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Abstract

Predictions of flow and pressure distributions in one bank of a plate and frame ultrafiltration module with five channels in parallel

operating in a Z configuration were predicted using (1) Bernoulli’s equation and a momentum balance in one dimension and (2) a three-

dimensional field solution (Computational Fluid Dynamics) of the Navier-Stokes equation. CFD solutions were taken as the benchmark and

used to refine the 1D model being developed to evaluate flow and pressure distributions for different operating conditions and ultimately

different module configurations. The 1D model was able to provide quantitatively accurate flow distribution and qualitatively representative

pressure distributions. Flow distributions increased monotonically with increasing channel number, maximum/minimum flow ratios in channels

increased from 2 to 6.9 with oil (µ = 0.0361 kg/m/s) as the design cross flow velocity increased from 0.5 to 5 m/s. Pressure distributions

were well predicted qualitatively but were typically 40% lower than the CFD solution in the distributor. Key to the accuracy of the 1D model

were the implementation of (a) variable contraction co-efficients in the distributor orifice, (b) the 1/7th power law for velocity profiles in the

plenums (c) a new approach for combining flows in the collector and (d) assuming only one half of the orifice area was being effectively used

by the fluid.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Computational fluid dynamics; Modeling; Flow distribution; Pressure distribution; Ultrafiltration

1. Introduction

This study was motivated by a former collaborator who

used an industrial scale plate and frame ultrafiltration mod-

ule to process used motor oils. The overall bank productiv-

ity did not change as anticipated based on pressure limited

flux or mass transfer limited flux using film theory when the

operating pressure or pumping rates were changed; it was

suspected that flow and pressure maldistribution in the five

channels may have been a contributing factor. The current

work represents the development of a 1D model which can
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give pressure and flow distributions for this and other module

configurations. Three-dimensional field solutions (CFD) of

the Navier-Stokes equations were used as a benchmark.

Distributed or partitioned flow systems are common in in-

dustrial practice. In spite of this, there exists only a small

amount of technical data and theory available in the litera-

ture describing flow distribution behaviour in plate and frame

systems. It is thus an objective of this paper to develop and

present two approaches to modeling flow distribution in a

plate and frame system, and to discuss their relative merits.

A finite-difference model developed by Majumdar [1] to

resolve flow through dividing and combining manifolds was

presented. The model was a mixed type, based on a one-

dimensional momentum equation and flux continuity for flow

along the axis of the distributor, and a Bernoulli type en-

ergy balance for velocity components and static pressure in

the lateral direction. A characteristic pressure increase in the

0376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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axial direction of the manifold was predicted, arising from

the deceleration of the feed as fluid was bled off into the

outlet streams. The dividing and combining manifolds were

not coupled to form a closed system.

Heggs and Scheidat [2] studied the heat transfer and fluid

distribution in a 60 channel plate and frame heat exchanger

with a Z flow arrangement. Their 1D solution predicted a

skewed parabolic flow distribution which, compared to a uni-

form distribution, varied from −45% at the first channel, to

200%, at the last channel. The lowest flow rate was located

near the inlet but not at the first channel. Similar results were

reported by Edwards et al. [3]. Kee et al. [4] proposed a gen-

eralized model for flow distribution in planar fuel cells, pre-

dicting uniform, parabolic or monotonically increasing flow

distributions with channel number as a function of dimen-

sionless module and operating parameters.

A three-dimensional solution was sought using the com-

mercial CFD code, Fluent©. The 3D solution produced high

resolution pressure and velocity fields which provided a ba-

sis for evaluating the appropriateness and quantitative ac-

curacy of some of the engineering expressions employed in

Bernoulli-type models. Naturally, a sufficiently accurate sim-

ple mathematical model is preferable for engineering work.

The corresponding full Navier-Stokes simulation results are

used to validate the simpler 1D solution. The latter can then be

used as a screening tool for optimization of module designs.

New contributions in this work to the 1D solution, which

were not implemented in the preceding references, were (1)

incorporation of the 1/7th power law velocity distribution in

the distributor and collector, (2) use of a variable contraction

co-efficient for distributor orifice pressure drops and (3) a

unique approach to model combining flows in the collector.

Solutions to the 1D problem were obtained using an elec-

tric circuit analogue. This approach has been used to model

the circulatory system of the human body, where, for exam-

ple, a capacitor was used to represent the elasticity of the

blood vessels [5,6]. Toldy et al. [7] and Ke and Ti [8] used a

similar approach to model pipeline flow.

The present work deals with the flow field in only one

bank of the total module. It assumes that an inlet manifold,

which was omitted for the present work, provides equal dis-

tribution to all three bank inlets. Future work will seek to

model the main inlet manifold, attempt to optimize physical

parameters of the module and address permeation behaviour.

Aspects regarding the impact of inter-channel maldistribution

are discussed qualitatively in the current work.

2. The physical system

The plate and frame module consists of 10 banks with five

channels per bank. Dimensions and other details are given in

Table 1. A schematic of the flow path is given in Fig. 1; the

main feed goes to a slot manifold which nearly spans the

width of the module and feeds the three distributor tubes at

the top of the bank. The distributors and collectors are formed

Table 1

Design parameters of full scale stack and feed properties

Component Dimension

Feed inlet/outlet diameter 0.0762 m (3 in.)

Inlet manifold 0.0762 × 0.356 × 0.0127 m (3 ×
14 × 0.5 in.)

Number of collectors/distributors 3

Collector/distributor diameter, Dp 0.0349 m (1.375 in.)

Channel gap, h 0.00635 m (0.25 in.)

Number of channels per bank, n 5

Number of banks 10

Channel width, w 0.4 m

Channel length, l 1.3 m (1.2 m distributor to collector

centers)

Plate thickness, Lp 0.0635 m (0.25 in.)

Viscosity, µ (@ 70◦) 0.036 kg/m/s

Density, ρ 880 kg/m3

by a series of co-linear openings in the plates. Membranes are

fastened to the plates using circular clamps which also define

the distributor and collector diameters, Dp, and the orifice

diameter, d. The orifice area is defined by

Ao = πDph (1)

where h is the channel gap. As will be discussed later, the 1D

model uses a modification where the orifice area is assumed

to be one half that given by Eq. (1). Only the orifice area is

halved for the purposes of calculating orifice pressure losses,

Dp is not changed.

Computational efficiency was gained by modeling one

third of the channel width with the assumption of equal

flow distribution to each of the three distributors. It is rec-

ognized that this may be a poor assumption, particularly for

Fig. 1. Flow volume of retentate in the first bank, showing main inlet tube

and manifold.
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the first bank immediately following the main inlet mani-

fold, but may be more appropriate for subsequent banks.

Modeling was further simplified with the assumption of a

solid wall for the membrane surfaces as the fluxes were con-

sidered negligible. Average fluxes with used motor oil as

the feed were < 3 l/m2/h (4.16 × 10−6 m3/s), with a per-

meation area of approximately 5 m2 per bank, this flux is

only 0.032% of the feed rate. Karode [9] showed that devi-

ations from pressure drops for impermeable walls only be-

came significant with module lengths well beyond those in the

plate and frame module and with significantly higher fluxes

(100 l/m2/h).

3. Theory

3.1. 1D model

3.1.1. General description and solution method

Flow and pressure distributions in 1D were obtained us-

ing an electric circuit analogue, a typical circuit is shown in

Fig. 2. Flow directions are assumed to be left to right and

top to bottom, in the direction of increasing channel num-

ber and from the inlet to the outlet. The volumetric flow rate

and the pressure are analogous to the current and voltage,

respectively.

The 1/7th power law velocity profile was assumed in the

distributor and collectors. It was also assumed that this pro-

file re-established itself immediately after the perturbations

arising from branching and combining flows after each of

the channels. Fluid at the circumference with the subscript c

Fig. 2. Schematic of flow loop for the ith and (i + 1)st channels, dashed

arrows indicated assumed flow direction.

represents fluid leaving the distributor or entering the collec-

tor. The subscript r designates fluid which (a) remains in the

distributor and continues downstream or (b) is coming from

upstream in the collector.

Starting immediately after orifice i in Fig. 2, the clockwise

pressure balance around the loop defined by channels i and

i + 1 is,

�Pdi+1 + �Pdoi+1 + �Pchanneli+1 + �Pcoi+1 − �Pci

− �Pcoi − �Pchanneli − �Pdoi
= 0 (2)

The positive terms in Eq. (2) represent pressure changes

in the assumed clockwise flow direction for the (i + 1)st

distributor, distributor orifice, channel and collector orifice.

The negative terms represent pressure changes opposite

the assumed flow direction for the ith collector, collector

orifice, channel and distributor orifice. The solution was

obtained by varying the volumetric flow rate in each channel

such that the function PE, which we called the pressure

error, PE:

PE =
n

∑

i=1

(Eq. 2)2 (3)

was minimized. This forced the pressure loss for the fluid

in channels i and i + 1 and the associated collector and

distributor to be equal, as they must be, under the as-

sumption of no pressure change across the diameter of the

distributor or collector. There are n − 1 unknown flows

in the n channels, the last being known by conservation

of mass.

Initial guesses of equal flow distributions were used. The

appropriate pressure loss expressions for laminar or turbu-

lent conditions were used depending on the local Reynolds

number. The Reynolds numbers of interest in the module

are for the plenums, orifices and channels (see Nomencla-

ture), specific values for the various Reynolds numbers are

discussed in the relevant sections of the 1D model descrip-

tion. Issues regarding turbulent-laminar flow in the CFD so-

lution are discussed in Section 3.2.6. The transition between

laminar to turbulent flow with the 1D model occasionally

caused premature convergence to an incorrect solution by

some solver routines as this represented a constraint. A new

initial guess, which caused the local conditions to cross over

into the other flow regime, was used in these cases. A so-

lution was typically obtained in less than 10 s and with

PE < 1 Pa2. The individual terms in Eq. (2) are described

below.

3.1.2. Distributor losses

We will address two pressure changes in the distributor,

one for the fluid leaving the distributor, �Pdoi+1 , and one for

the fluid remaining in the distributor, �Pdi+1 .

3.1.2.1. Distributor orifice losses. Bernoulli’s energy equa-

tion for a single sharp edged orifice, �Pdoi+1 , according to
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Strakey and Talley [10] is

Pdi

ρ
+ 1

2
V 2

dci
− Eturb − Efric = Pdoi

ρ
+ 1

2
V 2

doi
(4)

where Vdci
is the average velocity of the fluid leaving the dis-

tributor from the circumference, Vdoi
is the average velocity

of the fluid in the orifice, Pdi
and Pdoi

are the pressures in the

distributor and at the orifice exit.

Frictional losses along the orifice wall are

Efric ori = 0.04
e

d

V 2
doi

2
(5)

where e and d are the orifice length and diameters re-

spectively. Turbulent losses are determined using Strakey’s

solution of potential flow theory in an infinitely wide channel

with a slot orifice. Strakey’s dimensions for the slot “a”

and manifold height “b” correspond to the channel gap,

h, and 1/2 the distributor diameter, Dp, in our module.

Eturb is

Eturb =
V 2

doi

2

(

1

Cc

)2

(1 − Cc)2. (6)

Strakey showed that for e/h > 1, the contraction co-

efficient, Cc, was a function of only Vdoi
/Vdci

and reached the

limiting value of 0.61 if Vdoi
/Vdci

> 2. The Cc in the man-

ifold problem of Darcovich et al. [11] was set at a constant

(∼ 0.61). The typical situation in the plate and frame module

did not allow this assumption as Vdoi
was typically < Vdci

which gave Cc values as low as 0.15, and represented almost

2 orders of magnitude difference in the orifice pressure drop.

The Cc is normally calculated by solving four simulta-

neous non-linear equations. 1D solutions were facilitated by

expressing Cc as a function of only Vdoi
/Vdci

since the ratio

e/h was constant and equal to 2 for this module. A nonlin-

ear regression of the functional form of Eq. (7) with exact

solutions to Strakey’s potential flow theory yielded

Cc = 0.61

(

1 − exp

(−1.5058Vdoi

Vdci

))

. (7)

Typical engineering calculations assume a uniform veloc-

ity profile in a pipe in turbulent flow [12]. This will underesti-

mate the pressure increase along the distributor, particularly

at higher mean cross flow velocities. A flat velocity profile

also gives larger values for V 2
doi

which overestimates orifice

pressure losses in Eq. (6). The 1/7th power law velocity pro-

file was incorporated in this work using the approach of Esco-

bar [13] and Darcovich et al. [11] for the distributors and, in a

new approach, was extended to the collector. Reynolds num-

bers in the distributor, which represents the upstream condi-

tion for the orifice, are 1800 for oil at the lowest cross flow

velocity. Although the average distributor velocity decreases

as flow exits via the channels the flow will be considered tur-

bulent due to the short (0.00635 m) flow path before the next

channel.

Implementation of the 1/7th power law velocity distribu-

tion required integrating the velocity profile:

Qr

Qt

= 2

(

60

49

) [

49

120
+ 7

120

r

R
− 7

15

( r

R

)2
]

(

1 − r

R

)1/7
,

(8)

which gives the fractional volumetric flow leaving the dis-

tributor, via the outer annulus, as a function of the radius.

In any given iteration, the local Qr/Qt for the distributor in

question was known based on the current flow distribution.

The solution to Eq. (8) was expressed as a fifth order poly-

nomial fit of Qr/Qt to give r. The average velocities of the

fluid leaving via the orifice and remaining in the distributor

were then calculated.

A similar approach was used to calculate the velocities

of the fluids combining at the collector. At a given itera-

tion and collector location, the ratio of fluid entering the

collector Qr and the total flow after combining, Qt , were

known. The radius partitioning the downstream collector

was used to calculate the velocities of the core and annular

fluid.

3.1.2.2. Distributor plenum losses. Bernoulli’s energy bal-

ance for fluid remaining in the distributor to give �Pdi+1 is

�Pdi+1 = ρ

2

((

V 2
dri

− V 2
di+1

)

−
(

Vdri − Vdi+1

)2

−0.184 N−0.2
Re

Lp

Dp
V 2

di+1

)

(9)

where Vdri is the average velocity of the fluid remaining

in the distributor after the ith channel and Vdi+1 is the av-

erage velocity of the same fluid after expanding. Vdri was

determined using Eq. (8). The frictional losses are deter-

mined according to Geankopolis [14] where Lp and Dp

are the plate thickness (which sets the fluid path length

along the distributor in this configuration) and the distributor

diameter.

3.1.3. Channel losses

The overall pressure drop in the ith flow channel,

�Pchanneli , is estimated by

�Pchanneli = �Pentrance + �Pfrictional + �Pcontraction (10)

The components of the overall channel pressure drop are

summarized in Table 2 and depend on the Reynolds number

in orifice or channel i. Channel Reynolds numbers were gen-

erally under 2000 with oil in all channels. The only exception

was at a design cross flow velocity of 5 m/s in channels 4 and

5 where Re reached 2100 and 2700, respectively. Reynolds

numbers with water indicated turbulent flow in all cases ex-

cept in channel 1 at design cross flow velocities of 0.5 and

1 m/s where the maldistribution was such that these channels

saw little flow.

The entrance/expansion losses are based on the orifice

Reynolds number = 2DhorificeρVdoi
/µ calculated just
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Table 2

Pressure drop contributions to flow in the channel for laminar and turbulent conditions

Pressure loss term Laminar Turbulent

�Pexpansion
ρ
2

(

V 2
oi

− V 2
si

)

− h
L

(0.42 + 0.0281NRe)�Ps
ρ
2

(

V 2
oi

− V 2
si

)

− ρ
2

(

Voi
− Vsi

)2

�Pchannel 12 LµVsi/h2 4 × ρ
2

0.0868N−0.25
Re

L
Dh

V 2
si

�Pcontraction See text ρ
2

[(

V 2
si

− V 2
oi

)

− KcV
2
oi

− 0.04 e
d
V 2

oi

]

upstream of the channel. For oil cases, the orifice Reynolds

numbers showed transitions from laminar to turbulent

depending on the channel number and nominal design cross

flow velocity as follows: at 2 m/s in channel 4, at 3 m/s in

channel 3 and at 5 m/s in channel 2. Reynolds numbers

with water were greater than 2000 for all channels and

cross flow velocities. In laminar conditions the expansion

loss is expressed as an equivalent length of the channel

loss, where the constants 0.42 and 0.0281 are theoretical

values for high aspect ratio channels [15]. Turbulent

entrance/expansion losses are given by the Borda-Carnot

equation where Vsi is the average cross flow velocity in the

channel.

Pressure drops under laminar conditions are given by the

Hagen-Poiseuille flow analogue for channel flow. Turbulent

friction losses use the Blasius equation for the friction factor

f, where 2000 < NRe < 105 with the appropriate hydraulic

radius. The contraction/exit losses for laminar conditions is

usually expressed as an equivalent length of the downstream

channel. In this situation, however, there is no downstream

channel. In its place, a turbulent contraction is assumed for

all cases.

3.1.4. Collector losses

The collector pressure loss, �Pci , comprises a pressure

drop for (a) the orifice flow into the collector and (b) contrac-

tion and frictional losses.

3.1.4.1. Collector orifice losses. In lieu of a rigorous deriva-

tion of orifice losses for a collector analogous to Strakey’s

solution for the distributor, the orifice loss in the collector

as estimated by Bernoulli’s equation for the orifice pressure

drop is:

Pci

ρ
+ 1

2
V 2

cci
− Eturb − Efric − Eturning = Pcoi

ρ
+ 1

2
V 2

coi

(11)

Application of Strakey’s method for the turbulent loss term

is not appropriate in this situation. In its place, a turbulent

contraction, turning loss and frictional component are used.

The contraction loss is given by KcV
2
cci

/2 where Vcci is the

fluid velocity in the outer annulus of the collector, estimated

using Eq. (8) with the current estimates of the volumetric

flow rates. The contraction coefficient, Kc, is estimated from

a polynomial regression of tabulated values from [15]. The

turning loss term is simply V 2
cci

/2 typical of a 90◦ elbow.

3.1.4.2. Collector plenum losses. The fluid in the collector,

after the ith channel has a velocity Vcci . As it approaches the

(i + 1)st channel it is forced into a smaller cross sectional area

and accelerates to Vcri+1 . As with previous dividing flows, the

fluid velocity in the core can be estimated from Eq. (8).

Bernoulli’s equation for the flow in the plenum is

Pci

ρ
+ 1

2
V 2

ci
− Eturb − Efric = Pci+1

ρ
+ 1

2
V 2

cci+1
(12)

The frictional term is given by Geankopolis’s expression

using Vci . Reynolds numbers based on the average veloc-

ity in the collector were usually laminar after the first chan-

nels, a result of the maldistribution generating little flow in

the collector until the channels near the end of the bank.

Nonetheless flow was assumed turbulent owing to the con-

stant influx of new flow from the channels and the short flow

paths.

3.2. 3D simulation

3.2.1. Governing equations

The flow system was governed by equations conserving

mass and momentum. At low Reynolds numbers this means

respectively that the standard continuity and Navier-Stokes

equations were employed. These are given below in Eqs. (13)

and (14).

∂ρ

∂t
+ ∇ · (ρ�v) = 0 (13)

Eq. (13) is the general form of the mass conservation equa-

tion and is valid for incompressible as well as compressible

flows.

Conservation of momentum in an inertial (non-

accelerating) reference frame is given by,

∂

∂t
(ρ�v) + ∇ · (ρ�v�v) = −∇p + ∇ · (¯̄τ) + ρ�g (14)

where p is the static pressure, ¯̄τ is the stress tensor (described

below), and ρ�g is the gravitational body force.

The stress tensor ¯̄τ is given by

¯̄τ = µ

[

(∇�v + �vT) − 2

3
∇ · �vN

]

(15)

where µ is the molecular viscosity, N is the unit tensor, and

the second term on the right hand side is the effect of volume

dilation.

For elevated Reynolds numbers where turbulent flow

occurs, additional equations are added to the system to
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account for the extra complexity. Given the comparatively

low Reynolds number turbulence and transition zones which

occurred in the present system, the RNG-based k–ǫ tur-

bulence model was selected. This model is derived from

the instantaneous Navier-Stokes equations, using a math-

ematical technique called “renormalization group” (RNG)

methods. The analytical derivation results in a model with

constants different from those in the standard k–ǫ model,

and additional terms and functions in the transport equa-

tions for k and ǫ. A more comprehensive description of

RNG theory and its application to turbulence can be found

in [16].

The RNG k–ǫ model has transport equations in a similar

form to the standard k–ǫ model. They are written below in

Eqs. (16) and (17):

For k,

∂

∂t
(ρk) + ∂

∂xi

(ρkui) = ∂

∂xj

(

αkµeff
∂k

∂xj

)

+ Gk + Gb − ρǫ − YM (16)

And for ǫ,

∂

∂t
(ρǫ) + ∂

∂xi

(ρǫui) = ∂

∂xj

(

αǫµeff
∂ǫ

∂xj

)

+ C1ǫρ
ǫ

k
(Gk

+ C3ǫGb) − C2ǫρ
ǫ2

k
(17)

In these equations, Gk represents the generation of tur-

bulence kinetic energy due to the mean velocity gradients

and Gb is the generation of turbulence kinetic energy due to

buoyancy. YM represents the contribution of the fluctuating

dilation in compressible turbulence to the overall dissipation

rate. The quantities αk and αǫ are the inverse effective Prandtl

numbers for k and ǫ, respectively.

The scale elimination procedure in RNG theory results in

a differential equation for turbulent viscosity:

d

(

ρ2k√
ǫµ

)

= 1.72
ν̂

√

ν̂3 − 1 + Cν

dν̂ (18)

where

ν̂ = µeff

µ
and, Cν ≈ 100

Eq. (18) is integrated to obtain an accurate description of

how the effective turbulent transport varies with the effec-

tive Reynolds number (or eddy scale), allowing the model to

better handle low Reynolds number, and near-wall flows.

In the high-Reynolds-number limit, Eq. (18) gives

µt = ρCµ

k2

ǫ
(19)

with Cµ = 0.0845, derived using RNG theory. It is inter-

esting to note that this value of Cµ is very close to the

empirically-determined value of 0.09 used in the standard

k–ǫ model.

A number of the constants and parameters required for

implementing the RNG model are outlined below. The inverse

effective Prandtl numbers, αk and αǫ, are computed using the

following formula derived analytically by the RNG theory:

∣

∣

∣

∣

α − 1.3929

α0 − 1.3929

∣

∣

∣

∣

0.6321 ∣

∣

∣

∣

α + 2.3929

α0 + 2.3929

∣

∣

∣

∣

0.3679

= µmol

µeff
(20)

where α0 = 1.0. In the high-Reynolds-number limit ( µmol/

µeff ≪ 1), αk = αǫ ≈ 1.393.

The main difference between the RNG and standard k–ǫ

models lies in the additional term, Rǫ, in the ǫ equation (Eq.

(17)) given by,

Rǫ = Cµρη3(1 − η/η0)

1 + βη3

ǫ2

k
(21)

where η ≡ Sk/ǫ, η0 = 4.38, β = 0.012. Above, 2 is the mod-

ulus of the mean rate of strain.

The model constants C1ǫ and C2ǫ in Eq. (17) have values

derived analytically by the RNG theory. These values, used

by default in Fluent© are,

C1ǫ = 1.42 C2ǫ = 1.68

These default values have been determined from exper-

iments with air and water for fundamental turbulent shear

flows including homogeneous shear flows and decaying

isotropic grid turbulence. They have been found to work fairly

well for a wide range of wall-bounded and free shear flows.

3.2.2. Boundary conditions

Boundary conditions specified at the inlet were a 1/7th

power law velocity distribution and the corresponding tur-

bulent kinetic energy and turbulent dissipation rate modeled

after equations given in [17]. Concretely,

I = 0.16Re−1/8 ℓ = 0.07Di

k = 1.5(Iu)2 ǫ = Cµ
k1.5

ℓ

Above, u is the fluid velocity normal to the inlet, I is the

turbulence intensity, and ℓ is the turbulence mixing length,

given in terms of the inlet diameter Di.

At the outlet, the gauge pressure was specified to be 0

and the turbulent kinetic energy and turbulent dissipation rate

were specified to be the same as at the inlet. Gravitational

effects were applied in the vertical (x) direction.

3.2.3. Computational parameters

Convergence was verified by tracking (a) residuals (con-

tinuity, k, ǫ, and x, y, and z velocity components) (b) pressure

distributions in the distributor and collector centerlines and

(c) the average flow distribution in the channels. Pressure and

flow distributions were examined at 1 × 10−3, 1 × 10−4, etc.

for residuals. Pressure and flow distributions typically stabi-

lized at convergence criteria of 1 × 10−4 or 1 × 10−5 for

oil simulations and 1 × 10−5 or lower for water simulations.
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Convergence was typically achieved after 500–1500 itera-

tions with residuals unchanging for at least the final 100 it-

erations. A first-order downwind, segregated solver scheme

was employed.

This simulation treated a system with sharp directional

changes and severe geometry variations. In order to min-

imize convergence instabilities, relaxation factors between

0.5 and 0.15 were used. Periodic convergence behaviour was

observed for larger relaxation factors.

3.2.4. Grid considerations

The grid was constructed in Gambit© by first meshing the

channel faces (of all five channels) that surround the inlet and

outlet tubes and then extending the mesh through the channel

volume. Each face was meshed by defining nodes along all

its edges and then allowing Gambit to map the mesh over the

face. This was required in order to obtain a well-structured

mesh. A short extension (0.0127 m or 2 channel widths) was

added to the distributor at the inlet and collector outlet to

avoid recirculation zones on the boundaries.

Each channel was divided into three zones for the purposes

of meshing. The first zone extends from the top of the channel

to 0.08 m past the center of the distributor. The mesh density

in this zone is 0.09 cm to capture recirculation and turbulence

effects. The second zone extends from the end of the first zone

to 0.08 m before the center of the collector. The mesh density

along the flow direction is 0.9 cm and along the channel gap

and width it is 0.09 cm. The flow is fairly consistent in this

region, so a less dense grid is able to give satisfactory results.

The third zone makes up the rest of the channel in the vicinity

of the collector and has the same mesh density as the first

zone.

The grid densities employed gave pressure drop values

accurate to within 5% for the range of laminar and turbu-

lent Reynolds numbers treated in this work. These separate

baseline tests were carried out on straight tubes.

It was only necessary to model one sixth of the actual

structure in this simulation due to symmetry. The plane of

symmetry lies at half the channel width along the y-axis after

assuming perfect flow distribution to each of the distributors.

3.2.5. Run conditions

Five different runs were carried out for average cross flow

velocities of 0.5, 1, 2, 3 and 5 m/s, assuming perfect distri-

bution from the inlet manifold. The boundary conditions for

turbulent kinetic energy and turbulent dissipation rate were

set accordingly based on the diameter of the distributor.

Typical cross flow velocities in plate and frame modules

are less than 1 m/s. Higher velocities were simulated to fur-

ther validate comparisons between the 1D and CFD solutions.

At lower cross flow velocities, the viscous losses in the chan-

nel dominated due to the high viscosity of the oil. This would

not be a severe test for the pressure loss predictions of the

distributor and collector using the 1D model. A further set

of simulations was carried out with water (for its lower vis-

cosity) at the same cross flow conditions to further reduce

the contribution of the channel losses in comparison to the

distributor and collector.

3.2.6. Turbulent to laminar transitions

From a trial calculation with oil at the highest mass

flow rate, a value of k = 14.66 m2/s2 and ǫ = 1.3223 ×
104 m2/s3 were extracted from a cell just below the feed tube

in the center of the last channel. In a maldistributed bank, the

last channel was found to have the highest flow rate through

it. The ratio k/ǫ gives a characteristic time over which the

turbulence should dissipate. When this characteristic time is

multiplied by the average velocity in the channel, a charac-

teristic length over which the turbulence will be eliminated

can be estimated. For example, at an average fluid velocity

of 5 m/s, the turbulence dissipation length was found to be

5.5 mm.

In some real cases however, because of flow maldistribu-

tion, the mass flow rate through the last channel at the 5 m/s

nominal cross-flow velocity was found to be high enough to

produce a turbulent channel Reynolds number. In particular

the fourth and fifth channel for the highest inlet velocity case

had turbulent flow.

In most cases, the Reynolds number of the flow in the

channel indicated a laminar regime. Since no turbulence will

be generated under these conditions, the parameters k and ǫ

were found to decay quickly along the channel. Trial calcu-

lations indicated that for Re < 500, an essentially laminar

character was output by the k–ǫ solver. In this way, the func-

tionality of the turbulent parameters maintained a smoothness

that would not be possible to achieve if laminar zones were

imposed, which would necessarily entail some discontinuity

in the solution of field variables. At present, Fluent© cannot

support damping functions on turbulent properties.

4. Results and discussion

The aim of this work is to compare the flow and pres-

sure distribution in a plate and frame module operating in Z

configuration as predicted by both a 1D model and a CFD

simulation. The CFD solutions were taken as the baseline to

which the 1D solution was compared for identifying areas to

improve the 1D model. An accurate 1D model would be suit-

able for rapid evaluation of module modifications. Changes

to the 1D model which were implemented after analyzing the

CFD solutions included:

• incorporation of the 1/7th power law velocity distribution

in the collector,
• using a variable contraction co-efficient for the distributor

orifice, and
• reduction of the effective orifice area.

Design cross flow velocities for plate and frame modules

are typically 1 m/s or lower. However comparisons between

the two models are carried out at much higher cross flow

velocities to verify the accuracy of the 1D model. Flow and
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pressure distributions were compared using water as a feed

to further test the 1D model by reducing viscous effects in

comparison to the oil feed.

4.1. 1D and CFD predictions: oil feed

Streamlines at the distributor, for an average cross flow

velocity of 1 m/s, are shown in Fig. 3. An important feature

observed at all cross flow velocities, is that the bulk of the

flow goes down the channel, with very little flow above the

distributor. This behaviour appears logical, but the degree to

which this occurred was unexpected. Similar behaviour, not

shown, was seen at the collector. This suggested that the 1D

model could be modified with respect to the orifice dimen-

sions. As an approximation, the orifice area at the distributor

and collector orifices was halved based on the observations

of the flow patterns. Halving the orifice area had relatively

little impact on the overall pressure drop for a bank, but sig-

nificantly altered the flow distribution to the channels.

A ratio of the maximum to minimum flow in any channel,

κ, has been used as an overall measure of the maldistribution

[18]. These results are summarized in Table 3 for the CFD,

1D half orifice and full orifice solutions. This simple measure

can be misleading in cases where the flow in the first channel

is very low, as in the 1D model using the full orifice area. The

normalized flow rate in each channel is shown in Fig. 4. The

Table 3

Overall maldistribution, κ, for the CFD, 1D full orifice and 1D half orifice

solutions for each cross flow velocity with oil

Mean cross flow velocity (m/s)

0.5 1 2 3 5

Solution κ

1D full orifice 1.8 3.1 9.8 23.6 50.1

1D half orifice 1.8 2.7 4.5 6.4 8.2

CFD 1.7 2.3 3.6 5.0 6.9

CFD solutions are indicated by the solid lines while the 1D

solutions using the half orifice area modification are shown

by dotted lines. The normalized flow distributions in Fig. 4

are separated for visual clarity by shifting the curves in the y-

direction by values of 0.5, 1, 1.5 and 2 for the 1, 2, 3 and 5 m/s

design cross flow velocities respectively. Quantitatively the

modified 1D and CFD solutions match well. Qualitatively

the 1D solution always under predicts the curvature of the

flow distribution, the trend increasing at higher cross flow

velocities. The 1D flow maldistribution was over-predicted

with the full orifice model (not shown for clarity).

The flow rate increases monotonically with increasing

channel number. Previous 1D solutions [2,3] for the flow dis-

tribution in a similar geometry were parabolic with a mini-

mum skewed towards the entrance. Similar distributions were

Fig. 3. Streamlines at the distributor for mean cross flow velocity of 1 m/s with oil.



82 M.M. Dal-Cin et al. / Journal of Membrane Science 268 (2006) 74–85

Fig. 4. Flow distributions for various mean cross flow velocities with oil.

Solid lines represent CFD solutions, dotted lines represent 1D model solu-

tions.

obtained with our 1D model before incorporating the 1/7th

power law velocity profile in the distributor and collector.

Using a flat velocity profile yields inaccurate predictions for

(1) the orifice losses [10] and (2) underestimates the pressure

increase along the distributor and pressure decrease along the

collector.

Pressure distributions along the distributor and collector

are shown in Fig. 5. Abscissa values are chosen such that each

division represents the 0.00635 m increment of a channel or

plate. The solid lines represent data from the CFD solution

for each cross flow velocity along the plenum centerlines.

The distributor is higher and the collector lower; decreasing

to zero at the outlet. The 1D solution is indicated by symbols;

the half orifice model using open symbols and the full orifice

model using solid symbols. Differences in the pressure dis-

tributions between the full orifice and half orifice 1D models

were not significant at the lower cross flow velocities.

The pressure increase along the distributor is the result

of the decreasing velocity of the fluid, corresponding to the

net flow rate decreasing as flow leaves the distributor into

each channel. Likewise the pressure decrease in the collector

towards the outlet is dominated by the velocity change due

to incoming fluid. The last channel sees the highest distrib-

utor pressure and the lowest collector pressure, generating

the greatest driving force for flow in that channel. The first

channel sees the lowest distributor pressure and the highest

collector pressure, generating the lowest driving force for

flow in the channel at the inlet. This maldistribution of the

pressure is exaggerated at higher cross flow velocities.

The 1D model qualitatively predicts the pressure distri-

butions in the plenums. Quantitatively the 1D model under-

estimates the pressure values compared to the CFD solution

Fig. 5. Pressure distributions for various mean cross flow velocities with

oil. CFD predictions for the distributor: upper line, collector: lower line.

Solid symbols are for the 1D full orifice model, open symbols are for the 1D

half-orifice model.

by approximately 40% in the distributor. In the collector, the

error is greatest at 0.5 m/s cross flow velocity (70% under

predicted) and improves at the highest cross flow velocity to

less than 10%.

Discrepancies in the pressure distribution for the two mod-

els may be due to the exit pipe used in the CFD grid to avoid

recirculation at the boundary. If the 1D results in Fig. 5 are

corrected for the pressure value at the end of the 1D model, or

0.05715 m, the error decreases to a maximum of 20% in either

of the plenums. The correction was not applied because the

1D model assumes that steady state is achieved immediately

after the flows have combined in the collector. For example, at

the outlet, all losses are assumed to occur at the junction point

at 0.0571 m, corresponding to the collector immediately after

channel 5. The correction applied to the 1D model pressure

values was the loss in the CFD predictions between 0.0571 m

and 0.0699 m. However the loss in the extra exit tube in the

CFD simulation represents losses which the 1D model has

already accounted for, hence this correction should not be

applied. At most a frictional loss, which was negligible, is

the only correction which could be justified.

4.2. 1D and CFD predictions: water feed

Comparisons between the 1D models and CFD predic-

tions using water were similar to those with oil. The 1D full

orifice model over-predicted the maldistribution to a greater

extent than with the oil; κ values were grossly different in this

case, ranging from 231 to 943 compared to the CFD and 1D

half orifice models (11–27), Table 4. Quantitatively, the flow

distributions predicted by the 1D model, using the CFD as
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Table 4

Overall maldistribution, κ, for the CFD, 1D full orifice and 1D half orifice

solutions for each cross flow velocity with water

Mean cross flow velocity (m/s)

0.5 1 2 3 5

Solution κ

1D full orifice 231 407 627 764 943

1D half orifice 11.1 12.9 15.2 16.6 18.5

CFD 17.8 21.5 24.3 25.5 27.2

the baseline, were not as accurate as with the oil simulations.

Qualitatively, the maldistribution was under-predicted at the

first and last channels by the 1D model, but the accuracy of

the predictions could be considered acceptable for module

design purposes.

Greater maldistribution with water is consistent with re-

ported experimental and theoretical predictions of Edwards

et al. [3]. Pressure losses in the channel act to equilibrate the

flow in the channels. The lower viscosity of the water feed

reduces this equilibration leading to greater maldistribution.

1D predictions of plenum pressure distributions with water

(not shown) for the five cross flow velocities were similar to

those of oil in Fig. 5. The inlet pressure predicted by the 1D

model was 25–30% lower than the CFD solution at any of

the cross flow velocities.

Overall pressure drops at the low cross flow velocities of

0.5 and 1 m/s were significantly lower with water as the feed

compared to oil: 6.3 and 25.3 kPa for water compared to 11.9

and 32.7 kPa for oil, respectively. The channel losses rep-

resent a greater fraction of the overall pressure drop across

the bank. At cross flow velocities of 2 m/s and higher; invis-

cid losses in the distributor, orifice and collector dominate

for both fluids. The overall pressure drops were similar and

marginally higher with water at 5 m/s due to its higher density.

Frictional losses are minimal due to the short flow lengths in

these portions of the bank.

4.3. Intra-channel flow distribution

Intra-channel flow distribution, or the velocity distribution

across the width of the channel, is also important in deter-

mining module performance. A limitation of the 1D model

as formulated is the absence of any such information. Veloc-

ity fields from the CFD solutions are shown for both oil and

water in Fig. 6, left and right respectively, across the mid-gap

of channels 1, 3 and 5 at 2 m/s.

The intra-channel maldistribution with oil became negli-

gible shortly after entering the channel at the top. The mald-

istribution was greatest in channel 5, which had the greatest

flow. When water was the feed, the intra-channel maldistri-

bution was greater because of its lower viscosity. The ratio

of the maximum to minimum velocity was 1.25, ignoring

the wall boundary. This was negligible compared to the

inter-channel maldistribution noted earlier, where κ = 13.7,

Table 4.

4.4. Maldistribution and overall productivity

Changes in the overall productivity in a plate and frame

membrane module will depend on the local conditions; if they

are pressure or mass transfer limited. If the flux over the entire

permeating area in the module is mass transfer limited then a

very small reduction is predicted. The effect of maldistribu-

tion on the overall flux for a given bank of channels can be

estimated by k̄′, the overall mass transfer coefficient normal-

ized by the mass transfer coefficient for perfect inter-channel

flow distribution. Assuming Jv ∝ k1/3 and k ∝= V 1/3, the

average cross flow velocity in a thin channel in laminar flow

[19]:

k̄′ = k̄

kideal
= 1

n

n
∑

i=1

(

Vi

Videal

)0.33

(22)

where k̄ and kideal are the mass transfer coefficients for the

overall stack and a channel with a cross flow velocity, Videal,

corresponding to perfect inter-channel flow distribution.

Consider the reference case of two channels with cross-

flow velocities of 1 m/s and fluxes of unity. If the maldis-

tribution results in average cross flow velocities of 0.5 and

1.5 m/s (conserving the overall pumping rate) then k̄′ and

Jv would be 0.969. The lowest k̄′, 0.93, was observed with

water at 5 m/s based on the bulk flows. This is a negligi-

ble drop in performance for an extreme case of maldistribu-

tion if the flux was mass transfer limited. The reduced flux

from one channel is compensated for by the increased flux in

the other.

The impact of flow maldistribution on productivity be-

comes more significant if local conditions change between

mass transfer and pressure limited flux.

An example is a situation where the flux is just mass trans-

fer limited and then the recirculation rate is increased. The

maldistribution will increase and the flux will become pres-

sure limited in the last channel, in this case the flux increase

may be less than that predicted by film theory and the flux in

the front channels will not increase by the amount expected.

The higher recirculation rate will also require a higher av-

erage pressure in the module and may partially oppose the

transition to pressure limited flux.

The overall retention of solutes is potentially as important

as the overall module productivity. If solutes are partially

retained, the channels with lower cross flow velocities can see

a lower retention. This will be governed by the local flux/mass

transfer co-efficient (Jv/k) ratio and can be predicted from

film theory. Jv/k will not dramatically increase as would be

expected because the local flux will also be lower, if it is

mass-transfer limited.

These are purely qualitative discussions on the impact of

flow maldistribution. A rigorous analysis will be the subject

of future work and is beyond the scope of this work. There

are other practical considerations, cleaning protocols would

not be as effective and critical velocities may be required to

avoid deposition of particulates.
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Fig. 6. Intra-channel flow distribution for oil and water, left and right, respectively, for an average cross flow velocity of 2 m/s, at the mid-gap of channels 5, 3

and 1, respectively.

5. Conclusions

The flow and pressure distributions in a plate and frame

ultrafiltration module operating in Z configuration were com-

pared using two predictive approaches; (a) a 1D solution us-

ing Bernoulli type energy balance and (b) a three-dimensional

CFD solutions of the Navier-Stokes equations. Using the

CFD solution as a benchmark, the 1D model predictions were

improved by implementing several features which are novel

to this work, namely:

• incorporation of a variable contraction co-efficient in the

distributor orifice in a closed distributor–collector arrange-

ment,
• the use of the 1/7th power law velocity profile in the dis-

tributor and collector,
• halving the effective orifice area of the 1D model based

on particle tracing and velocity distributions observed in

the CFD solutions at the collector and distributor.

The flow distributions obtained with the 1D model with

the modified orifice compared very well with the CFD pre-

dictions. Pressure distributions were qualitatively predicted,

but the 1D model was typically 30% lower than the CFD val-

ues. The main advantage of the 1D model was the virtually

instant generation of results and the minimal amount of ef-

fort required to modify the geometry of the module. Future

work will use the 1D model to screen module design changes

before verification with the CFD solutions.

Significant inter-channel flow maldistribution was

predicted with both models. The mean flow rate increased

monotonically with channel number in all cases and the

maldistribution worsened with increasing design cross flow

velocity. The maldistribution ratio, κ, increased from 2.0 to

6.9 with increasing mean cross flow velocities of 0.5–5 m/s

when using oil as the feed. Using water as a feed increased κ

from 9.6 to 20.6 for the same range of cross flow velocities,

primarily due to the reduced pressure equilibration provided

by the losses in the channel flow.

Velocity reductions along the distributor generated pres-

sure increases at the end of a bank while the inverse oc-

curred along the collector. These two pressure distributions

coupled to generate an increasing pressure drop across the

channels with increasing channel number, biasing flow to the

final channel.

Acknowledgements

The authors would like to thank: Ron Jerome of Chemical

Systems Analysis, ICPET, NRCC, for help with compu-

tational aspects related to the CFD work and Peter A.

Strakey for helpful correspondence regarding the variable

contraction co-efficient.



M.M. Dal-Cin et al. / Journal of Membrane Science 268 (2006) 74–85 85

Nomenclature

A area (m2)

Cc contraction co-efficient (−)

d orifice diameter (m)

Dp distributor/collector diameter (m)

e orifice length (m)

h channel gap (m)

k turbulent kinetic energy (m2/s2)

Lp plate thickness (m)

l channel length (m)

P pressure (Pa)

V average fluid velocity (m/s)

w channel width (m)

Greek letters

ǫ turbulent dissipation rate (m2/s3)

µ viscosity (kg/m/s)

ρ density (kg/m3)

Subscripts

c collector

cc fluid entering collector at outer annulus

co collector orifice

cr fluid existing in collector

d distributor

dc fluid leaving distributor outer annulus

dr fluid remaining in distributor

do distributor orifice
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