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Abstract 10 

A novel air gap membrane distillation (AGMD) module in which non-porous polymeric hollow 11 

fiber condensers (i.e., heat exchangers) were inserted inside the porous hollow fiber membranes 12 

was developed. In this module the hot feed was circulated on the outer side of the membrane’s 13 

lumen and the coolant was circulated counter-currently inside the condenser fibers. The 14 

condensation of water vapor occurred in the air gap between the inner surface of the membrane 15 

fibers and the outer surface of the condenser fibers. By varying the number of condenser fibers 16 

inside the lumen, a different ratio of membrane fiber active surface area to the total surface area of 17 

condenser fibers and corresponding packing densities were achieved and examined in desalination 18 

of Red Sea water. The effect of membrane type on process performance was investigated with 19 

three different hollow fiber membranes with varied wall thickness (two capillary and one tubular). 20 

At a feed temperature of 85oC, the water vapor flux increased from 12 kg/m2h to 18 kg/m2h with 21 

the increase in condenser fibers packing density from 9% to 28%, and then decreased to 14 kg/m2h 22 

when packing density was increased to 36% due to condensing surface constrain inside the lumen. 23 

A higher efficiency of the AGMD process was observed in the case of capillary membranes as 24 

compared to tubular membranes due to reduction in wall thickness which facilitated lower mass 25 

transfer resistance. The effect of operating conditions including feed and coolant flow rates and 26 

temperature difference between the feed and coolant solutions was also investigated. The increase 27 

in the feed flow rate had significant effect on vapor flux comparing to that of coolant for all tested 28 

AGMD configurations. This effect was more pronounced at high feed temperatures. Based on 29 

observed results, an optimal module design was suggested.  30 

 31 
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 34 

1. Introduction 35 

Due to depletion of the fossil fuel reserves, fluctuations in the oil and gas prices and adverse 36 

environmental effects caused by the emission of greenhouse gases, the global trend is shifting 37 

towards developing more energy-efficient desalination technologies [1]. In this regard, membrane 38 

distillation (MD) can be viewed as an emerging technology which offers a range of advantages 39 

comparing to other desalination techniques with respect to energy-saving and product quality 40 

parameters [2-5].  41 

The MD process is based on transport of water vapor across a hydrophobic membrane due to 42 

transmembrane temperature difference [6]. The water-repellant properties of hydrophobic 43 

membranes restrain the water molecules in the liquid state from entering the membrane pores; the 44 

non-volatile feed constituents including salts, macromolecules, colloidal particles are also rejected 45 

[7, 8]. The MD process does not require intensive pre-treatment of the feed water and offers better 46 

product quality comparing to sea water reverse osmosis (SWRO) [9-12]. Another advantage of 47 

MD is its lower heating regime as compared to conventional thermal desalination processes like 48 

multi-stage flash or multi-effect distillation [4, 13, 14]. Moreover, the reduced process footprint 49 

and ability to utilize renewable energy [15] as a heat source make MD an attractive technology for 50 

freshwater production in small coastal communities, especially in coastal areas of MENA countries 51 

where the high annual ambient temperatures are observed [16, 17].  52 

An array of different MD arrangements including direct contact MD (DCMD), air gap MD 53 

(AGMD), vacuum MD (VMD) and sweeping gas MD (SGMD) [18] have been widely reported, 54 

and more recently other novel configurations aiming to enhance the water vapor flux, such as 55 

material gap MD [19] or flashed feed MD [20] have been investigated. Despite its simplicity and 56 

high flux, the DCMD is characterized by relatively low thermal efficiency compared to AGMD 57 

[21]. Other advantages of AGMD is possibility of using lower grade water (e.g., seawater, brine) 58 

as a coolant (to be used as feed water after harvesting the latent heat of evaporation) as well as 59 

lower pore wetting propensity [22].  60 

Generally, the AGMD vapor flux increases with decreasing permeate gap width [23, 24]. 61 

However, our previous research showed that it is technically challenging to achieve a very small 62 
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gap width in the flat sheet module configuration [23, 25]. From practical point of view, a small 63 

distance between the membrane and condenser surfaces could be accomplished in the hollow fiber 64 

membrane configuration. Yet, controlling a fixed air gap width is challenging due to the flexibility 65 

of fibers inside the shell. Other advantage of hollow fiber membranes is their larger membrane 66 

surface area per unit of module volume (packing density) which allows for higher production 67 

capacity, as well as simple design and good process scalability [26].  68 

Several studies were focused on the development of hollow fiber AGMD modules. A majority 69 

of them discussed a parallel arrangement of hollow fiber membranes and heat exchangers in the 70 

module shell, which served as a condensate collector [27-30]. In one of the early studies, Cheng 71 

at al. [27] conducted a numerical simulation of such arrangement to optimize the process 72 

performance as a function of packing density. The authors concluded that increase in packing 73 

density of fibers enhances product flux due to reduction in the air gap width. However, the 74 

maximum projected flux, reported in this study at a hot feed inlet temperature of 80oC, was below 75 

12 kg/m2h. In a follow up practical study, Singh and Sirkar [28] designed a two hollow-fiber-set 76 

AGMD module with a varying number of hollow fibers and dense heat exchangers. An improved 77 

vapor flux and thermal efficiency of up to 63% was demonstrated when two modules were 78 

combined in series in order to recover the heat from the condensate and coolant. Yao et al. [29] 79 

added an internal heat recovery function to the AGMD module consisted of packed hollow fibers 80 

in which coolant and hot feed flew counter-currently. While thermal efficiency of the process was 81 

increased to 79.9%, the maximum achieved vapor flux during concentrating dilute sugar solution 82 

was below 4 L/m2h (at a feed temperature of 90oC). Geng et al. [30] further improved the hollow 83 

fiber-based AGMD module performance by inserting a polypropylene net between the rows of 84 

hollow fibers and heat exchangers to fix an air gap at 0.5 mm. However, even with this 85 

modification, the maximum vapor flux of 5.3 kg/m2h was obtained at the feed inlet feed 86 

temperature of 90oC. Few attempts were made to improve the thermal conductivity of the process 87 

by introducing copper [31] or stainless steel [32] elements to the AGMD module. Thus, Cheng et 88 

al. [31] suggested a non-porous finned copper tube for the cold flow and the grooves outside the 89 

tube for air gap and permeate collection. In this module, a thickness of the groove which 90 

corresponded to the air gap width, varied in the range of 1 mm to 2.3 mm. At a feed temperature 91 

of 75oC, an increase in vapor flux from 16 kg/m2h to 21 kg/m2h was observed when the air gap 92 

width was reduced from 2.3 mm to 1 mm. However, similarly to our previous work with flat sheet 93 
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AGMD module [23], the authors were not able to achieve smaller air gaps due to limitations in the 94 

inner diameter of the tube and difficulties in module fabrication. In a recent study, Aryapratama et 95 

al. [32] suggested a hollow fiber AGMD module made of stainless steel and equipped with multiple 96 

cooling channels. The cooling channels comprised inner and outer channels with a network of 97 

connectors between them. By varying position of hollow fibers between the channels, the authors 98 

observed a vapor flux of 12.5 kg/m2h (feed temperature of 75oC) when the membrane fibers were 99 

placed close to outer cooling wall which had larger condensation surface area. The authors 100 

suggested that in order to achieve high vapor fluxes, the AGMD module has to be optimized by 101 

reducing air gap width and increasing surface area of condensation. Although higher vapor fluxes 102 

were achieved with metals heat exchangers comparing to non-porous polymeric heat exchangers, 103 

the overall design of the modules was complicated. Moreover, the usage of expensive metal 104 

elements in module fabrication would increase capital cost of AGMD module and make it prone 105 

to corrosion and affect the overall product water quality. 106 

Summarizing the outcome from these studies, we can conclude that there is a need to develop 107 

a new concept of AGMD module which would satisfy a set of criteria arising from our own 108 

experience in MD module fabrication and combined with the guidelines and suggestions set by 109 

other researchers. First criteria is the ability of module to achieve high vapor fluxes while 110 

maintaining good permeate quality. This will depend not only on module configuration, but also 111 

on membrane’s separation properties as well as on system’s operating parameters. Another criteria 112 

which is also important while designing a new AGMD module is its small footprint and improved 113 

internal heat recovery. A simple and easy design based on commercially available components, is 114 

a third criteria that will help in scaling up the process from the bench top to industry. 115 

The objective of our study was then to develop an optimal hollow fiber AGMD module which 116 

would meet the above criteria and to comprehensively evaluate its performance in seawater 117 

desalination. As a result, we are presenting a novel AGMD module in which non-porous polymeric 118 

hollow fibers (i.e., heat exchangers for condensation; condenser fibers from now on) were enclosed 119 

inside the porous hollow membrane fibers arranged inside the module shell. The hot feed solution 120 

was circulated on the outer side of the membrane fibers and the coolant was circulated counter-121 

currently inside the condenser fibers. The module was placed in the upright position to achieve 122 

vertical condensation of the water vapor on the outer surface of the condenser fibers (made of 123 

polypropelene (PP)). The advantage of the vertical condensation is its improved thermal-hydraulic 124 
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performance including higher heat transfer coefficient as compared to that of horizontal 125 

condensation (i.e. when the tube is positioned parallel to the base) [33]. The condensation process 126 

inside the vertical tube has been extensively studied (e.g., [34-38]). Generally, condensation is 127 

differentiated into two main processes: film condensation which occurs on hydrophilic surfaces 128 

and dropwise condensation which takes place on hydrophobic surfaces with low surface energy 129 

by increasing interfacial tension so that the small adjacent condensates coalesce [39]. Since 130 

dropwise condensation is more thermally efficient compared to film condensation by providing 131 

significantly higher heat transfer coefficient [40], improved performance of the novel AGMD 132 

module is expected due to the hydrophobic nature of the condenser fibers. By varying the number 133 

of condenser fibers inside the lumen, a different ratio of membrane active surface area 134 

(evaporation) to the total surface area of condensation and corresponding packing densities were 135 

achieved and examined with respect to their effect on vapor flux. Three different hollow fiber 136 

membranes with different wall thicknesses (two capillary fibers and one tubular membrane) on 137 

process efficiency were tested. Furthermore, the optimal ratio of the shell inner surface area to the 138 

total active surface area of membrane fibers was determined. The effect of operating conditions 139 

including feed temperature and feed and coolant flow rates were also investigated.  140 

 141 

2. Materials and methods 142 

2.1. Feed and coolant  143 

Red Sea water was used as a feed solution in all experiments. Feed water was first pre-filtered with 144 

0.45 um nylon cartridge filter (Whatman, Florham Park, NJ, UDA) to remove any large particles 145 

which could potentially damage the membrane surface. The physico-chemical characteristics of 146 

the Red Sea water are shown in Table 1. Ultrapure Milli-Q water produced by Milli-Q Academic 147 

Water Purification System (Millipore, Burlington, MA, USA) was used as a coolant.  148 

 149 

Table 1. Physico-chemical characteristics of Red Sea water. 150 

Parameter Concentration  

Na+, mg/L 11,460 

Mg2+, mg/L 1,309 

B3+, mg/L 5.6 

Ca2+, mg/L 470 

K+, mg/L 457 

Cl-, mg/L 19,419 

SO4
2-, mg/L 2,766 

Dissolved organic carbon (TOC) 2.85 
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pH 8.15 

Conductivity, mS/cm 

Total dissolved solids (TDS), mg/L 

60.3 

40,900 

 151 

2.2. Membranes 152 

Three types of hollow fiber hydrophobic PP membranes purchased from Microdyn-Nadir 153 

(Wiesbaden, Germany) and 3M (Charlotte, NC, USA) were used in our study. The specifications 154 

of tested membranes are shown in Table 2. The flexible capillary PP condenser fibers were 155 

supplied by Zena Membranes (Brno, Czech Republic). The outer diameter (OD) of the condenser 156 

fibers was 0.55 mm.  157 

 158 

Table 2. Specifications of tested membranes. 159 

  Type Capillary 1 Capillary 2 Tubular 

Vendor Microdyn 3M Microdyn 

Material PP PP PP 

Nominal pore size, µm 0.2 0.2 0.2 

Internal diameter (ID), mm 1.8 1.2 5.5 

Wall thickness, µm 400 300 800 

 160 

2.3. AGMD modules 161 

The capillary-based AGMD modules were prepared as follows. First, a predetermined number of 162 

condenser fibers was packed into the capillary. After that fibers were packed into polyurethane 163 

tube (shell) with the internal diameter (ID) of 6.5 mm and 21 cm length. The shell ends were 164 

capped with the T-shape fitting (Cole Parmer, Vernon Hills, IL, USA) and another 5 cm length 165 

polyurethane tube was attached at the opposite side of the T-shape fitting. The inner space of 5 cm 166 

tube was sealed with epoxy resin (Devcon, Shannon, Ireland). After curing, the excessive capillary 167 

ends which were stuck out the shell were cut out carefully to avoid any damage to condensers and 168 

to ensure that the space between the capillaries and condensers was not plugged. Then, a second 169 

set of T-shape fitting equipped with another 5 cm tubing was attached to both ends of the module. 170 

The condenser strings were pulled through the fitting and tube, and the latter ends were sealed 171 

again. After curing, the excessive condenser strings stacking out the module ends were cut with a 172 

sharp blade. In case of tubular membrane, commercial membrane module was purchased 173 

(MICRODYN® MD 020 TP 2N, Microdyn-Nadir, Wiesbaden, Germany) and modified for 174 

AGMD process in the same manner as described above. Totally 10 modules with different number 175 

of condenser fibers (n) and membrane fibers (f) were fabricated (Table 3).  176 
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Figure 1 shows a schematic of the AGMD module (a) and its cross-section (b). The module 177 

was operated in a counter-current mode with respect to feed and coolant flows. The feed water 178 

entered the module shell through the Port 1, flew upwards and exited the module through the Port 179 

2. The coolant water was circulated inside the condenser fibers from the top to the bottom through 180 

Ports 3 and 4. The air gap was achieved on the lumen side of membrane fiber in the space between 181 

the inner wall of membrane fiber and outer wall(s) of condenser fiber(s). The vapor was transported 182 

from the outer side of membrane fiber to the lumen side due to the difference in vapor pressure 183 

between the feed and coolant liquids. The condensed vapor was flowing down the module by 184 

gravity forces and was collected through Port 5 located at the bottom of the module.  185 

 186 

Table 3. Specifications of modules. 187 

Module ID Fiber type Number 

of  

membrane 

fibers in 

shell (f) 

Number of 

fiber 

condensers 

in lumen 

(n) 

Packing 

density of 

fiber 

condensers 

inside 

membrane 

fiber (PD1), 

% 

Packing 

density of 

membrane 

fibers in 

shell 

(PD2), % 

Ratio of  

membrane fiber 

total surface 

area/surface area 

of fiber 

condensers (R1), 

% 

Ratio of shell 

inner surface 

area/surface 

area of 

membrane 

fibers (R2), 

% 

Module 1 Capillary 1 2 1 9 32 3.3 1.8 

Module 2 Capillary 1 2 2 19 32 1.6 1.8 

Module 3  Capillary 1 2 3 28 32 1.1 1.8 

Module 4 Capillary 1 2 4 38 32 0.8 1.8 

Module 5 Capillary 1 1 3 28 16 1.1 3.6 

Module 6 Capillary 1 3 3 28 48 1.1 1.2 

Module 7* Capillary 1 2 3 - - - - 

Module 8 Capillary 2 5 1 24 36 2.0 1.2 

Module 9 Tubular 3 8 5 35 0.8 1.2 

Module 10 Tubular 3 20 14 35 2.0 1.2 

* Condenser fibers packed outside the capillary 188 

 189 
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 190 

Figure 1. Schematic of the AGMD module (a) and cross-section of the module shell (b). 191 

 192 

2.4. AGMD process 193 

Figure 2 shows the schematic of the AGMD process. The feed and coolant waters were delivered 194 

to the AGMD module from corresponding feed and coolant tanks. The constant temperatures in 195 

feed and coolant tanks were maintained by electrical heater (Model C25P, ThermoScientific, 196 

Waltham, MA, USA) and chiller (LM series, VWR, Radnor, PA, USA), respectively. Two digital 197 

gear pumps (Model GJ-N25.PF1S.A, Cole Parmer, Vernon Hills, IL, USA) were employed to 198 

maintain constant feed and coolant flow rates. In the case of AGMD with tubular arrangement, a 199 

magnet pump (Iwaki, Tokyo, Japan) was employed for the feed circulation. Mass of produced 200 

permeate was monitored with digital balance (Model ML 3002, Metter Toledo, Columbus, OH, 201 

USA) and the results were logged into computer through the Labview data acquisition system 202 

(National Instruments, Austin, TX, USA).  203 

 204 

2.5. Simulation of the condensation behavior of the water vapor on a condenser fiber outer surface 205 

In order to investigate the water vapor condensation on the condenser fiber outer surface, a 206 

condenser fiber string with a length corresponding to a regular module was potted into plastic tube 207 
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with epoxy resin (Devcon, Shannon, Ireland). The string was fixed in a vertical position and 208 

coolant water at 18oC was circulated from the top to the bottom by using a digital pump (Model 209 

GJ-N25.PF1S.A, Cole Parmer, Vernon Hills, IL, USA). A 250 mL of Milli-Q water was placed in 210 

the round bottom flask and the latter was immersed into water bath (Buchi Rotovapor, Flawil, 211 

Switzeland) and heated to 85oC. A 5 cm glass connector was attached to the flask mouth and its 212 

other end faced the middle of the string. The water vapor flew through the glass connector and 213 

condensed on the condenser fiber’s wall. The formation of water droplets was recorded with a 214 

digital camera and the images were processed by using public software Image J (National Institute 215 

of Health, USA). 216 

 217 

 218 

Figure 2. Schematic of the AGMD process. 219 

 220 

2.6. Calculations 221 

The active diameter of membrane fiber used in estimation of surface area available for vapor 222 

permeation was determined as follows: 223 

𝑑𝑙𝑚 =  
𝑑𝑜𝑑 −  𝑑𝑖𝑑

ln(𝑑𝑜𝑑/𝑑𝑖𝑑)
 

         (1) 
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where dlm is the average fiber diameter (mm), dod is the outside fiber diameter (mm), and did is the 224 

inner fiber diameter (mm). 225 

The ratios of fiber total surface area/surface area of condenser fibers (R1) and ratio of shell 226 

inner surface area/surface area of membrane fibers (R2) were calculated as follows: 227 

𝑅1(2) =  
𝑛(𝑓)𝑆𝐴1

𝑆𝐴2
100% 

     (2) 

where n (f) is the number of condenser fibers (or membrane fibers) packed into fiber (shell), SA1 228 

is the surface area of condenser fiber (membrane fiber) packed into fiber (shell), and SA2 is the 229 

surface area of membrane fiber (shell).  230 

The packing density was calculated with respect to density of condenser fibers packed into the 231 

membrane fiber (PD1) and density of membrane fibers packed into the shell (PD2) as follows: 232 

𝑃𝐷 =  
𝑛(𝑓)𝑆1

𝑆2
100% 

     (3) 

where n (f) is the number of condenser fibers (or membrane fibers) packed into membrane fiber 233 

(shell), S1 is the cross-sectional area of condenser fiber (membrane fiber) packed into membrane 234 

fiber (shell), and S2 is the cross-sectional area of membrane fiber (shell).  235 

The water vapor flux (𝐽) and rejection of ions (𝑅) were calculated according to the following 236 

equations, respectively: 237 

𝐽 =  
𝑚𝑊

𝐴𝑡
                                                                                                                                                        (4) 238 

𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) 100%                                                                                                                                  (5) 239 

where 𝑚𝑊 is the permeate weight (kg), 𝐴 is the fiber surface area ( 𝑚2), 𝑡 is the accumulation time 240 

(h), 𝐶𝑝  is the concentration of compound in permeate (mg/L), and 𝐶𝑓  is the concentration of 241 

compound in feed (mg/L). 242 

 243 

2.7. Analytical methods 244 

Conductivity was measured by a Cond 3210 conductivity meter (WTW GmbH, Weilheim, 245 

Germany). The B3+, Na+, Ca2+ and Mg2+ concentrations were measured by an ICP-MS system with 246 

an ASX-500 autosampler (7500 Series, Agilent Technologies, Santa Clara, CA, USA). 247 

Concentrations of dissolved organic carbon (DOC) were measured by the Shimadzu Total Organic 248 

Carbon Analyzer (TOC-V CSH Model, Shimadzu Corporation, Japan). The surface morphology 249 
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of fibers was analyzed with the field emission scanning electron microscopy (FE-SEM, Quanta 250 

200 FEG System, FEI, OR, USA). 251 

The results reported in this study represent typical AGMD runs. Some random experiments 252 

corresponding to each tested membrane type (Modules 3, 7, 8 and 10) were duplicated to check 253 

the reproducibility of the results. The values of standard deviations in duplicate runs were in the 254 

range of 0.07-0.37. 255 

 256 

3. Results and Discussion 257 

3.1. Effect of module configuration on water vapor flux 258 

Figure 3 shows the effect of module configuration (condenser fibers packed inside membrane fiber 259 

(capillary 1, module 3, see Table 3) versus condensers packed outside membrane fiber (capillary 260 

1, module 7, see Table 3) on corresponding water vapor flux at different feed flow rates and at a 261 

feed temperature of 70oC. For comparison purpose, the number of membrane fibers and condenser 262 

fibers was kept the same for both modules (n = 6, f = 2). As seen in Figure 3, higher vapor fluxes 263 

were achieved when condenser fibers were packed inside the membrane fiber (module 3) 264 

comparing to the outside packing arrangement (module 7) at any tested feed flow rate. At a 265 

maximum feed flow rate of 600 mL/min, a 10% increase in vapor flux was observed in module 3 266 

compared to that of module 7. When condenser fibers were packed inside the membrane fiber, 267 

their distribution inside the lumen was even, providing equal circulation of flow along the mass-268 

transfer area. As a result, the vapor flux would be maximized. On contrary, it was technically hard 269 

to achieve even distribution of condenser fibers and membrane fibers for the case of outside 270 

packing module. The mass-transfer process in this case would be distorted, leading to a reduction 271 

in the vapor flux. Therefore, the process performance of module 7 was less effective. A similar 272 

constrains during fabrication of hollow fiber MD modules were reported previously. Therefore, 273 

El-Bourawi et al [41] quoted a 58% flux decline due to random distribution of fibers in the module 274 

shell. Singh and Sikar [28] observed similar deficiency in the hollow fiber AGMD module when 275 

membrane fibers and condenser fibers were placed inside the shell. The authors attributed the 276 

decrease in vapor flux to the inefficient mixing of hollow fibers and condenser fibers inside the 277 

shell. In our study the condenser fibers were placed inside the membrane fibers. The suggested 278 

arrangement not only facilitated better vapor fluxes, but also, if expanded to a larger scale, is 279 

expected to provide a reduction in module footprint and a better internal heat recovery compared 280 
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to outside condenser fibers packing by potential saving of space inside the shell enabling to install 281 

more membrane fibers which otherwise would be occupied by condenser fibers of typical 282 

arrangement.  283 

 284 

 285 

Figure 3. Effect of module configuration (inside vs outside fiber condensers packing) on water 286 

vapor flux. Modules: 3 and 7; capillary 1; number of membrane fibers (f): 2; number of 287 

condenser fibers per membrane fiber (n): 3. Feed temperature: 70oC; coolant temperature: 18oC; 288 

coolant flow rate: 250 mL/min. 289 

 290 

3.2. Effect of feed temperature and number of condenser fibers on water vapor flux 291 

Figure 4 presents the effect of temperature on vapor flux as a function of number of condenser 292 

fibers packed into a single capillary (f = 2, n = 1÷4, modules 1÷4). As seen in the Figure 4, vapor 293 

flux increased with the temperature increase for all tested modules due to increase in vapor 294 

pressure of the hot feed. As such, more vapor will be diffused from the outer side of membrane 295 

fiber to the lumen side. However, the increment of flux increase at a particular temperature was 296 

determined by the number of condenser fibers installed in a single capillary. At lower feed 297 

temperatures (50oC and 60oC), the difference in vapor fluxes among modules was small, while 298 

more pronounced difference in vapor fluxes was observed with increasing feed temperature from 299 

60oC to 85oC. As vapor fluxes for modules 1÷3 (corresponding to n = 1÷3) followed exponential 300 

increase in vapor flux (which is a characteristic feature of the MD process), the vapor flux increase 301 
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observed in module 4, which contained the maximum number of condenser fibers inside the lumen 302 

(n = 4), followed a linear trend with R2 = 0.9887. The highest vapor flux achieved in this module 303 

(13.5 kg/m2h) at a feed temperature of 85oC was significantly lower than the vapor fluxes observed 304 

under the same operating conditions in modules 2 and 3 with less number of condenser fibers (14.8 305 

kg/m2h and 18.0 kg/m2h, respectively). This corresponded to 8% and 25% of vapor flux decline 306 

relative to modules 2 and 3, respectively. To explain such observed trend we conducted an 307 

experiment to simulate the condensation behavior of the water vapor on a condenser fiber surfaces. 308 

As it is shown in Figure 5, the water vapor forms droplets on the condenser fiber surface which 309 

grows to large diameter before it falls down by gravity. This was not expected since the condenser 310 

fibers were made of PP (hydrophobic surface). Nonetheless, the condensate droplets grew to about 311 

the same diameter of the condenser fiber all around causing bridging between condenser fibers. 312 

Such bridging phenomenon reduces the heat transfer across the condenser fibers by two 313 

mechanisms. First, it reduces the available surface area for condensation. Second, it increases 314 

condenser fibers wall thickness and limit their heat transfer by conduction. The optimal number of 315 

condenser fibers observed can be explained as follows: the mass transfer resistance in the AGMD 316 

process depends on the air gap achieved in the module. The air gap in turn will decrease with 317 

increasing packing density of condenser fibers, i.e., the higher the number of condenser fibers and 318 

its corresponding condensation surface area, the higher the vapor flux would be achieved. The 319 

increase in the vapor flux with increasing condensation area and reducing air gap was demonstrated 320 

by several authors [32]. On the other hand, as postulated by Cheng et al. [27], the air gap thickness 321 

cannot be reduced indefinitely without taking into account the gap bridging effect. In other words, 322 

the free space inside the membrane fiber lumen which is available for condensed vapor will 323 

decrease with an increase in the total surface area of condenser fibers. As such, there would exist 324 

an optimal number of condenser fibers which would facilitate high condensation area while 325 

maintaining small mass transfer resistance.   326 

 327 

 328 
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 329 

Figure 4. Effect of number of condenser fibers (n) inside membrane fiber on water vapor flux at 330 

different feed temperatures. Modules: 1÷4; capillary 1; number of membrane fibers (f): 2; 331 

coolant temperature: 18oC; feed flow rate: 1,100 mL/min; coolant flow rate: 280 mL/min. 332 

 333 

 334 

Figure 5. A digital image of the condenser fiber with water droplets formed on its outer surface 335 

(left) and schematic of the cross-section of membrane fiber lumen with the proposed location of 336 

the constricted condensation area (note that the exact borders of this area cannot be determined) 337 

(right). 338 
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 339 

Figure 6. Effect of ratio of membrane fiber surface area/total surface area of condenser fibers 340 

(R1) on water vapor flux at different feed temperatures. Modules: 1÷4; capillary 1; number of 341 

membrane fibers (f): 2; coolant temperature: 18oC; feed flow rate: 1,100 mL/min; coolant flow 342 

rate: 280 mL/min. 343 

 344 

The lower condensate removal rate compared to permeate production rate would cause 345 

permeate flooding inside the AGMD module as it has been recently addressed in a number of 346 

studies [42-45]. Despite the improved permeate flux, the thermal efficiency of the process is 347 

decreased due to the air replacing water which has poorer insulating properties [42]. By increasing 348 

the surface area of condenser fibers inside the lumen, the flooding is likely to become a limiting 349 

factor. Recently, Hitsov et al. [43] calculated the flooded fraction (X) inside the air gap with respect 350 

to different ΔTs (difference between the feed and coolant temperatures) and observed an increase 351 

in X as ΔT increased (i.e., the values of flooded fraction were higher at higher vapor fluxes). 352 

Similarly, Warsinger et al. [42] investigation on condensation flow regimes in AGMD suggested 353 

that flooding and trapping of droplets would be minimized in case of lower AGMD fluxes. These 354 

results are well correlated with our observations when a significant increase in vapor flux achieved 355 

at high feed temperatures at n = 3 was decreaded when the number of condenser fibers n was 356 

further increased to 4. To better illustrate our findings, we calculated the ratios of the total active 357 

0

5

10

15

20

3.3 1.6 1.1 0.8

W
at

er
 v

ap
o

r 
fl

u
x,

 k
g/

m
2
h

Ratio of fiber surface area/total surface area of condenser fibers (R1)

T = 85 oC

T = 70 oC

T = 60 oC

T = 50 oC

# of condenser fibers: n = 1                                   n = 2                                    n = 3                                    n = 4
packing density,%:        10                                        19                                        28        38



16 
 

surface area of membrane fiber to the total outer surface areas of condenser fibers (R1) for modules 358 

1-4 (see Table 3), and plotted those values against corresponding vapor fluxes at each tested feed 359 

temperature (Figure 6). As shown in Figure 6, different trends were observed for vapor fluxes with 360 

respect to different feed temperatures. At a lowest feed temperature of 50oC, the vapor fluxes 361 

increased with decreasing this ratio regardless of the number of condenser fibers. When the feed 362 

temperature was further raised to 60oC, the vapor fluxes increased with decreasing R1 from 3.3 to 363 

1.1 (corresponding to an increase from 1 to 3) and no significant difference was observed for vapor 364 

fluxes corresponding to R1 = 1.1 and 0.8 (n = 3 and n = 4, respectively). At a feed temperatures of 365 

70oC and 85oC the vapor fluxes as a function of R1 passed the inflection point. The fluxes increased 366 

with R decrease from 3.3 to 1.1 and then went down when R1 was further decreased to 0.8 (n = 367 

4). At low feed temperatures, the vapor fluxes were low, therefore, there would be enough free 368 

space inside the lumen for vapor condensation regardless of number of condenser fibers so the 369 

vapor fluxes increased. As opposite, at high feed temperatures, the deficiency of the free space 370 

inside the lumen would start to appear with the addition of the fourth condenser so vapor fluxes 371 

will decrease. The optimal R1 and packing density (PD) which would provide the highest vapor 372 

flux were found to be 1.1 and 28 %, respectively.  373 

  374 

3.3. Effect of feed and coolant flow rates on vapor flux at different number of condenser fibers 375 

Figure 7 shows the effect of the feed (6a) and coolant (6b) flow rates on water vapor flux at 376 

different number of condenser fibers. In this study, the number of membrane fibers was fixed at f 377 

= 2, the feed flow rate was varied from 280 mL/min to 1,100 mL/min, and the coolant flow rate 378 

was varied from 300 mL/min to 1,000 mL/min.  379 

 380 
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Figure 7. Effect of number of fiber condensers inside the membrane fiber (n) on water vapor 381 

flux at different feed (a) and coolant (b) flow rates. Modules: 1÷3; capillary 1; number of 382 

membrane fibers (f): 2; feed temperature: 85oC; coolant temperature: 18oC; (a) coolant flow rate 383 

was fixed at 280 mL/min; (b) feed flow rate was fixed at 1,100 mL/min. 384 

 385 

Effect of feed flow rate. As shown in Figure 7a, vapor flux has significantly increased with 386 

increasing feed flow rate and with increasing the number of condenser fibers from 1 to 3. 387 

Therefore, at optimal number of condenser fibers (n = 3), the vapor flux increased by 40% when 388 

the feed flow rate was increased from 300 mL/min to 1,100 mL/min. The increase in the feed flow 389 

rate enhanced the flow near the membrane surface. As such, temperature polarization at the hot 390 

feed side was reduced, causing an enhancement of thermal efficiency of the process. Cheng et al. 391 

[26] and Soukane et al. [46] showed that heat transfer coefficient increased with increasing feed 392 

flow rate in DCMD process; a similar trend was reported for the AGMD process [27]. Other factors 393 

causing an increase in vapor flux at higher feed flow rates are corresponding decreases in 394 

concentration polarization and retention time of the feed in membrane module, which would result 395 

in higher temperature difference between the two sides of membrane [47].  396 

When comparing the extent of vapor flux increase with respect to number of condenser fibers, 397 

a lower flux increase (36%) was observed at n = 1 as compared to that of  40% at n = 3. The heat 398 

exchanged between the cold and hot sides of the membrane fiber is determined by the surface area 399 

of condensation, which varied depending on the number of condenser fibers used. At n = 1, the 400 
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area would be the smallest, therefore the amount of heat transferred from the feed side to the 401 

coolant side per unit of condensing area was expected to be higher as compared to those at larger 402 

n. In other words, the driving force of the AGMD process decreases at smaller surface area of 403 

condenser fibers, resulting in smaller increment of vapor flux increase.    404 

 405 

Effect of coolant flow rate. As shown in Figure 7b, although the increase in the coolant flow rate 406 

increased the vapor flux, this increase was less pronounced compared to the feed flux flow rate 407 

increase. The increment of coolant flow rate increase varied with the number of condenser fibers 408 

in the AGMD module. This effect can be explained by the fact that the flow rate of coolant which 409 

was supplied to the module inlet was the same for all tested number of condenser fibers. However, 410 

after entering Port 3 (Figure 1), depending on the module type, the coolant flow was split into a 411 

number of condenser fibers. As known, the hydraulic resistance in a pipe and corresponding 412 

pressure drop increased with increasing the number of channels (or, in our case, condensers) [48]. 413 

As such, the actual flow rate of the coolant in condensers would increase with decreasing their 414 

number from 4 to 1. Such a decrease in flow rate will cause the increase in coolant residence time 415 

in the AGMD module. As a result, the temperature polarization will be induced. As seen in Figure 416 

7b, when the coolant flow rate increased from 280 to 1,000 mL/min, the extent of vapor flux 417 

increase was 19% at n = 1 compared to only 9% at n = 3. Nevertheless, when comparing actual 418 

vapor fluxes, higher values were observed for n = 3 regardless of the coolant flow rate due to 419 

significantly higher condensation area.  420 

 421 

3.4. Effect of temperature on water vapor flux at different number of membrane fibers 422 

The effect of the number of membrane fibers on vapor flux was also assessed in our study. To test 423 

this effect, modules with different numbers of membrane fibers (f = 1÷3) and three condenser 424 

fibers inside each membrane fiber (n = 3) were fabricated (modules 3, 5 and 6, presented in Table 425 

3). As shown in Figure 8, the vapor flux increases with increasing feed temperature from 50oC to 426 

85oC for all three tested modules. While at low feed temperatures (50oC and 60oC) there was no 427 

significant difference in the vapor fluxes between the tested modules, the difference in vapor fluxes 428 

started to appear when the feed temperature was further increased. At highest feed temperature of 429 

85oC, the water vapor flux achieved with module 3 with two membrane fibers was higher (18 430 

kg/m2h) compared to modules with one membrane fiber (17 kg/m2h) or three membrane fibers (15 431 
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kg/m2h). A combined effect of feed flow rate and membrane fibers packing density can be 432 

accounted for the observed vapor flux patterns. A higher inlet feed flow at lower number of 433 

membrane fibers will enhance the convection heat transfer and reduce the feed residence time. As 434 

such, the vapor flux will increase. However, as the number of membrane fibers increased, more 435 

vapor will be transferred across the membrane reducing the temperature difference between the 436 

feed and coolant sides. Therefore, the driving force of the process will also be reduced. Hence, the 437 

optimization of the vapor flux with respect to number of membrane fibers is a trade-off between 438 

increasing the total surface area of membrane fiber and reducing the process efficiency at high 439 

packing densities. 440 

To better visualize the observed trend, we plotted the vapor fluxes as a function of membrane 441 

fibers packing density at different feed temperatures (Figure 9). A clear effect of membrane fiber 442 

bundling on process performance was observed. An increase in packing density of membrane 443 

fibers inside the shell from 16% to 48% had negligible effect on vapor flux production at 50oC and 444 

60oC. On the contrary, maximized vapor fluxes were achieved at a packing density of 32% 445 

(corresponding to f = 2) at 70oC and 85oC. A similar effect of reducing the efficiency of AGMD 446 

process after a number of fibers reached a threshold (determined by module configuration and type 447 

of fiber) was observed by other researchers [28, 32]. 448 

 449 

 450 

Figure 8. Effect of number of membrane fibers (f) on water vapor flux as a function of feed 451 

temperature. Modules: 3, 5 and 6; capillary 1; number of condenser fibers (n) per lumen: 3; 452 

coolant temperature: 18oC; feed flow rate: 1,100 mL/min; coolant flow rate: 280 mL/min. 453 
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 454 

Figure 9. Effect of ratio of inner surface area of shell/total surface area of membrane fibers on 455 

water vapor flux at different feed temperatures. Modules: 3, 5 and 6; capillary 1; number of 456 

condenser fibers (n): 3; coolant temperature: 18oC; feed flow rate: 1,100 mL/min; coolant flow 457 

rate: 280 mL/min. 458 

 459 

3.5. Effect of feed flow rate on vapor flux at different number of membrane fibers 460 

Figure 10 shows the effect of the feed flow rate on vapor flux at different number of membrane 461 

fibers (f = 1÷3) at a feed temperature of 85oC and optimal number of condenser fibers inside 462 

membrane fiber n = 3. As shown in Figure 10, the vapor flux increased with increasing feed flow 463 

rate from 300 to 1,100 mL/min for all tested f. When comparing the vapor fluxes at different f, the 464 

lower vapor fluxes were measured at f = 1 at any tested feed flow rate. When the number of 465 

membrane fibers was increased, the vapor fluxes also increased, but the increment of such an 466 

increase was different for modules with two or three membrane fibers. At feed flow rates of 300 467 

mL/min and 550 mL/min, the vapor fluxes of both modules were similar while when the flow rate 468 

was further increased to 1,100 mL/min, the vapor flux of  module 3 with f = 2 was higher as 469 

compared to that of module 6 with f = 3. The increase in the feed flow reduces the temperature 470 

polarization at the bulk feed and cause a decrease in the residence time of the feed and convective 471 
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heat transfer in the module channel. On the contrary, as discussed above, the increase in vapor flux 472 

will lower the temperature difference across the membrane. This effect will be more noticeable at 473 

higher feed fluxes, therefore, at feed flow rate of 1,100 mL/min, the AGMD module with a number 474 

of membrane fibers f = 2 performed better than that of f = 3. 475 

 476 

 477 

Figure 10. Effect of number of membrane fibers inside the shell on vapor flux at different feed 478 

flow rates. Modules: 3, 5 and 6; capillary 1; number of condenser fibers (n) = 3; feed 479 

temperature: 85oC; coolant temperature: 18oC; coolant flow rate: 280 mL/min. 480 

 481 

3.6. Effect of membrane thickness on AGMD performance 482 

To investigate the effect of membrane characteristics on process performance, three types of PP 483 

membranes with different IDs and wall thicknesses were tested (Table 2). In addition to already 484 

discussed modules 1÷8 fabricated with capillary 1, module 8 was fabricated with five capillaries 485 

(maximum possible number of membrane fibers per shell), and with one condenser per membrane 486 

fiber (n = 1, maximum possible number of condenser fibers per membrane fiber). Modules 9 and 487 

10 contained three tubes (maximum possible number of tubes per shell) and different number of 488 

condenser fibers (n = 8 and 20 for modules 9 and 10, respectively).  489 

The SEM microscopy of membranes (Figure 11) revealed that regardless of the wall thickness, 490 

the membranes had similar uniform dense structure. Given similar morphology and pore size (0.2 491 

m) of these membranes, it was of particular interest to compare their efficiency in the AGMD 492 

process as it allows to optimize the process performance not only with respect to operating 493 
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conditions but also to a membrane type. Figure 12 displays the effect of the number of condenser 494 

fibers on water vapor flux for modules 9 and 10. The capillary 2 had a wall width of 800 m which 495 

is the highest wall thickness among the three tested membranes. The numbers of condenser fibers 496 

in these tests were selected arbitrary to investigate the effect of low condensation area versus high 497 

condensation area on process performance in the case of AGMD module built with a membrane 498 

having high wall thickness. As shown in Figure 12, the vapor fluxes below 5 kg/m2h were achieved 499 

with module 9 even at a feed flow rate of 4,000 mL/min. In this case, the ratio of the surface area 500 

of tubes to the surface area of condenser fibers (R2) was estimated to be 2.0; i.e., the membrane 501 

surface area was twice larger than the total condensation area. To achieve higher condensation 502 

area, we increased the number of condenser fibers in module 11 to 20 (R2 = 0.8). However, this 503 

led the vapor fluxes to further decline regardless of the feed flow rate. When comparing Figures 6 504 

and 12, one can see that the increase in the wall thickness negatively affected the vapor flux. 505 

Therefore, at the same feed temperature of 85oC and R2 = 0.8, module 4 which utilized capillary 506 

1 with wall thickness of 400 m produced vapor flux almost four times higher compared to module 507 

10 (13.5 kg/m2h and 3.6 kg/m2h, respectively).   508 

 509 

   510 

(a)                                           (b)                                               (c) 511 

Figure 11. Cross-sectional SEM images of membrane structures of capillary 1 (a), capillary 2 (b) 512 

and tubular (c). 513 

 514 

We further tested module 8 packed with capillary 2. The latter had a wall thickness of 300 m 515 

which is the smallest among the three tested membranes. Figure 12 shows the vapor fluxes 516 

observed at different temperatures. For comparison purposes, Figure 13 also contained the vapor 517 

fluxes achieved under similar operating conditions with module 3 (f = 2, n = 3, represented the 518 

module with the highest achieved vapor fluxes among all modules utilizing capillary 1) and 519 

module 4 (f = 3, n = 3, had the maximum possible number of capillaries 1 in a shell). As shown in 520 
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Figure 13, the water vapor fluxes obtained with module 8 were higher than those obtained with 521 

modules 3 and 6 at any tested feed temperature. However, the ratio of the membrane fiber surface 522 

area to condenser fibers surface area (R1) of module 8 was twice higher than those of modules 3 523 

and 6 (2 and 1.1, respectively). In other words, the observed vapor flux of module 8 was produced 524 

when  surface area exceeded condenser fibers surface area by almost twice while the vapor fluxes 525 

produced in modules 3 and 4 were achieved when the capillary surface area was similar to 526 

condensers surface area. Given that the difference in vapor fluxes between modules 8 and 3 was 527 

only 5% (19 kg/m2h and 18 kg/m2h), module 3 can be viewed as more suitable in terms of both 528 

vapor flux values and optimal ratio of membrane fiber surface area to condenser fibers surface 529 

area.  530 

In all our AGMD experiments using Red Sea water as feed solution, salt rejection was always 531 

above 99.9% corresponding to permeate conductivity values below 20 s/cm. 532 

 533 

 534 

Figure 12. Effect of number of condenser fibers (n) inside the tubular membrane on vapor flux at 535 

different temperatures and feed flow rates. Modules: 9 and 10; coolant temperature: 18oC; 536 

coolant flow rate: 1,300 mL/min. 537 
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 542 

 543 

 544 

 545 

Figure 13. Effect of membrane fiber type on water vapor flux at different feed temperatures. 546 

Modules: 3, 6 and 8; f is the number of membrane fibers per shell; n is the number of condenser 547 

fibers per membrane fiber. Coolant temperature: 18oC; feed flow rate: 1,100 mL/min; coolant 548 

flow rate: 280 mL/min. 549 

 550 

This study was focused on the development and performance evaluation of the co-axial hollow 551 

fiber AGMD modules for seawater desalination. Given the promising results obtained in this study, 552 

future work will be focused on scaling-up the module to explore its commercialization potential. 553 

Therefore, a range of important parameters needs to be addressed including the pressure drop 554 

through various module passages (which would be more pronounced as compared to the lab-scale 555 

modules due to the increased module length), permeate condensation regimes/rates, temperature 556 

polarization, and the module length or number of stages effect [49]. As shown in our study, 557 

permeate bridging and flooding effects aversively effected the system’s performance. One possible 558 

way to improve the permeate flux and avoid bridging/flooding inside the module is to apply 559 

vacuum to the permeate collection port. As such, the water vapor will instantaneously be evacuated 560 

from the permeate compartment thereby in-module vapor condensation and hence permeate flow 561 

obstruction would be minimized. Moreover, a comprehensive numerical performance simulations 562 

will also be conducted to determine the effect of module length and operating parameters on the 563 
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heat and mass transfer inside the full-scale modules. This will allow to design and manufacture the 564 

optimal module configuration aiming to attain high permeate flux and thermal efficiency.   565 

 566 

Conclusions 567 

In this study, we developed and comprehensively exanimated a novel AGMD module which 568 

combined hollow fiber membranes and hollow fiber condensers (heat exchangers) concealed into 569 

cylindrical shell. In this module, hollow fiber condensers were inserted inside the hollow fiber 570 

membranes offering a more compact and better internal heat recovery module. The water vapor 571 

condensation occurred in the free space between the outer wall of condenser fibers and inner wall 572 

of membrane fibers. We evaluated the effect of condenser fiber number (n = 1÷4) on process 573 

performance at different operating parameters with respect to desalination of Red Sea water. We 574 

found that at high feed temperatures of 70oC and 85oC, the vapor flux increased with increasing 575 

the number of condenser fibers up to n = 3 and then decreased when n was further increased to 4 576 

due to the deficiency of the free condensation area inside the membrane fiber lumen (dropwise 577 

condensation type). This effect was less pronounced at low feed temperatures of 50oC and 60oC 578 

due to low vapor fluxes. The increase in the feed flow rate positively affected the vapor fluxes 579 

across the membrane fiber to higher extent as compared to the increase in coolant flow rate. The 580 

highest vapor flux of 20 kg/m2h was achieved at a feed temperature of 85oC, feed flow rate of 581 

1,100 mL/min and coolant flow rate of 1,000 mL/min. The packing density of membrane fibers 582 

inside the shell also influenced the process performance. A correlation between the fiber wall 583 

thickness and vapor fluxes was observed, and higher vapor fluxes were achieved in the case when 584 

AGMD modules were packed with capillary membrane fibers (thinner walls) as compared to 585 

modules packed with tubular membranes (thicker walls). 586 
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