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Abstract 10 

The total energy consumption of many Reverse Osmosis (RO) plants has continuously improved 11 

as a result of manufacturing highly impermeable membranes in addition to implementing energy 12 

recovery devices. The total energy consumption of the RO process contributes significantly to 13 

the total cost of water treatment. Therefore, any way of keeping the energy consumption to a 14 

minimum is highly desirable but continues to be a real challenge in practice. Potential areas to 15 

explore for achieving this include the possibility of optimising the module design parameters 16 

and/or the associated operating parameters. This research focuses on this precise aim by 17 

evaluating the impact of the design characteristics of membrane length, width, and feed channel 18 

height on the total energy consumption for two selected pilot-plant RO process configurations 19 

for the removal of chlorophenol from wastewater. The proposed two configurations, with and 20 

without an energy recovery device (ERD), consist of four cylindrical pressure vessels connected 21 

in series and stuffed with spiral wound membranes. A detailed steady-state model developed 22 

earlier by the authors is used here to study such impact via repetitive simulation. The results 23 

achieved confirm that the overall energy consumption can be reduced by actually increasing the 24 

membrane width with a simultaneous reduction of membrane length at constant membrane area 25 

and module volume.  Energy savings of more than 60 % and 54 % have been achieved for the 26 

two configurations with and without ERD respectively using process optimization. The energy 27 

savings are significantly higher compared to other available similar studies from the literature.    28 

 29 

Keywords: Reverse Osmosis (RO); Spiral-wound Module; Chlorophenol Removal; Energy 30 

Consumption. 31 

 32 
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1. Introduction  34 

Chlorophenol and phenolic compounds (aromatic compounds) are considered as one of the 35 

common pollutants that can be found in effluents of several industrial processes such as, 36 

refineries, fertilizers, petrochemical, pharmaceutical and lubricant production, which are reported 37 

as having high toxicity even at low concentrations.
1
 Most importantly, the existence of a small 38 

trace amount of such high-toxic compounds in industrial effluents can prohibit the reuse of water 39 

in many applications. High-pressure driven membrane technology is widely used for making 40 

high quality water from seawater and wastewater. Interestingly, it appears that the extent of 41 

energy consumption of the RO process has been steadily improved due to the development of 42 

high permeability membranes in addition to incorporating the energy recovery devices.
2
 Most 43 

specifically, the total energy consumption used to drive the high-pressure pumps is considered as 44 

the main constitute of total cost of water desalination.
3
 Significant research from academic and 45 

industrial societies are made towards the reduction of energy consumption of the RO process by 46 

optimising the operating conditions, investigating the number of stages, modules configuration, 47 

implementing an energy recovery device (ERD) and membrane type.
4-7

. However, there are 48 

some examples in the literature that highlighted the membrane characteristics optimisation and 49 

its effect on the total energy consumption of an individual module of the RO process as follows:   50 

Sablani et al. 
8
 analysed the influence of spacer thickness of the spiral wound membrane module 51 

on the permeate flux of the RO seawater desalination process. They found that there is a specific 52 

intermediate spacer thickness, which yields the highest economic performance compared to other 53 

feed spacers tested. Karabelas et al. 
9
 studied the optimisation of a spiral-wound RO seawater 54 

and brackish desalination system operation by measuring the sensitivity of varying the element 55 

design variables, including feed and permeate spacer characteristics (channel gap) and sheet 56 

width (at a constant total area), on the operating variables including permeate flux, trans-57 

membrane pressure, retentate and permeate pressures, and feed velocity. Their optimisation 58 

results showed that the permeate-side variation affected the trans-membrane pressure and 59 

module productivity directly. It was also found that the retentate-side spacer could be used to 60 

control the pressure drop across the element, and that the overall performances of low and high-61 

pressure membranes are increased when using short sheets of membrane. Sharifanfar et al. 
10

 62 

affirmed that the recovery rate of the pomegranate juice clarification process is significantly 63 

affected by the size of the feed canal height of microfiltration membrane. Gu et al. 
11

 investigated 64 
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the impact of the height of both feed and permeate channels, membrane dimensions and centre 65 

pipe radii, on the performance and energy consumption of a spiral-wound RO desalination 66 

process. While Al-Obaidi et al. 
12

 optimised the energy consumption of an individual spiral-67 

wound RO module for the removal of dimethylphenol from wastewater. They achieved this by 68 

manipulating the module dimensions including membrane length, width, and feed channel 69 

height. The net outcome of this is that the energy consumption has been reduced by 19.2 % in 70 

comparison with the standard module measurements. To the best of authors’ knowledge, the 71 

impact of membrane design characteristics of multi-stage RO wastewater process on energy 72 

consumption has not yet been explored fully and therefore requires further research. The aim of 73 

this paper is to attempt this challenge by studying several repetitive optimisation scenarios to 74 

examine the impact of varying the membrane and module specifications on the overall energy 75 

consumption and recovery rate of a multi-stage RO process for the removal of chlorophenol from 76 

wastewater.  This will be carried out by studying the consequences of altering the membrane 77 

dimensions (length and width) at constant area, and feed channel height at a varied module 78 

volume, as well as increasing the membrane area outside the manufacturer’s specification. A 79 

further investigation is carried out to specifically explore the outcomes of two proposed 80 

configurations of membrane design with and without ERD on the total energy saving. The 81 

starting point of this research is to explore if even more potential energy can actually be saved by 82 

optimising the membrane dimensions of multi-stage RO process beyond what has already been 83 

achieved by Al-Obaidi et al. 
12

 in an individual RO module but this time for the removal of 84 

chlorophenol.  85 

The model of Al-Obaidi et al. 
12

, which included the thermodynamic and mass transfer properties 86 

of chlorophenol, can readily be adapted for use in this research. The model has already been 87 

validated against experimental data obtained for the removal of dimethylphenol in an individual 88 

membrane pilot-plant. The detail of this model and the thermophysical properties of 89 

chlorophenol are given in Tables A.1 and A.2 in Appendix A for convenience. Moreover, the 90 

model has been validated taking into consideration the experimental results of Sundaramoorthy 91 

et al. 
13

 for the removal of chlorophenol from wastewater using an individual RO membrane 92 

module. The validation results of this study are given in Table A.3 in Appendix A, which show a 93 

good match between the model prediction and the experimental data. Finally, the model is 94 

further tailored by including Eqs. (17) and (18) (shown in Table A.1 in Appendix A) to consider 95 
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the calculation of the energy consumption for each proposed configuration (A and B) of the 96 

multi-stage RO process shown in Fig. 1.    97 

 98 

 99 

 100 

 101 

Fig. 1. Schematic diagram of two tapered configurations A and B of the RO pilot-scale plant. 102 

 103 

2. Plant description and feed characteristics 104 

This section describes the characteristics of the two proposed configurations of the multi-stage 105 

RO wastewater pilot-plant. Fig. 1 shows the schematic diagrams of configurations A and B, each 106 

containing four series pressure vessels (three stages) stuffed with spiral wound modules using the 107 

membrane type Ion exchange, India of 7.845 m². Stage 1 contains two parallel modules while 108 

one module designed for stages 2 and 3. The design of retentate reprocessing is used where the 109 

permeate of three pressure vessels is blended to form the product stream. The technical details of 110 

the membrane used in the two configurations are identical to those used by Sundaramoorthy et 111 

al. 
13

, where a single element is used to remove chlorophenol from wastewater, as shown in 112 

Table 1. Configurations A and B are similar except that B has an energy recovery device (ERD) 113 

and booster pump (BP), both used to reduce the overall energy consumption. Moreover, the feed 114 

stream is split into two parts. The first part is directly pumped using a high-pressure pump 115 

(efficiency 85 %), which can deliver a maximum operating pressure of 20 atm. The second part 116 

is fed back to the ERD (efficiency 80 %) to raise its pressure using a high-pressure retentate 117 

stream. More specifically, ERD is used to transfer the energy from the high-pressure retentate 118 

stream to the low-pressure feed stream, using a rotary turbine that initiates a secondary pump to 119 

pressurize the feed. For operational safety reasons, the inlet streams of ERD of low-pressure feed 120 

and high-pressure retentate should be equal. Most importantly, it is necessary to use a booster 121 

pump, which can raise the feed stream to the required operating pressure. The design of 122 

configuration B shown in Fig. 1 is identical to the one by Oh et al. 
14

 in seawater desalination RO 123 

process. Finally, the transport parameters of water and chlorophenol and the membrane friction 124 

parameter are derived from Sundaramoorthy et al. 
13

 and given in Table 2. 125 

 126 
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Table 1. Membrane characteristics and geometry of Ion Exchange, India Ltd.* 127 

 128 

Table 2. Transport parameters and membrane friction factor 129 

 130 

3. Simulation of the RO process  131 

In this section, the RO process of the two configurations A and B with and without ERD (Fig. 1) 132 

is simulated using four sets of operating conditions of feed concentration, flow rate, pressure, 133 

and temperature as follows: 134 

1. 6.226E-3 kmol/m³, 4.66E-4 m³/s, 11 atm, 29 °C. 135 

2. 6.226E-3 kmol/m³, 4.66E-4 m³/s, 15 atm, 31 °C. 136 

3. 6.226E-3 kmol/m³, 5.166E-4 m³/s, 13.58 atm, 30 °C. 137 

4. 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 atm, 33 °C. 138 

Please note that the selected sets of operating conditions are within the operating conditions of 139 

Sundaramoorthy et al. 
13

 except for the feed flow rate where it is chosen to fulfil the 140 

requirements of two parallel modules in the first stage (Fig. 1).   141 

Table 3 shows simulation results of the two configurations considering the total energy 142 

consumption, chlorophenol removal, and total water recovery. Moreover, these results are 143 

compared to the maximum chlorophenol rejection rate of Sundaramoorthy et al. 
13

 of an 144 

individual RO module (Ion Exchange, India) used to remove chlorophenol from wastewater. It is 145 

important to note that the maximum performance achieved by Sundaramoorthy et al.’s 
13

 146 

experiment is conducted at operating conditions of 6.226E-3 kmol/m³, 2.583E-4 m³/s, 13.58 atm 147 

and 31 °C of inlet chlorophenol concentration, feed flow rate, pressure, and temperature 148 

respectively. The results achieved in configurations A and B clearly show that the total recovery 149 

rate is higher than that obtained from the individual RO module. It can therefore be concluded 150 

that the proposed fixed-size configurations with and without ERD yield more energy saving than 151 

the single-stage RO process (Sundaramoorthy et al. 
13

) with the same membrane specifications. 152 

Having said, it is acknowledged that this improvement comes with the penalty of a greater 153 

membrane cost. Incidentally, Zhu et al. 
6
 confirm the same findings for the RO desalination 154 

process. While Li 
7
 found that more energy can be saved when increasing the number of stages 155 

(no more than five) and using an ERD. It would therefore be interesting to evaluate the impact of 156 

module dimensions on the performance of these configurations.  157 
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 158 

 159 

Table 3. Simulation results 160 

 161 

 162 

 163 

4. Impact of design parameters 164 

This part of the research discusses the impact of varying the membrane and module 165 

specifications (outside the manufacturer’s specifications presented in Table 1) for a given set of 166 

operating conditions on the energy consumption, total water recovery, and chlorophenol 167 

rejection for the two configurations A and B of Fig. 1. Most importantly, the modification of 168 

membrane and module specification is carried out simultaneously for all the modules shown in 169 

Fig. 1.  170 

 171 

4.1 Effects of altering membrane width and length concurrently at constant area and module 172 

volume  173 

The membrane dimensions (width and length) of each module for configurations A and B are 174 

simultaneously changed when both the volume and membrane area are kept constant, as per the 175 

original manufacturer’s specification. The initial expectation is that this change will amend the 176 

flow patterns associated with the feed fluid within the membrane module.  177 

The geometry optimisation of the membrane type Ion Exchange - India is carried out in the 178 

simulated operating conditions of 5.166E-4 m³/s, 15 atm and 31 °C and initial chlorophenol 179 

concentration of 6.226E-3 kmol/m³. The effect of 5 % step change reductions in membrane 180 

length (increase the width) at constant area of 7.845 m² and module volume (height of the feed 181 

channel of 0.8E-3 m) for all the modules of configurations A and B on chlorophenol rejection 182 

and total recovery rate is given in Fig. 2. While Fig. 3 shows the impact of membrane width 183 

increase at constant membrane area and volume on the energy consumption of configurations A 184 

and B.  185 

 186 

 187 

Fig. 2. Effect of 5 % step change reduction in membranes length at constant membrane area on chlorophenol 188 
rejection and water recovery (inlet feed conditions, 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 atm and 31 °C) 189 
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 190 

 191 

Fig. 3. Effect of 5 % step change reduction in membranes length at constant membrane area on specific energy 192 
consumption of configurations A and B (inlet feed conditions, 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 atm and 31 °C) 193 

 194 

It is not difficult to see that the rejection parameter is gradually decreased due to an increase in 195 

membrane width at constant membrane area (Fig. 2). However, an increase in total water 196 

recovery is observed as a result of this variation. It is alleged that the reason for this phenomenon 197 

is that the reduction of the membrane length results in a decrease of the loss of the operating 198 

pressure along the membrane length, which in turn promotes the flux of water and increases the 199 

total recovery. Lomax 
15

 confirmed that shorter sheets with many envelopes (longer width) for a 200 

given total membrane area have a clear permeate flux and total recovery advantage. Also, 201 

Karabelas et al. 
9
 showed that increasing the membrane width at a constant membrane area 202 

improved the performance of seawater RO membrane with a constraint of module diameter that 203 

can hold a maximum number of membrane envelops.  204 

Fig. 3 also shows that the reduction of the membrane length yields a reduction in the 205 

consumption of energy in both the configurations tested, albeit with an even better result in pilot-206 

plant B. Reducing the membrane length has yielded a maximum reduction of chlorophenol 207 

rejection to about 5.18 % with a 5.26 % increase in recovery rate with around 13 % and 5 % 208 

energy consumption reduction with and without ERD respectively. These results confirm the 209 

advantages of configuration B in energy consumption despite a small decrease in chlorophenol 210 

rejection percentage.  211 

 212 

4.2 Effect of altering the feed channel height at constant area and variable module volume 213 

This section explores the effect of feed channel height on the RO process, since the feed spacers 214 

readily come in different thicknesses and geometries. The feed spacers, in turn, influence the rate 215 

of turbulence and the fluid flow hydrodynamics. The influence of increasing feed channel height 216 

on chlorophenol rejection and total recovery rate is shown graphically in Fig. 4. This readily 217 

shows that the feed channel height increases outside the manufacturer’s specification despite 218 

keeping a constant membrane area but with a variable module volume for all the modules 219 

connected as shown in configuration A and B (Fig. 1) at constant operating feed conditions. Fig. 220 
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5 shows a similar impact of the feed channel height on the energy consumption of configurations 221 

A and B.  222 

 223 

 224 

Fig. 4. Effect of feed channel height on chlorophenol rejection and total recovery (inlet feed conditions, 6.226E-3 225 
kmol/m³, 5.166E-4 m³/s, 15 atm and 31 °C) 226 

 227 

 228 

 229 

Fig. 5. Effect of feed channel height on energy consumption of configurations with and without ERD (inlet feed 230 
conditions, 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 atm and 31 °C) 231 

 232 

Interestingly, Fig. 4 shows that chlorophenol rejection and total recovery rate are decreasing as 233 

the feed channel height increases. This in turn retards the energy consumption of both 234 

configurations tested (Fig. 5). This is due to an increase in pressure drop caused by increasing the 235 

height of the feed channel in addition to a clear reduction in feed velocity caused by increasing 236 

the module volume. This causes a reduction in the driving force of water flux and ultimately 237 

reduces the rejection parameter. Furthermore, increasing the feed channel height has a significant 238 

negative impact on the total recovery in comparison to altering the dimensions of membranes 239 

width and length as can be seen in Fig. 2, which improves the total recovery rate. Therefore, 240 

increasing the feed channel height from 0.5E-3 to 1E-3 m causes 25.31 % and 30.39 % reduction 241 

in rejection parameter and recovery rate respectively, while an increase of the energy 242 

consumption of 37.24 % and 43.26 % occurs for configurations with and without ERD 243 

respectively.  244 

 245 

4.3 Effect of increasing the membrane area by an incremental increase of membrane 246 

dimensions 247 

This section explores the effect of increasing the membrane area by 50 % of all the modules of 248 

configurations A and B (shown in Fig. 1), starting from the original membrane value of 7.845 m² 249 

and increasing it incrementally to 11.768 m². This is implemented using the following two 250 

options:   251 

1) A 50 % increase in membrane length of 10 % step change with keeping a constant 252 

membrane width of 8.4 m and feed channel height of 0.8E-3 m. 253 
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2) A 50 % increase in membrane width of 10 % step change with keeping a constant 254 

membrane length of 0.934 m and feed channel height of 0.8E-3 m at constant operating 255 

feed conditions on chlorophenol rejection, total recovery rate, and energy consumption of 256 

configurations A and B is shown in Figs. 6 and 7.  257 

 258 

Fig. 6 readily shows that the chlorophenol rejection is kept more or less constant, where it 259 

decreases from 81.92 % to 79.34 % at 0.3 % reduction when the membrane area increases as a 260 

result of an increase in the membrane length from 0.934 m to 1.4 m. However, a 50 % increase 261 

in the membrane, applied by increasing the membrane width from 8.4 to 12.6 m, causes a 262 

reduction of about 6.58 % in chlorophenol rejection from 81.92 % to 76.53 %.  263 

Fig. 6 shows that an increase in the membrane area from 7.845 m² to 11.768 m² causes a 264 

considerable increase of 30.90 % from 48.11 % to 62.98 % and 39.76 % from 48.11 % to 67.25 265 

% in total recovery rate as a response to an increase in the membrane width and length 266 

respectively. As expected, Fig. 7 shows that an increase in the membrane area in both the options 267 

tested causes a reduction in energy consumption. Therefore, the energy consumption of 268 

configuration A without ERD decreases by 23.6 % from 1.03 kWh/m³ to 0.78 kWh/m³ and 28.44 269 

% from 1.03 kWh/m³ to 0.73 kWh/m³ when increasing the membrane area; i.e. by increasing the 270 

membrane width and length respectively. On the other hand, the energy consumption of 271 

configuration B with ERD decreases by 15.81 % from 0.83 kWh/m³ to 0.70 kWh/m³ and 24.08 272 

% from 0.83 kWh/m³ to 0.63 % when increasing the membrane area; i.e. by increasing the 273 

membrane width and length respectively. It can therefore be concluded that a 50 % increase of 274 

membrane area due to an increase in the membrane width at constant length is preferable 275 

because it has a positive impact on the total recovery rate and energy consumption of the 276 

configurations tested (especially B) albeit with a small reduction in chlorophenol rejection of 277 

6.58 %. This is compared to the consequence of increasing the membrane area by increasing the 278 

membrane length but with a constant width. The clear feed velocity reduction in all modules is 279 

essentially the main reason for 6.58 % reduction in the chlorophenol rejection mainly due to an 280 

increase in the membrane width at a constant length. The next step is therefore to investigate 281 

reductions of 37.66 %, 46.89 % and 50.05 % in feed velocity of stages 1, 2 and 3 respectively 282 

after the 50 % increase in the membrane width at constant length. These will be compared to 283 

similar reductions of 6.62 %, 19.47 and 26.04 % due to 50 % increase in the membrane length at 284 
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constant width. The rationale here is that this process increases the accumulated chlorophenol at 285 

the membrane wall and it therefore increases the permeate concentration as a result of an 286 

increase of the solute flux through the membrane.  287 

 288 

 289 

Fig. 6. Effect of 50 % membrane increase caused by separate membranes length and width increasing on 290 

chlorophenol rejection and total recovery rate (initial conditions, 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 atm and 31 291 

°C) 292 

 293 

 294 

Fig. 7. Effect of 50 % membrane increase caused by separate membranes length and width increasing on energy 295 

consumption of configurations of with and without ERD (initial conditions, 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 296 

atm and 31 °C) 297 

 298 

Fig. 8 shows the progress of permeate concentration for the two scenarios of increasing the 299 

membrane area due to an increase in the membrane length and width respectively. It can readily 300 

be seen that an increase in the membrane area due to an increase in the membrane width has a 301 

higher passive impact on the permeate concentration of all the stages. Moreover, the gain of total 302 

water recovery after increasing the membrane width at constant length is higher than what can be 303 

achieved after increasing the membrane length in constant width. This is because of higher 304 

pressure loss occurs in all the modules as a result of an increase in the membrane length at a 305 

constant width compared to the second scenario. This causes a reduction of the quantity of water, 306 

which penetrates the membrane compared to the original membrane length. Simulation results 307 

for this scenario show a total reduction of 20.47 % occurring in the outlet plant pressure after a 308 

50 % increase in the membrane length of each module, compared to 17.45 % reduction after a 50 309 

% increase in the membrane width. It can therefore be concluded that more reduction of energy 310 

consumption in the two configurations with and without ERD can be achieved by increasing the 311 

membrane area based on an increase in the membrane width at constant length (Fig. 7).    312 

     313 

 314 

 315 

 316 
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Fig. 8. Effect of 50 % membrane increase caused by separate membranes length and width increasing on 317 

chlorophenol permeate concentrations at the three stages rejection (initial conditions, 6.226E-3 kmol/m³, 5.166E-4 318 

m³/s, 15 atm and 31 °C) 319 

 320 

4.4 Effect of increasing the membrane area by a synchronous increase of membrane length 321 

and width 322 

This section explores the influence of increasing the membrane area on the performance of a 323 

multi-stage RO process for removing chlorophenol from wastewater. More specifically, the area 324 

is increased by 50 % by synchronously increasing the membrane length and width of all the 325 

modules at the constant original manufacture’s feed channel height of 0.8E-3 m.  326 

The simulation results shown in Fig. 9 confirm 4.82 % reduction in chlorophenol rejection but 327 

36.42 % increase of total water recovery as a result of increasing the membrane area by 50 %. 328 

The simulation results shown in Fig. 10 show 20.97 % and 26.69 % reduction of total energy 329 

consumption for configurations A and B; i.e. with and without ERD respectively. It can therefore 330 

be concluded that an increase of the membrane area yields less energy consumption but also 331 

reduced chlorophenol rejection. It can be concluded furthermore that increasing the membrane 332 

area by 50 % by increasing the membrane width at constant length and feed channel height 333 

yields higher reduction of energy consumption in comparison to increasing the membrane length 334 

and synchronously increasing membrane length and width in both configurations.  335 

  336 

 337 

Fig. 9. The effect of 50 % membrane increase caused by the synchronous membranes length and width increasing 338 

on chlorophenol rejection and total recovery rate (initial conditions, 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 atm and 339 

31 °C)  340 

 341 

 342 

 343 

 344 

Fig. 10. The effect of 50 % membrane increase caused by the synchronous membranes length and width increasing 345 

on energy consumption of configurations of with and without ERD (initial conditions, 6.226E-3 kmol/m³, 5.166E-4 346 

m³/s, 15 atm and 31 °C) 347 

 348 
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Clearly the interplay between the total energy consumption and the chlorophenol rejection will 349 

need further investigation. This is the subject of the next section, which discusses a multi-350 

objective optimisation study using the gPROMS software.
16

 This study concurrently explores the 351 

impact of all the membrane dimensions while maximising the reduction of energy consumption 352 

and chlorophenol rejection for the two proposed configurations, with and without ERD.   353 

 354 

5. Optimisation results of the two RO process configurations with and without ERD  355 

This is carried out using the gPROMS optimisation tool, where the minimisation of the energy 356 

consumption and maximization of the chlorophenol rejection are considered to be the objective 357 

functions at the selected operating conditions of 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 atm and 358 

31 °C of feed chlorophenol concentration, feed flow rate, pressure, and temperature respectively. 359 

The module dimensions of all the membranes including; length, width, and feed channel height 360 

are considered as the design parameters selected within upper and lower limits shown in Table 4.  361 

Since the membrane type used in this simulation is Ion Exchange, India, the value of the area of 362 

7.845 m² is set as a constraint.  363 

The non-linear algebraic model equations shown in Table A.1 of Appendix A are written in the 364 

following compact form: 365 

f(x, u, v) = 0, where:  366 

 x is the set of all algebraic variables,  367 

 u is the set of decision variables (to be optimised), and  368 

 v denotes the constant parameters of the process.  369 

The function f is assumed to be continuously differentiable with respect to all their arguments. 370 

 371 

Table 4. Limits of optimisation operational parameters 372 

 373 

 374 

The optimisation problem will be mathematically written as follows: 375 

 Given: Operating feed parameters, module specifications. 376 

 Optimise: Membrane dimensions. 377 

 Minimise: The total energy consumption. 378 
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 Maximise: The chlorophenol rejection. 379 

 Subject to: Equality (process model) and inequality constraints (linear bounds of 380 

optimisation variables 381 

There are therefore two optimisation problems, as represented mathematically below: 382 

      Min                                                    𝑇. 𝐸. 𝐶. 1    and   𝑇. 𝐸. 𝐶. 2 383 

      Max                           𝑅𝑒𝑗(𝑇𝑜𝑡𝑎𝑙) 384 
       𝐿, 𝑊, 𝑡𝑓 

 385 

Subject to:  386 

Equality constraints:  387 

Process Model:                                              f(x, u, v) = 0 388 

Inequality constraints:  389 

                                                                           𝐿𝐿 ≤  𝐿 ≤  𝐿𝑈 390 

                                                  𝑊𝐿 ≤   𝑊 ≤  𝑊𝑈   391 

                                                    𝑡𝑓
𝐿 ≤  𝑡𝑓  ≤  𝑓𝑈   392 

End-point constrain:                                   𝐴 = 7.845 m²                                                                     393 

  394 

6. Optimisation results  395 

The optimisation results of the multi-stage RO process are given in Table 5, which shows the 396 

optimum values of membrane length (𝐿), width (𝑊), and feed channel height (𝑡𝑓) for each stage 397 

and the optimised total energy consumptions of configurations A (𝑇. 𝐸. 𝐶. 1) and B (𝑇. 𝐸. 𝐶. 2) at 398 

the maximum chlorophenol rejection 𝑅𝑒𝑗(𝑇𝑜𝑡𝑎𝑙) and recovery rate 𝑅𝑒𝑐(𝑇𝑜𝑡𝑎𝑙) achieved. It is 399 

noteworthy to mention that the optimisation platform of gPROMS has given only one solution, 400 

instead of a set of non-dominant solutions as the case of Genetic Algorithm.
17

 401 

 402 

 403 

 404 

Table 5. Optimal optimisation results of multi-stage RO process of with and without ERD at operating conditions of 405 

(initial conditions, 6.226E-3 kmol/m³, 5.166E-4 m³/s, 15 atm and 31 °C) 406 

                  407 
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Firstly, it can be said that the total energy consumption can be reduced further when discarding 408 

the second objective function relating to maximising the chlorophenol rejection. However, the 409 

optimal results shown in Table 5 point to the possibility of having a higher rejection parameter at 410 

a lower energy consumption. In order to keep the highest water flux, the results also confirm the 411 

necessity to select specific membrane dimensions for stage 2 compared to similar specifications 412 

for stages 1 and 3. In other words, the alteration of stage 2 module dimensions was necessary for 413 

maximising the total recovery rate of this stage. This is the result of blending the two high 414 

concentration streams of stage 1, which induces the high feed flow rate stream of stage 2 (one 415 

pressure vessel). Therefore, the increase of the membrane width and the decrease of the 416 

membrane length play a significant role in reducing the feed flow rate along the whole section 417 

and yield a higher water flux and sustainable energy saving. Most importantly, the total energy 418 

consumption of configurations A and B exhibit a significant reduction of energy consumption - 419 

about 60.32 % from 2.034 kWh/m³ to 0.807 kWh/m³ and 54.42 % from 2.034 kWh/m³ to 0.927 420 

kWh/m³ for configurations A and B respectively compared with the maximum performance of 421 

the individual membrane pilot-scale experiment of Sundaramoorthy et al. 
13

. Essentially, the total 422 

recovery rate achieved in the proposed configurations is 53.55 % compared to only 22 % as per 423 

Sundaramoorthy’s et al. 
13

 experiment. For convenience, the operating conditions at the 424 

maximum performance of Sundaramoorthy’s et al. 
13

 experiment are given in Section 3. Having 425 

said the above, the total chlorophenol rejection achieved represents an increase of 12.6 % (from 426 

83 % to 93.5 %) compared to the maximum rejection reported in the experiment of 427 

Sundaramoorthy et al. 
13

. In the majority of cases, the capacity of the proposed configurations is 428 

comparable with the study of Al-Obaidi et al. 
12

, who achieved a maximum reduction of 19.2 % 429 

in total energy consumption of an individual spiral-wound RO module used to remove 430 

dimethylphenol from wastewater.  431 

Table 5 shows that the optimum value of feed channel height is 0.5E-3 m. This is deemed 432 

reasonable in the case of removing chlorophenol because of the low possibility of fouling or 433 

scaling in the presence of low feed concentration (6.226-3 kmol/m³ equivalent to 800 ppm). This 434 

implies that a higher feed channel height value would be required in the optimisation problem 435 

when treating higher feed chlorophenol concentrations.   436 

The results of this research have confirmed that the RO process can readily be used to achieve 437 

the stringent limits of high-toxic compounds concentration, which are set to increase in the 438 
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future.  The methodology presented in this research can also be easily implemented for complex 439 

wastewater of organic and non-organic compounds. However, the contribution of all compounds 440 

to the osmotic pressure must be assessed, and the extent to which the RO process presented in 441 

Fig. 1 can be successfully used to abate a complex wastewater must be explored. This is because 442 

chlorophenol has high hydrophilicity properties in water (easily dissolved in water).
18

 Therefore, 443 

such complex wastewater rejection and energy consumption aspects of a multi-stage RO process 444 

need to be investigated in the future.     445 

  446 

7. Conclusions 447 

The impact of varying the membrane and module specifications on the overall energy 448 

consumption, chlorophenol rejection and total recovery rate has been investigated using two 449 

configurations of multi-stage RO process, with and without ERD for the removal of 450 

chlorophenol from wastewater. 451 

Specifically, the research confirms the following key conclusions:  452 

1. In a conventional RO plant, increasing the membrane width and decreasing the 453 

membrane length outside the manufacturer’s specification and at the same time keeping a 454 

constant membrane area and module volume, yields a decrease in energy consumption 455 

but with a relatively small negative impact on chlorophenol rejection. 456 

2. A noticeable increase of chlorophenol rejection, recovery rate, and decrease of energy 457 

consumption can be achieved by using a low feed channel height within a constant 458 

membrane area  459 

3. A 50 % increase in the membrane area achieved by increasing the width at constant 460 

length is highly desirable as it yields a significant energy consumption reduction in the 461 

configurations tested, more so in B, despite a small reduction in chlorophenol rejection. 462 

4. A 50 % increase in the membrane area achieved by concurrently increasing length and 463 

width at a constant module volume can lift the reduction of energy consumption despite 464 

the low reduction in chlorophenol rejection.   465 

5. The multi-objective optimisation study identified the best module dimensions, which 466 

yield the lowest energy consumption and the highest chlorophenol rejection. 467 

6. The multi-stage RO process can save more energy consumption in comparison to a single 468 

stage RO process because of the improvement made in the total recovery rate. 469 
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7.  At least 60 % and 54 % energy consumption savings can be achieved with 470 

configurations A and B, with and without ERD, respectively in comparison with 471 

published data for an individual RO module (Sundaramoorthy et al., 
13

).   472 

The above results are encouraging in that the performance of the RO system investigated can be 473 

enhanced further by implementing a high permeability membrane type, one that can save both 474 

energy and money and impact more definitely on the environmental. The next step of this 475 

research is to continue the investigation of both configurations with a higher chlorophenol 476 

concentration feed, with the expectation of a reduced energy cost per volume of produced 477 

permeate.        478 

 479 

Nomenclature 480 

𝐴 : Effective area of the membrane (m²) 481 

𝐴𝑤 : Solvent transport coefficient (m/atm s) 482 

𝑏 : Feed and permeate channels friction parameter (atm s/m
4
) 483 

𝐵𝑠 : Solute transport coefficient (m/s) 484 

𝐶𝑏 : The bulk feed solute concentrations at the feed channel (kmol/m³) 485 

𝐶𝑓 : The inlet feed solute concentrations at the feed channel (kmol/m³) 486 

𝐶𝑓(𝑝𝑙𝑎𝑛𝑡) : The inlet chlorophenol concentration of the plant (kmol/m³) 487 

𝐶𝑚 : The dimensionless solute concentration in Eq. (1) in Table A.2 of Appendix A 488 

(dimensionless) 489 

𝐶𝑝 : The permeate solute concentration at the permeate channel (kmol/m³) 490 

𝐶𝑤 : The solute concentration on the membrane surface at the feed channel (kmol/m³) 491 

𝐷𝑏 : The solute diffusion coefficient of feed at the feed channel (m²/s) 492 

𝐷𝑝 : The solute diffusion coefficient of feed at the permeate channel (m²/s) 493 

𝑑𝑒𝑏 : The equivalent diameters of the feed channel (m) 494 

𝑑𝑒𝑝 : The equivalent diameters of the permeate channel (m) 495 

𝐽𝑠 : The solute molar flux through the membrane (kmol/m² s) 496 

𝐽𝑤 : The permeate flux (m/s) 497 

𝑘 : The mass transfer coefficient at the feed channel (m/s) 498 

𝐿 : The length of the membrane (m) 499 
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𝑚𝑓 : Parameter in Eqs. (7) and (8) in Table A.2 of Appendix A 500 

𝑃𝑓(𝑖𝑛) : The inlet feed pressure (atm) 501 

𝑃𝑓(𝑜𝑢𝑡) : The outlet feed pressure (atm) 502 

𝑃𝑓(𝑝𝑙𝑎𝑛𝑡) 
: Plant feed pressure (atm)  503 

𝑃𝑝 : The permeate channel pressure (atm) 504 

𝑄𝑏 : The bulk feed flow rate at the feed channel (m³/s) 505 

𝑄𝑓 : The inlet feed flow rate at the feed channel (m³/s) 506 

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡) : Plant feed flow rate (m³/s) 507 

𝑄𝑝 : The permeate flow rate at the permeate channel (m³/s) 508 

𝑄𝑟 : The retentate flow rate at the feed channel (m³/s) 509 

𝑅 : The gas low constant (R = 0.082 atm m³/ K kmol) 510 

𝑅𝑒𝑏 : The Reynold number at the feed channel (dimensionless) 511 

𝑅𝑒𝑐 : Total permeate recovery (dimensionless) 512 

𝑅𝑒𝑐(𝑇𝑜𝑡𝑎𝑙) : Total water recovery rate of the plant (dimensionless) 513 

𝑅𝑒𝑗 : The solute rejection coefficient (dimensionless) 514 

𝑅𝑒𝑗(𝑇𝑜𝑡𝑎𝑙) : Total chlorophenol rejection of the plant (dimensionless) 515 

𝑅𝑒𝑝 : The Reynold number at the permeate channel (dimensionless) 516 

𝑇  : The feed temperature (°C) 517 

𝑇(𝑝𝑙𝑎𝑛𝑡) : Plant feed temperature (°C) 518 

𝑇. 𝐸. 𝐶. 1: Total energy consumption of the plant without ERD (kW h/m³) 519 

𝑇. 𝐸. 𝐶. 2 : Total energy consumption of the plant with ERD (kW h/m³) 520 

𝑡𝑓 : Height of feed channel (m) 521 

𝑡𝑝 : Height of permeate channel (m) 522 

𝑈𝑏 : The bulk feed velocity at the feed channel (m/s) 523 

𝑊 : The membrane width (m) 524 

Subscript 525 

𝜇𝑏 : The Feed viscosity at the feed channel (kg/m s) 526 

𝜇𝑝 : The permeate viscosity at the permeate channel (kg/m s) 527 

𝜌𝑏 : The feed density at the feed channel (kg/m³) 528 
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𝜌𝑝 : The permeate density at the permeate channel (kg/m³) 529 

𝜌𝑤 : Molal density of water (55.56 kmol/m³) 530 

𝜃  : Parameter in Eq. (11) in Table A.1 of Appendix A 531 

 532 
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Fig. 1 587 
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Fig. 2 593 
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Fig. 3. 596 
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Fig. 4. 602 
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Fig. 5.  606 
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Fig. 6. 612 
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Fig .7. 617 
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Fig. 8.  620 
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Fig. 9. 625 
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Fig. 10.  631 
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 632 

 633 

 634 

 635 

Table 1. 636 

Parameter  Value  

Membrane material and configuration TFC aromatic polyamide composite, spiral wound 

Model HM4040-LPE 

Feed spacer thickness (tf) 0.8E-3 m 

Permeate channel thickness (tp) 0.5E-3 m 

Number of turns 30 

Module length (L) 0.934 m 

Module width (W) 8.4 m 

Membrane area (A) 7.845 m² 

Membrane volume 6.2764E-3 m³ 

                     * The manufacturer 637 

 638 

 639 

 640 

Table 2.  641 

Parameter  Units  Value  

𝐴𝑤  m/atm s 9.5188E-7 

𝐵𝑠  m/s 8.468E-8 

b atm s/m⁴ 8529.45 

 642 

 643 

 644 

 645 
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Table 3.  647 

Simulation set 

Total energy consumption, kWh/m³ Chlorophenol 

rejection% 

𝑅𝑒𝑗(𝑇𝑜𝑡𝑎𝑙) 

Total water 

recovery% 

𝑅𝑒𝑐(𝑇𝑜𝑡𝑎𝑙) 
𝑇. 𝐸. 𝐶. 1 
(Pump) 

𝑇. 𝐸. 𝐶. 2 
(Pump+ERD) 

1 1.165 0.979 77.039 31.256 

2 0.922 0.746 80.803 53.834 

3 1.127 0.919 80.281 39.902 

4 0.946 0.775 84.632 52.466 

Sundaramoorthy et al. 
13

 2.034 --- 83.000 22.000 

 648 

 649 

 650 

 651 

 652 

Table 4. 653 

Parameter  Upper limit, m Lower limit, m 

Membrane length  1.4 0.5 

Membrane width 12.6 8.4 

Feed channel height  0.001 0.0005 

 654 

 655 

 656 

 657 

 658 

Table 5. 659 

Stage 

no.  

Optimised membrane 

dimensions, m 

Optimised total energy 

consumption, kWh/m³ 

Optimised 

chlorophenol 

rejection % 

𝑅𝑒𝑗(𝑇𝑜𝑡𝑎𝑙) 

Total water 

recovery % 

𝑅𝑒𝑐(𝑇𝑜𝑡𝑎𝑙) 𝐿 𝑊 𝑡𝑓 
𝑇. 𝐸. 𝐶. 1 
(Pump) 

𝑇. 𝐸. 𝐶. 2 
(Pump+ERD) 

1 1.4 5.603 0.5E-3 

0.927 0.807 93.5 53.555 2 1.092 7.184 0.5E-3 

3 1.4 5.603 0.5E-3 

 660 

 661 

 662 

 663 

Appendix A 664 



28 of 30 
 

Table A.1. Mathematical modelling of an individual spiral-wound RO system (Al-Obaidi et al., 
12

) 665 

Model Equations Specifications Eq. no. 

𝐽𝑤 = 𝐴𝑤 [(
(𝑃𝑓(𝑖𝑛)+𝑃𝑓(𝑜𝑢𝑡))

2
− 𝑃𝑝) − (𝑅 (𝑇 + 273.15) (𝐶𝑤 − 𝐶𝑝))]  The permeate flux (m/s) 1 

𝐽𝑠= 𝐵𝑠 (𝐶𝑤 − 𝐶𝑝)  The solute flux (kmol/m² s) 2 

(𝐶𝑤−𝐶𝑝)

(𝐶𝑏−𝐶𝑝)
= 𝑒𝑥𝑝 (

𝐽𝑤

𝑘
)  

The wall solute concentration 

(kmol/m³) 
3 

𝑈𝑏 =
𝑄𝑏 

𝑊 𝑡𝑓 
  The bulk feed velocity (m/s) 4 

𝑄𝑏 =
𝑄𝑓 + 𝑄𝑟

2
  The bulk feed flow rate (m³/s) 5 

𝐶𝑏 =
𝐶𝑓+𝐶𝑟

2
  The bulk concentration (kmol/m³) 6 

𝐶𝑝 =
𝐽𝑠

𝐽𝑤+𝐽𝑠
  

The permeate solute concentration 

(kmol/m³) 
7 

𝑄𝑓 = 𝑄𝑟 + 𝑄𝑝  The retentate flow rate (m³/s) 8 

𝑄𝑓  𝐶𝑓 = 𝑄𝑟  𝐶𝑟 + 𝑄𝑝  𝐶𝑝  The retentate concentration (kmol/m³) 9 

𝑄𝑝 = 𝐽𝑤  𝐴  The total permeated flow rate (m³/s) 10 

𝑃𝑏(𝑜𝑢𝑡)= {𝑃𝑏(𝑖𝑛) −

 (𝑏 𝐿 𝑄𝑓)+ (b W 𝜃    (
𝐿2

2
) (∆Pb(out))) - [b2 W 𝜃   (

𝐿3

6
) 𝑄𝑓] −

[𝑏2 𝑊 𝜃   (
𝑊 𝜃 

𝑏
)

0.5

(
𝐿3

6
) (∆𝑃𝑏(𝑜𝑢𝑡) − ∆𝑃𝑏(𝑖𝑛) 

)]}  

The retentate pressure.
17

 11 

𝜃 =
𝐴𝑤 𝐵𝑠

𝐵𝑠+𝑅 (𝑇+273.15) 𝐴𝑤 𝐶𝑝
  Parameter in Eq. (11)  12 

∆𝑃𝑏(𝑖𝑛) = 𝑃𝑏(𝑖𝑛) − 𝑃𝑝  
The pressure difference at the inlet 

edge (atm) 
13 

∆Pb(out) = 𝑃𝑏(𝑜𝑢𝑡) − 𝑃𝑝  
The pressure difference at the outlet 

edge (atm) 
14 

𝑅𝑒𝑐 =
𝑄𝑝

𝑄𝑓
 𝑥100    The total permeate recovery 

(dimensionless) 
15 

𝑅𝑒𝑗 =
𝐶𝑓−𝐶𝑝

𝐶𝑓
𝑥100  The solute rejection (dimensionless)  16 

𝑇. 𝐸. 𝐶. 1 =

((𝑃𝑏(𝑖𝑛) 𝑥101325) 𝑄𝑓  )

𝑄𝑝(𝑇𝑜𝑡𝑎𝑙) 𝜀𝑝𝑢𝑚𝑝
  

36𝐸5
     

The specific consumption energy of 

HPP (kWh/m³) without ERD 
17 

𝑇. 𝐸. 𝐶. 2 =
(𝑃𝑏(𝑖𝑛) 𝑥101325) 𝑄𝑓(𝐻𝑃𝑃) )+(𝑃𝑏(𝑖𝑛) 𝑥101325) 𝑄𝑓(𝐵𝑃) )

𝑄𝑝(𝑇𝑜𝑡𝑎𝑙) 𝜀𝑝𝑢𝑚𝑝
− 

(𝑃𝑏(𝑜𝑢𝑡) 𝑥101325) 𝑄𝑟 𝜀𝐸𝑅𝐷

𝑄𝑝(𝑇𝑜𝑡𝑎𝑙)
  

36𝐸5
  

The specific consumption energy of 

HPP (kWh/m³) with ERD 
18 

𝑄𝑓(𝐵𝑃) = 𝑄𝑟  
Calculates the feed flow rate of 

Booster pump 
19 

𝜀𝐸𝑅𝐷 =
𝑃𝑏(𝐸𝑅𝐷)

𝑃𝑏(𝑜𝑢𝑡)

 Calculates the pressure of ERD 20 
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Table A.2. Thermophysical properties of chlorophenol 671 

Model Equations Specifications Eq. no. 

𝑘 =
147.4 𝐷𝑏 𝑅𝑒𝑏

0.13  𝑅𝑒𝑝
0.739 𝐶𝑚

  0.135

2 𝑡𝑓
  The mass transfer coefficient (m/s).

13
 1 

𝐶𝑚 =
𝐶𝑏

𝜌𝑤
  The dimensionless solute 

concentration (dimensionless)  
2 

𝐷𝑏 = 6.725𝐸 − 6  𝑒𝑥𝑝 {0.1546𝐸 − (3  𝐶𝑓 𝑥18.0125)  −
2513

(𝑇 +273.15)
}                                        

The diffusivity parameter at the feed 

channel (m²/s).
19

 
3 

𝐷𝑝 = 6.725𝐸 − 6  𝑒𝑥𝑝 {0.1546𝐸 − (3  𝐶𝑝 𝑥18.0125)  −
2513

(𝑇 +273.15)
}  

The diffusivity parameter at the 

permeate channel (m²/s) 
4 

𝜇𝑏 = 1.234𝐸 − 6 𝑒𝑥𝑝 {0.0212𝐸 − (3  𝐶𝑓 𝑥18.0153) +
1965

(𝑇 +273.15)
}  

The dynamic viscosity (kg/m s) at the 

feed channel 
5 

𝜇𝑝 = 1.234𝐸 − 6 𝑒𝑥𝑝 {0.0212𝐸 − (3  𝐶𝑝 𝑥18.0153) +
1965

(𝑇 +273.15)
}  

The dynamic viscosity (kg/m s) at the 

permeate channel 
6 

𝜌𝑏 = 498.4 𝑚𝑓 + √[248400 𝑚𝑓
2 + 752.4 𝑚𝑓  𝐶𝑓 𝑥18.01253]  The feed density (kg/m³)  7 

𝜌𝑝 = 498.4 𝑚𝑓 + √[248400 𝑚𝑓
2 + 752.4 𝑚𝑓 𝐶𝑝 𝑥18.01253]  The permeate density (kg/m³)  8 

𝑚𝑓 = 1.0069 − 2.757𝐸 − 4 (𝑇 )  Parameter in Eqs. (7) and (8) 9 

𝑅𝑒𝑏 =
𝜌𝑏  𝑑𝑒𝑏 𝑄𝑏

𝑡𝑓 𝑊 𝜇𝑏
  The Reynolds number at the feed 

channel (dimensionless) 
10 

𝑅𝑒𝑝 =
𝜌𝑝  𝑑𝑒𝑝  𝐽𝑤

𝜇𝑝 
  The Reynolds number at the permeate 

channel (dimensionless) 
11 

𝑑𝑒𝑏 = 2𝑡𝑓                                   𝑑𝑒𝑝 = 2𝑡𝑝      
The equivalent diameters of the feed 

and permeate channels (m) 
12 
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Table A.3. Model validation results at several operating conditions 690 

No Pb(in)    T Cf     Qf        Pb(out) (atm) % E rr o
r Qr x10⁴ (m³/s) % E rr o
r Cp x10³     

(kmol/m³) %
E

rr

o
r Rej % E rr o
r 
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(atm) (°C) x10³     

(kmol/
m³) 

x104 
(m³/s) Exp. The. Exp. The. Exp. The. Exp. The. 

1 9.71 30 0.778 2.166 8.3 8.16 1.6 1.59 1.63 -2.2 0.366 0.345 5.5 61.4 62.48 -1.7 

2 11.64 30 0.778 2.166 10.08 10.14 -0.6 1.5 1.50 0.3 0.363 0.362 0.2 63.8 62.45 2.1 

3 13.58 30 0.778 2.166 12.04 12.14 -0.8 1.37 1.37 0.3 0.36 0.381 -6.0 66.2 62.21 6.0 

4 7.77 31 6.226 2.166 6.24 6.145 1.5 1.828 1.84 -0.8 1.657 1.353 18.3 76.7 80.87 -5.4 

5 9.71 31 6.226 2.166 8.11 8.129 -0.2 1.75 1.73 0.9 1.491 1.301 12.6 79.8 82.54 -3.4 

6 11.64 31 6.226 2.166 9.98 10.10 -1.2 1.641 1.62 0.9 1.475 1.289 12.5 81 83.62 -3.2 

7 13.58 31 6.226 2.166 11.85 12.08 -1.9 1.575 1.52 3.5 1.457 1.299 10.7 81.9 84.38 -3.0 

8 5.83 30 0.778 2.33 4.46 4.043 9.3 1.957 2.06 -5.2 0.375 0.321 14.2 56.2 61.59 -9.5 

9 7.77 30 0.778 2.33 6.35 6.038 4.9 1.86 1.93 -3.5 0.373 0.324 13.0 58.1 62.86 -8.2 

10 9.71 30 0.778 2.33 8.22 8.031 2.2 1.742 1.79 -2.8 0.372 0.334 10.0 60.3 63.26 -4.9 

11 11.64 30 0.778 2.33 10.09 10.01 0.7 1.639 1.66 -1.3 0.37 0.349 5.6 62.4 63.26 -1.3 

12 13.58 30 0.778 2.33 11.96 12.00 -0.3 1.542 1.53 0.7 0.367 0.367 0.0 64.5 63.05 2.2 

13 5.83 31 6.226 2.33 4.27 4.027 5.6 2.082 2.12 -1.9 1.726 1.46 15.2 74.5 78.15 -4.9 

14 7.77 31 2.455 2.33 6.16 6.011 2.4 1.987 2.01 -1.1 1.645 1.321 19.6 76.6 81.15 -5.9 

15 9.71 31 2.455 2.33 8.03 7.996 0.4 1.902 1.90 0.2 1.472 1.263 14.1 79.8 82.83 -3.8 

16 11.64 31 2.455 2.33 9.9 9.970 -0.7 1.815 1.79 1.5 1.433 1.244 13.1 81.2 83.91 -3.3 

17 13.58 31 2.455 2.33 11.77 11.95 -1.5 1.734 1.68 3.1 1.419 1.248 12.0 82.2 84.68 -3.0 

18 7.77 31 1.556 2.583 6.17 5.825 5.5 2.148 2.20 -2.3 0.572 0.46 19.5 67.5 73.65 -9.1 

19 9.71 31 1.556 2.583 7.79 7.817 -0.3 2.042 2.07 -1.3 0.553 0.46 16.8 69.7 74.83 -7.3 

20 11.64 31 1.556 2.583 9.92 9.799 1.2 1.947 1.94 0.2 0.55 0.469 14.7 71.2 75.51 -6.0 

21 13.58 31 1.556 2.583 11.79 11.79 -0.0 1.85 1.81 1.9 0.549 0.484 11.8 72.5 75.93 -4.7 

22 9.71 31 2.335 2.583 8.03 7.811 2.7 2.08 2.09 -0.3 0.744 0.606 18.5 72.8 77.91 -7.0 

23 11.64 31 2.335 2.583 9.84 9.791 0.4 1.97 1.96 0.3 0.733 0.612 16.5 74.2 78.75 -6.1 

24 13.58 31 2.335 2.583 11.74 11.78 -0.3 1.868 1.84 1.4 0.726 0.626 13.8 75.7 79.30 -4.7 

25 7.77 31 6.226 2.583 6.03 5.805 3.7 2.253 2.26 -0.5 1.549 1.278 17.4 77.8 81.52 -4.7 

26 9.71 31 6.226 2.583 7.9 7.790 1.3 2.17 2.15 0.8 1.486 1.212 18.4 79.4 83.23 -4.8 

27 11.64 31 6.226 2.583 9.75 9.765 -0.1 2.09 2.04 2.4 1.387 1.186 14.4 81.5 84.33 -3.4 

28 13.58 31 6.226 2.583 11.65 11.74 -0.8 2.012 1.93 4.1 1.325 1.182 10.7 83 85.10 -2.5 
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