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Abstract 11 

Forward osmosis (FO) is considered as an energy-efficient process for numerous applications. 12 

Although its performance is determined by the spatially varied operation factors and the length 13 

of the channel, most of the reported simulation studies rely on length-averaged lumped models. 14 

Here, we introduce a one-D model based on heat and mass transfer and transport behavior for 15 

both bulk draw and feed channel flows. We find prediction results to be in good agreement with 16 

two different experimental results at inlet feed temperatures below 25 °C. However, the 17 

difference of water flux (Jw) and reverse salt flux (RSF) between measured and predicted data 18 

increases when both feed and draw temperatures also increase. Our theoretical simulation study 19 

first reveals that the feed temperature near the membrane active layer surface is the main factor 20 

for improving water and salt permeabilities. We find that, with a channel width of 0.3 m and a 21 

channel length of 2.5 m, Jw and RSF calculated using the length-averaged based lumped model 22 

are overestimated by 13.01% and 13.12%, respectively, compared to those obtained using our 23 

new spatial variation model. Our study demonstrates that the length-averaged based lumped 24 

model is not an appropriate simulation model to predict the performance of large-scale FO 25 

modules at lower inlet velocities. 26 

 27 

Keywords: FO simulation, Spatial variation, Length-averaged lumped model, Influence of 28 

temperatures, water and salt permeabilities. 29 
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Global demand for freshwater is set to exceed supply, due to the rapid urbanization, 32 

industrialization, and climate change resulting from global warming [1-3]. The amount of surface 33 

water available for use is also insufficient to meet the global demand [3]. Therefore, to mitigate 34 

the water scarcity, freshwater is produced by using traditional desalination and wastewater reuse 35 

technologies [1,4]. These two areas are growing very rapidly,  [1], with a need to develop novel 36 

energy efficient technologies to reduce the water production cost and enhance the water quality. 37 

Extensive research is being undertaken to improve the overall productivity, quality, and energy 38 

efficiency [4]. Among the most recent technologies being developed,  those using membranes 39 

such as forward osmosis (FO) have received interest due to their feasibility, high productivity 40 

and low energy consumption [4]. Reverse osmosis (RO) is recognized as an efficient water 41 

treatment process; it has been rapidly and successfully commercialized at a very large scale [5, 42 

6]. However, the RO is still facing various operational challenges, such as the need for an 43 

extensive pretreatment requiring the use of many chemicals for mitigating the scaling and 44 

fouling problems, a high electrical energy consumption [1, 6]. FO is a natural mass transfer 45 

process with much lower energy consumption and reduced use of chemicals [7]. FO uses a 46 

dense, hydrophilic, semi-permeable membrane separating the freshwater spontaneously. The 47 

process is driven by the difference in osmotic pressure generated from the difference of feed 48 

(low) and draw (high) concentrations. This leads to a reduction in energy consumption,  49 

compared to traditional pressure-driven membrane separation techniques [8]. 50 

   Although the FO process cannot be used to produce fresh water in a stand-alone system, it can 51 

be used for various applications with dilution and concentration purposes, in water treatment 52 

fields including desalination, landfill leachate, acid mine drainage, and oily wastewater plants [9-53 

13]. For example, FO has found applications in the agricultural field, as a mean to dilute 54 

fertilizers for [7,14-17]. To further improve the performance of the FO process, several 55 

researchers have worked on the development of novel FO membranes [18-24], the optimization 56 

of the draw solution and concentration [10, 25, 26], the design of FO modules [27], and hybrid 57 

FO systems [27-30]. 58 

Concentration polarization (CP) phenomenon is well-known as the primary challenge leading 59 

to an inefficient operation affecting mainly the FO flux. The FO process can have three different 60 

configurations: the symmetric mode (symmetric dense membrane) , the FO and PRO mode (i.e., 61 

FS facing the membrane’s active layer and DS facing the porous support layer and vice-versa, 62 
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respectively). Among these configurations, in the FO mode, the structure parameter of the 63 

membrane support layer determines the internal CP (ICP) facing the draw solution, whereas the 64 

feed flow condition determines the external CP (ECP) facing the feed solution. 65 

Water flux (Jw) and reverse salt flux (RSF), as primary indicators of the FO process 66 

performance, are closely related to the properties of the membrane, ICP, ECP and the difference 67 

of transmembrane osmotic pressure. Due to these complex parameters, it is necessary to develop 68 

theoretical prediction models that predict the FO process performance and help to reduce the 69 

experimental runs and errors, especially at large module scale. Several theoretical studies of the 70 

FO process have been conducted to find the optimal operating conditions or module design, in 71 

order to improve the Jw and lower RSF [31-34]. Examples of such prediction models include 72 

those from Lee et al., [35] and Loeb et al., [36] for the FO water flux and the theoretical method 73 

fromTiraferri et al., [33] for the characterization of the water and salt permeabilities and the 74 

structural parameters of the FO membrane. You et al., [37] also studied the influence of 75 

temperature on Jw, both experimentally and theoretically. Chowdhury and McCutcheon [38] 76 

studied the influence of the inlet feed temperature on Jw and JS and heat flux across the 77 

membrane. They presented the influence of the temperature gradient across the membrane on the 78 

FO performance by using general heat flux eqaution. However, they did not consider  the 79 

temperature gradient which is caused by the heat transfer for axial direction in the channels. In 80 

FO system, the solution tempeature can affect the FO performance and it changes along the 81 

spatial variation in flow channels due to the heat energy transport across the membrane. 82 

Therefore, in order to obtain high accuracy FO simulation data, temperature gradient with the 83 

spatial variation needs to be considered.  84 

All the studied theoretical simulations are based on the FO membrane performance, using 85 

small lab-scale modules, and they are conducted using a length-averaged lumped model that 86 

doesn’t take into account spatial variations, in both the draw and feed channels. Although the 87 

spatial variation of operating conditions is negligibly small at the lab-scale module, it cannot be 88 

neglected for large modules or in multi-stage pilot- scale concepts. This is because the diffusivity 89 

of the solutes in the solution and the osmotic pressure vary, depending on the salinity and 90 

temperature along the module channel, due to heat and mass transfer. The osmotic pressure is a 91 

function of the ion number, salinity, and temperature. The number of theoretical studies that 92 

consider spatial variations such as heat and mass transfer, and transport behavior, is low when 93 
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applied to FO, especially coupled with a temperature gradient along the module channel. Our 94 

motivation for taking into account the temperature gradient, in our study, is the wide variety of 95 

FO niche applications, using FO feed and draw solutions with different temperatures [6-38]. The 96 

temperature of the exhausted waste water or impaired quality water from industry or the 97 

municipality that could be used as FO feed or draw solution may be higher than the atmospheric 98 

temperature, thus impacting on the performance of FO [38-41]. 99 

This work aims to develop an accurate, integrated FO simulation model which takes into 100 

account the mass, momentum and energy balances on both draw and feed flows coupled with 101 

heat and mass transfers on the Jw and the RSF. Experimental and theoretical investigations are 102 

simultaneously performed to develop an accurate simulation model. Predicted results from two 103 

different models (the length-averaged lumped model and the spatial variation model presented 104 

here) are compared to better understand the differences between results obtained by the two 105 

models at various channel widths and lengths. The influence of temperature of the draw and feed 106 

sides on the Jw and RSF, in connection with the different thermal properties, are also 107 

investigated. In addition, water and salt permeabilities, at different feed and draw temperatures, 108 

are re-estimated. Re-estimated data are mapped to derive the water and salt permeabilities 109 

correlations, according to the applied temperatures for accurate prediction. This study allows us 110 

to understand, in a comprehensive manner, the influence of the heat and mass transfers and their 111 

transport behavior on the FO Jw and RSF. 112 

 113 

2. Materials and methods 114 

2.1. Experimental set-up 115 

Fig. 1 showed schematic of the FO experimental set-up. Temperatures of the feed and draw 116 

solutions are kept constant during the experiments by using temperature controllers (chiller and 117 

boiler). Peristaltic pumps supply the draw and feed solutions to both inlet channels, flowing in a 118 

counter-current fashion. The initial volume of the draw and feed solutions is 2 L each. Two 119 

conductivity meters measure the conductivities of both the feed and the draw solutions, in real 120 

time. Data acquisition is performed via a connection between the computer and the balance and 121 

conductivity meters,  in real time. The channel dimensions of the FO module are 2 cm x 7 cm x 122 

0.2 cm (width x length x height). 123 
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The thicknesses of the TFC-PA membrane’s active and support layers (0.86 μm (averaged 124 

value) and  99.14 μm, respectively) are measured using SEM image analysis (Carl Zeiss: 125 

MerlinTM Field Emision Scanning Electron Microscope), as shown in Fig. 2. The membrane 126 

thickness is found to be  approximately100±1 μm, measured by a digital micrometer (Digital 127 

Micrometer 0.001, 12.7 mm Electronic Thickness Gauge Depth LCD Measurement). The 128 

thermal conductivity of PA is 0.27 W/mK [42]. The porosity of the support layer measured using 129 

the gravimetric method is 63%±5. The weight of isopropyl alcohol, which has a density of 786 130 

kg/m3 as an organic solvent in the pores, is employed to measure the porosity of the support layer 131 

[43]. 132 

The latter is defined as the volume of the pores divided by the total volume of the membrane, 133 

and can be expressed  as follows: 134 

1 2

1 2 2

( ) /

( ) / /

i
m

i p

w w D

w w D w D





 
                (1) 135 

where w1 and w2 are the weights of the wet and dried membranes, respectively and Di and Dp are 136 

the densities of isopropyl alcohol and polymer, respectively.  137 

 138 

Figure 1. Schematic of the experimental set-up. 139 

 140 
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 141 

Figure 2. Cross-section SEM image of the TFC-PA membrane’s active and support layers 142 

provided by Toray Co. 143 

 144 

The thermal conductivity of the TFA-PA FO membrane is calculated using Eq. (2). 145 

1

support

support support(1 )

active
overall

m w m

k
k k k



 



 
     

               (2) 146 

where δactive and δsupport are the active and support layer thicknesses of the membrane, 147 

respectively, koverall, km, and kw are the thermal conductivities of the overall, the membrane, the 148 

water, and the support layer, respectively, and εsupport is the porosity of the support layer. 149 

 150 

3. Theoretical approach 151 

The main driving force of the FO process is the osmotic pressure difference, which is affected by 152 

both the concentration and the temperature between the feed and draw solutions (Fig. 3). The 153 

temperature and concentration of the draw and feed sides can vary,  due to the heat and mass 154 

transfers across the semi-permeable membrane. Furthermore, these variations can influence the 155 

overall performance of the FO system. Therefore, in our study, we use a rigorous one-156 

dimensional simulation model integrating heat and mass transfers coupled with a transport 157 

behavior developed by considering spatial variations in both draw and feed flows. The main 158 

assumptions for the simulation study are: (i) conduction and convection heat loss to the ambient 159 

is negligible; (ii) internal flows are incompressible in steady state; and (iii) roughness of the 160 

membrane surface and module at the draw and feed sides is not considered.  161 
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 162 

3.1 Mass transfer  163 

 164 

Figure 3. Schematic diagram of the FO process. 165 

  166 

The basic equation of an ideal JW in FO  can be expressed as: 167 

                    (3) 168 

where A is the water permeability coefficient of the membrane, πD,b and πF,b are the osmotic 169 

pressures of the bulk draw and feed sides, respectively. 170 

Eq. (3) expresses the ideal Jw without any negative CP effect on the draw or feed sides. 171 

However, in a real operation, CP and RSF do affect the performance of the FO process. 172 

Therefore, the basic equation of Jw is modified, when considering the ICP (facing draw solution) 173 

and ECP (facing feed solution) effects as well as the RSF on the FO performance. It then 174 

becomes the following [44]:  175 
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             (4) 176 

where support support/S    (τ is the tortuosity) is the structural parameter of the membrane 177 

support layer, DNaCl is the bulk solute (NaCl) diffusion coefficient, k=ShDNaCl/dh (Sh is the 178 

Sherwood number) is the mass transfer coefficient, B is the solute (NaCl) permeability 179 

coefficient of FO membrane, and πD,m and πF,m are the osmotic pressure of draw and feed 180 

adjacent membrane sides, respectively. 181 

In a real operation, the transmembrane concentrations are determined from the negative CP 182 

effects. When the FO mode is used, the ICP appears adjacent to the surface of the transmembrane 183 

facing the draw solution, and the ECP occurs adjacent to the surface of the transmembrane facing 184 

the feed solution. The transmembrane concentration of draw and feed sides can be calculated 185 

using the following equations (Eqs. 5 and 6):  186 

,

,

exp
D m W

D b NaCl
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                 (5) 187 
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                                   (6) 188 

Similarly, the RSF (JSR) can be expressed as [44]: 189 

, ,exp exp

1 exp exp

W W
D b F b

NaCl

SR

W W

W NaCl

J S J
c c

D k
J B

J J SB

J k D

    
     

                    

                      (7) 190 

where cD,b and cF,b are the bulk solute concentrations of draw and feed sides, respectively. 191 

The diffusion coefficient of NaCl (DNaCl)  does not vary more than 3%, within  the 0.05-2.0 192 

M range [44].  The correlation of diffusion coefficient for NaCl, according to the temperature, is 193 

then derived by using the provided data in [45] and the linear interpolation, and expressed as: 194 

9 2

, ,0.0419(( ) / 2) 0.4797 (10  m s)NaCl D b F bD T T                 (8) 195 

where TD,b and TF,b are the bulk temperatures of the draw and feed sides, respectively. 196 
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 197 

 198 

Figure 4. Schematic diagram of mass transfer in the FO process. 199 

 200 

A schematic diagram of the mass balance is presented in Fig. 4;  the respective equations of 201 

mass balance at draw and feed sides can be written  as follows: 202 

. .

, , , , ,D out D out D in D in D in SR W Wx m x m x J x J                 (9) 203 

. .

, , , , ,F out F out F in F in D in SR W Wx m x m x J x J                              (10) 204 

where 0Wx  , due to the assumption that the FO process allows the transport of pure water only 205 

across the membrane, ,D inx ,F inx ,D outx and ,F outx are the salinities of inlet draw, inlet feed, outlet 206 

draw, and outlet feed, respectively,  
.

,D inm
.

,F inm
.

,D outm  and 
.

,F outm are the flow rates of inlet draw, 207 

inlet feed, outlet draw, and outlet feed, respectively. 208 

 209 

3.2 Heat transfer  210 
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 211 

Figure 5. A schematic diagram of heat transfer in the FO process. 212 

 213 

Fig. 5 shows a schematic diagram of heat transfer phenomena in the FO process. The heat 214 

transfers from the hot to the cold side through the membrane. 215 

Temperature of the feed and draw solutions can affect the difference in osmotic pressure (driving 216 

force); it may also affect the water and salt permeabilities of the active membrane layer [46]. If 217 

the draw and feed temperatures are different, the heat transfer phenomena should be considered 218 

in the FO process. The heat transfers from the hot side to the cold side; this heat transfer is the 219 

result of the combination of both the mass transfer (Jw and RSF), and the conduction heat transfer 220 

with the sensible heat transfer. Thus, the heat transfer equations in the FO process can be 221 

expressed by using the following (i, ii, and iii). 222 

 223 

(i) Heat transfer from bulk feed to adjacent feed boundary layer 224 

, ,( )F F F b F mQ h T T                 (11) 225 

where TF,b and TF,m are the bulk and transmembrane temperatures at feed side, respectively, and 226 

hF is the convection heat transfer coefficient calculated by a combination of Reynolds number, 227 

Rei and Nusselt number, Nu. It can be expressed by the following equation: 228 

i
i

h

Nu L
h

d


         i draw and feed sides             (12) 229 
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 230 

where L is module length, and Pri is the Prandtl number. 231 

 232 

(ii) Heat transfer across the membrane  233 

  , ,m( )m W p overall F m DQ J c k T T                (13) 234 

where cp is the heat capacity, and TD,m is the transmembrane temperature at draw side. 235 

 236 

(iii) Heat transfer from the adjacent draw boundary layer to feed bulk 237 

, ,( )D D D m D bQ h T T                    (14) 238 

where hD and TD,b are the convection heat transfer coefficient and the bulk temperature at draw 239 

side, respectively. 240 

   At steady state, the overall heat transfer through the whole FO process is given by: 241 

F m DQ Q Q                 (15) 242 

 243 

3.3 Transport behavior 244 

At both draw and feed sides, the momentum, mass, species and energy balances can be expressed 245 

by integrated differential equations for the pressure, velocity, salinity and temperature, as 246 

follows: 247 

2

,

3i i
i

c i

dP
v

dz h


                 (16) 248 

,

( ) ( )i i W SR

c i

d v J J

dz h

 
                (17) 249 

( ) ( )i i i W W D SR

c

d v x x J x J

dz h

 
               (18) 250 

,

,

( )i i p i i i

c i

d v c T Q

dz h


                 (19) 251 

where the subscription i is the draw (D) or feed (F), μ is the viscosity, ρ is the density, v is the 252 
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velocity, hc is the channel height, and dz is the grid size. 253 

Boundary conditions for the pressure, velocity, salinity, and temperature, at both draw and 254 

feed sides, respectively, are as follows: 255 

0(L)DP P , ,(0)D D inv v , ,x (0)D D inx , ,(0)D D inT T                       (20)  256 

0(0)FP P , ,( )F F inv L v , ,x ( )F F inL x , ,( )F F inT L T           (21)  257 

where P0 is the atmospheric pressure. 258 

  259 

4. Modeling procedure 260 

Fig. 6 presents a schematic diagram of the solution procedure. The set of integrated ordinary 261 

differential equations, for both draw and feed sides, are discretized by using the finite volume 262 

method (FVM) and calculated using both the boundary conditions at the draw and feed sides and 263 

the characterization of the FO membrane for mass transfer. Broyden's method is used to solve the 264 

system of ordinary differential equations.  265 

 266 

5. Results and discussion 267 

5.1 Model validation 268 

In order to validate our spatial variation model, predicted results are compared with measured 269 

data reported in the literature [44]. Fig. 7 presents both experimental and simulated results of the 270 

flux and the RSF, at various draw concentrations. The water and salt permeabilities and structural 271 

parameter of the FO membrane that were used in our study are 1.23 kgm-2h-1bar-1, 0.196 kgm-2h-272 

1, and 328 μm, respectively [44]. We find the predicted data are well matched with the 273 

experimental data, at constant inlet draw and feed temperatures of 25°C and velocity of 17.1 274 

cm/s. 275 
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 276 

Figure 6. Schematic diagram of the solution procedure. 277 

 278 
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Figure 7. Effect of the inlet draw and feed concentrations on Jw and RSF (experimental [44] and 279 

simulated), at constant inlet draw and feed temperatures and velocities of 25°C and 17.1 cm/s, 280 

respectively. 281 

 282 

Table 1 presents a comparison of real data with predicted data, with a length-averaged 283 

lumped model and with our model. Details of the operating conditions (case 1 to case 4) can be 284 

seen in Fig. 7. As shown in the table 1, predicted data for Jw and the RSF, using a length-285 

averaged lumped model, have average errors of 2.1% and 2.4%, respectively. On the other hand,  286 

average errors of 1.5% and 1.4%,  are obtained when using our new model of spatial variation 287 

for both draw and feed channels. We find that the difference obtained by the two different models 288 

is insignificant, due to the negligible concentration gradient along the feed and draw channels, 289 

especially on short channel length. This is because the Jw and the RSF are much smaller than the 290 

inlet draw and feed flow rates. 291 

 292 

Table 1. Influence of inlet draw and feed salinities on the flux and RSF, for both measured and 293 

predicted values using either the length-averaged lumped model  our  spatial variation model). 294 

Stage 
Real 

(St.) 

Length-

averaged 

lumped 

model 

Current 

developed 

spatial 

variation 

model 

Relative 

Difference 

Real 

(St.) 

Length-

averaged 

lumped 

model 

Current 

developed 

spatial 

variation 

model 

Relative 

Difference 

 Jw (kgm-2h-1) (%) (%) JSR (gm-2h-1) (%) 

Case1  8.92 9.04 9.04 1.35 1.35 1.66 1.63 1.68 1.81 1.20 

Case2 12.01 11.64 12.18 3.08 1.42 2.24 2.20 2.27 1.79 1.34 

Case3 14.9 15.03 15.14 0.87 1.61 2.78 2.69 2.82 3.24 1.44 

Case4 17.35 16.81 17.65 3.11 1.73 3.24 3.33 3.29 2.78 1.54 

 295 

Additionally, in order to validate our own experimental results with prediction data, using our 296 

spatial variation model, a validation of the model is performed at various inlet draw salinities. 297 

The TFC-PA FO membrane manufactured by Toray Korea is used in all experiments and 298 

simulations. Experiments are conducted four times under similar operational conditions to assess 299 

the reproducibility of the system performance. The uncertainty of the measured water fluxes is 300 

lower than ±10%.  301 

Fig. 8 presents the experimental and predicted results of flux and RSF for our study that were 302 

obtained for an inlet draw and feed temperatures of 20°C, inlet draw and feed flow rates of 0.4 303 
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L/min, under various inlet draw concentrations ranging from 17.5 g/L to 87.5 g/L NaCl, using 304 

deionized water (DI) as feed solution. A, B and S values are 5.964E-7 m/s/bar, 1.805E-7 m/s and 305 

3.76E-4 m, respectively; the predicted results which were calculated by the spatial varation 306 

model are in good agreement with the experimental data. As shown in Fig. 8, at with a high draw 307 

solution, the increase in the Jw and RSF are lower than those obtained for a lower range of draw 308 

solution due to the CP effect. 309 

 310 

Figure 8. Influence of the inlet draw NaCl salinity on flux and RSF, at constant inlet draw 311 

solution and feed temperatures of 20°C and constant inlet draw solution and feed flow rates of 312 

0.4 L/min. 313 

 314 

5.2 Influence of draw and feed temperatures 315 

In this section, experimental and theoretical studies are performed with the goal of better 316 

understanding  the influence of the inlet draw an feed temperatures (20 °C – 40 °C) on the Jw and 317 

the RSF, at constant inlet draw and feed flow rates of 0.4 L/min (A, B, and S values of 5.964E-7 318 

m/s/bar, 1.805E-7 m/s and 3.76E-4 m, respectively, and obtained experimentally using an inlet 319 

draw and a feed temperature of 20 °C (Fig. 9). Our spatial variation model is used to estimate the 320 

predicted results. The experimental results were reproducible within an experimental error of 321 

10% (experiments conducted four times). When the inlet draw temperature increases from 20°C 322 

to 40°C, at a constant inlet feed temperature of 20°C, the measured Jw increases from 16.62 323 
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kg/m2h to 21.15 kg/m2h, and the predicted values also increase from 16.68 kg/m2h to 20.06 324 

kg/m2h. The maximum relative error percentage is 6.26%, at the highest draw solution 325 

temperature of 40°C. At the same time, the measured RSF increases from 6.23 g/m2h to 6.82 326 

kg/m2h and the predicted values also increase from 6.06 g/m2h to 6.84 g/m2h. The maximum 327 

relative error for RSF (2.82%) is observed at the lowest inlet draw and feed temperatures 328 

(20 °C). 329 

 330 

 331 
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 332 

Figure 9. Influence of the inlet draw and feed temperatures ranging from (a) 20°C (b) 30°C and 333 

(c) 40 °C on the JWP and the RSF (measured and predicted), at inlet draw and feed flow rates of 334 

0.4 L/min (A, B and S values obtained by our experiments were 5.964E-7 m/s/bar, 1.805E-7 m/s 335 

and 3.76E-4 m, respectively). 336 

  337 

Although the average driving force (osmotic pressure difference) only increases by 338 

approximately  3% (from 29.36 bar to 31.27 bar), when increasing the inlet draw temperature 339 

from 20 °C to 40 °C at constant inlet feed temperature of 20 °C, the JWP,Exp increases by 21.42%, 340 

due to the increase of NaCl’s diffusivity as the inlet draw temperature increases. A  similar trend 341 

was reported by previous research studies [44] that showed that an increase of the draw and feed 342 

temperatures led to higher JWP,Exp and reverse salt flux values (more than anticipated), due to an 343 

increase in both feed and draw osmotic pressures and a higher diffusivity of  NaCl. According to 344 

previous published study [45],  the increase of the JWP,exp and the RSF, when increasing the 345 

temperature by a higher than the increase of the driving force, can be  explained by a decrease of 346 

viscosity, increase of the diffusion coefficient and increase of the number of water molecules, 347 

due to an increase of temperature. However, when a constant inlet draw temperature of 40°C is 348 

used, the JWP,Exp increases from 23.57 kg/m2h to 27.93 kg/m2h (18%), as the inlet feed 349 

temperature increases from 20°C to 40°C. Meanwhile, the RSF increases from 7.86 g/m2h to 350 

8.84 g/m2h, under similar conditions. The increase of the flux and the RSF (measured) is found 351 
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unexpectedly higher than that obtained with predicted results when considering an increase of 352 

the NaCl’s diffusivity as the inlet feed temperature increases. With our current estimation, the 353 

increased NaCl diffusivity is considered as an estimated correlation (Eq.8), according to the 354 

increase of the draw and feed temperatures, together with the module channel. The maximum 355 

difference between measured and predicted results, for the JWP and that RSF are 19.19% and 356 

13.25%, for inlet draw and feed temperatures of 40°C. These results indicate that the feed 357 

temperature facing the active layer may affect the pore size of the active layer, as well as the 358 

difference of osmotic pressure and NaCl diffusivity. This hypothesis was previously presented by 359 

Goosen et al. [46] whose work revealed a change in the membrane’s pore size when the feed 360 

solution temperature increases from 30 °C to 40 °C. Other studies also found an optimum Jw and 361 

RSF under different draw solution temperatures [47]. In our study, we also find that the 362 

temperature near the membrane surface affects more the Jw and RSF  than the bulk temperatures 363 

(Fig. 10). 364 

 365 

Figure 10. Influence of the feed and draw temperatures predicted on the deviation of measured 366 

water flux. 367 

aD30F20 means draw temperature of 30 °C and feed temperature of 20 °C, and vice versa, bD40F20 means draw 368 

temperature of 40°C and feed temperature of 20 °C, and vice versa, and cD40F30 means draw temperature of 40 °C 369 

and feed temperature of 30 °C, and vice vera. 370 
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 371 

We find the measured Jw and RSF values to be very close (less than 7% difference) at 30°C 372 

and 20°C of the bulk draw and feed temperatures, respectively, in comparison to those obtained 373 

at 20°C and 30°, respectively. The transmembrane temperature of the draw and feed sides are 374 

estimated to be 25.7°C and 24.4°C for the two cases, respectively. Moreover, when tested at 375 

40°C (bulk draw) and 30°C (bulk feed), we obtain Jw and RSF values that are also very similar 376 

(less than 4% difference) to those at 30°C (bulk draw) and 40°C (bulk feed). We estimate the 377 

temperatures adjacent to the membrane’s draw and feed sides to be 35.7°C and 34.4°C, 378 

respectively. Similarly, at 40°C (bulk draw) and 20°C (bulk feed), the Jw and RSF values were 379 

also close (less than 11% difference) as compared to those at 20°C (bulk draw) and 40°C (bulk 380 

feed). In this case, the estimated transmembrane temperatures of feed and draw sides were 381 

31.5°C and 28.8°C, respectively. Furthermore, at a higher temperature near the feed side of the 382 

membrane surface for all cases, the flux and RSF values were always higher compared to those 383 

at the draw side. We also found that the increase in feed temperature facing the active layer 384 

resulted in higher Jw and RSF as compared to that of draw temperature. 385 

To determine the correlations of the water and salt permeabilities as a function of the draw 386 

and feed temperatures, these parameters were re-estimated by the iteration method. In this study, 387 

we assumed the change of the properties of structural parameter of the membrane support layer 388 

with temperature to be small, because the support layer has much larger pore size, porosity and 389 

thickness compared to the active layer. The two parameters A and B in Eqs. (4) and (7), 390 

respectively, were estimated from water and salt fluxes experimental data by using the iteration 391 

method for solving minimization problems subject to linear equality constraints within the 392 

current developed spatial variation model.  393 

 394 

Table 2. Re-estimated water (A) and salt (B) permeabilities according to the inlet draw and feed 395 

temperatures, at a fixed structural parameter (S). S = 3.76E-04 m in all cases. 396 

    Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 

 
TD:20°C 

TF:20°C 

TD:30°C 

TF:20°C 

TD:40°C 

TF:20°C 

TD:20°C 

TF:30°C 

TD:30°C 

TF:30°C 

TD:40°C 

TF:30°C 

TD:20°C 

TF:40°C 

TD:30°C 

TF:40°C 

TD:40°C 

TF:40°C 

A  

(m/s/ 

bar) 

5.96E-7 6.05E-7 7.14E-7 7.01E-7 7.75E-7 8.43E-7 8.71E-7 9.06E-7 9.62E-7 

B 

(m/s) 
1.81E-7 1.82E-7 1.93E-7 2.19E-7 2.30E-7 2.27E-7 2.58E-7 2.62E-7 2.71E-7 
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JW,exp 

(kg/ 

m2h) 

16.62 18.27 21.15 19.71 22.18 24.58 23.57 25.64 27.93 

JW,sim 

(g/m2h) 
16.67 18.27 21.15 19.71 22.18 24.58 23.57 25.64 27.93 

JS,exp 

(kg/ 

m2h) 

6.23 6.58 6.82 7.16 7.64 7.68 7.86 8.34 8.84 

JS,sim  

(g/ 

m2h) 

6.07 6.58 6.82 7.16 7.64 7.68 7.86 8.34 8.84 

Error 

JW/JS 

(%) 

0.3/2.64 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 

 397 

Table 2 presents the re-estimated water and salt permeabilities, using the iteration method in 398 

accordance with the nine cases at fixed structural parameter for coefficient mapping. Each A or B 399 

value is estimated individually. Thereby, the error value of JW/JS is almost 0% except for case 1 400 

by using iteration method. A, B and S in case 1 were estimated by using the method reported in 401 

[33].  402 

As shown in Table 2, water and salt permeabilities increase by 161.41% and 149.72%, 403 

respectively, as the inlet draw and feed temperatures increase from 20 °C to 40 °C (2 cases). A 404 

and B values are defined as a correlation equation, according to the inlet feed and draw 405 

temperatures. 406 

To apply the mapped water and salt permeabilities data to our spatial variation model, the 407 

correlation of water and salt permeabilities (for the nine cases) are derived as two dimensional 408 

(2D) polynomial equations,  using the commercial software MatlabR2017b. Fig. 11 shows the 409 

surface fitting of water and salt permeabilities versus the inlet draw and feed temperatures 410 

ranging from 20°C to 40°C, respectively. The following correlations for A and B are obtained:  411 

2 2 7

2

( , ) 3.08472 0.14158 0.03625
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 414 

 415 

Figure 11. Surface fitting of (a) water and (b) salt permeabilities  for inlet draw solution and feed 416 

temperatures varying from 20 °C to 40 °C. 417 

 418 

To validate the application of the derived correlations of water and salt permeabilities in the 419 

spatial variation model, the Jw and the RSF are calculated by using the derived correlations in 420 

simulation and then the prediction result was compared with measured data. We find the 421 

measured and predicted data to be in good agreement, as shown in Fig. 12. The maximum error 422 

for the Jw is 3.19% (case 2), and the maximum error for the RSF is 3.5% (case 7). These errors 423 

are probably mostly due to a limitation of the 2D polynomial curve fitting to the experimental 424 



22 

 

data. 425 

426 

 427 

Figure 12. Influence of inlet feed and draw temperatures on (a) Jw and (b)  428 

RSF (measured and predicted results with mapped A and B). 429 

 430 

5.3 Comparison between length-averaged lumped model and spatial variation model 431 

To compare the length-averaged lumped model with the spatial variation model presented 432 

here, we perform simulation studies using the two different simulation models, at different 433 

channel widths ranging from 0.1 m to 0.3 m, and for channel lengths ranging from 0.5 m to 2.5 434 
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m. Simulations are performed at inlet draw and feed flow rates of 0.4 L/min, inlet draw and feed 435 

temperatures of 40 °C, and at an inlet draw salinity of 35 g/L.  Re-estimated correlations of water 436 

and salt permeabilities (see Section 4.3) are used with a fixed structural parameter (3.76E-4). The 437 

simulation results estimated by the length-averaged lumped model which was validated with 438 

experimental data was utilized for the comparison study with the spatial variation model from the 439 

Ref. [44]. At a channel length of 0.07 m for the short module (small effective area), the 440 

distribution of the concentration between the inlet and outlet of the feed and draw sides is 441 

negligible; this is because the total water and salt fluxes are much smaller than the inlet draw and 442 

feed flow rates. Therefore, we cannot observe a significant difference between the results 443 

obtained by the two different models, due to the very low (insignificant) dilution and 444 

concentration of the draw and feed sides. In other words, a higher Jw, as well as a higher RSF, can 445 

also produce a higher distribution of the concentration between the inlet and outlet. Additionally, 446 

this difference in concentration at the draw and feed sides can be intensified by the decrease of 447 

the inlet draw flow rate due to the mass or the salinity balance in the draw and feed sides.  448 

Our next step is to investigate, using the two different simulation models, the effects of 449 

channel width on the Jw and the RSF, at fixed inlet draw and feed volume flow rates of 0.4 450 

L/min, for channel widths ranging from 0.1 m to 0.3 m, a module channel length of 0.5 m, inlet 451 

feed and draw temperatures of 40 °C, and inlet draw and feed salinities of 35 g/L and 0 g/L, 452 

respectively. Both inlet draw and feed velocities can be adjusted by varying the channel width 453 

when the fixed volume flow rate is used. The inlet draw and feed velocities can be decreased 454 

from 0.333 m/s to 0.111 m/s, with an increase of the channel width from 0.1 m to 0.3 m.  455 

Fig. 13 presents the effect of channel width (from 0.1m to 0.3 m) on the predicted Jw and 456 

RSF, calculated using the two different models at inlet draw and feed temperatures of 40 °C,  457 

inlet draw and feed flow rates of 0.4 L/min, channel length of 0.5 m, and inlet draw and feed 458 

salinities of the 35 g/L and 0 g/L, respectively. The flux and RSF calculated with the length-459 

averaged lumped model are higher than those obtained by our spatial variation model. In 460 

addition, the Jw and RSF calculated by the length-averaged lumped model decrease, as the 461 

channel width increases. We find that the difference increases from 1.16% to 3.34% for the Jw, 462 

and from 1.22% to 3.38% for the RSF, with an increase in channel width of 0.2 m (from 0.1 m to 463 

0.3 m). This is because, in the FO process, the dilution and concentration of the feed and draw 464 

solutions between the inlet and outlet increase, as the inlet draw and feed velocities decrease 465 
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(higher residence time). This is a parameter (variation of the velocity distribution along the 466 

module) that is not accurately predictable using the length-averaged lumped model.  Both 467 

simulation models also show, from the above results, that the Jw and RSF are not significantly 468 

changed when a high inlet volume flow rate and short channel length are used because the water 469 

and salt flux are still much lower than the inlet draw and feed flow rates. 470 

 471 

Figure 13. Influence of the channel width on (a) Jw and (b) RSF estimated using the length-472 

averaged based lumped model and  our spatial variation model, at various channel widths, inlet 473 

draw and feed temperatures of 40 °C,  inlet draw and feed flow rates of 0.4 L/min and inlet draw 474 

and feed salinities of 35 g/L and 0 g/L, respectively. 475 

    476 

Figs. 14 (a) and (b) show the influence of the channel length on the flux and RSF, calculated 477 

using the two different models. The maximum difference of flux and RSF obtained using the two 478 

different models are 13.01% (Jw) and 13.12% (RSF), respectively, at a channel length of 2.5 m 479 

and a width of 0.3 m. This can be explained by the fact that the length-averaged based lumped 480 

model does not consider the variations of Jw and RSF along the module as a result of the 481 

distribution of concentration. We find that the flux and RSF decrease with an increase in the total 482 

channel length due to the dilution and concentration effects along the draw and feed sides. 483 

Although the two models do not show any significant  variation of the results obtained for  the 484 
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difference of Jw and RSF, when using a small module (short channel length), we find this 485 

difference to be more pronounced as the channel length increases (e.g., large module such as 486 

multi-stage membrane distillation (MD) concept), mainly due to the decrease of the 487 

transmembrane osmotic pressure (small 𝛥Π) and the temperatures at the membrane’s feed and 488 

draw interfaces. 489 

 490 

 491 

Figure 14. Influence of the channel length on (a) the Jw and (b) the RSF, estimated using both the 492 

length-averaged based lumped model and  our spatial variation model, at a channel width of 0.3 493 
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m, inlet draw and feed temperatures of 40 °C,  inlet draw and feed flow rates of 0.4 L/min, and 494 

inlet draw and feed salinities of 35 g/L and 0 g/L, respectively. 495 

 496 

 497 

Figure 15. (a) Local draw and feed salinities and (b) local Jw and RSF distributions along the 498 

module at a channel width of 0.3 m and length of 2.5 m, inlet draw and feed temperatures of 499 

40 °C, inlet draw and feed flow rates of 0.4 L/min, and inlet draw and feed salinities of 35 g/L 500 

and 0 g/L, respectively. 501 
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   502 

The local draw, feed salinities, local Jw and RSF distributions are shown in Figs. 15 (a) and 503 

(b). The local draw salinity decreases from 35 g/L to 20.25 g/L along the module channel of 2.5 504 

m, due to the water permeation from the feed side, and at the same time the local feed salinity 505 

increases from 0 g/L to 0.014 g/L, due to the RSF effect (Fig. 5a). As shown in Fig. 15 (b), the 506 

local Jw decreases from 27.26 kg/m2h to 21.41 kg/m2h and the local RSF increases from 6.67 507 

g/m2h to 8.49 g/m2h, due to a decrease of local driving force resulting from the dilution and 508 

concentration effects along the module channel in the draw and feed sides. The distribution of 509 

the local draw and feed concentrations are shown in Figs. 14  and 15. This study also reveals that 510 

the length-averaged lumped model is not appropriate to predict the performance of lower inlet 511 

velocities and long channels (large module such as multi-stage concept), hence it cannot give 512 

accurate simulation results to scale-up the FO process.  513 

 514 

6. Conclusions 515 

A new theoretical model has been developed and validated to describe the influence of spatial 516 

variations on the FO flux and RSF. The integrated model involves the thermophysical properties 517 

of the feed and the draw solutions and membrane, heat and mass transfer mechanism across the 518 

membrane, and the mass, momentum, salinity and energy balances for the draw and feed flows. 519 

Theoritical predictions are validated and compared with experimental data from the literature 520 

[44] as well as our own experimental data. All predictions are found to be in a good agreement 521 

with the experimental results. However, the relative error of the Jw and RSF increases, as the 522 

inlet feed temperature increases. Both draw and feed transmembrane temperatures are calculated 523 

using our new spatial variation simulation model.  This model reveals the effects of the 524 

temperatures of the adjacent bulk and feed membrane on the Jw and RSF,  in comparison with the 525 

effects from the bulk feed and draw temperatures. We also find that at a higher feed temperature 526 

near the membrane surface the flux and the RSF are always higher. An assessment of the 527 

influence of the feed and draw temperatures on the water and salt permeabilities show a 161.41% 528 

increase of the water permeability and 149.72% increase of the salt permeability as both the inlet 529 

draw and feed temperatures increase from 20 °C to 40 °C. 530 

We show that the length-averaged based lumped model overestimates the Jw and RSF 531 

respectively by up to 13.01% (a decrease from 27.5 kg/m2h to 23.9 kg/m2h) and 13.12%, 532 
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respectively, at channel length and width of 2.5 m and 0.3 m, respectively, in comparison with 533 

our model that considers the spatial variations along the module channel. 534 

Our work clearly demonstrates that the length-averaged based lumped model is not an 535 

appropriate simulation model to predict the performance of the FO process, at lower inlet feed 536 

velocities and large modules (long module channel or multi-stage concept) that are key 537 

parameters for the FO process scale-up. Moreover, the influence of temperature of draw and feed 538 

solutions on the FO water and salt permeability must be considered to accurately estimate the 539 

prediction results. 540 

 541 
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 548 

8. Nomenclature 549 

A Water permeability coefficient of membrane [m/spa] 550 

B Solute (NaCl) permeability coefficient of membrane [m/s] 551 

Cp  Heat capacity [J/kgK] 552 

cD,b  Bulk solute concentration of draw side [mol/L] 553 

cF,b  Bulk solute concentration of feed side [mol/L] 554 

D Water diffusion coefficient [m2/s] 555 

dh Hydraulic diameter [m] 556 

Di Density of isopropyl alcohol [kg/m3] 557 

DNaCl Bulk solute (NaCl) diffusion coefficient [m2/s] 558 

Dp Density of the polymer [kg/m3] 559 

dz Grid length [m] 560 

hF Convection heat transfer coefficient at feed side [W/mK] 561 

hD  Convection heat transfer coefficient at draw side [W/mK] 562 

hc Channel height [m] 563 
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JW Water flux [kg/m2h] 564 

JSR Reverse salt flux [g/m2h] 565 

k  Mass transfer coefficient [m/s] 566 

koverall Overall thermal conductivity through the membrane [W/m2K] 567 

kw Thermal conductivity of water [W/m2K]  568 

km  Thermal conductivity of the polymer [W/m2K] 569 

L  Module length [m] 570 

.

m  Flow rate [L/min] 571 

Nu Nusselt number [-] 572 

P Pressure [Pa] 573 

Pr Prandtl number [-] 574 

Re  Reynolds number [-] 575 

S Structural parameter of the membrane support layer [m] 576 

Sh Sherwood number [-] 577 

TF,b Bulk temperature at feed side [K] 578 

TF,m  Transmembrane temperature at feed side [K] 579 

TD,b Bulk temperature at draw side [K] 580 

TD,m  Transmembrane temperature at draw side [K] 581 

v  Velocity [m/s] 582 

w1 Weight of wet membrane [g] 583 

w2 Weight of dried membrane [g]  584 

x Salinity [g/L] 585 

μ  Viscosity [Pas] 586 

δactive Active layer thicknesses of the membrane [m] 587 

δsupport Support layer thicknesses of the membrane [m] 588 

εsupport  Support layer porosity [-] 589 

ρ  Density [kg/m3] 590 

πD,b Osmotic pressure at bulk draw side [bar] 591 

πF,b  Osmotic pressure at bulk feed side [bar] 592 

πD,m  Osmotic pressure of draw adjacent membrane side [bar] 593 
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πF,m Osmotic pressure of feed adjacent membrane side [bar] 594 

τ  Tortuosity [-] 595 

 596 
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