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Flow Parameter Profiles in the Crossflow of a Two- 
Component Fluid through Semipermeable Membranes 

S.  AVLONITIS* and D. PAPANIKAS 
FLUID MECHANICS LABORATORY 
DEPARTMENT OF MECHANICAL ENGINEERING 
UNIVERSITY OF PATRAS 
PATRAS, GREECE 

ABSTRACT 

The analytical solution for spiral-wound module performance is a useful tool 
for developing explicit equations for the local values of variables like effective 
pressure, water flux, salt wall concentration, and velocities for seawater feed 
solutions. Depending on the operating conditions, knowledge of the local values 
of these variables could be useful to predict possible areas on the membrane 
surface where scale formation or fouling is likely to occur. Reasonable values for 
all variables have been found by using the developed equations at any point in 
the permeate and the feed side of the membrane. Although the method has been 
applied for spiral wound reverse osmosis membranes, it is believed that the same 
method could be used in similar hydrodynamic situations where flow through 
porous media is taking place. 

Key Words. Membranes; Reverse osmosis; Crossflow; Spiral 
wound modules; Velocity-effective pressure-flux-concentration 
profiles 

INTRODUCTION 

In spiral-wound reverse osmosis membranes a two-component fluid, 
which is a salt water solution, travels along the membrane. The water can 
* To whom correspondence should be addressed at his present address: Miriofitou 16, Amfi- 
ali 18757, Greece. 
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940 AVLONlTlS AND PAPANIKAS 

pass through the membrane perpendicular to the direction of the solution 
flow, while the salt is rejected. The size of the spiral wound modules and 
the local production of permeate causes significant changes in effective 
pressure, water flux, velocities, and salt concentration in this type of mod- 
ules. A knowledge of the profiles of these variables could be useful to 
predict the area on the membrane surface where salt precipitation is more 
likely to take place. On the other hand, a very detailed description of 
the module performance is always useful to suggest optimum operating 
conditions or a tapered configuration. Since one of the assumptions in this 
analysis is flow through porous media, similar results could be obtained in 
other flow situations where crossflow of one component takes place in a 
multicomponent fluid. 

Taking into account the two-dimensional character of the flow situation, 
Berman (3) developed a velocity profile for laminar and steady flow be- 
tween parallel flat sheet membranes with constant permeate flux. Other 
equations for the velocity profile have been suggested by Rocco (4) and 
Miyoshi et al. (5) .  Battacharyya et al. (6) used a numerical method to 
determine some of the flow profiles at low feed concentrations. Although 
different numerical methods can be used to determine the above-men- 
tioned profiles, an analytical procedure is always more attractive since it 
is a straightforward procedure. 

THEORY 

The modeling of spiral-wound modules is based on material balances 
for the solvent and the solute in the permeate and the brine channels and 
Darcy's law (see Eqs. 1 to 5) .  The problem of formulating the flow condi- 
tions in these modules can be accomplished only after several assumptions 
are made. These assumptions are presented in Table 1. The flow has been 
considered laminar and steady, and average values of velocities have been 
used. A more detailed analysis for the formulation of module performance 
has been published (1, 2). The element volume for which the equations 
have been applied is given in Fig. 1 .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



941 CROSSFLOW OF A TWO-COMPONENT FLUID 

TABLE 1 
Assumptions for the 2-Dimension Calculations 

1. 

2. 

3. 

4. 
5 .  

6. 
7.  

8. 

9. 

10. 

11. 

Validity of Darcy’s law for permeate and brine channel. Flow through porous media 
has been assumed; see Eqs. (2) and (4). 
Validity of solution-diffusion model for the transport of water through the membrane. 
The water flux is given at any point on membrane surface by 

(A.1) 

No flow restrictions for the locally produced permeate in the porous substructure of 
the asymmetric or composite membrane. 
The permeate concentration has been neglected in comparison to the feed concentration. 
The module is made up of flat channels with a constant geometrical shape; see Table 

J ( x ,  Y )  = klAPef(x, Y )  

L. 

Constant fluid properties. 
Negligible diffusive mass transport along the x and y direction in both channels. This 
means that the flux through the membrane due to diffusion is much smaller than the 
flux due to convection. The driving force for water transport is the effective pressure 
across the membrane. 
The brine concentration varies linearly with the distance L, in the axial direction. 

cb(x) = cf + fx (A. 2) 

where 

cb(f.) - cf f =  L 

The value o f f  is an indication of the recovery ratio R. Detailed studies of the R.O. 
modules’ performance with experimental and theoretical data (7) have shown that this 
assumption is realistic for seawater membranes at normal operating conditions, R < 
lo%, and for brackish water membranes. In the theoretical situation where a high recov- 
ery ratio is taking place for seawater membranes, Eq. (A.2) causes serious errors in 
predictions of the working equations. 
Validity of the thin film theory, with the approximation given by 

6 4 . 3 )  

As has been shown in Ref. 3, the mass transfer coefficient depends strongly on the flow 
conditions and the properties of the feed solution. Both factors vary at every point on 
the membrane surface, resulting in different mass transfer coefficient values. However, 
in this analysis a constant mass transfer coefficient value at any point on the membrane 
surface has been assumed. 
Osmotic pressure proportional to the concentration: 

‘dx, Y )  = wcbw(x,  Y )  (A.4) 
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AVLONlTlS AND PAPANIKAS 942 

Y I 
Permeate Channel Feed Brine Channel Membranes 

flow with spacer back to back with porous spacer 

/ y  

FIG. 1 Unwound module. 

By using the assumptions and equations in Table I and the differential 
Eqs. (1) to ( 5 ) ,  after integration over the surface area of the module, the 
effective pressure profile has been found to be given by Eq. (6). If Eq. 
(6) is multiplied by the water permeability coefficient k l ,  then the water 
flux at any point on the membrane surface will be given by Eq. (7). 

where AP = [ P h ( O ,  w) - Pp(O, w)] 
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CROSSFLOW OF A TWO-COMPONENT FLUID 943 

The validity of Eq. (7) has been tested elsewhere (2, 7). not only by 
the authors’ experimental data but also by Taniguchi (10). A very good 
agreement was found with the results given by other analytical and numeri- 
cal models (8-10). 

A combination of Eqs. (A.l), (A.3), and (7) will result in the final Eq. 
(8) for the salt wall concentration. 

The brine velocity profile can be found by integration of Eq. (3) by the 
use of Eqs. (A.l)  and (7). This leads to 

I k:w2 
4k2 - (f2.r’ + 2CffX)  

If the same procedure is applied for Eq. ( I ) ,  then the permeate velocity 
profile can be obtained. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



944 AVLONlTlS AND PAPANIKAS 

RESULTS AND DISCUSSION 

Membrane output results are calculated for the 2.5" modules at particu- 
lar operating conditions. The dimensions of this type of modules and the 
numerical values of the characteristic constants of the membrane perfor- 
mance are presented in Table 2. Similar results could be obtained for 
different operating conditions or geometric configurations. The profile of 
the effective pressure AP,f (x ,  y) ,  at real operating conditions, is presented 
in Fig. 2. 

A similar profile will be expected for the water flux through the mem- 
brane. It is apparent that the effective pressure and consequently the water 
flux decrease in the x direction. This is a result of the decreasing applied 
pressure P d x ,  y)  in the brine channel and the increasing salt concentration 
along the length of the membrane. On the other hand, in the y direction 
the effective pressure and the water flux increase constantly due to the 
decreasing pressure P, (x ,  y )  in  the permeate channel. Experimental stud- 
ies (1) have shown that the permeate pressure P, (x ,  y)  may vary from 5 
x lo5 to 1 x lo5 Pa. It is interesting that even though the applied pressure 
is 60 x lo5 Pa, the actual driving pressure of the water through the mem- 
brane is approximately 22 x lo5 Pa. Although one could find useful the 
profiles of the brine pressure P d x ,  y)  and the permeate pressure P,(x,  
y), it was thought that this kind of data may be misleading. A high value 
of the brine pressure does not necessarily mean high water flux, since the 
salt wall concentration and the permeate pressure should be taken into 
account. 

The plot of Eq. (8) is illustrated in Fig. 3. It must be noted that a constant 
k value has been assumed along the membrane, although the flow condi- 
tion vary from point to point. The salt wall concentration increases in 
both directions x and y. This is a result of the rejection of the salt by 
the membrane. According to the salt wall concentration profile, the most 

TABLE 2 
Dimensions of the FT 30 SW 2.5" Modules and the Values of the Constants 

for the Membrane Performance 

h, = 0.43 x W 3 m  hb = 0.77 X m h, = 0.14 x m 
w = Wwtthout = I .  1700 m L = lwlthout = 0.8665 m "l'brine = 1.3400 m 
k = 3.039 X m/s  k l  = 3.815 x lo-'? m/s.Pa 
f = 6.05 kg/m4 kf i  = 23 x lo7 m-2  
Pb(0, for ally) = 60 x lo5 Pa P,(O, w )  = 1 x 10' Pa 
Cb(0 ,  for all y) = cf = 35 kg/m3 uf = 0.1254 m/s 

w = 728 x lo2 m'.Pa/kg 
kf, = 11 x lo9 r r 2  
y = 2.3 m 
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CROSSFLOW OF A TWO-COMPONENT FLUID 945 

h m e 

FIG. 2 Effective pressure profile for 35 kglm’ seawater solution at 25°C and absolute pres- 
sure 60 x 10’ Pa. 

FIG. 3 Salt concentration on the membrane surface for 35 kg/m3 seawater solution at 25°C 
and absolute pressure 60 x 10’ Pa. 
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946 AVLONlTlS AND PAPANIKAS 

probable point on the membrzne surface for salt precipitation is the point 
( L ,  w ) .  However, the salt precipitation is not affected only by the concen- 
tration of salt but also by other factors, such as the presence of insoluble 
solids, bubble formation, etc., factors which have been ignored. The maxi- 
mum salt wall concentration is predicted to be 5 1.2 kg/m3 at the particular 
operating conditions. This leads to a dimensionless concentration ratio at 
a = cbw(L, w)/cf = 1.46. Sherwood et al. (11) presented a numerical 
method for the prediction of the salt concentration at the membrane sur- 
face. They used seawater membranes at Pb(0, w )  = 100 x lo5 Pa at 
laminar flow conditions with uf = 0.3 m/s. They concluded that the dimen- 
sionless concentration ratio ci is 1.6. Additionally they postulated that if 
osmotic membranes were so improved as to permit a water flux four times 
as great, the value of the concentration ratio would increase to 5.9 and 
the recovery ratio R would approach zero. 

Similar experiments and numerical calculations for the salt wall concen- 
tration were also published by Bhattacharyya et al. (6). However they 

... 
0 . .  

w=117 cm 

. . I  

8 8 8  

7 0 1  - ,  . I I I I I .  I I , ,  
-10 0 10 20 30 40 50 60 70 80 90 100 

Membrane length, L (cm) 

FIG. 4 Hypothetical salt concentration on the membrane surface for 35 kgim’ seawater 
solution at 25°C and absolute pressure from 19 x loc to 2S x lo5 Pa. 
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CROSSFLOW OF A TWO-COMPONENT FLUID 947 

used NaCl solutions at a concentration of 5 kg/m3 and a transmembrane 
pressure at 30 x lo5 Pa. The membrane, on the other hand, was for 
brackish water with higher permeability properties than the seawater 
membranes, kl  = 7.45 x m/s.Pa. Their results predict that the salt 
wall concentration at the exit of the module is four to five times the feed 
concentration. If the same conclusion is applied for seawater, it is obvious 
that there would be no water passing through the membrane at this high 
concentration. As has been concluded in previous work (2), and supported 
by Sherwood et al. ( l l) ,  there are doubts about whether the models used 
for the membrane performance for brackish water can be used for seawa- 
ter. Nevertheless, if a hypothetical membrane with very high water flux 
is assumed, then Eq. (8) predicts a very high salt concentration on the 
membrane surface (see Fig. 4). All the other membrane performance vari- 
ables were kept constant in the calculations. This means that not only 
should a very high pressure be applied in order to sustain the recovery 
ratio, but also scale formation is more likely to occur. 

FIG. 5 Brine velocity profile for 35 kg/rn3 seawater solution at 25°C and absolute pressure 
60 x lo5 Pa. 
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948 AVLONlTlS AND PAPANIKAS 

FIG. 6 Permeate velocity profile for 35 kg/m3 seawater solution at 25°C and absolute pres- 
sure 60 x lo5 Pa. 

The brine velocity decreases in the x direction as a result of the permea- 
tion of the water through the membrane (see Fig. 5). On the other hand, 
the permeate velocity increases in the y direction. In the x direction there 
are decreases due to the decreasing effective pressure and the water flux in 
this direction (see Fig. 6). Some characteristic values of all the parameters 
which have been examined are presented in Table 3. 

TABLE 3 
Characteristic Values of All Parameters on the Membrane Surface 
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CONCLUSIONS 

An explicit analytical procedure to determine the flow parameter pro- 
files in the permeate and the brine channel for spiral wound modules has 
been presented in this work. Although the analytical equations are based 
on several assumptions, reasonable results have been obtained, and pre- 
dictions have been made for possible areas where scale formation on the 
membrane surface could take place. The analysis has shown a clear picture 
of insight behavior of seawater membranes. The significance of the salt 
concentration on the membrane surface has been proved. Consequently, 
the production of seawater membranes with higher permeability proper- 
ties at reasonable recovery ratios is limited by the cost of energy needed 
to apply the required pressure and by the undesired scale formation. 

SYMBOLS 

concentration (kgm - 3 )  

driving pressure (Pa) 
pressure difference given by [Pb(O, w )  - P,(O, w ) ]  (Pa) 
concentration gradient coefficient, giving the concentration 
gradient in the axial direction (kg.mP4) 
height (m) 
water flux (mas-') 
mass transfer coefficient (m.s-') 
water permeability coefficient (mes- '.Pa- ') 
friction parameter ( r r 2 )  
membrane length (axial) (m) 
pressure (Pa) 
constant for a given membrane and temperature, defined as q 

= J x ( m )  2kikfpp  

volumetric flow (m3/s) 
recovery ratio, defined as R = QJQf 
velocity (m-s-') 
membrane width (tangential) (m) 
coordinate along the module axis (m) 
coordinate along the membrane width (m) 
any point in the two dimensions plane 

Greek Letters 

(Y dimensionless concentration ratio, defined as (Y = cbW(L,  w ) /  
Cf 
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950 AVLONlTlS AND PAPANIKAS 

P, viscosity (kgem- ' .s-  ' )  
7r osmotic pressure (Pa) 
P density (kg.m-3) 
0 osmotic pressure coefficient, o = T / C  (N-m-kg-')  

Subscripts 

b brine 
ef effective 
f feed 
m membrane 
P permeate 
W wall 
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