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a b s t r a c t
For the first time, four different thermodynamic generic equations of state were applied to calculate 
the water partition coefficient in the polymeric direct contact membrane distillations studied in this 
research. Peng–Robinson equation of state was found to have the best fit with experimental data. 
Furthermore, the polymeric membrane performance was studied at different feed flow rate, tem-
perature and cold stream flow rate. In addition, different feed and permeate flow directions were 
examined and as expected, cross-current flow arrangement showed the highest permeate flux.
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1. Introduction

Desalination is the process of removing salt from saline 
water solution to produce potable water. This process is used 
to reduce the shortage of potable water. Various techniques 
used for desalination process can be classified based on the 
applied driving force including pressure, temperature and 
electrical driving forces [1,2]. The multi-stage flash is among 
the temperature-driven processes which have been tradi-
tionally used while the reverse osmosis (RO) is a rather new 
membrane technique among the pressure-driven processes 
[2–7]. RO has increased the world’s desalination capacity. 
Membrane distillation is a non-isothermal membrane pro-
cess through which water is separated in the form of vapor 
from an aqueous saline solution [8]. Since a hydrophobic 
membrane is usually used in this process, water vapor can 
only pass through the membrane not the liquid [9,10]. The 
partial pressure difference between feed and permeate sides 
is the driving force for this process [11]. Therefore one of the 
MD advantages compared with RO and other desalination 

processes for the treatment of saline water is complete rejec-
tion of all non-volatile constituents in the feed solution; thus, 
almost 100% rejection of salty ions. The other advantage is 
due to the discontinuity of the aqueous phase across the 
membrane, water flux in MD is not influenced by the osmotic 
pressure gradient across the membrane [12]. Consequently, 
the greatest potential of MD can be realized through the 
treatment of highly saline solutions [13]. Duong et al. [14] 
have done a pilot study for the treatment of the RO brine 
from coal seam gas produced water by MD and they have 
concluded that fresh water recovery was increased from 
75% to 95% when the RO was coupled with MD. In the other 
study, Martinetti et al. [15] showed that at low temperature, 
MD outperformed high-temperature MD and forward osmo-
sis when treating a highly concentrated RO brine streams 
with lower scaling propensity but high total dissolved solid 
concentration.

Membrane distillation systems may be classified into four 
major groups based on permeate side conditions as follows 
[9,10,16]: (i) direct contact membrane distillation (DCMD), 
where the membrane directly comes into contact with 
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different liquid streams (feed and permeate). In this method, 
the hot stream (feed) flows through one side of the mem-
brane while the cold stream (permeate) flows through the 
other side; (ii) vacuum membrane distillation, where feed is 
introduced into one side of the membrane, the permeate side 
is under vacuum condition and the vapor passed through 
the membrane is brought to the condenser; (iii) sweeping gas 
membrane distillation (SGMD), where a sweep gas is used on 
the permeate side to transfer the water through membrane; 
and (iv) air gap membrane distillation (AGMD) where the 
feed is introduced into one side of membrane while a con-
densing surface exists on the other side and there is an air 
gap between the surface and the membrane, so the solvent 
vapor is collected on the condensing surface whereas it could 
be recovered.

Laganà et al. [17] investigated membrane behavior in a 
DCMD mode using computational fluid dynamics (CFD). 
They considered the effect of various properties of mem-
brane morphology such as distribution of pores of different 
diameters, elasticity and other mechanical properties upon 
flux. Charfi et al. [18] presented a model to describe heat, 
mass and momentum transports through the three parts of a 
SGMD, namely: feed, membrane, and permeate side. Xu et al. 
[19] presented a model for the AGMD process of NaCl solu-
tion to predict heat and mass transfer behavior of the process. 
They found that temperature polarization phenomena can be 
reduced, and mass flux can be enhanced with increase in the 
feed Reynolds number.

Tang et al. [20] considered vacuum membrane distilla-
tion of NaCl aqueous solution. In their study, the permeate 
flux increased by increasing feed flow rate. Yu et al. [21] pro-
posed a model to analyze heat and mass transfer in DCMD 
system. Based on the laminar flow assumption they found 
that Nusselt number was increased by increasing the feed 
Reynolds number. 

To carry out design calculations of desalination modulus 
and comparing with obtained experimental data for indus-
trial applications, a reliable mathematical model should be 
developed. The desired parameters that should be inves-
tigated are feed temperature, feed flow rate, and permeate 
flow rate. In this study, CFD approach is applied to describe 
the DCMD process of saline water. Various thermodynamic 
generic cubic equations of state were examined in order to 
compare which thermodynamic model best fits the experi-
mental data. Moreover, different arrangements of cold and 
hot streams were investigated and the best arrangement 
exhibiting the highest permeate flux was determined. The 
experimental data of Shirazi et al. [8] was applied in this 
study. The governing equations (momentum, mass, and 
temperature) solved numerically to simulate the membrane 
performance in our previous study [22] were supplemented 
by applying generic cubic equations of state for calculation 
of partition coefficient of water between feed and membrane 
sections in this study. This method was shown to be success-
ful in simulating the SGMD [23].

2. Model development

A schematic diagram of the membrane and flow directions 
considered in this study is shown in Fig. 1. A mathematical 
model is presented for vapor transfer through the membrane. 

The saline water enters at y = 0 and exits at x = 0, while the 
cold stream enters from the other side of the membrane at 
y = L and exits at x = x3 (the feed and the permeate move 
in a cross-current arrangement). This is a pressure-driven 
process in which the vapor penetrates from feed side toward 
the permeate side in x-direction due to the pressure gradient 
between feed and permeate. On the permeate side, pure cold 
water was used to collect the transferred water and the pure 
water was separated from saline water.

Temperature difference between the feed and perme-
ate side supplies mass transfer driving force and the mass 
transfer process could be divided into three consecutive steps 
including: (i) selective absorption of permeate by membrane 
on the feed side, (ii) selective diffusion on the membrane 
side, and (iii) desorption to the permeate side (the other side 
of the membrane).

The following simplified assumptions were made to 
develop the model equations:

•	 Steady-state and isothermal conditions
•	 Constant and uniform velocity on permeate side
•	 Constant membrane temperature
•	 Laminar flow in the feed side
•	 100% salt rejection (a rational assumption made due to 

experimental results [8])

2.1. Governing equations in the feed side 

The mass transfer equation is used to describe water 
transfer from feed side to the permeate side which is 
expressed as follows [24]:
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where Cw is water concentration (mol/m3), Dw is diffusion 
coefficient (m2/s), u is velocity (m/s), t is time (s), and Rw is the 
reaction rate (mol/m3 s), that is, zero in this study.

Based on the assumptions, the continuity equation for 
water in the feed side is simplified to the following equation:
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with the boundary conditions of:

at y = 0: Cwf = C0 
at y = L: ∂Cwf/∂y = 0
at x = 0: Convective flux
at x = x1 : Cwf = Cwm × m 

where m is water partition coefficient between feed and 
membrane which is calculated using appropriate thermody-
namic cubic equations of state which the required parameters 
are summarized in Table 1. Cwf and Dwf are water concentra-
tion (mol/m3) and diffusion coefficient (m2/s) in feed side, 
respectively. 

Moreover, the velocity distribution on the feed side should 
be obtained. It is expressed as the following equation [24]:
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ρ µ ρ
Du
Dt

P u g= −∇ + ∇ +2 	 (3)

where ρ is density (kg/m3), P is pressure (Pa), μ is dynamic 
viscosity (Pa s), and g is gravity (m/s2). Under steady-state 
and laminar flow conditions Eq. (3) is simplified to:

−∇ + ∇ + =P u gµ ρ2 0 	 (4)

Appropriate boundary conditions for Eq. (4) include:

At x = 0: P = Patm
At x = x1 and y = L: uy = 0
At y = 0: uy = u0

Patm is atmospheric pressure (Pa) and u0 is equal to inlet 
velocity (m/s).

Fig. 1. Schematic diagram of (a) membrane and (b) flow directions.

Table 1
Parameter assignments for equations of state

Eq. of state α(Tr) σ ξ Ω ψ Zc

VdW(1873) 1 0 0 1/8 27/64 3/8
RK(1949) Tr

–1/2 1 0 0.08664 0.42748 1/3
SRK αSRK (Tr, ω) 1 0 0.08664 0.42748 1/3
PR αPR (Tr, ω) 1 2+ 1 2− 0.07779 0.45724 0.30740
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Diffusion coefficient of water in saline water is deter-
mined from Wilke and Chang [25] equation (Eq. (5)). This 
empirical equation is used for diffusion of species in dilute 
solutions:
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where Dij
0  is water diffusion coefficient in saline water 

(cm2/s), Mj is molecular weight of saline water (kg/kg mol), 
T is temperature (K), µi is viscosity of saline water (cp), vi is 
molar volume of water (cm3/gmol), and ϕ is association factor 
of water accounting for hydrogen bonding.

2.2. Governing equations in the membrane side 

The continuity equation for water transport in the mem-
brane side is developed as follows:
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where the diffusion coefficient Dwm is calculated from the fol-
lowing equation [26]:

D d T
Mwm pore= 48 5 1 2. ( ) / 	 (7)

Cwm and Dwm are water concentration (mol/m3) and dif-
fusion coefficient within membrane (m2/s), respectively. M is 
molecular weight of water (kg/kg mol), T is temperature (K) 
and dpore is pore diameter in the membrane (m).

The effective diffusion coefficient in membrane (Deff) is 
calculated from the following equation:

D D
eff p= ε

τ
	 (8)

where εp and τ are porosity and tortuosity of the membrane, 
respectively.

The appropriate boundary conditions for using in 
Eq. (6) include the following:

At x = x1 : Cwm = Cwf/m
At x = x2 : Cwm = Cwp
At y = 0 : ∂Cwm/∂y = 0 (insulation boundary)
At y = L: ∂Cwm/∂y = 0 (insulation boundary)

2.3. Governing equations in the permeate side 

The mass balance equation for permeate is expressed as:
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where Cwp and Dwp are water concentration (mol/m3) and dif-
fusion coefficient in the permeate side (m2/s), respectively. 
The diffusion coefficient (Dwp) in the permeate side is calcu-
lated from Eq. (5). 

The boundary conditions for using in Eq. (9) include:

At x = x2: Cwp = Cwm
At x = x3: Convective flux 
At y = 0: ∂Cwp/∂y = 0 (insulation boundary)
At y = L: Cwp = 0

2.4. Determining partition coefficient (m)

In order to calculate the partition coefficient which relates 
the water concentration in the liquid and vapor phase near 
the membrane, compressibility factor of water in the liquid 
phase (Zl) and compressibility factor of water in the vapor 
phase (Zv) should be estimated first. Vapor and vapor-like, 
and liquid and liquid-like roots of the generic cubic equa-
tions of state were used to calculate these quantities which in 
turn, yielded to estimation of partition coefficient (a ratio of 
Zv to Zl). Zv can be calculated as [27]:
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where β and q are dimensionless constants which can be cal-
culated as follows:
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Tr and Pr are reduced temperature and reduced pressure, 
respectively. ε, σ, Ω, Ψ and α(Tr) are other dimensionless 
constants. 

Zl can be estimated as:
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The used coefficients for Eqs. (10)–(13) are listed in 
Table 1.

The value of α for SRK and PR equations can be obtained 
as a function of reduced temperature and acentric factor (ω) 
by the following relations [27]:

α ω ω ωSRK( , ) ( . . . )( )/T Tr r= + + − − 1 0 480 1 574 0 176 12 1 2 2 � (14)

α ω ω ωPR( , ) ( . . . )( )/T Tr r= + + − − 1 0 37446 1 54226 0 26992 12 1 2 2

� (15)



M. Hasanizadeh et al. / Desalination and Water Treatment 129 (2018) 24–3328

2.5. Numerical method

The governing equations with the introduced supplemen-
tary equations were solved together using the finite element 
scheme. The numerical solutions for governing equations 
were obtained using COMSOL Multiphysics software version 
4.3a (1066MHz CPU speed, 4GB RAM). COMSOL produced 
elements in free triangular shape. According to the network 
independency results, a total of 5,581 meshes were applied in 
the simulation. The computational time for solving the set of 
equations was about 1 min. The algorithm used for the com-
putations and the mesh produced by COMSOL are shown in 
Figs. 2 and 3. Also, the solver parameters and the mesh details 
used by COMSOL software are summarized in Table 2.

3. Results and discussion

The continuity and momentum equations were solved 
under various operating conditions on the feed and permeate 
sides of the PTFE, PP and PVDF membranes to evaluate the 
accuracy of the model. The simulated results were compared 
with experimental data [8]. In this model, the partition coef-
ficient m was calculated using appropriate thermodynamic 
cubic equations of state. Equations of state used in this study 
were Peng–Robinson (PR), Redlich–Kwong (RK), Soave–
Redlich–Kwong (SRK), and Van der Waals (VdW). The total 
error of simulated results by using different applied thermo-
dynamics relations was calculated using Eq. (16) [28] and the 
results are shown in Table 3.

Total error(%) exp

exp

=
−

×∑∑
∑

J J
J

sim 100 	 (16)

where J is the flux of water (L/m2 h).

According to Table 3, the Peng–Robinson model with 
minimal error exhibited the best fit for calculating the par-
tition coefficient and modeling of the process while the 
Redlich–Kwong and Van der Waals had high errors when 
compared with experimental data. The total errors summa-
rized in Table 3 are the average of errors for all membrane 
performances at different operating conditions. When these 
results using PR equation of state were compared with our 

Fig. 2. A flowchart of the numerical optimization method.

Fig. 3. Magnified segments of the mesh used in the numerical 
simulation (5,553 elements for the whole domain).

Table 2
 Mesh details and solver’s parameters used in this study

No. of degrees of freedom 28,616 

No. of elements 5,581
Mesh shape Free triangular
Solver Stationary
Relative tolerance 3.0 × 10–6

Maximum no. of iteration 8

Table 3
Total error of the obtained simulated data applying different 
cubic equations of state

Cubic equation of state Total error 
(%)

VdW 108.83
RK 19.22
SRK 13.09
PR 0.06
Constant partial coefficient (previous study [22]) 4.53
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findings in our previous work [22], the deviation from mod-
eled and experimental results was decreased significantly 
from 4.5% from our previous work to 0.06% for this work. 
While we had the best match of data with PR, the findings 
from the model which utilized VdW equations of state did 
not yield to promising results with deviation from experi-
mental results of 108.83%. High accuracy of the PR and SRK 
cubic equations showed that they were developed specifi-
cally for vapor–liquid equilibrium calculations, in compari-
son with RK and VdW cubic equations. These findings were 
in a good agreement with findings from literature [27]. As 
shown in Fig. 4, permeate flux calculated by PR equation of 
state for three different membranes revealed better agree-
ment with the experimental data in comparison with the 
other equations of state. 

As it can be seen from Fig. 4, the PTFE had the highest flux 
among three studied membranes and PVDF achieved higher 
flux when compared with the PP membrane. These findings 
can be related to the membrane morphology and hydropho-
bicity. Hydrophobicity is one of the major characteristics in 
membrane distillation and high membrane hydrophobicity 
causes higher permeate flux and performance [29]. Based on 
the atomic force microscopy (AFM) images [8], PTFE mem-
brane had higher contact angle in comparison with PVDF 
and PP membranes which consequently results in higher flux. 
From the scanning electron microscopy images of studied 
membranes [8], PVDF had non-uniform structure and larger 
gaps in it which yielded to higher flux than the PP membrane. 
In this study, the differences in the structure of membranes 
were studied due to the difference in the thickness and poros-
ity of the membranes. However, our study lacks the effects due 
to the change in hydrophobicity. 

3.1. Velocity distribution

The velocity of water vs. dimensionless length of the 
membrane (y/l) is shown in Fig. 5(a) for three different flow 
rates. The velocity field shown in Fig. 5(b) was solved and 
simulated using Navier–Stokes equations. From the pro-
file, as saline water entered from bottom of the module and 
existed from the left side, the maximum velocity region was 
observed near the wall on the feed side entrance. The velocity 
decreased with decreasing the flow rate.

3.2. Feed flow rate

The simulated results for PTFE porous membrane perme-
ate flux are shown in Fig. 6 and is compared with experimen-
tal data for various feed flow rates from 400 to 800 mL/min. 
The method for calculation of permeate flux was explained 
in detail in a study by Shirazi et al. [8]. The flux measure-
ments were done every 10 min after equilibrium was reached 
and the averaged results were reported. In order to establish 
a steady state condition for long-time experiments during 
15 d, the permeate stream was recycled to the feed storage 
tank. The repeatability of the permeation flux measurements 
was found to be at least 90%. Analysis of the saline seawater 
which was used as feed stream is shown in Table 4. Electrical 
conductivity meter was used to measure the conductivity of 
the permeate flow, and the performance of membranes was 
evaluated based on two major parameters, permeate flux and 
salt rejection. The resistance boundary layer is very import-
ant in laminar flow at low Reynolds numbers [30]. On the 
feed side, a concentration boundary layer is formed that cre-
ates a resistance against the mass transfer. As the feed flow 
rate increased boundary layer decreased which can be seen 
in Fig. 6. Also due to the vaporization in the feed side, tem-
perature and concentration polarization affected the flux 
negatively. One way to offset this effect is to increase the feed 
flow rate [31]. Higher feed flow rate increased the feed tem-
perature and lowered the partition coefficient (m) between 
the liquid and gas phase near the membrane. Low partition 
coefficient resulted in high water concentrations in the mem-
brane and high permeate fluxes correspondingly.

Fig. 4. Permeate flux of the studied membranes by use of dif-
ferent equations of state (feed temperature = 80°C, cold stream 
temperature = 20°C, feed flow rate = 800 mL/min [0.12 m/s] and 
cold stream flow rate = 400 mL/min [0.06 m/s]).

Fig. 5. (a) Velocity profile along the feed side of module at 
different flow rates (cold stream flow rate = 400 mL/min 
[0.06 m/s]; T = 80°C). (b) Velocity field in the feed side of the 
module (feed flow rate = 800 mL/min [0.12 m/s]; T = 80°C).
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3.3. Feed temperature

Feed temperature is an important parameter in mem-
brane distillation (MD) performance; it affects vapor pres-
sure of species that transfer through the membrane. MD 
experiments were carried out at three feed temperature 
values (50°C, 65°C, and 80°C). The experimental data and 
simulated results are shown in Figs. 7 and 8. For PTFE 
membrane, when the feed temperature was increased, the 
permeate flux increased. The species diffused based on the 
dissolution–diffusion mechanism from the feed side toward 
the permeate side through the membrane. When the feed 
temperature was increased, the pressure difference of the 
transient species was enhanced throughout the membrane 
aiding the water molecules to penetrate through mem-
brane’s free spaces increasing the permeate flux. Random 
movement of a polymer chain in the amorphous regions 
created empty spaces inside the membrane. Therefore, a 
temperature increase resulted in increased frequency and 
amplitude of jumping of polymer chains due to increased 
free spaces inside the membrane [32]. Hence, the diffusion 

rate of the desired molecules increased as the temperature 
increased. In addition, the increase in the permeate flux 
could also be due to the effect of feed on the viscosity and 
diffusivity of water. When the feed temperature increased, 
the parameter that was affected significantly in the pro-
posed model was partition coefficient. The compressibility 
factor of water in the liquid phase (Zl) increased significantly 
while the compressibility factor of water in vapor phase (Zv) 
decreased slowly. As mentioned earlier, partition coeffi-
cient was defined as the ratio of Zv to Zl. Thus, low partition 
coefficient meant high permeate flux. The vapor pressure 

Fig. 6. Effect of feed flow rate on the experimental and simulated 
flux (cold stream flow rate = 400 mL/min [0.06 m/s]; T = 80°C).

Table 4
Analysis of the saline seawater modeled in this work [8]

Item Value

Na+, ppm 14,985
Cl–, ppm 27,272
SO4

2–, ppm 3,667
Mg2+, ppm 1,940
Ca2+, ppm 1,231
K+, ppm 581
SiO2, ppm 0.3
Mn2+, ppm 0.12
Fe2+, ppm 0.054
NH4

+, ppm 0.05
TSS, ppm 46.7
TDS, ppm 48,000
pH 8.7
Conductivity at 20°C, µS/cm 65,000

Fig. 7. Effect of feed temperature on the experimental and 
simulated flux of PTFE membrane (feed flow rate = 800 mL/min; 
cold stream flow rate = 400 mL/min [0.06 m/s]).

Fig. 8. Effect of feed temperature on the experimental and 
simulated flux of (a) PVDF membrane and (b) PP membrane 
(feed flow rate = 800 mL/min [0.12 m/s]; cold stream flow 
rate = 400 mL/min [0.06 m/s]).
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and feed temperature can be related to each other by a well-
known equation named Antoine equation. The exponential 
trend expected from Antoine equation was plotted well 
based on the modeled data when compared with the exper-
imental data. Deviation between the modeled data and 
experimental data was higher at high temperatures. This 
difference can be explained by temperature drop across the 
membrane which was made by evaporative cooling at the 
permeate section [33]. Similar trends were reported by other 
researchers [34–37]. 

Based on the proposed models, the effects of feed tem-
perature on the permeate flux for PVDF and PP membranes 
followed a similar trend. In PVDF and PP membranes, the 
permeate flux was enhanced with the increase in the feed 
temperature. The PR equation of state revealed the best 
agreement with the experimental data. The total error of this 
equation was 0.06%.

3.4. Cold stream flow rate

One of the most effective parameters on membrane per-
formance is cold stream flow rate in DCMD systems. The 
simulated and experimental results are shown in Fig. 9. 
Cold stream flow rate was predicted for the PTFE membrane 
based on the proposed thermodynamic relations and under 
various operating conditions. Permeate flux increased with 
an increase in the cold stream flow rate. The increase in 
the cold stream flow rate increased the pressure difference, 
thereby increasing permeate flux. In addition, the increase in 
cold stream rate prevented accumulation of the solute near 
the permeate side of membrane which may have resulted in 
reduction of transfer rate from feed side toward permeate 
side [18]. Moreover, as the cold stream flow rate increased, 
the temperature and concentration polarization in the perme-
ate section near the membrane decreased. Thus more perme-
ate flux was obtained.

3.5. Flow direction

Among the effective parameters on the permeate flux are 
feed flow and permeate flow directions. All of the previous 
results were based on cross-current flow direction in which 
the majority of the feed flow travels tangentially across the 
surface of the filter, rather than into the filter. In cross-current 

flow arrangement, the concentrate feed water flows across 
the surface of a membrane filter media with minimal solid 
build-up and at constant low-flow resistance. In this study, 
co-current and counter-current arrangements were also con-
sidered (Fig. 10).

Different flow arrangements were compared (Fig. 11) 
and cross-counter flow arrangement, which is applied in the 
experiments, showed highest permeate flux. In this arrange-
ment, the wall acts as a barrier reducing fluid motion and 
increases residence time of feed inside the membrane, there-
fore, the transfer rate of solute through the membrane and 
the permeate flux increases. 

Fig. 9. Effect of cold stream flow rate on the experimental and 
simulated flux (feed flow rate =800 mL/min [0.12 m/s]; T = 80°C).

Fig. 10. Different flow rate arrangements in feed and permeate 
side (a) cross-current, (b) co-current, and (c) counter-current.

Fig. 11. Effect of flow direction on the experimental and simulated 
flux using PTFE membrane (feed flow rate = 800 mL/min 
[0.12 m/s]; T = 80°C; cold stream flow rate = 400 mL/min [0.06 m/s]).
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4. Conclusions

A 2D mathematical model was developed to predict the 
mass and momentum transport of water in PTFE, PP and 
PVDF membranes. The momentum and continuity equations 
for water were solved numerically using the finite element 
method. The effects of feed flow rate, feed temperature, flow 
direction, and cold stream flow rate on the permeate flux were 
investigated by CFD and results were compared with exper-
imental data. Based on simulation and experimental results, 
permeate flux was enhanced as feed temperature, feed flow 
rate, and permeate flow rate increased. Also, cross-current 
flow arrangement resulted in higher permeate flux. Using PR 
equation of state, the model predictions showed better agree-
ment with the experimental data for PTFE, PP, and PVDF 
membranes in comparison with the other considered ther-
modynamics generic cubic equations of state.

Symbols

CW	 —	 Water concentration, mol/m3

t	 —	 Time, s
RW	 —	 Chemical reaction, mol/m3 s
DW	 —	 Diffusion coefficient, m2/s
V	 —	 Velocity vector, m/s
ρ	 —	 Density, kg/m3

P	 —	 Pressure, Pa
g	 —	 Gravity, m/s2

Cwf	 —	� Water concentration in the feed section, 
mol/m3

Cwm	 —	� Vapor concentration in the membrane 
section, mol/m3

Zl	 —	� Water compressibility factor in the liquid 
phase

Zv	 —	� Water compressibility factor in the vapor 
phase

v	 —	 Molar volume, 10–6 m3/mole
P	 —	 Reduced pressure
Tr	 —	 Reduced temperature
q	 —	 Dimensionless constant
T	 —	 Temperature, K
vl	 —	� Water molar volume in the liquid phase, 

10–6 m3/mole
vg	 —	� Water molar volume in the vapor phase, 

10–6 m3/mole
AW	 —	 Dimensional quantity for water
AG	 —	 Dimensional quantity for glucose
BW	 —	 Constant
BG	 —	 Constant
Cwp	 —	� Vapor concentration in the permeate section, 

106 mole/m3

q	 —	 Mesh quality
A	 —	 Area, m2

h1, h2, h3	 —	 Lengths of the triangular, m

Greek

λ	 —	 Partition coefficient
μ	 —	 Dynamic viscosity
β	 —	 Dimensionless constant
E	 —	 Dimensionless constant

σ	 —	 Dimensionless constant
Ω	 —	 Dimensionless constant
Ψ	 —	 Dimensionless constant
Ω	 —	 Acentric factor
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