39 103 3.2 2.55

103.0 2.8 7.16 103 4.0 2.82

104.8 2.8 7.08 103.5 2.8 2.19

146.5 2.8 8.50 121.0 2.8 2.96

207.0 2.8 9.99 139.8 2.8 3.27

228.5 2.8 10.30 207.0 2.8 4.33

219.1 2.8 4.41
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second paper (36), data was retrieved for the microfiltration of 0.055 mm latex

particles with a 30kDa PVDFmembrane in a flat sheet module of channel height

0.98 mm with nominally laminar flow. All data was measured from graphs and

is shown in Table 4. The runs in which the fluid viscosity was varied were

performed by varying the temperature. It should be noted that the authors did

not provide a value of Rm for their membrane and gave all concentrations in

parts per million on a volume basis (ppmv). Thus our analysis did not

evaluate the dimensionless constant, K, in equation (6) below but was

capable of deriving the constants a and b.

RESULTS

Analysis of Yeast Microfiltration Data

We have assumed that the dimensionless steady state flux is a power-law

function of the other dimensionless groups, i.e.

J

u
¼ KPa

1 P
b
2 ð6Þ

Table 4. Flux data for the 30 kDa membrane in the work of Hwang et al. (36)

DP (kPa) u (m/s) c (ppmv) m (Pa s � 1023) J (m/s � 1024)

70 0.12 50 0.797 1.70

105 0.12 50 0.797 2.00

140 0.12 50 0.797 2.20

168 0.12 50 0.797 2.20

70 0.24 50 0.797 2.35

105 0.24 50 0.797 2.55

168 0.24 50 0.797 2.50

70 0.36 50 0.797 2.75

105 0.36 50 0.797 3.25

140 0.36 50 0.797 3.30

174 0.36 50 0.797 3.30

140 0.24 25 0.797 3.50

140 0.24 35 0.797 2.75

140 0.24 50 0.797 2.50

140 0.24 75 0.797 2.40

140 0.24 100 0.797 2.25

140 0.12 50 0.797 2.10

140 0.30 50 0.797 2.80

140 0.36 50 0.797 3.30

140 0.42 50 0.797 3.65

140 0.24 50 1.234 2.10

140 0.24 50 1.010 2.35

140 0.24 50 0.651 3.30
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where K, a and b are dimensionless constants. The non-linear regression of the

data was performed with SigmaPlotTM (SSI, California, USA) and we found

the following expression for the hollow fiber data (Table 2)

J

u
¼ 4:26� 10�4P0:21

1 P0:52
2 ð7Þ

where this correlation is valid for the system studied only and where

650 , P1 , 4.2 � 105 and 2.4 � 1025 , P2 , 1.6 � 1024.

In the experiments with the hollow fiber membrane the apparent ratio of

steady state cake resistance, Rc, to membrane resistance (i.e., assuming no

membrane fouling) varied between 0.43 and 4.32, and 26 of the 32 exper-

iments had an Rc/Rm ratio less than 2.0. The ratio was calculated in all

cases by rearranging the filtration equation

J ¼
DP

m Rm þ Rcð Þ
ð8Þ

to give

Rc

Rm

¼
DP

mRmJ
� 1 ð9Þ

where J is the measured steady state flux. Given the likelihood of membrane

fouling occurring with the yeast suspensions employed (12), the true ratio of

cake to membrane resistance was probably significantly lower than the values

quoted above. Therefore in these experiments, the cake and membrane resist-

ances were of the same order of magnitude and in many of the experiments,

the membrane resistance dominated. This may in part explain why there is

such a weak dependence of flux on crossflow velocity (u0.06) contained in

equation (7). The flux is most dependent on crossflow velocity when the

cake resistance dominates. For example, the shear induced diffusion model

predicts that the flux should be proportional to u1.0 when the cake resistance

is dominant (10). However, since the membrane resistance should be essen-

tially independent of crossflow velocity, even if membrane fouling occurs,

the observed dependence of the flux on crossflow velocity in real systems is

determined by the relative magnitudes of the cake and membrane resistances.

Thus, the very weak dependence of flux on crossflow velocity contained in

equation (7) is reflective of the significance of the membrane resistance.

Similarly the strong dependence on trans-membrane pressure (DP0.73) is

indicative of the importance of membrane effects because for the compressible

cakes formed in these experiments, the flux should be only very weakly

dependent on the trans-membrane pressure when the cake resistance

dominates but should be proportional to DP1.0 when the membrane resistance

dominates. A simple model of crossflow microfiltration is outlined in the

Appendix to support these arguments.
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For the tubular module data (Table 3) we find:

J

u
¼ 0:786P0:25

1 P0:15
2 ð10Þ

where this correlation is valid for 55 , P1 , 3.2 � 105 and 2.4 � 1025,

P2 , 6.6 � 1024. In the experiments with the tubular module, the apparent

ratio of steady state cake resistance, Rc, to membrane resistance varied

between 2.34 and 31.91, and 28 of the 34 experiments had an Rc/Rm ratio

greater than 5.0. These higher Rc/Rm values are reflected in a stronger depen-

dence of flux on crossflow velocity (u0.35), a weaker dependence on pressure

(DP0.4), and a weaker dependence of flux on membrane resistance (Rm
20.15 as

opposed to Rm
20.52 for the hollow fiber module.) Of course, the stronger depen-

dence of the flux on crossflow velocity is also indicative of the turbulent flow

in the module as shown in the Appendix.

The fit of equations (7) and (10) to the data is shown in the parity plots,

Figs. 1 and 2. The R2 values for each of these plots are 0.98 and 0.94

respectively. It is clear that the dimensional analysis approach is capable of

correlating a substantial amount of data into one simple relationship, for a par-

ticular membrane-suspension system. The increased scatter in the plot for the

tubular module reflects the more scattered nature of the raw data (35) and does

not, we believe, reflect a problem with applying this approach to turbulent

flows.

Figure 1. Experimental versus predicted values of J/u for CFMF of yeast suspen-

sions in the hollow fibre module of Patel et al. (35).
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Analysis of Latex Microfiltration Data

The same approach was applied to the data of Hwang et al. (36) shown in

Table 4. As mentioned above, the dimensionless constant, K, could not be

obtained but the constants a and b were found by non-linear regression to

be a ¼ 0.27 and b ¼ 0.10. The relevant parity plot is shown in Fig. 3 and

indicates that this approach based on dimensionless numbers gives a moder-

ately good fit (R2 ¼ 0.91) to the data, albeit not as good as that obtained

with the yeast data. Whether this relatively poor fit in comparison with the

yeast data reflects scatter in the original data of Hwang et al. (36), or

whether it represents a weakness in applying this approach to the CFMF of

such small particles is unclear at present. While the value of P2 is unknown

in these calculations (due to the lack of information on Rm) the values of

P1 ranged between 6900 and 2.5 � 105 which is within the ranges of the

yeast studies described in the previous section. Although the flow in the

latex experiments was nominally laminar, the exponents a and b obtained

are quite close to those obtained with the turbulent flow yeast experiments.

Interestingly, it would appear that in both these sets of experiments, the

cake resistance is dominant. However, this conclusion must remain tentative

because Hwang et al. (36) did not give Rm data and we have drawn this con-

clusion by inspection of their flux decline curves obtained at 140 kPa only, and

assuming negligible membrane fouling as before. In addition, the importance

Figure 2. Experimental versus predicted values of J/u for CFMF of yeast suspen-

sions in the tubular module of Patel et al. (35).
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of membrane fouling in each set of experiments remains unclear but one

would expect it to be more significant in the yeast experiments.

DISCUSSION

The dimensional analysis approach appears to be a useful tool for correlating

crossflow microfiltration data. In this paper we have shown that the results of

large numbers of experiments obtained with a particular suspension-

membrane system can be represented on a single graph and described by a

single equation. Indeed it is perhaps surprising that this approach has not

been applied more frequently in the past. Dimensional analysis has tradition-

ally been applied to predict behavior in systems that are too complicated to

analyse theoretically. CFMF is certainly a complex process particularly

when real suspensions such as those encountered in bioprocessing are

involved, and one would have thought that dimensional analysis would be

an ideal approach for systems of this kind. There are two possible reasons

for this. First, the number of parameters that can affect crossflow filtration

behavior are potentially very large and the inclusion of all these parameters

would lead to many dimensionless groups unless simplifications are made.

In this study for example, we have not accounted explicitly for module

geometry, crossflow regime, or suspension properties. This reduces the

number of groups to a manageable level. As a consequence, the effect of

Figure 3. Experimental versus predicted values of J/u for CFMF of latex suspen-

sions. Data of Hwang et al. (36).
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important industrial factors such as channel length are not revealed by the cor-

relations developed here. Further experiments with membranes of various

lengths would be needed to establish the effect of channel length on the

constants, K, and possibly a and b, in the dimensionless correlations. Alterna-

tively, an estimate of the effect of channel length could be made with, for

example, the shear induced diffusion model (10).

A second reason why dimensional analysis has not been used extensively

in crossflow microfiltration is that there have not been many systematic studies

on the effect of process parameters on the steady state flux in crossflow micro-

filtration. While there are a large number of papers devoted to crossflow

microfiltration processes as outlined earlier, few of these provide extensive

information on the effect of process parameters on the steady state flux.

Most authors have tried to provide insight into the underlying mechanism

of CFMF and have focused on fundamental aspects of cake formation,

membrane fouling, and flux dynamics. Thus, while it is very common to see

plots of flux versus time in the typical crossflow filtration paper, it is very

rare to find extensive tabular data showing the effect of process parameters

on the flux at steady state. This makes it difficult for other researchers to

get a quantitative overview of the factors affecting steady state fluxes.

The advantage of an experimental correlation like those developed here is

that the flux behavior of a microfiltration system can be summarized concisely

and accurately using an equation derived from a small number of experiments.

Once a system is characterized in this way, its steady state flux under different

conditions (e.g. of pressure, membrane resistance, concentration, and

crossflow velocity) can be predicted. A priori prediction of the steady state

flux from suspension properties, model geometry, and operating conditions

is the long term goal of mathematical modelling approaches but in the

medium term this is likely to be have limited success except with very well

defined suspensions. The approach taken here, where we have merely tried

to summarize process data in as concise a way as possible, is likely to be

useful in the short to medium term.

While we have not attempted to generate a correlation that has wide

ranging applicability in this paper, there is no reason why this approach

could not be used for any kind of suspension, whether it be the incompressible

latex suspensions or the moderately compressible yeast suspensions discussed

in this paper, or highly compressible particles such as blood cells.

CONCLUSIONS

Crossflow microfiltration data for a particular suspension-membrane system

can be represented with a single correlation involving three dimensionless

groups. Apart from the fact that the data can be represented concisely, this

finding may reduce the amount of experimentation required to characterize

a given suspension-membrane system because only the relevant dimensionless
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groups, and not the individual process parameters, need be varied. Further

experimental work is required to test this approach in order to eliminate

scatter produced by extracting data from graphs and to quantify precisely

the starting membrane resistance in all experiments. A variety of suspen-

sion-membrane combinations should be used with a view to gaining insight

into the factors affecting the exponents in the power-law correlations.

APPENDIX - A SIMPLE MODEL OF CROSSFLOW

MICROFILTRATION

We assume that the process of cake build up is the net result of particle depo-

sition and removal. Furthermore we assume that the removal is random and

proportional to the cake mass per unit area giving

dm

dt
¼ cJ � ktwm ðA1Þ

The removal term used here owes its origins to the Kern-Seaton theory of heat

transfer surface fouling (37) and has been used in a membrane context by a

number of authors previously (38–40). At steady state and assuming

J ¼
DP

mðRm þ amÞ
ðA2Þ

where a is the specific cake resistance, and that the cake is thin relative to the

channel height, we get the following expression for the flux at steady state

J ¼
2J0

1þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ F

p ðA3Þ

where J0 is the initial flux and the dimensionless number, F, is given by

F ¼
4acDP

mR2
m ktw

ðA4Þ

At low pressures, we have F � 1 and the flux is proportional to the transmem-

brane pressure. At high pressures, the expression for the steady state reduces to

J ¼
ktwDP

amc

� �1=2

ðA5Þ

Assuming the specific cake resistance is related to pressure by the typical

power-law expression

a ¼ aDPn ðA6Þ
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where a and n are constants and typically 0 , n , 1, we find that

J ¼
ktw

amc

� �1=2

DPð1�nÞ=2 ðA7Þ

Thus, if n approaches 1.0, as it does for highly compressible cakes, the flux

will be independent of pressure at high pressures. For incompressible cakes

(n ¼ 0) the exponent on the pressure dependence will be 0.5.

For laminar crossflow, the wall shear stress is proportional to the

crossflow velocity and therefore this model predicts that the exponent on

the velocity dependence varies from zero when the membrane resistance is

dominant, to 0.5 when the cake resistance is dominant. For turbulent flow

with constant friction factor, the velocity exponent varies between zero and

1.0. Therefore, the experimental dependence of flux on crossflow velocity is

dependent on both the nature of the flow and the relative magnitudes of the

cake and membrane resistances.

It should be pointed out that we have tested this model with the data given

in Tables 2, 3 and 4 and did not find good agreement. Thus, its main use is in

gaining a qualitative understanding of the effects of process parameters on the

steady state flux.

NOMENCLATURE

a empirical constant (2)

b empirical constant (2)

c cell concentration (g/L)
F dimensionless number ¼ 4acD P/mRm

2 k tw
J steady state flux (m/s)
J0 initial flux (m/s)
k cake removal constant (m2/Ns)
K empirical constant (2)

M cake mass per unit area (kg/m2)

n empirical constant (2)

Rc cake resistance (m21)

Rm membrane resistance (m21)

u crossflow velocity (m/s)

Greek Letters

a specific cake resistance (m/kg)
DP transmembrane pressure (N/m2)

m filtrate viscosity (Ns/m2)
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P1 dimensionless number ¼ DP/cu2

P2 dimensionless number ¼ DP/muRm

tw wall shear stress (N/m2)
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23. Piron, Latrille, E. and René, F. (1997) Application of artificial neural networks for

crossflow microfiltration modelling: “black-box” and semi-physical approaches.

Computers in Chemical Engineering, 2: 1021–1030.

24. Rai, P., Majumdar, G.C., DasGupta, S., and De, S. (2005) Modeling the perform-

ance of batch ultrafiltration of synthetic fruit juice and mosambi juice using artifi-

cial neural network. J. Food Eng., 71: 273–281.

25. Aydiner, C., Demir, I., and Yildiz, E. (2005) Modeling of flux decline in crossflow

microfiltration using neural networks: the case of phosphate removal. J. Membr.

Sci., 248: 53–62.
26. Chellam, S. (2005) Artificial neural network model for transient crossflow micro-

filtration of polydispersed suspensions. J. Membr. Sci., 258: 35–42.

27. Geankoplis, C.J. (1983) Transport Processes and Unit Operations, 2nd Edition;

Allyn and Bacon: Boston.

28. Asaadi, M. and White, D.A. (1992) A model for determining the steady state flux

of inorganic microfiltration membranes. Chem. Eng. J., 48: 11–16.

29. Elmaleh, S., Vera, L., Villarroel-Lopez, R., Abdelmoumni, L., Ghaffor, N., and

Delgado, S. (1998) Dimensional analysis of steady state flux for microfiltration

and ultrafiltration membranes. J. Membr. Sci., 139: 37–45.
30. Gautam, S.K. and Pandya, R.V.R. (1997) Crossflow microfiltration of blood

through an extracorporeal device: a study in parameterization. Transfus. Sci.,

18: 181–186.

31. Li, H., Fane, A.G., Coster, H.G.L., and Vigneswaran, S. (1998) Direct observation

of particle deposition on the membrane surface during crossflow microfiltration.

J. Membr. Sci., 149: 83–97.

32. Altmann, J. and Ripperger, S. (1997) Particle deposition and layer formation at the

crossflow microfiltration. J. Membr. Sci., 124: 119–128.

33. Chellam, S. and Wiesner, M.R. (1998) Evaluation of crossflow filtration models

based on shear-induced diffusion and particle adhesion: Complications induced
by feed suspension polydispersivity. J. Membr. Sci., 138: 83–97.

34. LeBerre, O. and Daufin, G. (1996) Skimmilk crossflow microfiltration perform-

ance versus permeation flux to wall shear stress ratio. J. Membr. Sci., 117:

261–270.

35. Patel, P.N., Mehaia, M.A., and Cheryan, M. (1987) Cross-flow membrane filtration

of yeast suspensions. J. Biotechnol., 5: 1–16.

36. Hwang, S.J., Chang, D.J., and Chen, C.H. (1996) Steady state permeate flux for

particle cross-flow filtration. Chem. Eng. J. Biochem. Eng. J., 61: 171–178.

G. Foley3184

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



37. Kern, D.Q. and Seaton, R.E. (1959) A theoretical analysis of thermal surface
fouling. Brit. Chem. Eng., 4: 258–262.

38. Gutman, R.G. (1977) Design of membrane separation plant. 1. Design of RO
modules. 2. Fouling of RO modules. Chem. Eng. (London), 322: 510–513,
521–523.

39. McCarthy, A., Walsh, P.K., and Foley, G. (1996) On the relation between filtrate
flux and particle concentration in batch crossflow microfiltration. Sep. Sci.
Technol., 31: 1615–1627.

40. Silva, C.M., Reeve, D.W., Husain, H., Rabie, H.R., and Woodhouse, K.A. (2000)
Model for flux prediction in high-shear microfiltration systems. J. Membr. Sci.,
173: 87–98.

Dimensional Analysis of Crossflow Microfiltration Data 3185

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


