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Résumé 

L'objectif de ce projet de doctorat est de développer les membranes et les déshydratants 

nouveaux qui aideraient à développer un vêtement de refroidissement de déshydratant de vide de 

deuxième génération (VDC) qui est efficace, robuste, durable et qui respecte les porteurs. On l'a 

constaté que le matériel de support correctement choisi pourrait améliorer la force mécanique et 

le flux de vapeur pour le fluorure de polyvinylidène de feuille à plat (PVDF), dus à la structure 

de membrane et à l'intégrité améliorées de structure qui ont augmenté le transfert de masse de 

vapeur. De fermes déshydratants superbes ont été développés utilisant un polymère absorbant 

superbe (PAS), qui sont des granules de polyacrylate de sodium, comme matrices de centre 

serveur pour héberger le LiCl. En outre, un déshydratant nouveau basé sur le LiCl de chargement 

dedans aux membranes creuses hydrophobes de fibre et donc à la fibre déshydratante basée par 

membrane appelée (MDF), a été développé et démontré pour convenir au VDC. Le transfert de 

la chaleur et de la masse pour l'absorption de vapeur dans les MDF ont été analysés. Ces 

membranes et déshydratants, bien que développé pour l'application dans le VDC, peuvent 

également fonder des applications dans d'autres domaines tels que le traitement de l'eau, la 

climatisation, et la déshumidification de gaz naturel. En conclusion, basé sur les membranes et 

les déshydratants developpés récemment, on propose trois plans d'étude des vêtements VDC de 

deuxième génération. 
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Abstract 

The objective of this PhD project is to develop novel membranes and desiccants that 

would help develop a second generation vacuum desiccant cooling (VDC) garment that is 

efficient, robust, durable and wearer-friendly. It was found that properly chosen support material 

could improve both mechanical strength and vapor flux for flat sheet polyvinylidene fluoride 

(PVDF), due to improved membrane structure and structure integrity that enhanced vapour mass 

transfer. Super solid desiccants were developed using a super absorbent polymer (SAP), which 

are sodium polyacrylate granules, as the host matrices to harbour LiCl. Furthermore, a novel 

desiccant based on loading LiCl in to hydrophobic hollow fibre membranes and therefore called 

membrane based desiccant fiber (MDF), was developed and demonstrated to be suitable for 

VDC. Heat and mass transfer for vapor absorption in MDF were analyzed. These membranes 

and desiccants, although developed for application in VDC, may also found applications in other 

fields such as water treatment, air conditioning, and natural gas dehumidification. Finally, based 

on the newly developed membranes and desiccants, three conceptual designs of second 

generation VDC garments are proposed.  
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 Introduction Chapter 1:

1.1 Project background and objectives 

Various occupations expose workers to excessive heat stress, which may result in 

lowered performance due to physical fatigue, heat-related diseases, and in extreme cases, death. 

Heat stressed individuals are more prone to accidents due to lowered mental alertness, reduced 

manual dexterity, and physical discomfort. This can lead to irritability, anger, and other 

emotional states [1-3]. These impairments can have dangerous consequences. For example, there 

were 1816 heat-related injuries reported among active American soldiers in 2002 [2] . From 

1992 to 2006, there were 68 fatalities reported among U.S. farm workers resulting from exposure 

to environmental heat, which represents an average annual heat-related death rate of 0.39 per 

100,000 crop workers, compared to the U.S. civilian average heat-related death rate of 0.02 per 

100,000 workers [4]. Some common occupations, i.e. doctors and chemical specialists, are also 

exposed to extreme heat stress in certain cases. Daily mail has published reports on Nov 24
th

, 

2014, mentioning doctors who treat the deadly infectious virus: Ebola, had to wear specially 

designed protective suits involving two pairs of gloves, thick boots and a domed helmet, etc., in 

30 ºC heat. The protective suit can stop virus-carrying fluids like blood and vomit getting 

through, but only allowing doctors to work 45-minute shift. Similar cases also apply to chemical 

specialists. Xinhua news reported a serious explosion on August 15
th

, 2015, in Tianjin, North 

China, at a dangerous chemical storage warehouse. The government sent over 50 chemical 

specialists onsite to obtain ground water and air samples to examine pollutants and to plan out 

the post treatment procedure. Those specialists had to wear nuclear, biological and chemical 



2 

 

(NBC) protective clothes which again allow them to work 45 minutes shift before being exposed 

to heat exhaustion.  

When the human body is overheated, it first starts to develop a tingling sensation in the 

skin, as well as headache and nausea. Then more serious diseases such as heat exhaustion may 

develop, in an extreme case, heat stroke when the core body temperature exceeds 40 ºC and the 

person stops sweating. This symptom if not treated properly, can cause death. The human body 

has its own self-thermoregulation system. For example, by dilating of the vessels near the skin 

surface, pumping more blood to skin to allow more surface area for heat exchanges can lower the 

body temperature. Sweating is another important method for the body to cool itself by 

evaporation. However, the human body has its own limitation, and can lose its function when 

under extreme heat stress, therefore auxiliary equipment is needed for certain occupations.  

To help manage heat stress in working environments, and more importantly, to ensure the 

safety of the personnel who has to work under heat stress, a variety of different microclimate 

cooling technologies have been developed in the last few decades. These include fluid cooled 

garments (FCGs), phase change material (PCM) garments, evaporative cooled garments (ECGs), 

etc. FCGs achieve cooling by circulating refrigerated coolants or ambient air through tubing 

close to the skin of wearers for heat management. In general, they have a high cooling efficiency, 

but are not man-portable due to the requirement of refrigeration units and continuous power 

supply. PCM cooling vests, which employ phase change materials (e.g., ice) to absorb heat, have 

better portability compared to the FCGs. However, their cooling capacity and functional duration 

are limited by the relatively small heat of fusion of PCM. ECGs, which utilize the large latent 

heat of water evaporation for purpose of cooling, are becoming more attractive. However, 
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conventional ECGs have small cooling capacities due to the limited fluxes of natural evaporation. 

It is important to develop novel strategies to overcome the limitations on conventional 

microclimate cooling technologies, for enabling the design of portable personal cooling garments 

that are efficient for applications in different working environments.  

We have proven the concept of vacuum desiccant cooling (VDC) and applied it to 

develop the 1
st
 generation VDC garment [5, 6] during my Master’s thesis project. Encouraging 

data from the 1
st
 generation prototype has shown the potential of VDC garment to be a cutting-

edge portable personal cooling garment, with great cooling capacity and no continuous power 

requirement. However, it has a few disadvantages that hinder its commercial application. First, 

the commercial PTFE (Teflon) membrane used in the 1
st
 generation prototype was fragile and 

non-sticky. Consequently, it was very difficult to fabricate VDC pads, which often failed due to 

water leakage. Second, the desiccant used in the 1
st
 generation VDC pads was lithium chloride 

powder, which has high water affinity, but becomes corrosive after absorbing water vapor to 

become an aqueous solution. This raised safety concerns to both the wearer and the equipment 

they carry or operate. Due to the above mentioned two major flaws, the 1
st
 generation VDC was 

not reusable and causes cost concerns due to the limits derived from the fragile membrane, the 

corrosive desiccant and the outer bag design. It is therefore important to find proper solutions to 

make the VDC garment more robust, more efficient, and safer. This PhD project aims to solve 

these main issues, and eventually to design a 2
nd

 generation VDC garment with enhanced 

reliability, cooling capacity, work duration and cost-effectiveness, thus paves the way to its 

commercialization. 
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1.2 Thesis outline 

Chapter 2 and chapter 3 of this thesis introduce the recent microclimate cooling 

technologies and the membrane aided desiccant cooling technologies to identify knowledge gaps 

and to clarify the research direction.  

Chapter 4 focuses on the development and optimization of hydrophobic supported 

membrane with satisfactory liquid entry pressure of water (LEPw), enhanced mechanical strength, 

and large vapor flux, based on the hypothesis that applying a layer of proper supporting material, 

the supported membrane can exhibit good mechanical strength, enhanced flux, large LEPw as 

well as better processability. Chapter 5 further examines the heat and mass transfer process of the 

previously developed supported membrane, and identifies the effect of backing material on the 

membrane structures.  

Chapter 6 and chapter 7 targets the desiccant challenges. Chapter 6 reports the 

development of a super absorbent polymer (SAP) based super solid desiccant by impregnating 

hygroscopic agent (HA) in the proper host matrix (e.g., hydrogel) to create a novel desiccant that 

can maintain the hygroscopic nature of HA while being safe and easy to process. Chapter 7 

reports the development of membrane based desiccant fiber (MDF), and the related heat and 

mass transfer modelling work. MDF desiccant performances at different relative humidity 

environment were predicted. 

Finally, chapter 8 presents a summary of conclusions of this study, three proposals for the 

design of 2
nd

 generation VDC garments suing the newly developed membrane and desiccants,  

and suggested future works. 
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 Recent development in microclimate Chapter 2:

cooling technologies 

Microclimate cooling garment has been established in many scenarios as an efficient 

means of heat management for personnel who are exposed to heat stress during work. Compared 

to space cooling, which targets on supplying lower temperature air or increasing air flow within a 

controlled space, microclimate cooling is focused on regulating human body surface temperature. 

Microclimate cooling garments are designed for those who need to work with special personal 

protective equipment (i.e. bomb disposal suits, military demining suits, firefighter suits, astronaut 

space suit, etc.) as well as those who work in an open environment where cooling a large space is 

very costly, impractical, or even impossible. Such cases include hot open environments and large 

workplaces such as deserts, steel mills, foundries, mines, and metallurgy plants. In these 

situations, microclimate cooling is the preferred method of temperature regulation. Proper 

microclimate cooling systems are expected to reduce the personnel’s core temperature, skin 

temperature, heart rate as well as sweat rate in order to increase working duration, maintain 

physical performance and decrease in hydration needs, etc. 

Traditionally, an efficient cooling method should address both skin temperature and core 

body temperature to provide effective heat mitigation [1,2]. However, recent research has 

revealed other important parameters that help monitor the microclimate environment, for 

example, the humidity change [3], and the rate of heat storage [4] during tests. 

The first systems delivering personal cooling (PC) to individuals were designed in the 

late 1950’s and early 1960’s for pilots who were operating in aircrafts and exposed to hot 
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conditions [1, 5] . Since then, many different devices have been engineered to cover a wide range 

of professions where individuals are exposed to hot environments. The microclimate cooling 

garments (MCGs) are categorized into three main types such as fluid cooling garments (FCGs), 

phase change materials (PCMs) and evaporative cooling garments (ECGs).  

 

2.1 Types of microclimate cooling garment (MCGs) 

2.1.1 Fluid cooling garments (FCGs) 

FCGs are systems that circulate cold coolant (i.e. water) or air (compressed or ambient air) 

through a tube-lined shirt or garment. The water or air is recycled by the regeneration unit.  Both 

liquid-cooled (LCGs) and air-cooled garments (ACGs) applications are limited by their power 

requirement and system size. These types of cooling garments are advantageous for the 

personnel working in vehicles simply because it is easy to attach the refrigeration unit or the 

compressed air system. A continuous power supply is essential to FCGs, and the system involves 

the parts like pumps, blowers, refrigeration system, etc., and also requires a large footprint. As 

advances in battery and motor technology develop, the range, efficiency and mobility of LCGs 

can consequently improve but to a limited extent. Most developments in the field of ACGs relate 

to the development of efficient air channelization within the microclimate to increase residence 

time and maximize surface area exposure. One of the major disadvantages for this type of 

cooling garment is that, this type of garment limits the body’s natural respiration and therefore 

causes discomfort for the wearer. Non-evaporated sweat is a waste of cooling potential and 

should be utilized to improve the cooling effect [6]. Other than the above mentioned ACGs, 

ventilation garments are another type of fluid cooling garment. They contain built-in fans to 
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blow ambient air on skin surface to facilitate sweat evaporation. Their cooling performance 

could be limited by the hot air from ambient. 

Researchers have already designed a hybrid garment, which has a vaporing function with 

oozing cold water from the knitted tubes to cool the body without raising humidity in the 

garment [3]. Recent advances in miniaturizing vapor-compression technology have also made 

vapor-compression air-cooled garments a viable personal cooling method [7]. 

 

2.1.2 Phase change material garments (PCM) 

PCM systems employ phase changing material to store energy with a narrow temperature 

variation when changing from solid to liquid state or vice versa. It has been continually improved 

with advances in material science to expand their cooling capacity, particularly with salt hydrates 

and paraffins [8]. Researchers have attempted to counter some of the limitations of salt hydrates 

by using chemical, physical and mechanical means such as stability improvement during the 

phase change (such as the use of thickening agents and dispersions of high conductivity particles 

against phase segregation and loss of conduction upon the re-solidification of salts mixed with 

these agents) [9-11]. Similarly, to enhance paraffins' conductive properties, researchers have 

explored various heat transport improvements, including better structure of the paraffin casing 

unit (metal matrix structures) and addition of high conducting materials in the paraffin wax (e.g. 

metallic fillers) [8]. However, the issues associated with PCM garments are generally the limited 

operation time, since it requires regeneration as soon as all the PCM has changed phase and 

reached the upper limit of heat storage. Researchers have also compared PCM garment with 

ventilation jacket which is equipped with two small fans embedded at the left and right belly of 
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the jacket. When having the participants exercising at the same ambient environment, the 

ventilation jacket has a slightly better performance in terms of torso skin temperature, better 

microclimate humidity and body thermal sensation and body thermal comfort [6]. This research 

also indicates that ventilation is important in the cooling garment designs. It is reported that 

under ideal conditions, the evaporation of 500 ml of sweat eliminates approximately 1200 kJ, 

which can dissipate the metabolic heat of 333 W during 1 h of work. This potential is wasted by 

applying the insulation capabilities of protective clothing [12]. 

 

2.1.3 Evaporative cooling garments (ECGs) 

Finally, ECGs are a group of cooling garments that take advantage of the large latent heat 

of water evaporation for cooling. ECGs can have a fairly long working duration with a relatively 

small amount of water. The disadvantage of conventional ECG is that it is not functional when it 

is worn under protective garments and its effectiveness is greatly reduced if the ambient 

humidity is high. Faulkner et al [4] have studied the effect of incorporating the conductive 

cooling into the traditional evaporative cooling garment. A novel design of a frozen cooling 

garment based on evaporative cooling was used in their study and different precooling conditions 

for the garment were tested. The results have shown that the combination of evaporative and cold 

conductive cooling had the greatest benefit to the performance, indicating evaporative cooling 

can be enhanced by the precooling technology. Moreover, the enhancement of sweat evaporation 

by optimising the ECGs technical conditions is considered as the most effective “physiological” 

way for heat dissipation, which has become the current research trend [12]. 
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Another interesting development for the improvement of the ECG performance is the 

multi-layer evaporative cooled garments. It is the integration of hygroscopic materials, either 

desiccant or super-absorbent materials such as cellulose, cross-linked polyethylene oxide, 

polyacrylates or carboxy-methyl-cellulose, to either absorb vapor produced from 

perspiration/evaporation or to absorb a liquid coolant included within an internal reservoir. Many 

researchers have worked with desiccant-aided evaporation systems and proved that adding 

desiccant can substantially increase the water evaporation rate and therefore cooling capacity [13, 

14]. In the space cooling applications, desiccant or absorption cooling is a well-known air 

conditioning technique, using the hygroscopic agent to absorb vapor and subsequently decrease 

the temperature to produce cooled air. At the microclimate cooling scale, studies have shown an 

enhanced performance of ECG when desiccants were employed. In one study, 200 W of heat 

removal was reported for an operation period of four hours by an absorbent evaporative system 

[15], which was more efficient than that from a 3-layer evaporative fabric garment [16] with the 

cooling rates of less than the 100 W. As a most recent development, our team has shown that a 

cooling capacity of up to 373.1 W/m
2 

could be achieved by novel vacuum desiccant cooling 

(VDC) garment [17]. This method combines the existing desiccant-aided cooling and vacuum 

cooling to further improve the overall performance. 

The VDC garment requires the use of membrane technologies to separate the water in the 

cooling core from the desiccant in the absorption core. The desired polymeric membranes need 

to be water-proof (hydrophobic), but water-vapor-permeable to let water vapor pass, while 

condensed water is retained. Such hydrophobic membrane can be made out of PTFE, PVDF, 

polyurethane or polyester [18]. This type of breathable membranes may also find applications in 

pervaporation and membrane distillation. Mass transfer across the membrane in the vacuum 
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membrane evaporation (VME) is very similar to that of vacuum membrane distillation except 

that pure water is used in VME. It requires a hydrophobic membrane that has a LEPw of 1 bar or 

higher to provide the barrier to separate the liquid water and water vapor when evaporative 

cooling is taking place [16, 19, 20]. VDC, after initialization with a vacuum pump, relies on 

vapor absorption or adsorption by the desiccant to maintain the driving force for water 

evaporation. Therefore, the desiccants should absorb vapor fast enough and the vapor pressure 

on the surface of desiccant should be low so that water evaporation could continuously take 

place at a high rate and at low temperatures.  

 

2.2 Heat dissipation mechanisms  

To better understand the principles of various types of microclimate cooling garments, 

mechanisms of heat dissipation are studied and summarized in the following section, including 

conduction, convection, radiation, and evaporation. 

 

2.2.1 Conduction 

Conduction is the heat transfer method that occurs along a thermal gradient between 

materials that contact with each other at different temperature. From microclimate cooling point 

of view, a worker's warm body will transfer heat to a contacted cooler object. Parameters affect 

the efficiency of heat transfer through conduction including the temperature difference between 

the skin of the wearer and the cooling medium, the thermal conductivity of the materials that 

separate the cooling medium from the skin, and the effective contacting area through which heat 

http://en.wikipedia.org/wiki/Heat_conduction
http://en.wikipedia.org/wiki/Convection
http://en.wikipedia.org/wiki/Thermal_radiation
http://en.wikipedia.org/wiki/Perspiration
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is transferred from the skin to the cooling medium. Conduction is the primary means of heat 

transfer in FCGs and PCM garments. 

 

2.2.2 Convection 

Convection is the primary heat removal mechanisms for ventilation garments. Parameters 

that could be manipulated for more efficient cooling include air flowrate, air temperature and 

distribution of air current. Heat transfer by convection is minimal, if any, in most of LCGs and 

PCM garments.  

 

2.2.3 Radiation  

Radiation is an important heat transfer mechanism. The heat loss by radiation is more 

noticeable on a cold day or during the period after sunset. It is usually considered as negligible 

comparing with other heat loss mechanisms in terms of microclimate cooling garment design. 

However, radiation is usually one of major means of heat transfer that contributes to the 

heat stress on the workers. Examples of radiation include sunshine, hot furnaces, and high 

temperature reactors. Simple engineering controls, such as shields, are commonly used to reduce 

radiant heat when applicable. The reflective surface of the shield should be kept clean to 

maintain its effectiveness. However, surfaces that exceed 35°C (95°F) are sources of infrared 

radiation that can add to the worker's heat load. Flat black surfaces absorb heat more than smooth, 

polished ones.  
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Sweat evaporation is the primary way of cooling the body in warm environment naturally. 

Sweating cools body through sweat evaporation, latent heat is removed from the sweat that 

remains on the skin resulting cooler skin surface. Latent heat of water evaporation is large 

making it a particularly effective evaporative cooling agent. At room temperature (20C), the 

latent heat of water evaporation is 2454 kJ/kg. However, the rate of sweat evaporation is greatly 

affected by the ambient relative humidity. For example, under the atmospheric conditions of 35 

ºC and 100% relative humidity, sweat does not evaporate at all. 

Evaporation is the primary cooling mechanism of ECGs. ECGs generally utilize water 

evaporation from a wet medium or surface to cool the contacting body skin, or facilitate the 

sweat evaporation. In areas of high humidity, the evaporative cooling becomes less effective. 

When dry bulb temperature is higher than 35 °C (95 °F), the hot air passing over the skin can 

actually make the worker hotter. However, if the dry bulb temperature is more than 35°C but the 

air is dry, evaporative cooling becomes the only means of cooling for ventilation garments.  

 

2.3 Microclimate cooling garments design criteria 

According to Standards ISO 7730 - 2005 and ASHRAE 55-2004, thermal comfort is 

defined as being “that condition of mind which expresses satisfaction with the thermal 

environment”. Two conditions must be fulfilled to maintain thermal comfort. One is that the 

actual combination of skin temperature and the body’s core temperature provides sensation of 

thermal neutrality. The other is the fulfilment of the body’s energy balance: the heat produced by 

metabolism should be equal to the amount of heat loss from the body.  
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The detailed design parameters for microclimate cooling garments are discussed in the 

following sections. 

 

2.3.1 Cooling capacity 

Typical metabolic rates of common activities have been summarized and reported by 

International Organization for Standardization (Table 2-1). In the table, “met” is defined as 

metabolic unit, which is equal to 58.2 W/m
2
. The rate of metabolic heat generation as reported in 

Table 2-1 could provide as a reference for efficiency judgment of MCGs since, as mentioned 

earlier, a MCG should have a cooling capacity that is sufficient to remove all or most of the 

metabolic heat to avoid or minimize buildup of metabolic heat in body. 

 

Table 2-1 Rate of metabolic heat generation of common activities [21] 
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As an illustrative example, the metabolic heat is estimated to be approximately 236 W for 

a 70 kg man in active exercise mode (taking consideration that body surface area is roughly 1.8 

m
2
) [22]. Reference from Table 2-1 indicates that the status of “active exercise” used in the 

reference is roughly equivalent to walking at around 3 km/h. For a more demanding workload 

such as walking at a speed of 5.0 km/h, the metabolic heat generation is 200 W/m
2
 according to 

Table 2-1, corresponding to a total metabolic generation rate of approximately 360 W for an 

average person with a bodyweight of 70 kg and a body surface area of 1.8 m
2
. Table 2-2 

summarized the cooling capacities of some commercial or prototype MCGs.  

As listed in Table 2-2, VDC is one of the systems that have a relatively large cooling capacity. It 

is advantageous in comparison with other two systems of comparable cooling capacities, LCG 

(70-600 W) and ACG (312 W), since no continuous power supply is required and the system is, 

as a result, light and portable. 

Table 2-2 Cooling capacities of commercial and prototype MCGs 

 Cooling capacity 

(watts) 

System weight 

(pounds) 

Working duration 

LCG [23] 70-600 ~11 Batteries (autonomous 

function capacity: 3-6 h, 

recharging time: 2-14 h) 

ACG [24] 312 (30% relative 

humidity 

~10 Dependent on AC power 

supply, and compressed air 

supply 

PCM [24] 139 ~10 21 min 

ECG [25] 69.4 2.4~6.13 2.45 

VDC* [26] 373 7.5 1-2 h 

*1
st
 generation of VDC garment developed by our group 
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2.3.2 Operation duration 

The requirement on operation duration varies remarkably depending on the wearers’ 

occupations. For instance, cooling garments designed for military personnel such as mounted 

drivers and infantry solders and civilian outdoor workers would ideally be able to work 

continuously for 12 h or even longer. On the other hand, cooling garments that could provide 

efficient heat relief for up to two hours or even 30 minutes would be able to provide meaningful 

protection for emergency workers such as firefighters and demining personnel. Nonetheless, 

designing an enhanced working duration MCGs without sacrificing the cooling capacity is 

always a desirable improvement in R&D of MCGs.  

For powered cooling devices such as FCGs, the work duration would rely primarily on 

the availability of power. Whereas for unpowered cooling devices such as PCMs and ECGs, the 

working duration would be dependent primarily on the latent heat of phase change of PCMs or 

coolant in ECGs.  

 

2.3.3 Portability and Mobility 

The portability and mobility of MCGs mainly depend on the systems total weight and 

ability of being AC power independent. Personal cooling devices should not only serve as a 

cooling-aid device but also be needed to allow the user to perform their duty as normal, which 

demands the garment to have certain extent of flexibility and minimize restriction on wearer’s 

mobility. PCMs and ECGs are mostly light-weight and thus portable, with periodic replacing of 
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PCM pad or wet absorbent for ECG, good mobility is achieved. To reduce the power 

dependency of the MCG is an important aspect of designing novel VDC garment. 

 

2.3.4 Dryness of wearer skin 

Dryness of the wearer’s skin is another important issue in designing MCGs. Both ACGs 

and LCGs are designed to be an insulated garment, thus prohibit body’s natural sweating process. 

Researchers have demonstrated that incorporating sweat evaporation by adding ventilation 

components can enhance the MCGs cooling effect. This is essential in some occupations such as 

medical doctors, who are often required to maintain dryness (e.g., when operating a surgery) [27, 

28]. This flaw is also applied to PCMs, which could not help create a dry microclimate for the 

wearer comparing to the previous two types of MCGs. Furthermore, there is a risk of LCGs to 

fail, causing spill of water onto wearer’s skin. For the 1
st
 generation VDC garment design, 

dryness is also a concern since the garment does not have the ability to facilitate sweat 

evaporation, and human trial testers reported that the sweat accumulation between skin and VDC 

garment would reduce the comfort for the wearer after 40 minutes during the testing period. 

Therefore, maintaining the body’s microclimate relative humidity is another trend for designing 

more efficient MCGs. 

 

2.4 Conclusion  

To conclude the above mentioned design parameters, improved cooling performance, 

cooling duration, mobility and portability with less power required are the primary goals. These 
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requirements have all been successfully achieved by the 1
st
 generation of VDC garment, however, 

with certain flaws which limit its reusability and robustness. Also, maintaining the wearer’s skin 

dryness is the MCGs designing trend which needs to be considered and improved in the 

following 2
nd

 generation VDC garment design.   
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3.1 Abstract 

Evaporative cooling is one of the widely employed cooling methods with advantages 

mainly on energy-saving and utilization of low grade energy. It has found more and more 

applications in areas such as HVAC, industrial process cooling, and personal microclimate 

cooling, as stand-along cooling processes or in combination with conventional cooling 

technologies such as the vapour compression cycles. According to different criteria, evaporative 

cooling could be classified into different categories such as air-mediated vs water-mediated 

evaporative cooling and direct vs indirect evaporative cooling. When necessary, evaporative 

cooling could be enhanced by desiccant vapour sorption, membrane separation, and the 

combination of desiccant and membrane technologies. This paper strives to provide a 

comprehensive review on the recent developments and applications of different evaporative 

cooling technologies. A novel system for classifying different evaporative cooling technologies 

has also been proposed. 

 

Key words: evaporative cooling; desiccant cooling; dehumidification; membrane cooling; 

enhanced evaporative cooling 
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3.2 Introduction 

Temperature control is essential in industrial processes and human health and evaporative 

cooling have been widely used in processing the cooling water of industrial processes using 

cooling towers [1, 2], in space cooling as part of a heat, ventilation, and air conditioning (HVAC) 

system [3, 4], and in microclimate cooling, which focuses on regulating the temperature of the 

microclimate surrounding equipment or personnel [5].  

As an illustrative example, evaporative cooling systems have been used as stand along 

cooling units [3, 6] or in combination with conventional vapor compression systems (VCSs) [7] 

for HVAC of buildings. It has been demonstrated that the use of evaporative cooling in HVAC is 

not only environment-friendly since it does not involve the use of refrigerants such as 

chlorofluorocarbons (CFCs), which causes the concern of ozone layer depletion, but also lead to 

significant energy savings [8]. As a matter of fact, buildings worldwide account for a 

surprisingly high 40% of the global energy consumption and the resulting carbon footprint 

significantly exceeds those of all transportation combined [9]. Air-conditioning (AC) systems 

contribute to 50% of building energy consumption, therefore more energy efficient AC systems 

are required to improve the indoor air quality and reduce energy consumption.  

Microclimate cooling is another important application for evaporative cooling 

technologies, which has been studied intensively for astronaut life support system [10] and 

beyond. While microclimate cooling could be achieved by different approached including chilled 

liquid circulating garments [11, 12] and phase change material cooling garments (e.g., ice 

cooling garments) [13, 14], evaporative cooling enjoys many advantages including larger cooling 
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capacity, more portability [6] and is regarded as among the most promising microclimate cooling 

technologies [15, 16]. 

This review strives to provide a comprehensive account on recent developments in 

evaporative cooling technologies, with a focus on enhanced evaporative cooling assisted by 

desiccants, membranes, or the combination of desiccants and membranes.  

 

3.3 Evaporative cooling technologies 

Evaporative cooling is based on the fact that water must absorb heat in order to change 

from liquid state to vapor state, converting sensible heat to enthalpy of vapour, resulting the 

reduction of system temperature. The benefits of evaporative cooling include substantial energy 

and cost saving, no CFCs usage, reduced CO2 other power plant emissions, improving indoor air 

quality, life-cycle cost effectiveness, and greater regional energy independence. [17, 18] 

All evaporative cooling process involves at least a water volume (or stream) and an air 

volume (or stream), which serves as either the cooling medium or the complimentary medium. 

The cooling medium is the fluid (water or air) that is first chilled as a result of water evaporation 

and then used to cool the object of interest and a complimentary medium is the fluid (water or air) 

that is required for water evaporation to take place but is not used to cool the object of interest 

directly. According to the choice of cooling medium, evaporative cooling could be classified as 

air-mediate and water mediated cooling. Air-mediated cooling is a process where air serves as 

the cooling medium and water the complimentary medium. In such a process, air is first cooled 

as a result of the evaporation of water and the chilled air is consequently used as the medium to 

deliver the cooling effects to the object of interest. In air-mediated cooling, water is often 
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supplied at a quantity that is substantially smaller than the moisture carrying capacity of the air 

so that the resulted air as the cooling medium is not saturated with moisture. A typical 

application of air-mediated cooling is provide chilled and humidified air in HVAC system or in 

air-mediated personal cooling. On the other hand, water-mediated cooling refers to a process 

where water is chilled as a result of the evaporation of a portion of the water body, and then the 

chilled water is then used as the medium to deliver the cooling effects. Water is always supplied 

in a quantity that is more than the moisture carrying capacity of the air, which is the 

complimentary medium in this scenario. Typical water mediated evaporative cooling is the 

cooling towers, where hot water is atomized into a steam of fine water droplets or to the surfaces 

of solids fillings in a tower and a stream of dry air is blown upward to facilitate water 

evaporation. 

According to whether the cooling medium is in direct contact with the complimentary 

medium, evaporative cooling could be classified into two categories, direct and indirect 

evaporative cooling. In direct evaporative cooling, the cooling medium is a product of the water 

evaporation takes place in it, no matter it is air-mediate or water mediated cooling. For instance, 

in cooling tower, air is the complimentary medium and water is the cooling medium. Water 

evaporation takes place inside the cooling tower as water droplets get in touch with the air flow 

to cause the chilling down of the remain water, which is used as the cooling medium. On the 

other hand, in indirect evaporative cooling, water evaporation takes place in compartment that is 

physically separated from the air stream that is used as the cooling medium in the case of air-

mediated cooling or as complimentary medium in the case of water-mediated cooling. 
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Furthermore, evaporative cooling could be classified in to ambient evaporative cooling or 

enhanced evaporative cooling, where the former employs ambient air as either the cooling 

medium or the complimentary medium and the latter refers to a process where ambient air is 

processed first to reduce its moisture content before being used.  

 

3.3.1 Air-mediated cooling 

As aforementioned, air-mediated cooling refers to an evaporative cooling process where 

an air stream or volume is used as the cooling medium and a water volume or stream as the 

complimentary medium. In such a process, air is chilled as a result of water evaporation and then 

used to deliver the cooling effect directly. Air-mediated cooling could be further divided into air-

mediated direct evaporative cooling and air-mediated indirect evaporative cooling. 

 

3.3.1.1 Air-mediated direct evaporative cooling 

Air-mediated direct evaporative cooling (AMDEC) is a process in which the air used as 

cooling medium is put in direct contacts with water as shown in Figure 3-1. It is the oldest and 

simplest type of evaporative cooling configuration. AMDECs are also known as swamp coolers. 

These are most commonly found in homes and small business areas that are located in dry and 

hot climates. Generally speaking, in AMDEC systems, ambient or dried air passes through the 

water-soaked pad/ or stream of water droplet, the water evaporates and cools the air by as low as 

20 ºF (6.7 ºC), when simultaneously humidifies the air. As a result, the relative humanity of the 

chilled air can increase to 60% or as high as 80% in humid conditions, which is not suitable for 

direct supply to buildings [18]. 
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Figure 3-1 Schematic diagram of AMDEC 

 

The air which has a high relative humidity can cause rusting problems, and the water-

borne bacteria contained in the air can also cause safety issues for people. Therefore AMDECs 

are only appropriate in dry and hot climates. Usually an ambient relative humidity below 30% is 

recommended [6].  

AMDEC also has other disadvantages. For example, water from a water reservoir is 

pumped to the porous interface (e.g., a metal mesh) where water and air is put in contact for 

continuous evaporation. Minerals and bacteria contained in water could be deposited on such an 

interface, which requires regular and frequent maintenance. The system also requires a lot of 

pipes for pumping and water recycle, and any leakage at valves and sensors can lead to the waste 

of water source. These problems limit the application of direct evaporative coolers in large areas. 

The current research directions for AMDECs are focused on the pads material (the 

porous water absorbents). Pad materials include metal pads [19, 20], cellulose pad [21, 22], 

organic pad [23], inorganic pad [24], PVC pad, porous ceramic pad [25], etc. [18]. 

Thermodynamic properties, corrosion, fire resistance, and filtering performances of different 

types of pads were summarized [26].  



29 

 

 

3.3.1.2 Air-mediated indirect evaporative cooling 

Air-mediated indirect evaporative cooling (AMIEC) was first proposed by Dr. Willi 

Elfert in 1903 [18, 27]. A schematic diagram of AMIEC is shown in Figure 3-2. It contains two 

air streams; a primary air stream that serves as the cooling medium and the secondary air stream 

is cooled by water evaporation and in turn cools the primary airstream. In such an arrangement, 

the water evaporation in the secondary air stream could take place before entering the heat 

exchanger or on the surfaces of the heat exchanger. In this arrangement, the cooling medium, 

which is the primary air stream, is never in contact with the water stream or the secondary air 

stream, both serve as the complimentary streams. As a result, addition of moisture to the primary 

air stream is avoided and a stream of low temperature and low humidity cooling medium is 

produced. 

 

Figure 3-2 Schematic diagram of AMIEC 
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Based on the principle, many configurations of AMIEC have been developed. For 

instance, a large variety of different AMIEC heat and mass exchanger have been developed, 

including flat-plate-stack, tube, heat pipe and potentially wave-form, etc. [26]. Materials used for 

making the exchanger elements are all of topics of intensive studies and materials investigated 

range from aluminum plate/tube to ceramic plate/tube [28]. The design of the geometric design 

of the heat exchanger is a topic of profound interests and the cross flow AMIEC, which is shown 

in Figure 3-2, is considered the favourite choice [29, 30]. A more complicate multi-stage AMIEC 

called Maisotsenko-Cycle (M-Cycle) was developed, which is a 20-stage process that could 

provide more energy efficient cooling. The cumulative result is a lower primary/product air 

temperature than is not possible with conventional evaporative cooling technologies [31, 32]. 

AMIECs are also used in combination with other cooling technologies to create hybrid systems 

such as two-stage IEC/DEC evaporative cooler [33], IEC/vapor compression system [34, 35] and 

IEC/desiccant system. 

 

3.3.2 Water mediated evaporative cooling 

In water-mediate evaporative cooling, water is the cooling medium and air serves as the 

complimentary medium. In this scenario, water is over supply and the evaporation of water as a 

result of in contact with dry air causes the remaining water body to cool down and the chilled 

water is used for cooling. Similar to air-mediated evaporative cooling, water mediated 

evaporative cooling could be divided into two groups, direct and indirect water-mediated 

evaporative cooling. 
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3.3.2.1 Water-mediated direct evaporative cooling 

A typical example of water mediated direct evaporative cooling technology is the cooling 

tower, which is widely used in HVAC for buildings and in cooling of recycled industrial process 

cooling waters. In a cooling tower, hot water is atomized from the top to produce a stream of fine 

water droplets, which provides large surfaces for water evaporation. Counter-currently, ambient 

air is blown upward from the bottom of the tower as the sweeping gas for water evaporation. 

Since water is over supplied in this process, a portion of the water would evaporate to take away 

the latent heat. As a result, the remaining water is cooled to produce a chilled water stream as the 

feed to a refrigeration system for further cooling or directly recycled to the building or industrial 

facilities as the cooling water.  

In a water-mediated direct cooling process, water is directly put in contact with the 

complimentary medium, i.e., the up-blown air stream. Contamination of air borne dusts and 

bacteria to the recycling water and deposition of mineral due to over evaporation of the recycling 

water are some of the disadvantages of the this approach, among other limitations such the 

bulkiness and noisy nature of a cooling tower [36].  

 

3.3.2.2 Water-mediated indirect evaporative cooling: Multi-layer membrane 

evaporative cooling for personal heat management 

As indicated literally by the name, in a water-mediated indirect evaporative cooling 

process, the cooling medium, i.e., water, is not directly in contact with the complimentary 

medium, i.e., air. Multi-layer membrane evaporative cooling garment [37], which is designed for 

personal cooling, is good example of such a process. 
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As shown in Figure 3-3, a multi-layer layer cooling garment as developed by Rothmaier 

et al.[37] is based on a three layer composite assembled from two hydrophobic membranes 

which are water-proof but vapor permeable with a hydrophilic fabric sandwiched in between. 

Water absorbed by the fabric can evaporate by absorbing the body heat. This design allows the 

garment to be flexible, lightweight, and the laminate’s high adaptiveness makes it possible to 

produce cooling garments even for difficult anatomic topologies. 

The membranes used in this particular design were dense membranes made of 

polyetherester, a co-polymer of hydrophobic ester and hydrophilic ether. These dense 

membranes allow water vapor to diffuse through the bulk polymer, driven by the difference 

between the saturation vapour pressure at the skin temperature and the partial vapour of air in the 

ambient. In such a setting, water is the cooling medium while the ambient air is the 

complimentary medium. 

Advantage for this type of dense membrane is that it can be washed in a standard laundry 

process, without getting blocked by residues like dirt particles, salts from washing powder and 

sweat, etc. In terms of mechanical strength concern similar like micro porous membrane, the 

dense membrane used in this design were very thin (10-15 μm), therefore an air permeable mesh 

was applied on top to protect the membrane. This development has given a great insight for 

membrane material in practical applications. 
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Figure 3-3 Schematic diagrams of three-layer laminate and the principle of water evaporation 

from the reservoir [56] 

 

There are certain limitations for this design to be applied underneath the personal 

protective clothes (PPC). First of all, the cooling capacity was limited by the amount of water 

contained by the hydrophilic fabric, adding water to the laminate when necessary can certainly 

increase the cooling performance. Secondly, the water evaporation was restricted due to high 

level of humidity within microclimate covered underneath the impermeable material of PPC, 

additional desiccant need to be added within the garment to maintain driving force for water 

evaporation. By doing so, the problem of dissipating the adsorption heat from desiccant pad 

effectively will be one of the design challenges.  

Similar concept of using semi-permeable membranes, i.e., waterproof but breathable 

membranes [10] for dissipation of body heat had also been applied in the textile industry for 

weather protective clothing. These clothes allow body-generated moisture to pass the membrane 

while preventing wind and rain from penetrating the fabric thus keeping the body dry [38].   
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3.4 Enhanced evaporative cooling 

When ambient air is used directly to an evaporative cooling process, the capacity of it to 

hold moisture depends on its temperature and moisture content and the cooling efficiency is very 

low under humid conditions. To increase the cooling efficiency of an evaporative cooling system, 

the air, not matter it is used as the cooling medium or as the complimentary medium, could be 

pre-dried (i.e., dehumidified) to enhance the cooling efficiency. Such an evaporative cooling 

process involving the pre-drying of air is called enhanced evaporative cooling. Enhanced 

evaporative cooling are mainly applied where low dew point is required, such as in supermarkets, 

museums, indoor pools, etc., where high humidity can damage assets or where high air quality is 

necessary, e.g., hospitals, laboratories, and pharmaceutical production facilities [39, 40]. While 

desiccant sorption is the most common technology used for air dehumidification, membranes 

may also be used alone or in combination with desiccants to pre-dry air, and therefore enhance 

the cooling efficiency of evaporative cooling processes. 

 

3.4.1 Desiccant cooling 

Desiccant cooling, alias desiccant-enhanced evaporative cooling, is a fast growing 

evaporative cooling technology for sustainable HVAC in buildings and in other applications [3, 

35].  Desiccants are either natural or synthesised materials which are capable of absorbing water 

or water vapor due to the partial vapor pressure difference between desiccant surface and 

surrounding air. Desiccants can be categorized into two main groups, liquid desiccant and solid 

desiccant. Both liquid and solid desiccants have been employed for air dehumidification.   
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3.4.1.1 Liquid desiccant evaporative cooling system 

Liquid desiccant are mostly absorbents. Liquid desiccant dehumidifiers (absorbers), uses 

mostly hygroscopic aqueous solutions, such as tri-ethylene glycol (TEG), CaCl2-H2O, LiBr-H2O, 

LiCl-H2O, etc. Liquid desiccant has been applied into different existing cooling systems, since 

liquid desiccants can undergo more efficient dehumidification at low regeneration temperatures, 

50-70 ºC [41, 42]. Other advantages include smaller pressure drop and easy transportation to the 

source of regeneration unit [43, 44]. One of the examples is called desiccant enhanced 

evaporative (DEVAP) air conditioning [45]. As shown in Figure 3-4, lithium chloride solution 

(LiCl) is used in DEVAP system, it is reported to have 40% and 85% energy savings and 80% 

peak energy demand reduction compared to the most efficient vapor compression air 

conditioners [46]. However, it has a lot of design concerns associated with the actual application 

and is still open to study for specific application conditions.  

 

Figure 3-4 The schematic system of desiccant enhanced IEC system  
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The common problem associated with the liquid desiccant system is the high equipment 

maintenance cost, the air leakage between the dry and wet streams, and the use of large intake air 

stream to absorb the heat released during dehumidification [6]. 

 

 

Figure 3-5 Schematic diagram for liquid desiccant aided vapor compression system 

 

Figure 3-5 shows a combined system of evaporative coolers and mechanical vapor 

compression, which has a higher energy consumption rate than the stand-alone evaporative 

cooling system [35]. However, the energy consumption is lower than that of the conventional 

vapor compression system. One of the drawbacks is the corrosive nature of lithium chloride/ 

lithium bromide solution which makes the regeneration unit more complicated. Also, the 

desiccant solution concentration tends to have a gradient along the collector plate/pipe, which 
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reduces the vapor pressure difference between the solution and the air, making the regeneration 

difficult [35]. 

 

3.4.1.2 Solid desiccant (desiccant wheels) cooling system 

Solid desiccants are compact, having less chance of corrosion and cross-contamination. 

The most popular solid desiccant is silica gel which is a naturally occurring mineral made of 

silicon dioxide (SiO2·xH2O). It has a large surface area of 650 m
2
/g with the pore size ranging 

from 2-3 nm (type A) to about 0.7 nm (type B) and the heat of adsorption that nearly equals to 

2800 kJ/kg [47]. 

One of the typical applications is desiccant wheel (also known as rotary dehumidifier), 

which consists of a slowly rotating wheel impregnated or coated with the solid desiccant into a 

light weight honeycomb or corrugated matrix. This desiccant wheel is usually divided into two 

sections. One part of the wheel treats the incoming air stream while the rest of it is being 

regenerated. Another arrangement used the packing of solid desiccants to form adsorbent beds 

that are exposed to the incoming air stream. However, the bed induces a high pressure drop 

which requires an excessive fan power [48, 49]. 

Common solid desiccants are adsorbents, such as zeolite, silica gel, activated alumina, 

molecular sieves, etc. Those types of adsorbents normally require at least 80-100 °C regeneration 

temperature to achieve sufficient dryness for the next cycle of dehumidification [48, 50, 51]. 

Desiccant wheel has received growing interest because it is compact and fairly corrosive-free 

[52]. Many studies use silica-gel desiccant wheel coupled with a heat exchanger and evaporative 

cooler [53, 54]. 
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Figure 3-6 Schematic of desiccant dehumidification and cooling system (DDCS) [55] 

 

One of the limitations of solid desiccants is the short active lifetime of the desiccant 

material due to the inability to release all of the bound water molecules. Many studies have been 

targeting on developing more effective desiccant material [52]. Among isotherms of common 

solid desiccant, i.e., silica gel, active alumina, molecular sieve, etc, static saturation adsorption 

capacity is all less than 45% [52, 56]. Composite solid desiccants, i.e. silica gel incorporated with 

lithium chloride, or silica gel incorporated with calcium chloride, etc. [57-59] have larger vapor 

absorbency and high diffusion rate constant, and thus exhibit better dehumidification and 

desiccant cooling performance.  

 

3.4.2 Membrane air drying enhanced cooling technology 
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Membrane air drying is an emerging technology for air dehumidification, where the 

membrane acts as a selective barrier to separate moisture from air. For membrane enhanced 

cooling process, the water vapor is usually the permeate, and thus the membranes need to be 

permeable to water vapor and selective to water vapor over other species [60]. During this drying 

process, water vapor molecules are selectively adsorbed by membrane over through the 

membrane over other gas molecule, mainly N2 and O2, and could therefore reduce the moisture 

content of the processed air. Membrane drying is an isothermal process and does not generate 

heat during the permeation of water vapour in the air through the membrane [6].Customized 

membrane which has water-selective feature was studied and tested by Xing’s group [61] and 

others [62, 63]. The dry air produced in such a fashion could be used in place of ambient air for 

both water mediated and air-mediated evaporative cooling and for direct or indirect evaporative 

cooling. It could also be used as a dehumidifier in combination with conventional vapor 

compression refrigerators to enhance the cooling energy efficiency [63].  

 

3.4.3 Membrane assisted desiccant cooling 

Desiccant cooling, whether involves liquid desiccants or solid desiccant has the risk of 

cross-contamination of air stream by the desiccant and the deactivation or contamination of the 

desiccant by the dusts in the air stream. To avoid such difficulties, membrane assisted desiccant 

cooling has proven to be an advantageous approach.  
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3.4.3.1 Membrane assisted liquid desiccant cooling  

Membrane separation technology is also studied for liquid desiccant regeneration process. 

The primary advantage of membrane assisted liquid desiccant cooling is to prevent cross-

contamination by desiccant droplet to the air stream. It also has additional improvements such as 

a modular and smaller scale setup Membrane separation technology is also studied for liquid 

desiccant regeneration process, the primary advantage of membrane assisted liquid desiccant 

cooling is to prevent cross-contamination by desiccant droplet to the air stream. It also has 

additional improvements such as a modular and smaller scale setup, better drying efficiency [64], 

etc. The detailed thermodynamic process is therefore analyzed. 

Researchers have developed prototypes for HVAC devices using porous membranes with 

pore sizes ranging from 0.03 to 1 μm. Abdel-Salam et al. [65] reported a membrane liquid 

desiccant air conditioning system. In the system, the dehumidifier and regenerator act as the 

liquid-to-air membrane energy exchangers [4] in counter-current mode as shown in Figure 3-7. 

The proposed membrane is made of flat-sheet PTFE membrane. Simulation has shown that it is 

capable of achieving recommended supply air conditions for productive, comfortable and healthy 

environments. It is also recommended to set the desiccant solution inlet temperatures to the 

dehumidifier and regenerator at 15-20 ºC and 45-55 ºC.  
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Figure 3-7 Schematic diagram of a membrane liquid desiccant air conditioning system [65] 

 

A hollow fiber membrane dehumidification module has been developed by Zhao et al. [5] 

of the National University of Singapore to be operated under a vacuum of 0.78 bar at the lumen 

side. Polyacrylonitrile (PAN)/PDMS composite hollow fiber membrane was fabricated and used 

in their study.  

 

3.4.3.2 Membrane assisted vacuum desiccant cooling 

A portable personal cooling garment based on vacuum desiccant cooling (VDC) was 

developed in our lab [66] and shown in Figure 3-8A. It is composed of four main components, 

i.e., a cooling core, a spacer, an abosrption core and an outer bag. The cooling core was a hybrid 

bag containing pre-determined amount of water made of soft impermeable plastic water bag with 

one side replaced with semi-permeable Teflon membrane. A piece of soft cotton cloth (Towel III) 
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was used to cover membrane for protection. A piece of perforated aluminum foil was used on top 

of Towel III to minimize the radiation heat transfer from the hot absorpiton core to the cold 

cooling core. The spacer made of honeycomb served to separate cooling core from absorption 

core. The absorption core was composed of two layers of cotton towel glued together with 

lithium chloride powder being sandwiched in the middle of them. An outer bag was made of a 

plastic bag connected to vacuum pump for initialization. This VDC garment required 5 minute 

initialization period to allow system reach desired vacuum pressure, and then garment was sealed 

and disconnected with vacuum pump. It was designed to operate power-off to ensure the 

portability. 

 

Figure 3-8 Schematic diagrams of A: the cross-section view of vacuum desiccant cooling pad. B: 

cross-sectional view of absorption core and cooling core. [66] 
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The vacuum desiccant cooling utilized the evaporation of water for cooling and employs 

desiccants to remove the moisture in a closed space to maintain the driving force for water 

evaporation. A key component in this design is the vacuum gap, which separates the cold water 

layer from the hot desiccant layer. It not only facilitates the diffusion of vapor molecules from 

the water layer surface to the desiccant layer surface to increase the cooling capacity but also 

minimizes the heat transfer from the desiccant layer to the water layer. It should be pointed out 

that, in application, the water layer would be facing the skin of wearer while the hot desiccant 

layer the ambiance. Since the vacuum gap minimize the heat transfer from the latter to the 

former, heat would dissipate mainly, if not solely, from the desiccant layer to the ambience and 

will have little impact on the cooling performance. Being further away from the water layer than 

the desiccant layer, the ambience temperature would have little impact on the overall cooling 

performance except its influence on the heat dissipation and temperature of the desiccant layer. 

 

3.4.3.3 Membranes for membrane-assisted desiccant cooling   

Needless to say, membranes are a key component of membrane-assisted desiccant 

cooling and a large variety of different membranes are available thanks to the fast development 

in membrane technology. Some key membrane properties are summarized below for applications 

in membrane-assisted desiccant cooling, i.e., membrane assisted desiccant cooling and 

membrane-assisted vacuum desiccant cooling.  

1) Liquid entry pressure (LEP) 

The major function of the membrane in a membrane-assisted desiccant cooling system, 

no matter it is a continue liquid desiccant system for HVAC or a membrane-assisted VDC for 
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personal cooling, is two-fold: 1) holding the desiccant in place to avoid cross contamination, and 

2) provide large surface for vapor absorption. For such an application, liquid entry pressure of 

water (LEPw), which is defined as the pressure difference across membrane required for the 

liquid water to enter the membrane pores, is an important parameter. In fact, it must be large 

enough to prevent the desiccant solution from leaking under the intended operational conditions. 

LEP depends primarily on the maximum pore size and the hydrophobicity of the 

membrane, Laplace (Cantor) equation can be used to calculate LEP [67]. For vacuum induced 

evaporative cooling, e.g., VDC, the membrane LEP needs to be at least 1 bar. 

𝐿𝐸𝑃 =
−2𝛾 cos 𝜃

𝑟𝑚𝑎𝑥
         (3.1) 

Where 𝛾 is the liquid surface tension, 𝜃 is the liquid contact angle at membrane surface, 

and 𝑟𝑚𝑎𝑥 is the largest pore size (radius). 

 

2) Flux 

Since the vapor molecules from the water layer must diffuse across the membrane before 

being absorbed by the desiccant on the other side, the flux of vapor transportation across a 

particular membrane under given conditions is another key parameter in determine the suitability 

of the membrane for application in membrane-assisted desiccant cooling. The membrane 

permeation flux can be calculated by equation 3.2. It is one of the most important parameters for 

membrane, since it directly related to the cooling performance.   

𝐽 = K ∗ (P𝑊
𝑠𝑎𝑡 − P𝐷

𝑠𝑎𝑡)                      (3.2)  
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Where J, in unit of 
𝑘𝑔

𝑚2ℎ
 is the evaporation flux; K, in unit of

𝑘𝑔

𝑚2ℎ𝑃𝑎
, is the mass transfer 

coefficient; P𝑊
𝑠𝑎𝑡 and P𝐷

𝑠𝑎𝑡, in unit of Pa, is the saturation vapor pressure of water at the water 

layer temperature and the saturation vapor pressure at the desiccant surface, respective. The 

vapor pressure difference represents the driving force for vapor transfer through membrane. 

 

3) Membrane durability  

Polymeric membranes are usually fragile, and if not used properly, can be damaged. 

Researchers have been conducting studies to improve the physical properties of the membrane 

by incorporating additives to the membrane casting dope, casting the membrane on a support 

material, etc. Rother et al. [38] reported development of the self-sealing and puncture resistant 

breathable membrane for water evaporation applications. In one of our previous studies, a 

supported membrane with much mechanical strength was developed for application at the 

temperature typical for membrane-assisted desiccant cooling [68], which was further improved 

by employing polymers of different molecular weights [69], and by adding nanoparticle to create 

a favorable structure [70]. 

 

4) Membrane configurations 

There are typically two forms of membrane configurations: flat-sheet membranes and 

hollow fiber membranes. Flat-sheet membranes are sheets which are usually have a thickness in 

an order of 100 μm [60]. Both flat-sheet and hollow fibre membranes have found application in 

membrane-assisted desiccant cooling. For instant, Woods et al. [71] reported a membrane 

absorption heat pump module (shown in Figure 3-9), which contains two rows of hollow fibers 
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with stagnant air in between to reduce conductive heat transfer. This system is designed to work 

at atmospheric pressure. One of the benefits of this membrane heat pump is that the air gap can 

prevent heat transfer from the hot desiccant solution side to the cooled water side, and thus 

potentially reduce cost, and requires less complex equipment. On another development, the VDC 

shown in Figure 3-8 employs plat-sheet membranes on the water bag.  

 

Figure 3-9 Membrane heat pump prototype manufactured by Applied Membrane Technology, Inc. 

(AMT) [72] 

 

3.5 Thermodynamic analysis - psychrometric chart 

The psychrometric chart is a graphical representation that describes the relationships 

between the air temperature and relative humidity at constant pressure. Specifically, 

psychrometric processes include physical and thermodynamic properties, including dry bulb 

temperature (DBT), wet bulb temperature (WBT), relative humidity, enthalpy, moisture content 

and air density (usually shown as humid volume with unit of m
3
/kg dry air on chart). The wet-

bulb temperature (WBT) is defined as the temperature a volume of air would have if cooled 



47 

 

adiabatically to saturation by evaporation of water into it, all latent heat being supplied by the 

volume of air. In contrast, the dry-bulb temperature (DBT) is the temperature of air measured by 

a thermometer freely exposed to the air but shielded from radiation and moisture. DBT is the 

temperature that is usually thought of as air temperature. 

As shown in Figure 3-10, the DBT is represented as vertical line in the chart, air 

temperature increases from left to right; WBT is indicated at diagonals, and similarly like DBT, 

diagonal lines also represent enthalpy at saturation lines with unit of kJ/kg dry air, both of them 

increase from left to right; moisture content with unit of kg/kg dry air is represented as horizontal 

lines on the chart; another important property indicated on psychrometric chart is relative 

humidity lines. Lines are curves, 100% curve on the left side, shown as the left bound line on 

Figure 3-10. These curves usually shown in intervals of 10, and decrease moving downward (not 

presented in Figure 3-10 for ease graph reading), till the 0% line completely overlap with the 

bottom bound (DBT bound) of the figure.  The ASHRAE-style psychrometric chart was 

pioneered by Willis Carrier in 1904, and it is often used as a graphical equation of state [73] in 

thermodynamic analysis for cooling process. 

The principles of previously described evaporative cooling processes can be expressed in 

psychometric chart. The direct evaporative cooling is a constant enthalpy process, also known as 

adiabatic process, where water evaporation takes place within the volume of air that is the object 

of cooling. The process of direct evaporative cooling is presented by the psychrometric chart on 

the left side of Figure 3-10. The black arrow points to the cooling process direction, which is on 

an isenthalpic line. At the end of the cooling process, The WBT is constant (shown as WB1 in 
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Figure 3-10), while the DBT drops from DB1 to DB2. The direct cooling process can be 

expressed by the following energy balance equation: 

 

(𝑚𝑊𝐵𝑇 − 𝑚0) ∗ 𝐻𝑒𝑣𝑎𝑝 = (𝑇0 − 𝑇𝑊𝐵𝑇) ∗ 𝐶𝑝,𝑎𝑖𝑟     (3.3) 

where   𝑚𝑊𝐵𝑇 is the moisture content of the air at saturation (WBT) and 𝑚0 the initial 

moister content of air (unit 𝑘𝑔𝐻2𝑜/𝑘𝑔𝑑𝑟𝑦 𝑎𝑖𝑟); 𝐻𝑒𝑣𝑎𝑝 is the latent heat of water evaporation at 

particular temperature and pressure, 𝑇0 is the initial air temperature (K), 𝑇𝑊𝐵𝑇 is the saturated air 

temperature (K), and 𝐶𝑝,𝑎𝑖𝑟 is specific heat of air (J/kg∙K). 

For an indirect evaporative cooling process, water evaporation takes place in an air 

volume (or stream) that is different from the air volume that is to be cooled. As a result, both the 

DBT and WBT of the cooled air are reduced while the moisture content of it is not affected. In 

the process, heat is removed from the cooled air, resulting in enthalpy decrease of it. As shown in 

the psychrometric chart on the right side of Figure 3-10, the indirect evaporative cooling process 

follows the horizontal black line with arrow head. As pointed out earlier, the moisture content of 

the cooled air is maintained constant while the dry bulb temperature decreases from DB1 to DB2. 

Furthermore, the dew-point temperature (DPT) is highlighted at the intersection point of the 

extended DBT line and the WBT curve, is much lower than DB2. DPT is the temperature at 

which water vapor starts to condense out the air, at which air becomes completely saturated. A 

DPT that is much smaller than the DBT shows that the air relative humidity is low, which could 

be advantageous in certain applications. 
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Figure 3-10 Psychrometric diagram for direct evaporative cooling (left) and indirect evaporative 

cooling (right) 

 

The hybrid membrane air drying/indirect evaporative cooling can be expressed on the 

psychrometric chart shown in Figure 3-11(left). In the first step, i.e., air drying, the state of the 

air moves along a vertical line downward (from 1-2), during which the moisture content of air 

(i.e., the humidity) drops while the dry bulb temperature remains the same. In the second step of 

indirect evaporation, the state of the air moves along a horizontal line pointing left (from 2 to 3), 

where the humidity ratio remains the same, at the end of this line when it meets the 100% 

relative humidity curve (left bound of the chart), it represents the dew point temperature (DPT) 

for the processed air. The DBT of the air drops in the heat exchanger in this step.  
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Figure 3-11 Psychrometric chart for membrane air drying direct evaporative cooling process (left) 

and for membrane assisted desiccant drying direct evaporative cooling process (right) 

 

Multi-layer membrane evaporative cooling process described previously in section 3.3.2 

is similar to direct evaporative cooling, it uses membrane as a physical barrier for liquid phase 

and evaporated water vapor phase. If assuming no heat exchange with ambience, and the system 

is closed, e.g., the microclimate environment underneath the impermeable protective clothes to 

be cooled by evaporative cooling garment, the process could be then described as adiabatic 

process, which follows the isenthalpic diagonal line on the psychrometric chart on the left side of 

Figure 3-10. 

For membrane assisted desiccant cooling process described in section 3.4.3, desiccant 

releases heat during water absorption process, and air is heated up through membrane material 

by heat conduction. A psychrometric chart can be used to describe this process shown as Figure 

3-11 (right). During the first step where processed air is dried by liquid desiccant, the process 

follows the 1-2 direction on Figure 3-11 (right), with the moisture content in the air reduce and 
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the DBT of air increased, and the second step is indirect evaporative cooling process which 

follows the horizontal line (from 2-3) line. 

 

3.6 Conclusions 

A large variety of different evaporative cooling technologies have been developed in the 

past decades for applications in industrial process cooling, HVAC, microclimate cooling, and 

other areas. They are characterized as processes harness the latent heat of water evaporation for 

the creation of a cooling medium, whether it is air or water. A novel approach is proposed to 

classify these different evaporative cooling technologies. While ambient air has been used for 

different evaporative cooling processes such as cooling tower, enhanced evaporative cooling by 

means of air dehumidification using membranes, desiccants, or the combination of membranes 

and desiccants could greatly increase the cooling efficiency and minimize the side effects in 

association with the high humidity and in some scenario the cross-contaminations inherited from 

ambient air evaporative cooling.  
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4.1 Abstract 

Life support device, specifically vacuum desiccant cooling device requires hydrophobic 

micro-porous membranes with high liquid entry pressure of water (LEPw), high mechanical 

strength and large vacuum distillation flux in the temperature range of 10-30 ºC. To achieve this 

goal, membranes were prepared by casting polyvinylidene fluoride (PVDF) on various non-

woven fabric (NWF) materials using the immersion precipitation technique at the ambient 

temperature. Four porous polyester NWF materials were tested as the membrane support 

materials which were characterized by the SEM analysis and by measuring the contact angle and 

porosity. The PVDF coated membranes were also characterized by the SEM image analysis and 

LEPw. Finally, the coated membranes were tested for vacuum membrane distillation (VMD) 

performance at a relatively low feed temperature of 30 ºC. Results of this study revealed a 

significant impact of NWF materials on VMD performance. A proper NWF material lead to a 

much enhanced VMD flux of the PVDF coated membrane that was approximately 15 times of 

the unsupported PVDF membrane. These results suggest that the spongy-like layer may have 

strong impacts on the flux of membrane distillation. The studies provide understanding VMD 

phenomenon and provide new insights for development of coated membranes used for the life 

support device. 

 

Key words: Vacuum membrane distillation; support material; PVDF membrane; 
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4.2 Introduction 

Membrane technology is of great interest in diverse applications such as sea water 

desalination, power generation and storage, greenhouse gases removal, semiconductor 

technology and medicine [1].
 
Membrane distillation is one of the most important applications for 

hydrophobic membranes, such as seawater desalination [2, 3],
 
wastewater treatment [4-6], 

extracting volatile organic compounds from dilute aqueous solutions [7],
 
degassing, etc. 

Hydrophobic polymeric membrane are also used in various setups like evaporative cooling [8, 9] 

and vacuum desiccant cooling (VDC) [10].
 
One of the popular options for producing this type of 

membrane is coating the hydrophobic polymeric layer over a porous support such as non-woven 

fabric (NWF) for strengthened mechanical property and resilience [11].
 
Permeation flux, 

mechanical strength, stability under operating condition and fouling resistance are some of the 

important properties affecting performance, as well as applicability and life-span of membranes 

[12-15].
  

Many researchers have shown a great interest on optimization of the performance of the 

membrane with a coated layer recently and most of these works are focused on optimizing the 

coated layer. For instance, researchers have attempted to increase the flux by adding different 

non-solvent additives in the coagulation bath, adjusting the temperatures of the casting dope and 

coagulation bath [16], adding surface modifying macromolecules into dope solution [17],
 
etc. 

However, it has been recognized that NWF not only improves mechanical strength, but other 

properties of NWF such as material, diameter and length of the fiber, pore size distribution, air 

transmission coefficient and surface roughness also play important roles in membrane 

performance [18].
  
Only a few studies have been addressed from the existing literature about the 
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effects of backing material on the performance of the coated membrane. A notable exception is 

the work done by Lohokare et al. [19] on the effect of NWF on ultrafiltration membrane 

performance by comparing the woven and nonwoven supports. The effects of pre-treatment of 

the backing material on the membrane performance were also studied by Zhang et al. [18] 

whereby two approaches to prepare a membrane of high rejection were proposed. 

We recently reported that the hydrophobic membrane with high liquid entry pressure of 

water (LEPw) (larger than 3 bar) is desirable for the application in personal cooling garment [10]. 

Izenson et al.
 
[20] also reported the use of membranes of similar feature as part of their thermal 

and humidity control system for space suits. In their approach, they have used an expanded 

polytetrafluoroethylene (PTFE) laminate which can stand vacuum pressure while having 

sufficiently high vapor flux. Recognizing that PTFE is extremely inert as well as thermally stable, 

because of the nonpolar and nonreactive feature resulted from even distribution of fluorine atoms, 

it is however, on the other hand, difficult for anything to bond to it, and that’s why PTFE 

(Teflon
®
) is well-known as a non-sticking and easy-to-clean product. This non-reactivity makes 

PTFE membrane less possible of fusing with other material, and therefore less processaibility for 

setups which require membrane to be fabricated with other material. Polyvinylidene fluoride 

(PVDF), on the other hand, has similar feature with PTFE (hydrophobic, thermal stable, good 

chemical compatibility, etc.), and also have better adaptability for fabrication process.  

For this reason, PVDF is an excellent membrane material choice for life support device. 

Design criteria is based on human trial tests of personal cooling garment application from our 

previous study, the desirable water vapor flux requirement is around 0.56 L/m
2
h, and operating 

feed temperature is as low as around 30 C, membrane is required to have high LEP (larger than 
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3 bar), improved water vapor flux, and improved robustness. Moreover, PVDF membrane, as a 

popular membrane material, has been widely studied in different applications for improved 

performance. Interested readers may find literatures on PVDF membranes [21]. Operating at low 

feed temperature (10-30 C) for evaporative cooling purpose in life support device is relatively a 

new field of application, requiring for further deeper study for the new challenges. The 

presenting study is focused on these specific features requirement for PVDF development.   

Recognizing the importance of support material that affects the performance of the coated 

membrane, and less studies have been reported from literature, the specific objective of this 

research is to investigate and understand the effect of backing materials on the morphology and 

vacuum membrane distillation (VMD) performance of coated PVDF membranes for life support 

device. However, more research is required for development of high performance membranes, 

which are a key component for VDC technology, improving high performance membranes with 

features including robustness and cost-effective purpose which will further enhance life support 

device development.  

 

4.3 Experimental  

4.3.1 Materials 

Polyvinylidene fluoride (PVDF) (Kynar 740, Arkema Inc., Philadelphia, PA) was used as 

the base polymer. Dimethylacetamide (DMAc) supplied by Sigma-Aldrich of 99% purity was 

used as the solvent. Four non-woven fabric (NWF) polyester materials were used as the support 

materials for the membrane fabrication. Three of them, Hollytex
®
 3396, 3329, 3229 (Kavon 
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Filter Products Co., Farmingdale, NJ), were kindly provided by the National Research Council, 

Ottawa, ON. The forth NWF support material was supplied by the Teijin Ltd. (Osaka, Japan), 

and quoted by its product number E055100-85. Those support materials are coded as 3396-

support (A), E055100-85-support (B), 3329-support (C), and 3229-support (D) hereafter. 

 

4.3.2 Polymer characterization by average molecular weights measurement 

The weight average molecular weight (Mw) and polydispersity index (PDI = Mw/Mn) of 

PVDF material was determined by the Younglin ACME 9000 gel permeation chromatography 

(GPC) in dimethyl formamide (DMF) at 40 C with flow rate 0.5 ml/min on two polystyrene gel 

columns [PL gel 5 m 10E 4 Å columns (300x7.5 mm)] connected in series to a Younglin 

ACME 9000 Gradient Pump and a Younglin ACME 9000 refractive index (RI) detector. The 

columns were calibrated against seven poly (methyl methacrylate) (PMMA) standard samples 

(Polymer Lab, PMMA Calibration Kit, M-M-10). The Mw and PDI of Kynar
®
 740 is 410 kD 

and 2.34, respectively. 

 

4.3.3 Membrane preparation 

Flat sheet PVDF membrane was prepared by the immersion precipitation method [22] 

using the casting dope with a composition of PVDF 15 wt. % and water 1.25 wt. % in DMAc. To 

prepare the casting dope, PVDF, DMAc and water were mixed in a container, which was rotated 

at 180 rpm at 50 ºC for 24 h to ensure complete dissolution of the polymer. To make an 

unsupported membrane, the dope was cast at room temperature over a glass plate to a thickness 
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of 0.25 mm, using a casting blade at a casting speed of around 6-7 cm/s, followed by immersing 

the cast film together with the glass plate into the coagulation bath (distilled water, ambient 

temperature) within 5 s. During gelation, the cast film solidified on the glass plate. The 

membrane was then taken out of the coagulation bath and dried at room temperature before 

being subjected to characterization and performance testing. This membrane is coded as PVDF-

unsupported membrane. 

When the membranes supported by the support materials were fabricated, a selected 

support material was used instead of the glass plate. The other fabrication procedure was the 

same as the unsupported membrane. The membranes so fabricated are coded as PVDF-3396-

coated, PVDF- E055100-85-coated membrane, PVDF-3329-coated and PVDF-3229-coated, 

respectively. 

 

4.3.4 Scanning electron microscopy (SEM) measurement 

The top surface of both non-woven polyester support materials and PVDF coated 

membranes was investigated by SEM (VegaII XMU, Tescan, PA). Au/Pd alloy was used to coat 

the samples by sputtering. SEM images were also used to obtain the pore size for PVDF coated 

membranes, followed by the ImageJ analysis proposed by Gribble et al. [23] and Zhao et al. [24] 

The ImageJ software (National Institute of Health, USA) was used in this study,
 
assuming every 

pore is shaped like a circle [25]. Ten individual pores were chosen to calculate the pore size and 

the average value was recorded to minimize errors.  

As well, the surface roughness of the support NWF material was investigated with the aid 

of the ImageJ software, following the approach discussed by Banerjee et al. [26] The 
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micrographs were taken at 100 for backing materials and 15k for the PVDF coated 

membranes; it has been proved by Banerjee et al.
 
[26] that different magnifications of the 

micrographs provide similar results. 

4.3.5 Porosity measurement 

The porosity of the support NWF materials was measured by the pre-described methods 

[27]. As the NWF polyester support materials are quite hydrophobic, water did not enter the 

pores, hence instead of water uptake, dimethylsulfoxide (DMSO) uptake tests were performed to 

calculate porosity. The swelling effect caused by DMSO to the pore structures were considered 

to be minor in this case. The support material was immersed in DMSO for 24 h to complete the 

wetting process. The weight of the support sample was measured before (dry) and after wetting 

with DMSO. The porosity can be calculated by the following equation: 

 

 (%) =
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
=

(𝑚𝑠−𝑚𝑑)

𝐴∗𝐿∗𝜌
      (4.1) 

Where ms and md are the weight of the wet and the dry sample, respectively.  

The thickness of the support material was measured by a digital micro-meter before 

immersion into DMSO. Five measurements were conducted for each type of support material to 

minimize the experimental error. 

 

4.3.6 Contact angle measurement for calculation of surface energy  



66 

 

The contact angle of the support materials and the PVDF coated membranes was 

measured by using A VCA Optima Surface Analysis System (AST Products Inc., Billerica, MA). 

The measurement was done by dropping 0.2 µL of liquid on the sample surface by using a 

micro-syringe (Hamilton Co., Reno, NV). Contact angles of ten randomly chosen locations were 

recorded and the average value was calculated to eliminate experimental errors. 

Three liquids of  different polar/nonpolar properties were used to measure the contact 

angel for the purpose of calculating the surface energy. The three liquids are deionized water, 

ethylene glycol (EG) and diiodomethane (DIM). 

The surface free energy of the solid γS, was calculated, for each support material, by the 

Van Oss-Chaudhury-Good method proposed by Van Oss et al. [27] According to their method, 

𝛾𝑆  is divided into two components, one includes the long-range interactions called the Lifshitz-

van der Waals component (𝛾𝑆
𝐿𝑊), and the other contains the short-range interactions (acid-base) 

called the acid-base component (𝛾𝑆
𝐴𝐵). The equation is as followed:  

  

𝛾𝑆 = 𝛾𝑆
𝐿𝑊 + 𝛾𝑆

𝐴𝐵 = 𝛾𝑆
𝐿𝑊 + 2(𝛾𝑆

+𝛾𝑆
−)

1

2              (4.2)  

It is noted that 𝛾𝑆
𝐴𝐵 is further divided into 𝛾𝑆

+and𝛾𝑆
− , the Lewis acid and Lewis base 

component. 

In order to calculate the surface free energy, the following Young-Dupré equation is used 

[28].  

 

(1 + cos 𝜃)𝛾𝐿 = 2√𝛾𝑆
𝐿𝑊𝛾𝐿

𝐿𝑊 + 2√𝛾𝑆
+𝛾𝐿

− + 2√𝛾𝑆
−𝛾𝐿

+          (4.3) 
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Where θ is the contact angle, γ’s have already been defined except for the subscript L 

which is for liquid.  

The method to obtain the surface energy components  𝛾𝑆
𝐿𝑊 , 𝛾𝑆

+ and  𝛾𝑆
−  of a given 

membrane is as follows. From the experimental contact angle data for three different liquids 

(water, EG and DIM) three simultaneous equations are written by using equation (4.3). In the 

equation numerical values are known for (𝛾𝐿, 𝛾𝐿
𝐿𝑊, 𝛾𝐿

− and 𝛾𝐿
+) as summarized in Table 4-1. Then, 

the three simultaneous equations can be solved in terms of three unknowns:𝛾𝑆
𝐿𝑊, 𝛾𝑆

+ and 𝛾𝑆
−. As 

for the PVDF coated membranes, only the contact angle of water was measured. 

 

Table 4-1Van Oss, Chaudhury and Good Surface Tension Parameters of Liquids used in this 
Study  

Liquid properties 

(mJ/m
2
) 

Water Ethylene Glycol Diiodomethane 

L 72.8 48 50.8 

L
LW

 21.8 29 50.8 

L
+
 25.5 1.92 0 

L
-
 25.5 47 0 

 

4.3.7 Liquid entry pressure of water (LEPw) measurement  

Membranes for the vacuum desiccant cooling device need to be operated under vacuum 

with concerns of potentially large local pressure. Therefore, the liquid entry pressure (LEPw) of 
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the VDC membrane is a governing parameter for it. The membrane with LEPw lower than 3 bar 

is considered as a failure in this study. LEPw was measured for all the PVDF coated and 

unsupported membranes using the LEPw test set-up. The membrane cell was a stainless steel 

filter holder with a reservoir of 200 ml and an effective membrane area of 13.1 cm
2
.  

A dry membrane sample was placed on a sintered metal plate which was at the lower end 

of the membrane cell, and the liquid reservoir was filled with water. Compressed gas (nitrogen) 

was supplied to the reservoir from the nitrogen cylinder, and the pressure was increased by using 

a precision pressure regulator at a speed of 2 psi per 10 min until water started to flow 

continuously from the testing cell outlet. At this point, the LEPw value was read from the 

pressure gauge. For each membrane sample, three measurements were made and the average 

value was recorded. 

 

4.3.8 Permeation flux measurement by vacuum membrane distillation (VMD) setup  

The equipment used for VMD consists of a cylindrical permeation cell with a feed 

chamber of about 300 mL wrapped with a heating tape for temperature control in a range of 22 to 

35 
o
C. The temperature was measured by inserting a thermocouple to the feed chamber. The 

membrane was mounted to the bottom of the feed chamber. The vacuum was applied to the 

permeated side of the membrane via two cold traps. The permeate line was switched from cold 

trap 1 to cold trap 2 to collect the condensate after the system  reached steady state in about 30 

min. The feed side and the permeate side pressure were maintained at atmospheric pressure and 

0.038 bar, respectively. The permate flux was calculated by: 
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𝐽 =
𝑊

𝐴𝑡
                    (4.4)  

Where J, in unit of 
𝑘𝑔

𝑚2ℎ
 is the evaporation flux; W, in unit of kg, is the mass of vapor 

condensed in the trap 2; A, in unit of m
2
, is the membrane area; t, in unit of h, is the operation 

time. 

 

4.4 Results and discussion 

The SEM top view and the two-dimensional pixel brightness graph of the four NWF 

materials are shown in Figure 4-1.
 
From the figure it is observed that the fibers of the NWF 

material 3396 (coded as A in Figure 4-1) are flattened and most densely packed. The fiber 

diameter of 3396-support is the largest among all, and E055100-85-support (coded as B in 

Figure 4-1) appears to have the smallest fiber diameter while those of 3329-support (coded as C 

in Figure 4-1) and 3229-support (coded as D in Figure 4-1) are in between.  

The intensities of pixels along a line drawn on the NWF material surface are shown at the 

right side of Figure 4-1, representing brightness intensity vs. distance. Looking at the figure, 

3396-support (A) and E055100-85-support (B) are clearly distinguished from 3329-support (C) 

and 3229-support (D) by the following two features: (i) The average of the pixel brightness is 

higher for 3396-support (A) and E055100-85-support (B); The average pixel intensities of A, B, 

C, and D are 130, 130, 70, and 70, respectively; and (ii) The peaks of 3329-support (C) and 

3229-support (D) are broader and reach the bottom (Gray value = 0) more frequently than 3396-

support (A) and E055100-85-support (B), meaning that the void spaces of 3329-support (C) and 

3229-support (D) are larger and penetrate deeply to the bottom.  
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Figure 4-1 Top SEM images for 3396-support (A), E055100-85-support (B), 3329-support (C), 

3229-support (D), and the line profiles. 

The contact angle data are plotted in Figure 4-2. It seems that 3396-support (A) and 

E055100-85-support (B) are remarkably different from the other two NWF materials with 

smaller contact angle for water and larger contact angle for diiodomethane (DIM). Since water is 

the most polar and DIM is the least polar liquid among the liquids used for the contact angle 
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measurement, the above results indicate that the surface of 3396-support (A) and E055100-85-

support (B) are less polar.  

 

 

Figure 4-2 Contact angles for water, ethylene glycol (EG), and diiodomethane (DIM) on four 

non-woven fabric materials. (Contact angles for EG and DIM on non-woven fabric material C are both 

zero.) 

The calculated surface energies are summarized in Table 4-2. The NWF 3396-support (A) 

and E055100-85-support (B) have the two lowest values among all the NWF materials. Since the 

contact angle is largely affected by the surface morphology [29], it is currently unknown if the 

surface energy represents the chemistry or the morphology of the NWF material. It can however 

be said the low surface energy enabled the wetting of the NWF material surface by DMAc, 

which is known to be a polar solvent. 
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Table 4-2 Thickness, porosity, surface energy, and work of adhesion results for four support 
NWF materials. 

NWF material A B C D 

Thickness 

(x10
-4 

m) 

1.85 0.87 1.51 1.28 

Porosity 

 (%) 

11.56 

0.80 

34.00 

6.28 

47.15 

4.80 

18.92 

0.85 

Surface energy 

 (mJ/m
2
) 

44.23 37.46 53.53 48.15 

 

The SEM images of the coated PVDF membrane top view are given in Figure 4-3. The 

surface of the PVDF-3329-coated membranes has developed some micro-cracks as can be 

observed clearly in Figure 4-3 C. These SEM images can be used to evaluate the pore size using 

the ImageJ software [23-25]. The results presented in Table 4-3 show that the pore sizes of all 

the studied membranes were about 0.1 µm. 

The water contact angles are shown in Table 4-3 for all PVDF-coated membranes 

together with that of the unsupported PVDF membrane. The contact angles of PVDF-3396-

coated (A-coated) and PVDF-E-055100-85-coated (B-coated) membrane and the unsupported 

membrane had similar contact angles, which were larger than that of the PVDF-3329-coated (C-

coated) and PVDF-3229-coated (D-coated) membrane. These results suggest that the support 

materials did not have significant impact on the A-coated and B-coated membranes. However, it 

affected the surface properties of the C-coated and D-coated membranes. This observation 

coincidence with the observation that some casting solution passed through the entire thickness 

of the support material in the fabrication of the C-coated and the D-coated membranes whereas 

in the case of the A-coated and B-coated membranes, casting solution did not pass through the 
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entire thickness of the support material. It appears that the significant penetration of casting 

solution in fabrication of C-coated and D-coated membrane resulted in higher roughness of the 

membrane surface, which led to lower contact angles according to Wenzel’s equation [30]. On 

the other hand, the limited penetration of casting solution in the fabrication of A-coated and B-

coated membranes allowed the making of A-coated and B-coated membranes with surface 

properties very similar to the supported membrane. This is consistent with the observation that 

extremely small LEPw (less than 1 bar) was obtained with C-coated and D-coated membrane, 

which were confirmed by SEM images to have defects such as micro-cracks and pinholes. The 

significant penetration of casting solution through the C-support and D-support can be attributed 

to their surface unevenness, which is characterized by wide and deep valleys with thick fibers in 

the NWF. Thus the rough surface decreased the contact angle accordingly to Wenzel’s equation, 

which predicts the contact angle on a rough surface would be smaller than on a smooth surface 

for the same material [30]. Nevertheless, it should be cautioned that the error ranges involved in 

the contact angles were large and the difference between the contact angles of composite 

membrane cast on different NWF materials may not be significant. It should be noted that 

although PVDF is a hydrophobic material, the contact angles of PVDF membranes were less 

than 90
o
. While this seems to contradict the intuitive thinking that the contact angle of a 

hydrophobic material should be equal or larger than 90
o
, however it is consistent with the 

observation of many other researchers [31-34]. For instance, the contact angle of UF membrane 

prepared from 19 wt. % PVDF using DMAc solvent by phase inversion method was reported to 

be 83.64º [33]. Similarly, the contact angle was 78º for a UF membrane prepared from 16 wt. % 

PVDF using DMF solvent by phase inversion method [34].  
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Figure 4-3 Top SEM images for PVDF coated membranes and unsupported membrane. (A: 

PVDF-3396 coated; B: PVDF-E055100-85 coated C; PVDF-3329 coated; and D: PVDF-3229 coated 

membrane.) 

 

The VMD vapor fluxes are shown in Figure 4-4 for A-coated, B-coated and the 

unsupported membrane. The other two coated PVDF membranes (i.e., C-coated and D-coated) 

were unable to be used for VMD due to their low LEPw values (less than 1 bar). The obtained 

vapor fluxes were 0.263 L/m
2
h and 1.2325 L/m

2
h for A-coated and B-coated membrane, 

respectively, at the feed temperature of 30 ºC. It is worth noting that the B-coated membrane 

exhibited a much higher flux (4.7 times higher at the feed temperature of 30 ºC) than A-coated 

membrane in the entire temperature range tested, i.e., from 25-35 ºC. This can be attributed to the 

smaller thickness and larger porosity of the B-support, as listed in Table 4-2, resulting in less 

resistance to the vapor transport than A-support.  
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Table 4-3 Contact angle, LEPw, and VMD flux of the PVDF coated membranes. 

Membrane A-coated B -coated C-coated D-coated Unsupported 

Pore size 

(m) 

0.092 

0.015 

0.11 

0.019 

0.14 

0.013 

0.09 

0.019 
N/A 

Water 

contact 

angle (°C) 

81.1 

4.2 

87.7 

7.7 

78.9 

8.7 

78 

3.6 

81.4 

13.8 

LEPw 

(psi) 

74 

6 

70 

8 

4.5 

0.5 

9.5 

0.5 

70 

10 Flux at 

30°C (L/m
2 

h) 

0.263 

0.028 

1.2325 

 0.107 
N/A N/A 

0.08 

0.317 

 

 

 

Figure 4-4 Vapor flux of A-coated, B-coated, and unsupported PVDF membrane.  
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It is worth noting that the unsupported membrane had a much lower VMD flux in the 

temperature range of 25-35 ºC (Figure 4-4) in comparison with both the A-coated and B-coated 

membranes. For instance, at 30 C, the unsupported membrane had a flux of 0.08 L/m
2
h, which 

was only one third of the flux of the A-coated membrane (0.263 L/m
2
h), and 6.5% of the B-

coated membrane (1.2325 L/m
2
h). These results strongly indicate that properly selected NWF 

material could improve the structure of the coated membrane layer and therefore the overall 

VDM performance. One of such improvements could be that the pores of the supported 

membrane may not shrink as much as that of the unsupported membrane during the drying 

process in membrane fabrication due to the anchoring effects of the NWF material, minimizing 

pore size reduction. 

B-coated membrane has significantly improved the fluxes comparing to the A-coated 

membrane. This could be explained by the NWF physical properties data shown in Table 4-2. B-

support has less than half of the thickness comparing to that of A-support, which can enhance the 

flux by reducing the travelling distance for diffusing molecules. The B-support also has roughly 

three times the porosity than that of the A-support, and higher porosity means more pore 

channels open for diffusion, hence higher flux [35]. 

 

4.5 Conclusion  

Membranes were fabricated by coating a thin-layer of PVDF via the immersion 

precipitation technique on four NWF materials to be used for VMD. The properties of the coated 

PVDF membranes depend largely on those of the NWF materials. A poor choice of NWF 

material selection may result in insufficient LEPw due most likely to the formation of defective 
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pores on the coated layer that may lead to the formation of micro-cracks. For the choice of 

proper NWF materials the following three requirements have to be satisfied: (i) The NWF 

material surface is smooth; (ii) The NWF material should be thin; (iii) The porosity of the NWL 

material is large, and (iv) The NWF material has relatively low surface energy. The water vapor 

flux of the PVDF membrane coated on the E055100-85 (B) NWF material was 1.2325 L/m
2
h, 

which was more than four times as high as that coated on 3396 (A) NWF, and was 15 times more 

than that of unsupported PVDF membrane.  

This study helps to develop a guideline for choosing a proper NWF support material for 

fabricating a hydrophobic PVDF membrane for life support VDC garment, which requires high 

LEPw (over 3 bar) with high vapor flux, high mechanical strength and better processability. The 

flux of B-coated membrane is more than twice as much as the permeation flux (0.56 L/m
2
h) 

desired for the life support device, which will significant benefit the design of life support device 

by increasing the cooling performance. Processability is also improved significantly by the use of 

NWF for the backing material. At the same time, in contrast to conventional thinking that the 

membrane skin-layer is the limiting factor governing the flux of membrane distillation, these 

results suggest that the sponge-like layer of membrane, which is adjacent to the NWF, might also 

be a major contributing to mass transfer resistance in the supported membrane. Future studies in 

this regard are therefore warranted given the scarce information of the effects of sponge-layer 

structure on the performance of distillation membrane.  
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5.1 Abstract 

This research aims to the analysis of the heat and mass transfer in vacuum membrane 

distillation (VMD), specifically for a dead-end feed set-up. The influence of support material for 

the supported membrane on VMD performance was identified. A mathematical model was 

proposed to evaluate the membrane/feed interface temperature, membrane tortuosity, membrane 

mass transfer coefficient, and temperature polarization coefficient (TPC). The model was solved 

by an excel solver based on experimental results of feed temperature, system pressure and the 

evaporative fluxes. The SEM images showed that the thickness of unsupported membrane was 

reduced by 42% after the VMD test. Pore shrinkage and tortuosity increase were also expected 

during this pore collapsing process. On the other hand, the cross-sectional views of the supported 

membranes did not show significant changes. These results show that the support material can 

help prevent the membrane pore channel structure from collapsing during the VMD experiment. 

TPC is close to unity at low feed temperatures. However, it decreases with an increase of 

evaporation flux as the feed temperature increases, or a high flux supported membrane is applied. 

 

Keywords: vacuum membrane distillation; heat transfer; mass transfer; supported 

membrane; temperature polarization coefficient 
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5.2 Introduction  

Vacuum membrane distillation (VMD) is a separation process for various aqueous 

solution treatments. The downstream of VMD is maintained under vacuum conditions, while 

vapor is thermally driven through a porous hydrophobic membrane. The applications of VMD 

can be grouped into three major processes based on the feed types, the single component 

transport process, the binary component transport process and the multicomponent transport 

process [1]. Evaporative cooling devices are one of the relatively new applications of VMD 

membranes [2]. It is a single component transport process, in which only the water vapor 

evaporates and transports through the membrane, while the liquid water as the single component 

feed, is kept outside of the membrane pore due to its high membrane hydrophobicity. The 

cooling effect is achieved due to the latent heat of evaporation required for water to evaporate, 

while the membrane serves as the physical barrier between liquid water and the desiccant pad. 

The reported evaporative cooling devices mostly have a dead-end design for the water 

distribution pads (feed chamber) instead of a continuous system for most of the common VMD 

aqueous solution separation applications [2-4]. Since evaporative cooling has different 

configuration from the traditional VMD setup, specific heat and mass transfer modelling needs to 

be performed for further design and optimization. 

Practically, a supported membrane has enhanced mechanical strength than an 

unsupported membrane, which gives the supported membrane a higher durability and preference 

in the common VMD membrane applications. The desired support material needs to be highly 

porous, resistant to chemicals and pH variations, and durable. A common choice for membrane 

support is non-woven fabrics made of polyester. Even though polyester supports have been 
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widely used, and the effects of the support material on the membrane performance for vacuum 

membrane distillation have been reported by a few researchers [5-10], there are by far no 

literature reports performing heat and mass transfer modelling on supported membranes to 

mathematically reveal the impacts of the support material.  

The objective of this study is to investigate the heat and mass transfer through a VMD 

membrane in a dead-end feed set-up for a single component (water) transport process in a 

temperature range of 23 to 35 
o
C. This temperature range was chosen based on the temperatures 

used in evaporative cooing devices. Membrane flux data is analyzed to reveal the effects of 

support materials on the performance of supported poly (vinylidene fluoride) (PVDF) 

membranes.  

 

5.3 Mass transfer 

In a VMD process, a feed solution, usually an aqueous solution, is brought into contact 

with one side of a micro-porous hydrophobic membrane while the vacuum is applied on the 

permeate side. The pore is filled with vapor since no liquid enters the pore due to the high 

hydrophobicity of the membrane material. Thus, the vapor is driven through the membrane pore 

by the difference in the partial pressure of the water vapor between two sides of the membrane. 

The transport process in VMD is divided into the following three steps: 1) transport from the 

feed bulk to the membrane surface (feed side); 2) transport through the membrane pores from the 

feed to the permeate side; 3) transport from the membrane surface (permeate side) to the 

condenser surface. Usually, the first and the third steps are ignored in the VMD of pure water, 

for the reason that diffusion inside the pores of the vapor molecules at the feed/membrane 
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interface is favored, and also the mass transfer resistance is neglected on the permeate side due to 

vacuuming. 

 

Thus, the VMD flux, J (kg/m
2
 s), can be given in analogy to Fick’s law as: 

 

𝐽 = 𝐽𝑚 = 𝐾𝑚(𝑝𝑚 − 𝑝𝑣)         (5.1)  

 

Where Jm is the flux through the membrane, Km (kg/m
2
 s Pa) is the membrane mass 

transfer coefficient, and 𝑝𝑚 and 𝑝𝑣  are the partial water vapor pressure (Pa) at the membrane 

surface on the feed side and the permeate side, respectively. In VMD, pv is maintained at vacuum. 

pm depends on the temperature, Tm(K), at the membrane surface (feed side)and can be given by 

the Antoine equation as: 

 

𝑝𝑚(𝑇𝑚) = 𝑒𝑥𝑝 (23.1964 −
3816.44

𝑇𝑚−46.13
)       (5.2) 

 

Transport mechanisms for mass transfer across the membrane involve molecular 

diffusion. The Knudsen diffusion, and viscous flow, depending on the Knudsen number, Kn. In 

VMD, molecular diffusion is considered negligible since only a trace amount of air is present 

within the pores. Knudsen number (Kn), is defined as the ratio of the mean free path, λ (m) of the 

transported molecule to the membrane characteristic length, also known as pore diameter, r (m), 

providing a guideline of which mechanism is active inside the membrane pore. The mean free 

path can be calculated by equation (5.3).  
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λ= 
𝑘𝐵𝑇

√2𝜋𝑝𝑑𝑝
2          (5.3) 

 

where kB(J/K), T(K) and p(Pa) are the Boltzmann constant, absolute temperature, and 

average pressure within the membrane pore, respectively, and dp(m) is the collision diameter of 

the transporting molecule. In particular, Tm and (pm + pv)/2 can be used for T and p in VMD and 

this rule is maintained throughout this article, unless they are specified otherwise. 

When Kn>10 or d<0.1λ, the mean free path of water molecules is large compared to the 

membrane pore size, which means the molecule-pore wall collisions are dominant over 

molecule-molecule collision [11-14]. This flow regime is known as Knudsen diffusion. When 

Kn<0.01 or d> 100λ, the mean free path of the molecule is negligible compared to the pore size, 

the molecule-molecule collisions will dominate and a viscous flow exists in the membrane pores. 

The intermediate region in between 0.01<Kn<10 is considered as the transition region. In the slip 

flow region, the no-slip boundary condition is no longer true, a layer of about one mean free path 

thickness, known as the Knudsen layer, starts to become dominant between the bulk of the fluid 

and the wall surface. And within the transition flow region, both the Knudsen diffusion and 

viscous flow occur in parallel, the mass transfer coefficient are additive, it can be represented by 

equation (5.4). 

 

𝐾𝑚 = 𝐾𝑘𝑛𝑢𝑑𝑠𝑒𝑛 + 𝐾𝑣𝑖𝑠𝑐𝑜𝑢𝑠        (5.4) 

 

Furthermore, the following equations are known for KKnudsen and Kviscous [12]: 
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𝐾𝑘𝑛𝑢𝑑𝑠𝑒𝑛 =
2

3

𝑟

𝜏𝛿
√

8𝑀

𝜋𝑅𝑇
         (5.5) 

𝐾𝑣𝑖𝑠𝑐𝑜𝑢𝑠 =
𝑟2 𝑀𝑝

8𝜏𝛿𝜇𝑅𝑇
         (5.6) 

 

Where ε(-), τ(-), r(m) and δ(m) are membrane porosity, pore tortuosity, pore radius and 

thickness, respectively. M (18.02 kg/kmol) is the molecular weight of water, µ (Pa s) is viscosity 

of water vapor, R(8.314 x 10
3
J/kmol K) is the universal gas constant. 

The mean free path, λ, was in the range of 6.53-6.75×10
-7

m when system pressure is 

around 3 kPa. Considering the pore diameter of about 0.1μm, this indicates that the transport in 

the membrane pore takes place in the transition region. Then, combining equations (5.4), (5.5) 

and (5.6): 

 

𝐾𝑚 = 𝐾𝑘𝑛𝑢𝑑𝑠𝑒𝑛 + 𝐾𝑣𝑖𝑠𝑐𝑜𝑢𝑠 =
2

3

rε

τδ
√

8M

πRT
+

𝑟2 𝑀𝑝

8𝜏𝛿𝜇𝑅𝑇
= A√

1

T
+ 𝐵

1

𝑇
   (5.7) 

 

Further, 

𝐾𝑚

√
1

𝑇

= 𝐴 + 𝐵√
1

𝑇
         (5.8) 

 

Hence the plot of 𝐾𝑚/√1/𝑇 vs √1/𝑇 would result in a linear relationship, the intercept 

and slope of which are  
2

3

𝑟𝜖

𝜏𝛿
√

8𝑀

𝜋𝑅
  and

𝑟2 𝑀𝑝

8𝜏𝛿𝜇𝑅
 , respectively. (Strictly speaking, the second term of 

equation (5.8) is not necessarily proportional to √1/𝑇 but a little bit more complicated function 
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of T, because p and µ are temperature dependent. However, if 
𝐾𝑚

√1/𝑇
 remains constant in a studied 

range of T, as will be shown later, it is justifiable to ignore the second term). 

 

5.4 Heat transfer 

The heat transfer in a VMD process can also be split into three steps. 1) From the feed 

bulk to the membrane surface (feed side) through the liquid boundary layer; 2) through the 

membrane; 3) from the membrane surface (permeate side) to the condenser surface. The third 

step is ignored in the VMD due to low heat conductions at a pressure near vacuum.  

 

The heat transfer in the first step is given by: 

 

𝑄𝑓 =  ℎ𝑓  ( 𝑇𝑓 − 𝑇𝑚 )         (5.9) 

 

Where Qf(W/m
2
) and hf(W/m

2
 K) are the heat flux through and heat transfer coefficient at 

the liquid boundary layer, and Tf(K) is the temperature of the feed bulk. 

For a dead-end feed chamber without forced convection (stirring), convection within the 

feed chamber can be treated as natural convection, and the feed heat transfer coefficient, hf, can 

be calculated from the correlations between Nusselt (Nu), Prandtl (Pr) and Grashof (Gr) 

dimensionless numbers, i.e., 

 

𝑁𝑢 =
ℎ𝑓𝐿𝑐

𝑘
          (5.10) 

 



90 

 

Where 𝐿𝑐(m) is the characteristic length and k(W/m K) is thermal conductivity of the 

fluid; Nu is given as [5]: 

 

𝑁𝑢 = 0.53(𝑃𝑟 ∙ 𝐺𝑟)0.25 𝑓𝑜𝑟 103 < (𝑃𝑟 ∙ 𝐺𝑟) < 106     (5.11a) 

 

𝑁𝑢 = 0.13(𝑃𝑟 ∙ 𝐺𝑟)0.33 𝑓𝑜𝑟 106 < (𝑃𝑟 ∙ 𝐺𝑟) < 1012     (5.11b) 

 

Pr and Gr are given by: 

𝑃𝑟 =
𝐶𝑝𝜇

𝑘
          (5.12) 

𝐺𝑟 =
𝐿𝑐

3𝜌2𝑔𝛽(𝑇𝑓−𝑇𝑚)

𝜇2          (5.13) 

 

Where Cp (J/kg K), µ (Pa s), ρ (kg/m
3
), and β (1/K) are heat capacity, viscosity, density 

and volume thermal expansion of liquid water, respectively, and g is the acceleration by gravity 

(9.8 m/s
2
). 

 

In the second step, Qm(W/m
2
), heat flux through the membrane, is given by: 

𝑄𝑚 = 𝐽𝑚 △ 𝐻𝑒𝑣𝑎𝑝         (5.14) 

 

Where ΔHevap is the heat of evaporation (2400kJ/kg, mean value for the tested 

temperature range) of water. 

 

At steady state Q (W/m
2
), the total heat flux, is given by: 



91 

 

𝑄 = 𝑄𝑓 = 𝑄𝑚          (5.15) 

 

Furthermore, the temperature polarization coefficient (TPC) is defined as: 

 

TPC =  
Tm

Tf
          (5.16) 

 

TPC is used to measure the effect of heat transfer through a boundary layer to total heat 

transfer resistance of the system. When the thermal boundary layer resistance is reduced, the 

temperature difference between the feed bulk and the membrane surface becomes close to each 

other and, consequently, TPC approaches unity. 

 

5.5 Experimental  

VMD experimental data reported in our earlier communication is used in this work for a 

further theoretical analysis [6]. Briefly, the VMD experiments were carried out with a cylindrical 

permeation cell, without stirring, with a feed chamber of about 300 mL wrapped with a heating 

tape for temperature control in a range of 23 to 35
o
C. The feed side and the permeate side 

pressures were maintained at atmospheric pressure and 0.038 bar, respectively. The permate flux 

was calculated by: 

 

𝐽 =
𝑊

𝐴𝑡
            (5.17) 
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where J (kg/m
2
 s) is the flux, W (kg) is the weight of water collected in the condensor 

through membrane area A (m
2
) in time t (s). 

Three membranes were used for VMD experiments. Two of them, designated as A-

supported and B-supported  are PVDF membranes coated on the nonwoven fabric backing 

materials Hollytex
®
 3396 (Kavon Filter Products Co., Farmingdale, NJ) and E055100-85 (Teijin 

Ltd., Osaka, Japan), respectively. The third one, designated as an unsupported membrane, is a 

PVDF membrane cast without any backing material. All the three tested membranes were cast 

using the same formula of polymeric solution. Details of the membrane preparation and 

specifications are given elsewhere [6]. 

 

5.6 Results and discussions 

5.6.1 VMD experimental results 

The flux data obtained from the VMD experiments are summarized in Table 5-1. 
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Table 5-1VMD experimental results.  

Unsupported A-supported B-supported 

Temperature 

(
o
C) 

Flux 

(kg/m
2
h) 

Temperature 

(
o
C) 

Flux 

(kg/m
2
h) 

Temperature 

(
o
C) 

Flux 

(kg/m
2
h) 

23 0.04 25 0.19 25 0.93 

27 0.02 27 0.23 27 1.03 

30 0.10 30 0.26 30 1.23 

35 0.14 33 0.39 32 1.57 

  35 0.45 35 1.73 

 

 

5.6.2 Solution of mass and heat transfer equations 

The mass and heat transport equations are used for the theoretical analysis of the VMD 

experimental data as follows. 

1) The heat flux Qf is calculated from equation (5.14) and (5.15) using experimental flux 

data J. 

2) The mass transfer coefficient Km and the temperature at the membrane surface Tm are the 

only unknowns in equations (5.1) and (5.9), and therefore they can be calculated 

simultaneously, by the aid of equations (5.2) and (5.10) to (5.13). The numerical values 

required for the calculations are provided in Table 5-2. 
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Table 5-2 Constants used in heat and mass transfer analysis.  

Symbol Value Unit 

Cp 4179 J/kg  K 

¶
µ 0.00001 Pa.s 

k 0.598 W/mK 

ρ 998 kg/m
3
 

g 9.8 m/s
2
 

Lc 0.17 m 

𝛽 0.000207 1/K 

 

¶
Calculated value at 30

o
C and system vacuum pressure. 

 

It should be noted that hf depends on Tm according to equations (5.10), (5.11) and (5.13). 

An hf value was calculated to be 1315 W/m
2
 K by rigorous iteration using Tf = 303 K (30 

o
C) and 

the physical properties of water listed in Table 5-2. The latter hf value was then used consistently 

throughout the work together with equations (5.1) and (5.9) to obtain Km and Tm. This 

approximation, though not rigorous, can be justified since the flux is low due to the low feed 

temperature and the difference between Tf and Tm is very small for every experiment. The Km and 

Tm values obtained are summarized in Table 5-3. 
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Table 5-3 Calculation of Km and Tm for three membranes at different operating condition.  

Unsupported A-supported B-supported 

Feed 

Temperature 

(K) 

Kmx109 

(kg/m2 s Pa) 

Tm (K) 

Feed 

Temperature 

(K) 

Kmx108 

(kg/m2 s Pa) 
Tm(K) 

Feed 

Temperatur

e (K) 

Kmx107 

(kg/m2 s Pa) 
Tm(K) 

296.15 8.00 296.13 298.15 2.85 298.05 298.15 1.27 297.68 

300.15 7.95 300.14 300.15 2.84 300.03 300.15 1.26 299.63 

303.15 7.91 303.10 303.15 2.82 303.02 303.15 1.26 302.53 

308.15 7.84 308.08 306.15 2.81 305.95 305.15 1.25 304.35 

   308.15 2.80 307.92 308.15 1.25 307.27 

 

5.6.3 Membrane characterization parameters 

Figure 5-1 exhibits 𝐾𝑚/√1/𝑇 vs √1/𝑇plot, with T=Tm, for each membrane. All plots 

resulted in horizontal straight lines, indicating that the mass transfer in the membrane is 

dominated by the Knudsen diffusion. 

 

Figure 5-1 Plot of 𝐾𝑚/√1/𝑇versus√1/𝑇.  
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From the average 𝐾𝑚/√1/𝑇, rε/τδ was obtained. Further, membrane porosity, ε, pore size, 

r, both the membrane coating layer thickness and overall thickness, δ, are listed in Table 5-4.  

 

Table 5-4 Membrane parameters used in the experimental validation.  

Unsupported A-supported PVDF B-supported PVDF 

ε * 

(-) 

δ ^ 

(µm) 

δ 
a 

(µm)
 


Pore 

radius 

(nm) 

ε * 

(-) 

δ ^ 

(µm) 

δ
 a 

(µm)
 


Pore 

radius 

(nm) 

ε * 

(-) 

δ ^ 

 (µm) 

δ
 a 

(µm)
 


Pore 

radius 

(nm) 

0.68 48 48 10 0.21 31 185 46 0.51 23 87 55 

 

* Porosity includes both coated and support layer 

^ Thickness represents that of the coating layer obtained from the SEM cross-sectional image 

a 
  Thickness includes both coated and support layer 


 Pore size was obtained by the analysis of the surface SEM images [6] 

 

Figure 5-2 shows the cross-sectional SEM images of the three membranes. In the figure 

comparison of the coating layer thickness (For the case of an unsupported membrane, the 

thickness of the cast membrane.) is made between before and after the VMD experiment. This 

figure indicates that after VMD the unsupported membrane thickness has decreased 42% while 

for the two supported membranes the thickness of the coated layer was practically unchanged. 

This observation clearly shows that support materials successfully help the coating layer 

maintain the pore channel structure during vacuuming, and therefore the pore size and tortuosity 
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of the supported membrane can be considered unchanged throughout the VMD experiment. As 

the unsupported membrane was compressed during the test, the associated pore size shrinkage 

and apparent tortuosity enlargement were expected during the VMD experiment. The calculated 

theoretical tortuosity by applying the membrane porosity, pore size and thickness (given in Table 

5-4) are listed Table 5-5. Due to the stable pore channel structures of the two supported 

membrane, their calculated tortuosity should be reasonably accurate. On the other hand, the 

unsupported membrane should have different values before and after VMD experiments due to 

the significant pore collapsing phenomena. Table 5-5 shows the tortuosity data calculated from 

the  
rε

τδ
  values (also given in Table 5-5) with ε, r and τ (given in Table 5-4). It should be noted 

that τ of the unsupported membrane corresponds to the membrane after the VMD experiment. In 

Table 5-5, the unsupported membrane has the largest tortuosity and smallest characteristic 

parameter value among the three membranes, indicating the collapse of the channel structure. 
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Figure 5-2 Membrane coating layer thickness comparison among fresh and after tests membranes 

by cross-sectional SEM imaging: (a) Unsupported fresh, (b) Unsupported after test, (c) A-supported fresh, 

(d) A-supported after test, (e) B-supported fresh, and (f) B-supported after test.  
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Table 5-5 The calculated tortuosity and the membrane characteristic parameter,
rε

τδ
, from proposed 

model.  

 Unsupported A-supported B-supported 

Tortuosity (-) 51 5.3 7.3 

Membrane characteristic 

parameter, 
rε

τδ
 (×10

-6
) 

2.8 9.9 43.7 

 

5.6.4 Calculation of TPC 

Temperature polarization coefficient (TPC) was calculated using the Tm values given in 

Table 5-3 in equation (5.16) and the results are shown in Figure 5-3. The figure shows that TPC 

decreases from low to high temperatures and from unsupported of the lowest flux to B-supported 

of the highest flux. Therefore, TPC tends to decrease with an increase in flux. 

 

 

Figure 5-3 Feed temperature effect on temperature polarization coefficient.  
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5.7 Conclusion  

In this study, the heat and mass transfer of the supported vacuum membrane distillation 

(VMD) membrane in the dead-end set-up for a single component (water) transport process are 

analyzed. With the model proposed, the membrane mass transfer coefficient Km and the 

membrane surface temperature Tm and theoretical membrane tortuosity were calculated. The 

tortuosity could be calculated more accurately for the supported membranes than the 

unsupported membrane, since the membrane structure, especially the thickness, changed 

considerably for the unsupported membrane during the VMD experiment. As a result, the 

unsupported membrane had a much higher tortuosity value and a much lower characteristic 

parameter than the supported membrane. The cross-sectional SEM images were examined to 

validate the pore collapsing phenomena. The effect of support material for vapor transport was 

identified, that is, for the same casting solution as coating layers, supports helped to prevent the 

membrane coating layer to maintain the pore structure during the VMD test. Temperature 

polarization coefficients (TPC) were also calculated for the membranes. It was found that TPC is 

close to unity at low feed temperatures adopted in this work, but decreases with an increase of 

evaporation flux as feed temperature increases.  
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6.1 Abstract 

A solid super desiccant was developed based on the concept of impregnating a super 

liquid hygroscopic agent in a superabsorbent polymer to take advantage of the vast vapor 

absorption capacity of the hygroscopic agent and the liquid withholding capacity of the 

superabsorbent polymer. The maximum hygroscopic salt loading was determined based on 

different salt concentrations in sodium polyacrylate. The newly developed desiccant showed a 

vapor absorption capacity of 27620%, which is superior in comparison to that of conventional 

solid desiccants such as silica gel, activated alumina and molecular sieves. Thus they have great 

potential in applications requiring solid desiccants such as desiccant cooling, air conditioning, 

storage of moisture sensitive materials, and dehydration of natural gas. 

 

Key words: solid desiccant; sodium polyacrylate; SAP; hydrogel; lithium chloride; 
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6.2 Introduction 

Desiccants are a group of hygroscopic substances that can attract water-vapor molecules 

via adsorption or absorption.  Desiccants have numerous industrial applications, for example, in 

oilfields (natural gas dehydration), heating, ventilation, the air conditioning (HVAC) industry 

(energy-saving desiccant-aided cooling systems and desiccant dehumidification wheel), and in 

electronics, pharmaceutical formulations, diagnostic reagents storage and delivery, etc.  Based on 

the physical state, there are two types of desiccants, liquid desiccant and solid desiccant. 

Examples of typical liquid desiccants are concentrated aqueous solutions of hydroscopic salts (i.e. 

calcium chloride or lithium chloride solutions) and glycols, etc. The vapor pressure of a liquid 

desiccant solution is proportional to the temperature and is inversely proportional to the 

desiccant concentration. Liquid desiccants, in general, have a much higher capacity than solid 

desiccants. For instance, a lithium chloride solution is a popular choice for liquid desiccant air 

conditioning because of its great humidity capture capacity. As an illustrative example, aqueous 

LiCl solution can still absorb water vapor at a concentration of 10% (w/w) at 30 C and 90% 

relative humidity (RH), implying a water vapor absorption capacity of 10 g water/g LiCl [1, 2]. 

Liquid desiccants have found numerous applications [3, 4]. One of the liquid desiccant systems 

is the Advantix Systems (Sunrise, FL), which uses a 40% lithium chloride solution as the 

desiccant. It has been proven to be an energy-saving, air quality improving, low maintenance 

cooling and dehumidification method.
 

Nevertheless, liquid desiccants, mostly lithium chloride solutions, are not applicable in 

many scenarios. For instance, desiccant cooling is designed for personal heat mitigation. A safer 

desiccant is required, specifically toxic-free. Therefore, solid desiccants are preferred due to their 
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dryness, and simplicity of their structure [5]. Solid desiccants are favoured in many other 

scenarios over liquid ones for their ease of operation, simplicity of device, and chemical 

inertness [6]. In contrast, liquid desiccants are usually corrosive, difficult to handle, and require 

complicated systems. 

Most commonly encountered conventional solid desiccants are silica gel, activated 

alumina, molecular sieves, and activated carbon. Further, certain synthetic polymers have also 

been recognized as great desiccant options. For instance, various polymers and proteins were 

studied in terms of water vapor adsorption at a temperature of 25 C, and the carboxyl groups 

presented a strong affinity with the adsorbed water [7, 8].  

Unlike liquid desiccants, which absorb water molecules into the entire volume of the 

solution, solid desiccant relies on the adsorption of vapor molecules onto their surface to retain 

moisture. As a result, solid desiccants are inherently of low vapor adsorption capacity in 

comparison to liquid desiccants. 

In the 1960’s, researchers developed cross-linked polyacrylamide which can absorb 

liquid water up to 15-75 times its own weight and retained the water under pressure at about 2.5 

psi. In the 1970’s, the Agricultural Research Administration of US (Northern Regional Res. Lab. 

(NRRL), Bureau of Agricultural and Industrial Chemistry, Peoria, IL) developed a new material 

that can absorb more than 10
3
 times its weight in water and was called a super absorbent polymer 

(SAP). Since then, this type of polymer, which has great water retention ability, has been widely 

used in disposable diapers and in agriculture industries. 

We hypothesized that the superb liquid holding capacity of SAP, could be exploited in 

combination with superior vapor absorption capacity of liquid desiccants to create a super solid 
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desiccant. Since sodium polyacrylate has been proven to be a great water retention agent, and 

also a decent moisture absorption material, further optimization in order to develop a super solid 

desiccant seems feasible theoretically. With the motivation of developing a super solid desiccant 

that is highly efficient, non-corrosive and easy to regenerate, we have proposed the use of a 

superabsorbent hydrogel composite (SHC), a material that is based on sodium polyacrylate, with 

the impregnation of a hydroscopic agent (lithium chloride), as a novel solid desiccant material. 

SHC takes advantages of both, the great absorption capacity of lithium chloride and the large 

liquid-holding property of SAP. Moreover, commercial sodium polyacrylate is available at 

around $10 per kilogram, which is comparable in price to the commercial silica gel. This newly 

developed desiccant has shown big potential in applications in oilfields, HVAC industries, etc.  

 

6.3 Experimental  

6.3.1 Materials 

The cross-linked sodium polyacrylate, sodium salt of poly (acrylic acid) with partial 

sodium salt-graft-poly (ethylene oxide), powder (granular) was purchased from Sigma-Aldrich 

Inc., with a particle size reported to be 90-850 μm. The chemical structure of cross-linked 

sodium polyacrylate is shown in Figure 6-1. The anhydrous lithium chloride (99% purity) was 

purchased from the same source. All the above mentioned chemicals were used without any 

further treatment. 
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Figure 6-1 The chemical structure of cross-linked sodium polyacrylate. 

 

6.3.2 Preparation of superabsorbent hydrogel composite desiccant 

The superabsorbent hydrogel composite (SHC) is formed by soaking sodium polyacrylate 

powder with a pre-determined lithium chloride solution, and then rinsed with distilled water. The 

resulting gel was dried in the oven to form the final desiccant. Different concentrations of lithium 

chloride solutions were prepared. These are 1, 2, 2.5, 3, 4, 5 mol/L. 3 grams of sodium 

polyacrylate powder were weighed and added slowly into a flask with a magnetic stirrer, which 

contained 100 ml of the solution. The mixture was stirred for another 5 minutes before being 

transferred into a programmable shaker (180 rpm, 25 C) to incubate for 1 h.  Excess liquid was 

filtered out with mesh fabric and then, the flask was refilled with a fresh LiCl solution. This step 

in the shaker was repeated as needed for a complete ion exchange. At the end of the ion 

exchange process, the resulting gel mixture was again filtered out. A volume of 300 ml of 

deionized water was added into the flask to rinse the LiCl impregnated polymers. The mixture 

was kept in the shaker for 1 h and this step was repeated one more time to ensure complete 

rinsing. The final gel was filtered out and transferred onto a piece of glass plate to form a thin 

layer of gel film. The plate together with the gel film was placed inside a gravity convection 

oven (Model 18EG, Precision Scientific Inc., Buffalo, NY) at 80 C to dry for 24 h.  
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6.3.3 Methods of characterization 

6.3.3.1 Vapor absorption performance 

Vapor absorption tests were performed inside a programmable water bath (Model 1225, 

VMR Int., Radnor, PA) with a cover, shown in Figure 6-2. The water bath was preheated to 

allow the water temperature to be stabilized at 26 C. The air temperature inside the water bath is 

maintained at 25±0.2 C and the relative humidity is stabilized at 99%. 0.5 grams of the sample 

was put into a pre-weighed petri-dish, and then the loaded dish weight was recorded. The loaded 

dish was kept on a rack which was half-immersed under water within the water bath. The total 

dish weight was recorded every hour from the 1
st
 h to the 4

th
 h, along with the 24 h final dish 

weight. The absorption capacities were defined as the absorbed vapor amount per unit mass of 

dry desiccant sample, which can be calculated by the following formula: 

 

Absorption Capacity (
g

g
) =

(𝑊𝑓−𝑊𝑖)

𝑊𝑑
       (6.1) 

Where 𝑊𝑓 is the dish weight at a specific time interval (1-h, 2-h, etc.) ，𝑊𝑖 is the initial 

dish weight with the dry sample loaded, 𝑊𝑑 is the dry sample weight.  
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Figure 6-2 Schematic diagram for vapor absorption test within water bath. 

 

6.3.3.2 Swelling measurements for different concentrations of LiCl solution 

The pre-weighed 0.1 grams of dry SAP was put into a teabag, where the opening of the 

teabag was closed with staples. The loaded teabag was weighed before immersion in large 

amount of LiCl solution (100 ml). After allowing 24 h to reach its equilibrium swelling state, the 

swollen SHC within the wet teabag was taken out of the solution and hung up for 1 h to remove 

the excess water [9]. The teabag was finally dried by using a paper towel before measuring the 

final weight and the resulted swollen gel weight is repeatable. The equilibrium solution 

absorption amount was calculated by using the following equation: 

 

Q𝑒𝑞 =
𝑊2−𝑊1

𝑊1
          (6.2) 

Where Q𝑒𝑞 is the swelling capacity, defined as grams of solution per gram of dry SAP, 

𝑊1 and 𝑊2 are the mass of sample before and after swelling, respectively. 
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6.3.3.3 Surface morphology of the SHC desiccant  

The dry SAP was measured by X-ray diffraction (XRD) and the surface morphologies of 

dry SHC samples with different loadings were examined by scanning electron microscopy (SEM) 

with a Vega-II XMU with Oxford Inca Energy (Tescan Inc., Warrendale, PA) at 20 kV. Prior to 

taking images, graphite was used to sputter-coat the samples and the images were taken at 

magnifications ranging from 60× to 5000×. The qualitative surface elemental information was 

analysed by the SEM coupled energy dispersive X-ray (EDX) spectroscopy. 

 

6.3.3.4 Surface area measurement 

The specific surface areas of dry sodium polyacrylate powder and dry SHC samples were 

determined by nitrogen adsorption and desorption at 77 K using a physisorption analyzer (Model 

ASAP 2020, Micromeritics Instrument Corp., Norcross, GA). The surface area was calculated 

using the Brunauer-Emmett-Teller (BET) method that was applied to the adsorption data in the 

relative pressure (P/Po) range of 0.05−0.20. 

 

6.3.3.5 Lithium and sodium ion concentration measurement in SHC gel 

mixture leachates 

Lithium and sodium ion concentration in the leachates from each round of gel / solution 

mixing steps were measured by Varian (Agilent Technologies Inc., Santa Clara, CA) Vista Pro 

Inductively Coupled Plasma Emission Spectrometry (ICP-ES). This information can reveal ion 

exchange rates at each stage and the total ion exchange capacity of the sodium polyacrylate 
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being studied. The 1
st
 sample was taken from the leachate of 1 h gel preparation and then, 100 ml 

of fresh 2.5 M LiCl solution was used to replace the previous batch of leachate. The flask 

containing new gel mixtures were put into the shaker at the same condition for another hour of 

preparation. The 2
nd

 equilibrium ion concentration sample was then taken from this batch of 

leachate and samples were collected until the 5
th

 equilibrium. The measured sodium ion amounts 

from the 5 samples were added up as the total sodium ion exchange capacity of the sodium 

polyacrylate used in this study. Ion exchange efficiency is defined as amount of sodium ion in 

the leachate divided by the total sodium ion exchange capacity. The data analysis was based on 

results of 3 replicates. 

 

6.4 Results and discussion 

6.4.1 Effect of LiCl solution concentration on SAP swelling capacity 

The swelling capacity (g of weight gain / g of dry SAP) of SAP and LiCl loading (mmol 

of LiCl / g of dry SAP) were plotted vs LiCl concentration in Figure 6.3. Results showed that the 

SAP swelled less when the concentration of LiCl solution increased. This is reasonable because 

the Na
+
 density on the matrices of the SAP was constant. As a result, when the concentration of 

the LiCl solution increases, the osmotic pressure difference between the liquid phase inside the 

SAP and that outside of it would decrease, resulting in reduced swelling of SAP. 

Figure 6.3 also shows that a 2.5 M LiCl soluiton led to the largest LiCl retention in SAP, 

which can be potentially benificial because of the larger moisture retention for the resulting SHC 

desiccant. The existence of a LiCl concentration at which a maximum LiCl retention was 

obtained was due to the fact that the amount of LiCl retained in the gel, which equals the amount 
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of solution absorbed at equilibrium multiplies the solution concentration. When low 

concentrations of LiCl solution was used for swelling, little LiCl was contained in the relatively 

large volume of solution absorbed. On the other hand, when the LiCl concentration was high (i.e., 

3 M or higher in this study), the reduced volume of solution absorbed by the SAP led to less LiCl 

rentation despite of the relatively high LiCl concentration.  

The swelling behaviour of ionic hydrogel such as SAP is a result of a balance between 

the elastic energy of the SAP network and the osmotic pressure difference between the liquid 

phase inside the gel matrices and that outside of it. The elastic term is described by the Flory 

expression derived from an assumption of Gaussian chain distributions, and in an electrolytic 

solution, the osmotic pressure is associated with the molarity of the solution and temperature.  

Liquid absorption by polymer can be described by the Flory theory for an ionic network 

[10].  

 

𝑄5/3 = (
1

2
∗

𝑖

𝑉𝑢
∗

1

2𝑆
) + (

𝑋1

2𝑉1
∗

𝑉0

𝑣
)       (6.3) 

Where Q is the maximum swelling ratio of SAP,  i is the electronic charge on the 

polymer structure per polymer unit, 𝑉𝑢  is the polymer repeating unit volume, S is the ionic 

strength of solution, 𝑋1 is the thermodynamic parameter of polymer with solvent (expressed by 

Flory-Huggins parameter), 𝑉1  is the molar volume of solvent, in a real network, 𝑉0  is the 

unswollen polymer volume, and 𝑣 is the effective number of chains. These parameters in the 

equation formed a balance of the swelling which can be further defined as follows:  the first term 

in the equation represents the ionic strength on both polymer structures and in the solution, the 
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second term is the affinity of network with solvent and  
𝑉0

𝑣
 is the cross-linking density. This 

equation shows that the water absorption power results mainly from the osmotic pressure, the 

polymer’s affinity of water, and the cross-linking density of the network [10]. 
 

 

 

Figure 6-3 SAP swelling capacities and LiCl retained amount with respect to the molarity of LiCl 

solution. 

The osmotic pressure dependency is through i / S, which is the electronic charge on the 

polymer structure per polymer unit versus ionic strength of solution. When the solution is more 

concentrated or solution contains ion with more charges, the swelling capacity of the particular 

polymer decreased due to raised ionic strength of the solution. The affinity of water and polymer 

in this case is referring to the water affinity of the hydrophilic group on the polymer chain, more 

specifically carboxylate and carboxylic acid groups in this system (as shown in Figure 6-1).  

By recognizing the mechanism of hydrogel swelling, based on the same polymer 

structure, the affinity of the water and the polymer and cross-linking density of the network 
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remain the same. The swelling capacity is directly affected by the osmotic pressure. Thus, 

decreasing the ionic strength, more specifically, decreasing the concentration of the LiCl solution 

for this system, can increase the polymer swelling capacity (liquid retention). We can see that 

there is a trade-off for an higher amount of liquid retention which requires a low solution 

concentration and more LiCl amount trapped inside of SAP which generally prefers a higher 

soultion concentration. Figure 6-3 has shown the optimum solution concentration for the 

maximum LiCl retention within SHC.  

 

6.4.2 Effect of lithium chloride content on SHC vapor absorption performance 

Lithium and sodium are both alkali metals, and have the same electric charge, +1. The 

cation radius of lithium is smaller than that of sodium as lithium is from period 2 and sodium is 

from period 3. Lithium ion therefore has a greater charge density, and can attract water 

molecules more effectively than sodium ions. Thus, theoretically, both lithium ions on the 

polymer chain, which were part of the SAP matrices after ion exchange with Na
+
, and lithium 

chloride crystals, which were impregnated inside the SAP matrices, will benefit from the 

moisture absorption of SHC.  

Vapor absorption experiments on the different loading of SHC were tested with a sample 

preparation based on a 1 time of solution / SAP equilibrium. As shown in Figure 6-4, 2.5 M SHC 

has the largest 24 h moisture absorption capacity compared to the other loading of SHC. The 

results followed the same trend as the LiCl solution retained in the SAP gel in Figure 6-4, 

meaning that the larger the amount of LiCl absorbed on the polymer, the greater the moisture 

absorption ability of the final SHC. The retained LiCl solution in the gel became a salt crystal 
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after drying and staying on the SHC surface. The crystal acts like the separate moisture absorbent 

on the polymer, which further increases the capacity. 

It is worth noting that more LiCl salt outside of the polymer did not always positively 

affect the SHC performance. When large amounts of free lithium chloride crystals absorb 

moisture, a layer of concentrated LiCl solution film is slowly formed around the SHC, and this is 

hardly absorbed by the SHC due to its high osmotic pressure. This layer of free LiCl solution 

becomes more and more diluted and corrosive, and is harmful to the equipment. Therefore, a 

rinsing step as the last step of SHC preparation is important to ensure that the resulting desiccant 

is non-corrosive and therefore ease of operation. 

 

 

Figure 6-4 24 h absorption capacity versus molarity of LiCl solution for SHC preparation (1-h 

equilibrium duration). 

From Figure 6-4, it can also be observed that the absorption capacity increased slightly 

from 5 M SHC to 10 M SHC. This could imply that the ion exchange degree also affected 
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moisture absorption ability. A 10 M LiCl solution, which is an almost saturated LiCl solution, 

can exchange the largest amount of Li
+
 onto the polymer chain at equilibrium conditions 

compared to a lower concentration solution. However, for 10 M SHC, it retained the least 

amount of LiCl solution within the polymer structure during SHC formation. Overall, the active 

lithium ions or lithium chloride salts on the 10 M SHC is still less compared to the others 

(especially 2.5 M SHC). For similar reasons, the 1 and 5 M SHC, either have a lesser degree of 

ion exchange or they retained less amounts of LiCl crystal on the polymer, resulting in a less 

moisture absorption performance. 

The 2.5 M SHC shows the best performance with Figure 6-4 revealing the impact of ion 

exchange degree on the moisture absorption capacity. This led to the concerns about ion 

exchange rate limiting factors, with these two factors being studied. One is equilibrium duration 

and the other is number of equilibrium.  

 

6.4.3 Effects of equilibrium duration on the ion exchange degree 

Equilibrium duration is referred to as the step where the solution / SAP was stirred inside 

the shaker. This stirring duration can affect the ion exchange degree depending on the ion 

exchange rate. Thus, the effects of equilibrium duration were tested based on the vapor 

absorption tests for 2.5 M SHC. This stirring period was extended from 1 to 4 h for the sample 

preparation. The vapor absorption capacities for the SHC prepared, were done using both 1 h 

equilibrium and 4 h equilibrium, and were compared with the results shown in Figure 6-5. No 

significant differences were observed between the two, since the rinsing step was performed 

following the same procedure and the freest LiCl salts were removed. Therefore, the similarity of 
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vapor absorption results shows the similarity of the ion exchange degree on the polymer chain. 

We further concluded that 1 h preparation of SAP soaking with LiCl solution would be sufficient 

for ion exchange to reach equilibrium. As such, 4 h preparation was not necessary. 

 

 

Figure 6-5 24 h absorption capacity comparisons for 1-h and 4-h equilibrium durations. 

 

6.4.4 Effects of the number of equilibrium steps on vapor absorption performance 

Repeating the solution/gel equilibrium step with fresh LiCl solution can further push the 

completion of ion exchange. By replacing the leachate from the previous step, the sodium ion 

has been removed out of the system. As a result, more lithium ion is transferred onto the polymer. 

This should benefit the vapor absorption capacity of SHC, since the lithium ion has a higher 

hydration power due to its high charge density compared to sodium ion. SHC with different 

numbers of equilibrium were prepared, i.e., 1 - equilibrium, 2 - equilibrium, 3 - equilibrium, 5 - 

equilibrium, vapor absorption tests were performed and the absorption data is listed in Figure 6-6.  
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SAP vapor absorption data was also plotted as a baseline for comparison. The 24 h 

absorption for SAP without further treatment is measured as 1.31 g of vapor per gram of SAP. 

For different numbers of equilibrium preparation, the higher the equilibrium number, the higher 

the vapor absorption capacity. The slope for each type of SHC increases as well when a higher 

number of equilibrium is achieved. It is interesting to note that the 3-equilibrium SHC has a 

similar vapor absorption curve to that for 5-equilibrium SHC, meaning that the ion exchange 

might be completed by the end of 3-equilibrium. This hypothesis needs to be further proven by 

ICP-ES results. 

 

 

Figure 6-6 Vapor absorption performance with 2.5 M SHC prepared by different numbers of ion-

exchange equilibrium. 

The relative ion exchange degree is calculated based on the ICP-ES results. The sodium 

ion amount from the leachates of different equilibrium runs was summarized to calculate the 

total ion exchange capacity for sodium polyacrylate. 
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Total exchangeable sodium ion on SAP =

                                          

∑ 𝑠𝑜𝑑𝑖𝑢𝑚 𝑖𝑜𝑛 𝑎𝑚𝑜𝑢𝑛𝑡𝑖
5
1

𝑚𝑔

23(
𝑔

𝑚𝑜𝑙
)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑆𝐴𝑃 (𝑔)
= 0.86

𝑚𝑚𝑜𝑙

𝑔 𝑜𝑓 𝑆𝐴𝑃
     (6.4) 

The relative ion exchange degrees were then calculated by using the sodium ion amount 

from each batch of equilibrium divided with the total ion exchange capacity. The calculation is 

summarized in the following equation: 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑜𝑛 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑑𝑒𝑔𝑟𝑒𝑒𝑖 =
𝑠𝑜𝑑𝑖𝑢𝑚 𝑖𝑜𝑛 𝑎𝑚𝑜𝑢𝑛𝑡𝑖

∑ 𝑠𝑜𝑑𝑖𝑢𝑚 𝑖𝑜𝑛 𝑎𝑚𝑜𝑢𝑛𝑡𝑖
5
1

    (6.5) 

 

 

Figure 6-7 24 h vapor absorption capacity and ion exchange degree with respective to the 

numbers of equilibrium. 

From the grey curve shown in Figure 6-7, we can see that the ion exchange degree 

reaches a plateau after the 3
rd

 equilibrium, reaching 97.2% of ion exchange degree at the 3
rd
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equilibrium. This trend is maintained for the 24 h moisture absorption tests from different 

equilibrium degrees of SHC samples. The 5
th

 equilibrium showed the same 24 h moisture 

absorption capacity as that of the 3
rd

 equilibrium SHC, and these are the largest results of all 5 

tests. The sodium polyacrylate sample was tested at the same condition as the control. The 

reason for this is because more numbers of equilibrium pushed the ion exchange to the Li
+
 

favour direction on the polymer, and more Li
+ 

on the polymer chain can help attract more vapor, 

resulting in a better desiccant performance. 

The morphologies of the SHC under different equilibrium conditions were measured by 

SEM-EDX. Figure 6-8 lists the SEM images for 2.5 M 1-equilibrium, 2.5 M 3-equilibrium and 

2.5 M 5-equilibrium SHC at a magnification of 60×. These images clearly showed that the 

amount of salt crystals (white dots) on the polymer surface decreased when the number of 

equilibrium increased. To better understand this phenomenon, an elemental analysis was 

performed by EDX to confirm the crystal content. The EDX results are listed in Figure 6-9.  

 

 

Figure 6-8 SEM images for (A) 2.5 M 1-eq), (B) 2.5 M 3-eq SHC and (C) 2.5 M 5-eq SHC 

(magnification 60×). 
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The top images of Figure 6-9 are the SEM images for the corresponding SHC at a 

magnification of 5000X. The actual detecting spots are highlighted in the images, and the bottom 

images are the EDX peaks showing elements detected from the selected spot. It was found that 

most of the crystal shown in Figure 6-9A was made of sodium chloride, which had a perfect 

cubic crystal shape. The crystals found on Figures 6-9 B and 6-9 C are mainly made of lithium 

chloride. It is noted that lithium is not detectable by EDX due to its small atomic size. However, 

the peaks show high levels of chlorine and zero cation. Based on the fact that only lithium and 

sodium ion exist in the system, it can be therefore concluded that the crystal is made of lithium 

chloride. 

 

 

Figure 6-9 SEM-EDX elemental analysis results for (A) 2.5 M 1-eq, (B) 2.5 M 3-eq and (C) 2.5 

M 5-eq. 

Another interesting fact from the SEM images shown in Figure 6-9, is that the shape of 

the crystals found on the surface of 3-equilbirium (Figure 6-9 B) and 5-equilibrium (Figure 6-9 C) 
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SHC are not the perfect cubic shape as those found in 1-equilibrium (Figure 6-9 A). These 

deformed crystals are all detected as lithium chloride while those cubic shaped crystals found in 

the Figure 6-9 A are sodium chloride. The deformation of lithium chloride crystals may be due to 

the hygroscopic nature of lithium chloride salt. It has a higher affinity for moisture compared 

with sodium chloride. Therefore, under the same sample preparation period before the SEM 

measurement, the lithium chloride attracted slight amount of moisture and slowly deformed. This 

also explains another observation from Figure 6-9, that it seems to have more crystals on Figure 

6-9B comparing to Figure 6-9 C, this doesn’t mean that 3-equilibrium has more lithium chloride 

crystals than 5-equlibrium, it is again due to the trace amount of sodium chloride on the surface 

of Figure 6-9 B (cubic shaped crystals found on the bottom right of Figure 6-9 B). The observed 

less crystals on Figure 6-9 C surface is due to the fast moisture capture from the lithium chloride 

crystal during sample preparation, the ICP-ES results have confirmed that 5-equilibrium has 

more completed sodium removal comparing to 3-equilibium, and therefore Figure 6-9 C should 

contain slightly more lithium chloride crystal comparing to Figure 6-9 B. This phenomenon also 

leads to another conclusion that by performing more equilibrium steps, less sodium ion exists 

within the system. This leaves more space for lithium chloride crystals to be attached on the 

polymer surface, thus further improving the vapor absorption capacity.  

 

6.4.5 Performance comparison with common solid desiccant 

Bakass et al. measured the vapor absorption capacity of different polymers and concluded 

that SAPs have weak surfaces (lower than 10 m
2
/g) and are nonporous [11].

 
The surface area 

measured in this study is by BET for SAP is 3.50.06 m
2
/g, and the 3-equilibrium SHC has 
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4.60.08 m
2
/g of surface area. These results confirm that the SAP has a small surface area 

compared to other common solid desiccants, and by impregnating lithium chloride salts on SAP, 

the resulting SHC surface area has increased due to salt crystal formation on the polymer surface. 

The adsorption isotherms of water vapor on a SAP surface follows type III isotherms at an 

ambient temperature with hysteresis phenomena. The absorption capacity of sodium polyacrylate 

has been tested by Zhang et al.
 
[12], and the monomer concentration, dosage of initiator and 

reaction temperature effects on the moisture absorption capacity have been systematically 

investigated. Moisture absorbing capacities of sodium polyacrylate have shown a better 

performance compared to conventional solid desiccants, such as silica gel and molecular sieve. 

The optimum moisture capacity of sodium polyacrylate from Zhang’s research group reached 

1.01 g/g.  

To better evaluate the proposed solid desiccant, the physical properties and performances 

of a few common solid desiccants were researched in literature. Silica gel, a generic name for a 

gel manufactured from sulphuric acid and sodium silicate, has a high water capacity in that it can 

adsorb up to 45% of its own weight in water. It is easier to regenerate and it costs less than a 

molecular sieve. Activated alumina, a hydrated form of aluminium oxide (Al2O3), is the least 

expensive adsorbent for gas dehydration can produce a dew point below -105.56 C if applied 

properly and less heat is required to regenerate than molecular sieves. However, molecular sieves 

give lower outlet water dew points. Molecular sieves are the most versatile adsorbent because 

they can be manufactured for a specific pore size, depending on the application and are capable 

of dehydration for less than 0.1 ppm water content. It is the most expensive adsorbent but offers 
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greater dehydration and requires higher temperatures for regeneration. These are alkaline and are 

subject to attack by acids. Table 6-1 has listed the common desiccant physical properties.  

The cost of commercial sodium polyacrylate is around $10 per kilogram, which is 

comparable to the commercial silica gel price, considering that the lithium chloride chemical is 

more expensive, a more detailed cost analysis was performed. By performing ICP-ES tests, we 

measured the amount of Na in the leachate solution, the total amount of Na removed from SAP is 

0.85 mmole per gram of SAP, and this amount of lithium ion is expected to be on the polymer 

chain. The amount of LiCl obtained by the gel swelling shown in Figure 6.3 (2.5 M) is 34.6 

mmole per gram of SAP that is 1.5 g of LiCl per g of SAP, this amount can be considered as the 

amount of LiCl crystals trapped inside of SAP. The cost of the analytical grade of lithium 

chloride purchased from Sigma-Aldrich Inc. is $0.15 per gram ($368 per bottle of 2.5 kg), this 

chemical cost can be greatly reduced when approaching it to a non-analytical grade source. 

Therefore, by this proposed modification on sodium polyacrylate, the resulted SHC has doubled 

the vapor absorption capacity with reasonable amount of cost during preparation.  
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Table 6-1 Comparisons of physical properties with common solid desiccants.  

 

It is noted that adding LiCl can double the vapor absorption of SAP, which is significant 

considering that the conventional solid desiccant has the capacity only around 40% of its own 

weight (shown in Table 6-1). Furthermore, the vapor absorption capacity reported is 24 h 

absorption instead of equilibrium capacity. As shown in Figure 6-6, the new desiccant was still 

absorbing vapor after 24 h and the gap between the desiccants and the SAP would become much 

larger if we push the vapor absorption to equilibrium. The much larger rate of vapor absorption 

by the desiccant than the SAP provides another important advantage. 

There is an important concern in terms of potential LiCl leaching, since this new 

developed solid desiccant has great potential in various health related applications, for example, 

life support vacuum desiccant cooling device [16], in which three-layer structure including water 

reservoir, spacer and solid desiccant layer are encapsulated inside of an air-tight bag, water 

evaporation which can be initiated through vacuuming provides cooling. LiCl solution leaching 

from desiccant can potentially damage the device and eventually irritates the body skin. Other 
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applications like the compact space cooling unit, also has similar safety concern. Thus solid 

desiccants are required to not only be efficient but also safe to handle (non-corrosive). The 

rinsing step as the last step for SHC gel preparation is designed to remove all the freest LiCl 

outside of SHC gel so that the desiccant will stay solid (gel) with the multiple absorption-

desorption cycles, and therefore is safe to the environment and equipment. 

 

6.5 Conclusions  

A new desiccant made from superabsorbent polymer (SAP), which was impregnated with 

2.5 M LiCl solution in sodium polyacrylate, has been developed. It is clear that the impregnated 

SAP shows double the amount of vapor absorption capacity compared with the SAP without 

treatment. The 24 h absorption capacity can reach 2.760.2 g/g at 99% relative humidity and 25 

C air temperature. Moreover, the appropriate impregnating concentrations of 2.5 M were 

determined based on the equilibrium water vapor absorption performance. Polymer based solid 

desiccants have the potential of being regenerated below 80 C and can maintain long-term 

stability through thousands of absorption-desorption cycles. The proposed modified SAP 

impregnated with LiCl salts, has shown a great vapor capacity and thus reveals its great potential 

for larger scale drying applications, such as those required in natural gas dehydration and heating, 

ventilation, and the air conditioning applications. 
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7.1 Abstract  

A novel hydrophobic membrane-based desiccant fiber (MDF) was developed by loading 

lithium chloride into hydrophobic hollow fiber membranes. The MDF thus made was then tested 

for vapor absorption under controlled conditions. Furthermore, a MDF pad, which was made by 

weaving MDF into a piece of garment, was built into a laboratory vacuum desiccant cooling 

(VDC) setup, which included the MDF pad as the desiccant layer and a cooling towel saturated 

with water as the water reservoir, to test the cooling effects at atmospheric pressure and vacuum 

of 25 inches of Hg. Results indicate that MDF is suitable for applications such as in VDC. Mass 

and heat transfer of vapor absorption by MDF were also analysed.  

 

KEYWORDS: membrane-based desiccant fiber; vacuum desiccant cooling; hollow fiber 

membrane; hybrid desiccant; heat and mass transfer; vapor absorption 
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7.2 Introduction  

Desiccant cooling and desiccant dehumidification are technologies that have been 

extensively researched in recent years for their energy saving and environmental friendly 

features. This is based on the reliability and simplicity provided by their configurations and the 

desiccant materials ability to be regenerated with low temperature heat, solar energy, biomass 

heat, or any waste heat source.[1-5]
 

Physically, desiccants could be in either liquid or solid state. The most common liquid 

desiccants include aqueous solutions of hygroscopic salts such as lithium chloride, calcium 

chloride, and lithium bromide [6, 7].
 
They are of large vapor absorption capacity and a low vapor 

saturation pressure compared to solid desiccants. However, their corrosive nature complicates 

the system to handle them and makes the maintenance cost high [8].
 
Solid desiccants such as 

silica gel, molecular sieve, zeolites, etc., can adsorb vapor fast due to large surfaces and are 

chemically inert, which allows them to be used with simple devices. A polymer, such as 

hydrogel, is also a great candidate to be a solid desiccant. Hydrogel composite as super solid 

desiccant was reported by Yang et al. to be one of the competitive solid desiccant options that 

provide great absorption capacity [9]. However, they still have relatively less absorption capacity 

when compared to a liquid desiccant [4].
 
Both liquid and solid desiccants are used in diverse 

desiccant cooling systems [10].
 

Desiccant cooling can be a stand-alone cooling method or a supplement to traditional 

vapor compression air conditioning technology [8].
 
One of the typical arrangements is called the 

desiccant wheel, which consists of a slow rotating wheel (8-10 revolutions/h) impregnated or 

coated with solid desiccant [10-12]. Conventional liquid desiccant cooling systems can be 
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classified into direct contact and indirect contact systems. Drawbacks of direct contact liquid 

desiccant cooling include difficulties to prevent the dust in the air stream from contaminating the 

desiccant solution, and the entrainment of desiccant solution droplets in the air streams as well 

[10, 13, 14].
 
Hence, studies have been carried out to investigate the potential of indirect liquid 

desiccant cooling, which typically involves the circulation of liquid desiccants in membrane-

based systems using membranes to separate the liquid desiccants from the air streams [2, 10, 15-

17].
 
It was reported that the liquid desiccant cooling system can potentially reduce 50 to 90% of 

energy usage even when compared to top-tier commercial vapor cycle products [17-20].
 
For 

example, Eldeeb et al.
 
[18] developed a heat and moist transfer ceiling panel for better indoor 

humidity control with the assistance of a semi-impermeable porous flat-sheet membrane. 

Simulation results showed a reduced energy cost under different city environments when 

compared with various commercial HVAC systems [21].
 
Mahmud et al. [22] proposed a run-

around membrane energy exchanger (RAMEE) system consisting of one liquid-to-air membrane 

energy exchanger in the supply air duct and another one in the exhaust air duct. The system 

employed flat sheet membranes and was designed to run continuously in a cross-flow pattern at 

ambient pressure. Tubular membrane [23]
 
and hollow fiber membrane based liquid desiccant air 

dehumidification systems have also been studied to operate under atmospheric conditions [24].
 

In another interesting development, vacuum desiccant cooling (VDC), was shown to be 

effective for personal cooling in our previous studies [25, 26]. This VDC system is designed to 

operate under vacuum, which provides three major advantages: 1) the mass transfer resistance to 

the transportation of water vapour molecules from the water surface in the cooling layer is 

reduced; 2) heat transfer from the hot desiccant layer to the cold water layer is minimized; and 

furthermore, 3) the impact of ambient conditions to cooling performance is minimized since the 
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influence of the ambience is limited to the heat dissipation and therefore the temperature of the 

desiccant layer only. As a matter of fact, the driving force of mass transfer is the water vapor 

saturation pressure at the temperature of the towel layer minus the saturation vapor pressure at 

the desiccant surface, either of which are directly dependent of the ambient conditions. It was 

demonstrated experimentally that the first generation VDC had a cooling capacity of 

approximately 370 W/m
2
 under an ambient temperature of 37

o
C and a VDC personal cooling 

garment covering 0.4 m
2
 torso area was more effective than a commercial ice pad cooling 

garment in mitigating the thermal stress of human subjects in an environment of 40
o
C and 50% 

relative humidity (RH).  

However, the first generation VDC relied on desiccant layers made of lithium chloride 

(LiCl) powders, which became an aqueous solution after absorbing sufficient amounts of vapor. 

The complexity of the desiccant layer structure, which was required to prevent LiCl leakage, was 

one of the major factors that made the first generation VDC bulky, not reusable, and easily 

breakable. There is, therefore, a great interest in developing desiccants with large capacity, fast 

kinetics, and easy processing in the context of VDC for personal cooling. In this study, the 

concept of a novel membrane-based desiccant fiber (MDF) was proven for the first time. 

Experiments were also carried out to verify the feasibility of its application as the desiccant of 

choice for a VDC garment, among other potential applications.  

 

7.3 Materials and methods  

7.3.1 Materials 
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Two types of polytetrafluoroethylene (PTFE) hollow fiber membranes specified in Table 

7-1 were used because of their inertness to the effects of corrosive LiCl solution and the high 

thermal stability. Cross-sectional, inner surface and outer surface SEM images of the two studied 

membrane are shown in Figure 7-1. Lithium chloride supplied by Sigma-Aldrich Inc. was used 

as the desiccant for its superior vapor absorption capacity.  

Table 7-1 Hollow fiber membrane specifications. 

Hollow fiber designation A B 

Manufacturer Puresea Spring Membrane 

Technology Co., China 

Mean pore size (µm) 0.3 

Max pore size (µm) 0.6 

Porosity (%) 46 

Weight (g) 0.80 1.30 

Internal diameter (di, mm) 0.42 0.70 

Outer diameter (do, mm) 1.04 1.34 

Surface area based on membrane 

log-mean radius × 10
-3 

(m
2
/m) 

2.11 3.10 

Internal volume (mL/m) 0.14 0.39 
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Figure 7-1 Hollow fiber A: a-1, a-2 and a-3 are cross sectional, inside surface and outside surface 

morphology; hollow fiber B: b-1, b-2 and b-3 are cross sectional, inside surface and outside surface 

morphology.  

 

7.3.2 Preparation of membrane-based desiccant fiber (MDF) 

Hollow fiber (HF) membrane was cut into a desired length (e.g., 1 m) and dried 

completely before weighing. The weight of the dry HF was recorded as WHF. An aqueous LiCl 

solution of predetermined concentration was injected into the lumen of the HF, followed by 

sealing of both ends of the HF by heat sintering. The concentration of the aqueous LiCl solution, 
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called hereafter the loading solution concentration, was varied as specified in the related texts in 

the range of 5 to 25 wt.%. The loaded HF was then dried in an oven at 105°C overnight to ensure 

dehydration of LiCl. The LiCl loaded HF is hereafter called MDF. The weight of the MDF, W0, 

was measured before installing it in the vapor absorption test device or being woven to make 

MDF pads. Used MDF was regenerated in an oven at 110
o
C overnight. 

 

7.3.3 Vapor absorption test at ambient pressure for MDF 

A vapor absorption test was conducted inside the water bath (programmable VWR Model 

1225, Zhejiang Dongda Environment Engineering Co., China) with a lid. The schematic of the 

test device is shown in Figure 7-2. The temperature of water in the bath was set at 26°C to ensure 

constant air temperature and humidity within the water bath, 25±0.2°C and 99%, respectively 

while the ambience had a temperature of 23±2ºC and a relative humidity of 40-60%. 

Thermometer and hygrometer were used to monitor the temperature and humidity of the inside 

space above the water surface inside the water bath, which displayed no significant fluctuation 

during the testing period. The MDF was placed in the test device for vapor absorption and kept 

there for 4 h or until the LiCl solution began to leak due to MDF breakage due to vapour over-

absorption. In the meantime, the MDF was taken from the test device every 30 min for weighing. 

The MDF weight is called Wt, where the subscript t indicates the length of the time of MDF’s 

exposure to the humid air. At least 3 replicates were performed for each MDF. 
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Figure 7-2 Schematics of vapor absorption test device. 

 

The work duration of MDF is defined as the absorption time it takes for small liquid 

droplets to appear on the surface of MDF after dry MDF is subjected to a particular set of 

conditions of absorption. In this study, these conditions were absorption at 99% RH and 25
o
C. 

The appearance of liquid droplets is determined by careful visual inspection. The choice of 99% 

RH is to avoid condensation of saturated vapor on the MDF surface while simulating the 

environment of intended application, i.e., the skin surface of a wearer, which is typically 

saturated with vapor due to sweat evaporation. 

 

The 2 h absorption capacity, AC2h, is defined as the mass of vapor absorbed by a unit 

mass of dry MDF at a given condition (i.e., 99% RH and 25
o
C) during a time period of two hours, 

(i.e. t = 2 in the following equation.)  

 

𝐴𝐶 =
𝑊𝑡–𝑊0

𝑊0
          (7.1) 
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W0 and Wt are the weights of MDF at the beginning and the time when leakage occurs in 

an absorption experiment, respectively.  

The 2 h length absorption capacity, LAC2h, is defined as the mass of vapor absorbed by a 

unit length of dry MDF (L) at a given condition (i.e., 99% RH and 25
o
C) during a time period of 

two hours (i.e. t = 2 in the following equation). 

 

𝐿𝐴𝐶 =
𝑊𝑡–𝑊0

𝐿
          (7.2) 

The absorption capacity of MDF is defined as the mass of vapor absorbed by a unit mass 

of dry MDF at a given condition (e.g., 99% RH and 25
o
C) when the concentration of the loading 

LiCl solution is restored inside the MDF. Since any absorption beyond this would very likely 

lead to leakage of solution from inside the MDF, this is the maximum amount of vapor that could 

be absorbed by a unit of mass of MDF without risking leakage. This quantity was calculated 

using equation (7.3): 

 

𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝑉ℎ𝑓∗∗(1−𝐶)

𝑊0
        (7.3) 

Where Vhf is the internal volume of the hollow fiber,  is the density of the loading 

solution, and C is the LiCl concentration (weight fraction) of the loading solution. Vhf of a given 

membrane is estimated according to its length and internal diameter. 

The length absorption capacity was calculated according to the absorption capacity of a 

given MDF using equation (7.4). 

 

𝐿𝑒𝑛𝑔𝑡ℎ 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝑉ℎ𝑓∗∗(1−𝐶)

𝐿
      (7.4) 
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7.3.4 Preparation of MDF pad 

Desiccant pads were made by weaving MDF into a pad with a dimension of 40 cm × 50 

cm (Figure 7-3). The MDF was made by loading 22 wt.% LiCl aqueous solution to PTFE hollow 

fibre membranes with an ID of 0.7 mm. A total of a 120-meter length of MDF fibres were 

weaved into each pad, which had a weight of 145±2 g each. A total of 10.5±0.3 g LiCl was 

loaded with the MDF at a loading rate of 0.071 g LiCl/g MDF.   

 

Figure 7-3 Weaved MDF pad by loom. 

 

7.3.5 Vacuum vapor absorption test for MDF pad 

A single MDF pad, as described in Section 7.3.4, was folded into four layers and used as 

the desiccant pad. A cooling towel (Endura Cool, Mission Athletecare™, NY), which was folded 

into three layers and soaked with 50 g of distilled water, was employed as the water reservoir. A 

vacuum desiccator (Pyrex 3120, Cole-Parmer), which was connected to a vacuum pump (WZ-

07061-11, Cole-Parmer) that could generate a theoretical maximum vacuum of 29-inches of Hg, 

was used to house the desiccant layer and the water reservoir. The desiccator is a 3.8-liter vessel 



140 

 

made of borosilicate glass (Pyrex) with a conic cover that ends in a cylindrical form where a 

Pyrex rugged stopcock was installed. The stopcock had a tube connection of 10 mm OD (outside 

diameter), which allowed thick vacuum tubing to connect the desiccator and the pump. To 

maintain a tight contact between the detachable parts of the vacuum desiccator during an 

operation, vacuum grease was put on the edges of the vessel; and also on the stopcock and the 

cylindrical top part of the cover, opposite from each other. A liquid nitrogen cold trap was 

installed between the desiccator and the vacuum pump in order to retain water vapor to prevent 

damaging the vacuum pump. A glass vacuum valve was installed on the tubing connecting the 

vacuum pump and the desiccator. 

Before a VDC test, the initial weights of a dried desiccant pad and a cooling towel 

(Endura Cool, Mission Athletecare™, NY) soaked with 50 g of distilled water were measured 

with a balance and recorded. Then, the cooling towel was placed at the bottom of the desiccator, 

and the desiccant pad was placed on the perforated plate of the desiccator before putting the lid 

of desiccator back and sealing the system. The vacuum pump was then turned on to allow the 

system to reach the desired vacuum degree. This typically took approximately 5 minutes, before 

turning it off. The weights of the cooling towel and desiccant pad were measured and recorded 

every 15 mins, and the whole system was re-evacuated every time after weighing the samples, 

requiring the opening of the desiccator lid. After the absorption test, the desiccant pad was 

regenerated in a conventional oven (Precision Model 18EG at 105
o
C) for 12 h. VDC experiments 

were carried out at atmospheric pressure and a vacuum of 25 inches of Hg. 
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7.4 Results and discussion  

7.4.1 Time-course profile of vapor absorption at ambient pressure 

Figure 7-4 depicts the time course profiles of vapor absorption with MDF made of PTFE 

hollow fibres of 0.42 and 0.70 mm, respectively, by loading with LiCl solutions of varied 

concentrations. As shown in Table 1, the internal volume of the 0.70 mm membrane was 0.39 

ml/m, 2.78 times that of the 0.42 mm membrane (i.e., 0.14 ml/m). As a result, about 2.78 times 

the amount of LiCl could be loaded on to a 0.70 mm membrane in comparison to the 0.42 mm 

membrane when the same loading solution concentration was used (Table 7-2). Quite reasonably, 

absorption of vapor was much faster with the 0.70 mm MDF than with the 0.42 MDF. For the 

same membrane, as also shown in Figure 7-4, vapor absorption improved with the increase in 

loading LiCl concentration. It is worth noting, however, that membrane leakage would happen if 

too much vapor was absorbed. This is because the PTFE hollow fibre membrane, although 

capable of holding water and aqueous solution due to its hydrophobic nature, cannot hold the 

liquid if the pressure inside in the membrane is increased beyond the liquid entrance pressure 

(LEP) of the membrane. As can be seen from Figure 7-4, leakage occurred at 2.0 and 3.5 h with 

0.42 mm MDF when the loading solution was 20 and 15%, respectively (Figure 7-4a). For the 

0.70 mm MDF, leakage occurred at 1.5, 2.5 and 3.5 h in the absorption process when the loading 

solution concentration was 25, 22, and 20%, respectively. Small liquid droplets would appear on 

the MDF surfaces when leakage happened. Leakage is defined as the appearance of sweat, i.e., 

small liquid droplets of LiCl aqueous solution, at the MDF surface. Leakage is the consequence 

of the increase of the volume of the LiCl aqueous solution inside the MDF hollow fibre 

membrane as a result of vapor absorption. 
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Figure 7-4 Vapor absorption of MDF with an ID of (a) 0.42 mm and (b) 0.70 mm when loaded 

with LiCl aqueous solution of different concentrations. (Absorption tests stopped at the point when sweat 

was detected at the MDF surface if the last data point was at 3.5 h or less). 

 

Table7-2 Summary of key parameters of MDF made of two different membranes with varied loading 

LiCl solution concentrations. 

Loading solution concentration (w/v) 5% 10% 15% 20% 22% 25% 

Loading solution density (g LiCl/ml) 1.01 1.03 1.05 1.08 1.09 1.10 

Length LiCl Loading  
(mg LiCl/m MDF) 

ID 0.42 mm 7 14 22 30   
ID 0.70 mm 20 40 61 83 92 106 

Mass LiCl loading  
(mg LiCl/ g MDF) 

ID 0.42 mm 8 16 24 33   
ID 0.70 mm 16 32 48 64 71 81 

Absorption capacity  
(mg vapor/g MDF) 

ID 0.42 mm 151 144 138 131   

ID 0.70 mm 303 288 273 258 252 243 

Length absorption capacity  
(mg vapor/m MDF) 

ID 0.42 mm 134 129 125 120   
ID 0.70 mm 371 358 345 332 326 318 

2 h Absorption capacity  
(mg vapor/ g MDF) 

ID 0.42 mm 50 90 120 140   
ID 0.70 mm 60 120 160 170 200 210 

2 h Length absorption capacity  

(mg vapor/m MDF) 

ID 0.42 mm 50 80 110 130   
ID 0.70 mm   70  150 200 230 260 270 

Work duration  

(h) 

ID 0.42 mm >24 >24 3.5-4.0 2.0-2.5   

ID 0.70 mm >24 >24 4.0-4.5 3.0-3.5 2.0-2.5 1.5-2.0 
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The leakage of corrosive LiCl onto the outside of the MDF would not only cause the loss 

of absorption capacity but, more seriously, contamination of equipment or irritation to the skin of 

the wearer if the MDF is to be used for making personal cooling garments. The time at which 

leakage occurs defines the maximum period of time the MDF could be used before regeneration.   

Table 7-2 summarizes some key parameters of MDF made from PTFE hollow fibre 

membranes with two different IDs, i.e., 0.42 and 0.70 mm at varied LiCl loadings. The loading 

of LiCl was varied because 1) membranes of different ID would have been able to be loaded 

with different volumes of LiCl solution for a unit length and 2) for the same membrane, the 

concentration of loading LiCl solution would determine the total amount of LiCl to be loaded per 

unit length of membrane (g LiCl/m MDF). Furthermore, since different membranes have 

different weights per unit length, the LiCl loading on the basis of weight (g LiCl/g MDF) also 

varied accordingly.  

As shown in Table 7-2, the length LiCl loading (grams of LiCl loaded to per meter of 

MDF) and the mass LiCl loading (grams of LiCl loaded per gram of MDF) increased 

proportionally with the concentration of loading LiCl solution for the same membrane. 

Furthermore, the LiCl loading was much larger with the 0.7 mm membrane than with the 0.42 

mm membrane when the same loading solution was applied, due to the much larger volume of 

solution that could be loaded with the former. Quite logically, both the 2 h length of vapor 

absorption capacity (grams of vapor absorbed per metre of MDF in 2 h) and the 2 h mass 

absorption capacity (i.e., grams of vapor absorbed per gram of MDF in 2 h) followed similar 

trends. 
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It should be pointed out that the absorption capacity, is defined as the amount of vapor to 

be absorbed by a unit mass of MDF when the LiCl solution inside the fibre is the same as the 

loading LiCl solution which decreased with the increase of the concentration of loading LiCl 

solution when the loading solution concentration was restored inside the MDF. This is 

reasonable because the higher the concentration of the loading solution, the less portion of water 

in the solution when the volume of the loading solution was fixed as the internal volume of a 

given MDF. It is important to notice that, when the vapor absorption approaches the absorption 

capacity, the volume of the LiCl solution inside the membrane would also approach the original 

loaded volume. If the absorption is continuous beyond this point, the volume of solution would 

become larger than the internal volume of the MDF and leakage might occur. The membranes 

used in this study were hydrophobic microporous hollow fibers, which could withhold water or 

aqueous solution when the transmembrane pressure was smaller than the liquid entrance pressure 

of water or the solution, respectively. Since a small increase of liquid volume would cause a 

dramatic increase of pressure inside a confined compartment such as the lumen of MDF, the 

solution inside a MDF would leak out through the micro membrane pores if the absorption 

exceeded the absorption capacity. It is, therefore, recommended that the vapor to be absorbed by 

MDF is kept lower than its absorption capacity. In other words, MDF should be regenerated 

before the maximum absorption capacity is reached to avoid possible leakage. If necessary, it is 

recommended to load the MDF with a LiCl aqueous solution of 10 wt% or less to minimize the 

risk of leakage even during a long time work period. 

As also shown in Table 7-2, the working duration of MDF for both IDs was more than 24 

h when the loading solution concentration was 10 wt% or lower. This can be explained by the 

fact that LiCl aqueous solution at a concentration of 10 wt% or less has a very small affinity for 
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vapor, and the absorption of vapor occurred at a much reduced rate before the absorption 

capacity was reached. On the other hand, for the MDF with a loading LiCl concentration of 20 

wt% or higher, the work duration was limited to 3 h or less.  

It should be pointed out, that although the LiCl inside fresh or newly regenerated MDF is 

usually solid, it soon becomes an aqueous solution after vapor absorption starts. It is, therefore, 

more appropriate to classify MDF as a novel liquid desiccant. It should also be pointed out that 

much larger absorption capacities of long work duration could be achieved by using a hollow 

fiber membrane of larger internal diameter. MDF, therefore, offers a range of versatile desiccants 

whose use could be custom designed for different applications. The large membrane surface also 

allows quick absorption kinetics using the MDF. 

 

7.4.2 Suitability of MDF for application in a VDC 

As discussed earlier, researchers have studied this specific subject extensively and have 

developed several membrane assisted liquid desiccant dehumidification/ cooling systems 

recently. These studies included very different configurations. Air flow and desiccant flow can 

be in a hexagonal parallel membrane channel (HPMC) modified counter flow setup [27], a 

counter flow setup [28], or a cross flow setup [29, 30], etc., which are all continuous systems. 

These systems, however, usually require relatively large and heavy equipment such as circulation 

pumps, piping, valves, regeneration units, air blowers, etc. Therefore, most of the conventional 

membrane desiccant systems are not suitable for personal VDC application because these are 

oversize and overweight [30]. 
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The aforementioned personal VDC garment developed in our group consists of four main 

components: a desiccant layer, a spacer, a water layer, and an outer bag [26].
 
This VDC garment 

is designed to operate in a batch mode with initialization by a vacuum pump in the beginning and 

able to operate for a given period of time free of electricity or any moving parts before the 

desiccant layer is regenerated and the water reservoir recharged. In this way, the advantages 

associated with a continuous membrane-based liquid desiccant dehumidification/cooling system 

are traded for a batch mode lightweight and man-portable system.  The desiccant for such a 

system needs to satisfy the following conditions: 1) sufficiently large vapor absorption capacity 

to support the VDC for a given work period (typically 1-4 h) with a limited weight; 2) easy to 

handle in the context of VDC; 3) easily to regenerate; and 4) safe, flexible and comfortable to 

wear.  

In comparison with the aforementioned desiccant pad, which is essentially made of LiCl 

powder capsuled in a fabric bag, the MDF utilizes microporous hydrophobic hollow fiber 

membranes to house LiCl and provide the surface for vapour absorption. As demonstrated in this 

study, these MDF could be easily woven into a desiccant pad that is flexible, robust and 

conveniently regenerable.  As a result, MDF can make the VDC reusable, simple structured, and 

significantly miniaturized, as the woven MDF pad has very large contact surface for effective 

absorption. Its great flexibility would allow easy processing and regeneration and also provide 

comfort to wearers.   

In the current study, a MDF pad was woven to verify its flexibility and processability in 

the context of VDC fabrication. A garment-like MDF pad as shown in Figure 7-3 and is perfect 

for this purpose. As discussed before, the leakage could be prevented by controlling the loading 



147 

 

LiCl to be 10 wt.% or lower. In addition and as noted previously, the capacity of MDF is 

determined by the inner diameter (ID) of the hollow fibre membrane, which could be varied 

according to the need. For instance, as shown in Table 7-2, a MDF of 0.7 mm ID is loaded with 

10% LiCl solution, containing an absorption capacity and length absorption capacity of 288 and 

358 mg/m, respectively. If we double the ID to 1.4 mm, which is easily achievable, then the 

capacities will be quadrated to 1.152 and 1.432 mg/m, respectively, when other conditions 

remain the same. Furthermore, to verify the suitability the MDF pad as the desiccant layer in a 

VDC, a laboratory VDC setup was designed and tested with a MDF pad to simulate the desiccant 

layer, with a cooling towel soaked with distilled water as the water layer, a perforated plate as 

the spacer, and the vacuum desiccator as the outer bag to house water evaporation/vapor 

absorption. In comparison to an actual VDC garment, this device provided the convenience of 

vacuum control as well as measurements of water evaporation and vapor absorption. However, 

the distance between the MDF pad and cooling towel was too large to be representative of the 

scenario in a VDC garment, where these two layers are to be separated from each other by a thin 

separator. Nevertheless, the data obtained were able to demonstrate the feasibility of the MDF in 

applications such as VDC. 

Figure 7-5 shows (a) the impacts of vacuum on the time-course profiles of water 

evaporation of the cooling towel, and (b) the temperatures of both the desiccant pad and the 

cooling towel when a VDC setup was tested in a sealed desiccator. As shown in Figure 7-5a, the 

amount of water evaporation every 15 minutes was always higher at 25 inches of Hg than at 

atmospheric pressure. This was expected because the vacuum would enhance the water 

evaporation and also reduce the resistance to mass transfer of vapor molecules from the cooling 

towel surface to the desiccant surface. 
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Figure 7-5 (a) The time-course profiles of water evaporation of the cooling towel layer and (b) the 

temperatures of both the cooling tower and desiccant layers of a VMD lab setting at different vacuum 

degrees (i.e., atmospheric pressure and 25 inches of Hg). 

It is also worth noting that the water evaporation, although fluctuating from time to time, 

was stable in the range of 0.7 – 1.0 g per 15 minutes at 25 inches of Hg vacuum and 0.5 – 0.7 g 

every 15 minutes at atmospheric pressure during the entire course of 2 h of experimentation, 

indicating that the desiccant pad was far from being saturated.  

It should be mentioned that the water evaporation from the cooling towel was slightly but 

constantly higher than the vapor absorption from the desiccant pad in all the VDC tests. This can 

be explained by the fact that vapor molecules would be lost to the desiccator space, tubing, and 

the vacuuming process as well. 

As shown in Figure 7-5b, for the test at 25 inches of Hg vacuum, the temperature of the 

desiccant pad increased in the beginning of the experiments but reached the highest temperature 

within 5 minutes. The desiccant pad temperature then remained stable at around 26
o
C throughout 

the 2 h test, with minor fluctuations. This indicates that the heat generation of the desiccant pad 
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due to vapor absorption quickly reached a balance with the heat dissipation to the surroundings.  

Likewise, but in opposite direction, the temperature of the cooling towel decreased quickly in the 

beginning and reached the lowest temperature within 5 minutes.  The temperature was then 

stabilized at around 18
o
C, which is a temperature suitable for personal cooling, throughout the 

test with minor fluctuations. In other words, a temperature difference of approximately 8
o
C was 

maintained between the desiccant pad and the cooling towel within the VDC structure under the 

specified conditions. For the test at atmospheric pressure, similar trends were observed but the 

temperatures of the desiccant pad and the cooling towel were maintained at approximately 23 

and 20
o
C, respectively, representing a temperature difference of about 3

o
C.  

The desiccant layer heated up due to the release of the heat of absorption, which is 

composed of heat of condensation and heat of dilution. As a result, the temperature of the 

desiccant layer was higher than the ambient as soon as of the vapour absorption started. It is 

worth noting that the desiccant layer will be facing the ambience while the cooling towel side the 

skin of wearer in the practical application of a VDC garment. Consequently, the heat from the 

desiccant side will have minimum impact on the wearer due to the thermal insulation provided 

by the vacuum gap separating thing cooling towel from the desiccant pad. Furthermore, as long 

as MDF pad is replaced before it reaches a pre-determined degree of saturation, the system will 

be able to provide a relatively consistent cooling performance. 

The much large temperature difference that could be achieved at 25 inches of Hg, in 

contrast to atmospheric pressure, reflects the larger water evaporation from the cooling towel and 

vapor absorption by the desiccant pad due to reduced mass transfer resistance at vacuum.  It can 
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also be partially attributed to the improved thermal insulation between the hot desiccant pad and 

the cold cooling towel due to the existence of vacuum 

The PTFE membrane used for MDF is very strong mechanically and inert chemically. 

Comparing to the first generation VDC system [26], the MDF desiccant fiber can be leakage 

proof within certain limitation. For instance, according to the experimental results, the following 

precautions could be taken to prevent over-absorption of vapour, which is the cause of leakage: 1) 

use a loading LiCl aqueous solution of 10 wt% or less, which would the resulting MDF to work 

for more than 24 h without leakage; 2) strictly limit the actually work period to be significantly 

shorter than the theoretical work period. 

 

7.4.3 Mass and heat transfer analysis in vapor absorption process by MDF 

As shown in Figure 7-6, the mass/vapor transfer direction is from the outside to the inside 

of the MDF fiber due to a partial pressure difference. On the other hand, the direction of the heat 

of absorption released in the process of vapor absorption is from the inside to the outside of the 

MDF fiber. The analysis is performed at steady state. Mass transfer resistance is mainly due to 

the membrane layer, and therefore is assumed as constant in the following calculation. 
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Figure 7-6 Schematic illustration of a heat and mass transfer model in the hollow fiber membrane. 

 

7.4.3.1 Mass transfer 

We assume the mass transfer resistance is mainly due to the membrane, therefore the rate 

of vapor absorption by MDF is given by: 

 

𝑊𝑡−𝑊0

𝑡
= 𝐾𝑚𝐴𝑙𝑜𝑔 (𝑃∞ − 𝑃𝑠𝑜𝑙)       (7.5) 

Where Alog is the membrane area based on the logarithmic mean hollow fiber diameter, 

Km is the mass transfer coefficient of vapor. P∞ is the partial vapor pressure in the surrounding air 

corresponding to 99% saturation at 25
o
C, which can be calculated by Antoine’s equation to be 

3.14 kPa. Psol is the vapor pressure in equilibrium with the LiCl solution in MDF. It can be 

calculated as a function of the weight fraction of LiCl in the solution, 𝜔, and the temperature of 

the LiCl solution, Tsol by the following equations (7.6-7.10) [32]. 

 

𝑃𝑠𝑜𝑙(𝜔, 𝑇𝑠𝑜𝑙) = 𝜋 ∗ 𝑃𝑤𝑎𝑡𝑒𝑟(𝑇𝑠𝑜𝑙) = 𝜋25 ∗ 𝑓(𝜔, 𝑇𝑠𝑜𝑙) ∗ 𝑃𝑤𝑎𝑡𝑒𝑟(𝑇𝑠𝑜𝑙)   (7.6) 
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𝑓(ω, 𝑇𝑠𝑜𝑙) = A + B ∗ 𝑇𝑟        (7.7) 

A = 2 − (1 + (
𝜔

𝜋0
)𝜋1)

𝜋2

        (7.8) 

B = (1 + (
𝜔

𝜋3
)

𝜋4

)
𝜋5

− 1        (7.9) 

𝜋25 = 1 − (1 +
𝜔

𝜋6

𝜋7
)

𝜋8

− 𝜋9exp (
−(𝜔−0.1)2

0.005
)      (7.10) 

 

Where Tr is the reduced temperature and π1 to π9 are constants, the values of which are 

cited from the literature [32]. The value of ω, the concentration of LiCl of the aqueous solution 

inside MDF at time t, was determined by the following equation: 

 

𝜔 =
𝑊0−𝑊𝐻𝐹

𝑊𝑡− 𝑊𝐻𝐹
          (7.11) 

 

The mass transfer coefficient, Km (g/m
2
 s Pa), is given by equation (7.12). The first term 

is the Knudsen diffusion coefficient, 𝐾𝑘𝑛𝑢𝑑𝑠𝑒𝑛. The second term is the viscous flow coefficient, 

 𝐾𝑣𝑖𝑠𝑐𝑜𝑢𝑠. The dominant mass transfer machnism can be determined by the calculation of the 

Knudsen number, Kn, which is the ratio of the mean free path of transporting molecules, i.e. 

water molecules, to the pore diameter, d. The mean free path for water vapor molecules can be 

calculated by equation (7.13). When Kn > 10 or d < 0.1 λ, the mean free path of water molecules 

is large compared to the membrane pore size, which means the molecule-pore wall collisions are 

dominant over molecule-molecule collision. This flow regime is known as the Knudsen diffusion. 
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When Kn < 0.01 or d > 100 λ, the mean free path of the molecule is much smaller than the pore 

size, the molecule-molecule collisions will dominate and the mass transfer in the membrane 

pores is by the viscous flow. When 0.01 < Kn < 10, the mass transport is in the transition 

region.
33 

Based on the maximum pore size of 0.6 μm, Kn is 0.22; Hence, it belongs to the 

transition region.  

 

𝐾𝑚 = 𝐾𝑘𝑛𝑢𝑑𝑠𝑒𝑛 + 𝐾𝑣𝑖𝑠𝑐𝑜𝑢𝑠 =
2

3

𝑟

𝜏𝛿
√

8𝑀

𝜋𝑅𝑇
+

𝑟2 𝑀𝑝

8𝜏𝛿𝜇𝑅𝑇
     (7.12) 

 

Where ε (-), τ (-), r (m) and δ (m) are membrane porosity, pore tortuosity, pore radius and 

thickness, respectively. M (18.02 kg/kmol) is the molecular weight of water, µ (Pa s) is viscosity 

of water vapor and R (8.314 x 10
3
J/kmol K) is the universal gas constant. 

 

λ =
𝑘𝐵𝑇

√2𝜋𝑝𝑑𝑝
2          (7.13) 

 

Where kB (J/K), T (K) and p (Pa) are the Boltzmann constant, absolute temperature, and 

average pressure within the membrane pore, respectively, and dp(m) is the collision diameter of 

the transporting molecule (2.641 Ȧ for water molecule). At 1 bar and 25ºC, λ =1.311×10
-7

 m. 
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7.4.3.2 Heat transfer 

When the vapor transported through the membrane is absorbed by the LiCl solution, heat 

of absorption (= heat of condensation ℎ𝑐 (2400 J/g (water) + heat of dilution, ℎ𝑑 (380 J/g (water)) 

is released. This heat generation is balanced out by the increase in the sensible heat of LiCl 

solution and heat dissipation through the membrane, to the ambient environment (99%, 25ºC). 

Hence the heat transfer is given by equation (7.14). 

 

𝑊𝑡−𝑊0

𝑡
(ℎ𝑐 + ℎ𝑑) =

𝑊𝑡−𝑊0

𝑡
𝐶𝑝(𝑇𝑠𝑜𝑙 − 𝑇∞) + 𝑈𝐴𝑙𝑜𝑔(𝑇𝑠𝑜𝑙 − 𝑇∞)   (7.14) 

 

Cp is the specific heat capacity of water (4.18 J/g K). U (W/m
2
K) is the overall heat 

transfer coefficient, Alog (m
2
) is the contact area for mass and heat transfer, and Tsol and T∞are the 

temperature of the lithium chloride solution in MDF and the temperature of the surrounding air, 

respectively. 

Comparing the left side and the first term of the right side of equation (7.14), the 

minimum amount of water absorbed in 2 h was 0.05 g, evolving 139 J. On the other hand, the 

maximum amount of absorbed water was 0.25 g, when the temperature was increased within 2 h 

by 20 K. Therefore, the maximum increment in the sensible heat is 21 J. Judging from this 

conservative estimation, it is safe to ignore the first term of the right side of equation (7.14). In 

other words, most of the heat released by vapor absorption by LiCl solution is dissipated to the 

surrounding air. 
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Based on the assumption of the constant overall mass transfer coefficient U, an attempt 

is made to obtain the U value by the following steps. 

For a given LiCl loading concentration of 5 wt%, 

1) Km is calculated by equation (7.12) for 298.2 K. 

2) From the slope of the absorbed amount of vapor Wt between time 0 and 0.5 h, 

𝑊𝑡

𝑡
 is calculated. 

3) Psol is calculated by equation (7.6). This Psol is considered to represent the 

solution vapor pressure prevailing between 0 and 0.5 h. 

4) ω is calculated for 0 and 0.5 h by equation (7.11) and averaged. This ω is 

considered to represent the concentration of LiCl solution inside the MDF 

between time 0 and 0.5 h. 

5) Using the Psol and ω, obtained at step 3 and 4, respectively, Tsol is calculated 

using equations (7.6) to (7.10). This Tsol is considered to represent the LiCl 

solution temperature between 0 and 0.5 h. 

6) Then U is calculated by equation (7.14) ignoring the first term of the right side 

of the equation. 

7) Steps 1) to 6) are repeated for the time intervals (0.5 to 1.0 h), (1.0 to 1.5 h) 

and (1.5 to 2.0 h). 

8) The U values obtained by the above steps are then averaged. 

9) Steps 1) to 8) are repeated for the other LiCl loading concentrations and all the 

resulting U values are compared.  
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7.4.3.3 Heat transfer coefficient at different LiCl loadings 

Figure 7-7 shows that, U increased significantly from 1.0 to 2.3 W/m
2
K when LiCl 

loading increased from 5 to 10 wt.% LiCl loading and then U levels off. This is likely due to the 

higher Tsol at the higher LiCl loading, which leads to the decrease in solution viscosity and as a 

consequence, an increase in heat transfer coefficient. Indeed, when Tsol is calculated by equation 

(11), using the average of all U values recorded in Figure 7-7. Tsol increases with an increase in 

LiCl loading as shown in Figure 7-8. 

 

Figure 7-7 Average heat transfer coefficient changes with LiCl loading. 
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Figure 7-8 Solution temperature profile changes with LiCl loading. 

 

The viscosity of Newtonian fluids is affected by temperature, pressure and concentration 

in the case of solutions. For liquids, Ling and Dybbs [34]
 
suggested that viscosity changes are 

inversely proportional to temperature T. Thus, higher LiCl loading leads to higher Tsol, and 

smaller viscosity means reduced heat transfer resistance, resulting in higher heat transfer 

coefficients.  

 

7.4.3.4 Prediction at different ambient relative humidity at 25 ºC for 22% 

An attempt was then made to predict the absorption performance (g water absorbed /m of 

MDF) for a given LiCl loading of 22 wt.% at different ambient RHs. In the above mentioned 

Figure 7-7, U scatters, even for a given LiCl loading of 22 wt.%, in a wide range, which is 

caused by the change of U with the vapor absorption time. Therefore, U versus natural logarithm 
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time (h) was plotted and a linear correlation was found between Ln time and U, as shown in 

Figure 7-9. U versus Tsol was also plotted in Figure 7-10. 

 

Figure 7-9 Heat transfer coefficient change with time for 22 wt.% 0.7 mm MDF. 

 

 

Figure 7-10 Heat transfer coefficient changes with solution temperature for 22 wt.% 0.7 mm 

MDF. 
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One might ask why U increases while the Tsol decreases with time. The reason is that the 

solution viscosity as well as U is in fact the function of not only Tsol but also LiCl concentration 

which decreases as a larger amount of water is absorbed with time. The U relationship with time 

on the linear correlation line from Figure 7-9 was then used to predict the absorption capacity at 

different ambient relative humidity (U = 1.46*Ln(T)+ 2.21). This is assuming that U is only the 

function of LiCl loading (fixed to 22 wt.%) and absorption time without dependence upon the 

ambient RH. The results of the calculation are shown in Figure 7-11. 

 

Figure 7-11 Absorption amount prediction for 22 wt.% loading 0.7 mm MDF at different ambient 

relative humidity. 

 

It is worth noting that, absorption under lower ambient relative humidity leads to a 

smaller driving force as described by equation (7.5), therefore decreasing the absorption rate, and 
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as a consequence, decreasing the Tsol. The relationship found in Figure 7-10 was based on 99% 

RH experimental results, which has the highest Tsol among other RH tests, suggesting the lowest 

U values. Thus, the MDF absorption amount prediction shown in Figure 7-11 is the minimum 

absorption amount in the corresponding RH.  

 

7.5 Conclusions  

A novel desiccant, MDF, was developed by loading hydrophobic hollow fiber 

membranes with LiCl aqueous solution of appropriate concentrations, and then shown to be 

suitable for applications such as in VDC, which has great potential for applications such as 

personal cooling. MDF was able to absorb large quantities of vapor under different conditions. 

For instance, the 2 h absorption capacity and vapor absorption capacity of a MDF made by 

loading 0.7 mm ID hollow fiber with 22 wt.% LiCl solution were 200 mg/g MDF and 251.6 

mg/g MDF, respectively. The capacity could be further increased by using hollow fiber of a 

larger internal diameter.  

The desiccant pad was tested as the desiccant layer in a laboratory VDC setup together 

with a cooling towel as the water reservoir. Results indicate that, when a vacuum of 25 inches of 

Hg was applied, the cooling towel could be maintained at a temperature of around 18
o
C, which is 

ideal for personal cooling, while the desiccant pad temperature was maintained at around 26
o
C. 

On the other hand, the same VDC operating under atmospheric pressure would only be able to 

maintain a cooling towel temperature of 20
o
C and a temperature difference of 3

o
C, reflecting a 

scenario of much a lower level of thermal insulation.  
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It is fair to expect a reduction of cooling effect of the VDC garment made of MDF with 

time, as the aqueous desiccant LiCl solution ability to absorb water vapor decreases due to its 

temperature rise and dilution of capsuled solution according to both the experimental data 

showing in Fig. 4 and the predicted data depicted in Figure 7-11.  Nevertheless, due to the 

excellent thermal insulation provided by the vacuum, which separates the desiccant layer and the 

cooling towel in a VDC pad, the desiccant temperature would not have direct impact on the 

cooling performance of VDC, which is primarily replied on the cold water contained in the 

cooling towel due to continuous water evaporation. The reduction of cooling performance could 

be avoided by more frequent regeneration of the MDF pad or use of MDF of larger capacity, 

which are to be tailored according the actual need of particular applications.  

Studies with VDC garments made of MDF pads as the desiccant layer and water 

absorption towel as the water reservoir with human subject tests are under way in our lab. 

Further studies with MDF made of hollow fibre membranes of different materials and larger 

internal diameters are warranted.  
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■ Nomenclature 

AC   Mass of vapor absorbed by a unit mass of dry MDF at a given condition 

𝐴𝑙𝑜𝑔 (m2
)  Membrane area based on logarithmic mean hollow fiber diameter 

𝐶𝑝 (kJ/kg*K)  Specific heat capacity of water (4.18 J/g K)  

ℎ𝑐 (kJ/kg)  Heat of condensation 

ℎ𝑑 (kJ/kg)  Heat of dilution 

𝐾𝑚 (g/m2skPa) Mass transfer coefficient of vapor 

LAC  Mass of vapor absorbed by a unit length of dry MDF (L) at a given 

condition  

𝑃∞ (kPa) Partial vapor pressure in the surrounding air corresponding to 99% 

saturation at 25
o
C (3.14 kPa) 

𝑃𝑠𝑜𝑙 (kPa) Partial vapor pressure in equilibrium with the LiCl solution in MDF  

t (h)  Operation time during test 

𝑇𝑎𝑖𝑟 (K)  Temperature of ambient air  

𝑇𝑠𝑜𝑙 (K)  Temperature of the lithium chloride solution inside of MDF 

U (W/m
2
K)  Overall heat transfer coefficient 
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Vhf    Internal volume of the hollow fiber 

W0, Wt (g) Weights of MDF at the beginning and the time when leakage occurs in an 

absorption experiment, respectively 

Greeks  

ω (wt %)  Concentration of LiCl of the aqueous solution inside MDF at time t 

 (kg/m
3
)   Density of the loading solution 

λ (m)   Mean free path for water vapor molecules  
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 Conclusions and recommendations for Chapter 8:

second generation vacuum desiccant cooling 

garment  

8.1 Conclusions 

This PhD thesis project targets on developing innovative membranes and desiccants that 

are suitable for use in a novel technology, vacuum desiccant cooling, for application in personal 

cooling garment, which was previously developed in our lab. VDC is a novel microclimate 

cooling method to provide thermal comfort for personnel who have to work in hot and humid 

environments or have to wear impermeable protective clothing during work. It had features of 

being environmental friendly (no CFCs), energy efficient, light and compact, etc., and showed 

great potential for being used in various applications. However, the 1
st
 generation VDC garment 

had some technical challenges and which limited its commercialization. The problems arise 

mainly from the following three prospects. Firstly, the hydrophobic PTFE membrane used in 1
st
 

generation garment was fragile and had poor processability, which could lead to garment failure 

by water leakage. Secondly, although solid lithium chloride powder had a good vapor absorption 

capacity to ensure sufficient cooling efficiency, it was soluble in water and became corrosive 

after a large amount of water vapor was absorbed. The corrosive solution can damage the 

garment, and cause the desiccant solution leakage raising safety issue for the wearers. Thus both 

the first and second problems are associated with the potential water/solution leakage, which lead 

to poor robustness and reusability of the 1
st
 generation VDC garment.  
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Chapter 2 and chapter 3 review the requirement and design trend for microclimate 

cooling garment, as well as membrane aided desiccant cooling technology and its application in 

microclimate cooling field. The main design concerns are summarized, to set a guideline for the 

following phases of study, and eventually the 2
nd

 generation VDC garment design.  

Among hydrophobic membranes other than PVDF, Telfon was considered first. However, 

it was soon discarded because of its poor adhesiveness to most of other surfaces. The choice of 

polyvinylidene fluoride (PVDF) seemed more appropriate because of its sufficiently high 

hydrophobicity, low thermal conductivity, and large options for solvents, etc. Another 

requirement for the membrane to be used in the membrane aided cooling is high mechanical 

strength. It was hence decided to use a non-woven fabric (NWF) made of polyester as the 

backing material on which the PVDF layer was coated. There are, however, a number of 

different NWFs, and the criteria of the choice among those were totally unknown. Therefore, it 

was decided to establish those criteria by conducting detailed characterization studies with 

respect to four different commercial NWFs, for which fiber diameter, packing density, surface 

roughness, surface tension, thickness, pore size and porosity were determined as the 

characterization parameter. The membranes were fabricated by casting the polymer dope 15% 

Kynar 740 PVDF, 1.25% distilled water and as 83.75% of DMAc on top of the NWFs at the 

ambient conditions. Resulted composite membranes had very different pore sizes, porosities and 

LEPws, but their water contact angles were very similar. Interestingly, 3396-coated membrane 

(meaning the PVDF dope was coated on top of backing material coded NWF 3396) showed 

vapor flux over 3 times more than that of PVDF membrane without backing material at 30 ºC, 

while E055100-85-coated membrane exhibited about 15 times more vapor flux. Furthermore, 
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LEPw of both 3396- and E055100-85-coated membrane was as high as 70 psi, which value 

seemed high enough for the VDC applications.  

Based on the results from membrane characterization and VMD experiments, the proper 

selection criteria for the NWF to be used as the support material for the VDC application were 

identified, i.e. NWF should satisfy the following four requirements, 1) smooth surface and 2) 

thinness, 3) large porosity and 4) lows surface energy. 

To further understand the effect of NWF on the VDC membrane performance, heat and 

mass transfer were studied. According to a proposed mathematical model, the membrane/feed 

interface temperature, membrane tortuosity, membrane mass transfer coefficient, and 

temperature polarization coefficient (TPC) were evaluated from the VMD experimental data. 

The cross-sectional images of the coated membranes with different NWFs were taken by SEM to 

show the influence of NWF visually. The images showed that the thickness of the PVDF layer 

was reduced by 42% after VMD tests, when the layer was not supported by NWF, whereas the 

thickness was well maintained when it was supported. Since the thickness of the unsupported 

membranes reduced considerably, pore shrinkage and tortuosity increases were expected to occur 

due to the collapsing of the pores. Indeed, according to the mass transfer analysis, the tortuosity 

of the unsupported membrane increased significantly resulting in an increase in mass transfer 

resistance, while the supported membrane with properly chosen NWFs could enhance the VMD 

flux by maintaining the initial pore structure. The proposed transport model also enables the 

simulation of the membrane performance for many other operating conditions. 
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Thus, applying the newly developed method, membranes of better mechanical strength 

and processability with enhanced vapor flux could be fabricated. These membranes could further 

enhance the VDC garment performance by preventing the water leakage.  

The development of a novel desiccant, which is nontoxic, easy to handle and regenerate, 

is another technical challenge. Two approaches were adopted to address this issue.  

Based on the literature reviews of the existing solid desiccant options, a novel super solid 

polymer based desiccant has been developed in chapter 6. The hypothesis involves in the 

development was that enhanced water absorption could be achieved by impregnating hydrogel 

with lithium chloride powder. Such a desiccant can remain in solid state during the vapor 

absorption to ensure the prevention of leakage that is caused by dissolution of lithium chloride in 

the absorbed water. The maximum salt loading was determined experimentally using sodium 

polyacrylate as the hydrogel. The super absorbent polymer (SAP) based desiccant so developed 

showed a vapor absorption capacity of 27620% when it was exposed to an ambient condition of 

100% RH and 25 ºC for 24 h. The latter absorption capacity is higher than any of conventional 

solid adsorbent desiccants such as silica gel, activated alumina and molecular sieves, thus, 

ensuring its superior potential in the applications in desiccant cooling, and portable VDC 

garment with a number of advantages such as enhanced absorption capacity, safe handling, and 

easier regeneration, etc. However, it suffered also several disadvantages when used in practical 

application, i.e., the desiccant swelled significantly by absorbing water vapor and its slipperiness 

made it hard to stay on a flat surface (desiccant pad) without detachment during multiple 

absorption/ regeneration cycles. Different mounting method of SAP based desiccant needed to be 

developed for ease of application. 
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Hence, another desiccant option was developed in this thesis based on confinement of the 

desiccant in hollow fibers. In this approach, aqueous desiccant solution was loaded into 

hydrophobic hollow fibers, both ends of the hollow fibers were sealed and then the fibers were 

dried. The desiccant could remain solid during the vapor absorption, which could prevent the 

crossover contamination between treated air and desiccant solution. Experiments are performed 

with PTFE hollow fibers of different internal diameters using varying lithium chloride 

concentrations to prove that the design concept is indeed feasible. It was found that the vapor 

absorption rate could be even more improved by selecting proper loading for membrane based 

desiccant fiber (MDF). Theoretical models have been established considering both heat and mass 

transfer to predict the vapor absorption flux through the hollow fiber membrane under different 

operating conditions. The model validity was proved by the results of the experiments conducted 

with a single fiber. As presented in chapter 7, vapor absorption capacity of 0.18 g of vapor per 

gram of MDF was achieved for the first hour absorption. With a 0.4 m
2
 body coverage surface, 

this MDF can take 194 gram of vapor, allowing a potential cooling capacity of 324 W/m
2
.  

 

8.2 Recommendations for 2nd generation vacuum desiccant cooling 

garment 

Finally, by solving the membrane and desiccant challenges, three design proposals can be 

suggested for second generation VDC garments, including both continuous and non-continuous 

vacuum configurations. A super absorbent polymer based fabric was used as a water reservoir to 

store water, as well as absorbing sweat from skin directly. Flat-sheet membrane developed from 

chapter 4 was used as physical barrier to separate liquid water/sweat and evaporated vapor. Air 
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stream dehumidification could be achieved by SAP based super solid desiccant studied in 

chapter 6. MDF developed from chapter 7 were woven into several 0.2 m
2
 patches as desiccant 

pads for VDC garment. Preliminary results for MDF patches were also presented in chapter 7. 

By suggesting the promising design approaches with technical challenges solved from 

this PhD project, it has successfully paved the way for the fabrication of 2
nd

 generation VDC 

garment to be more efficient, robust, durable and wearer-friendly microclimate cooling 

technology. The next phase of study will be fabricating the three proposed VDC garments, and 

performing the human trial tests. Cooling capacity, total weight, flexibility, reusability and cost 

factor will be compared among each other, as well as other commercial cooling garments.  

 

8.2.1 Introduction of first generation VDC garment design concept 

VDC technology has been proven to be used as efficient, energy-saving portable 

microclimate cooling method, and can provide more comfort for wearer. The concept of VDC 

garment can be briefly described in Figure 8-1, VDC pad is composed of four major components, 

a water layer, a spacer, a desiccant layer and an outer bag. A microporous hydrophobic 

membrane with a sufficiently large liquid entrance pressure of water (LEPw, 3.0 bar or larger) is 

used to separate the liquid water in the cooling (water) layer from the vapor in the gap created by 

the vacuum evaporation in the spacer.  
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Figure 8-1 Schematic diagram of the structure of a VDC pad 

 

In operation, the VDC pad is initialized by vacuuming the pad using a high-performance 

vacuum pump to reduce the pressure to 1.0-inch mercury (3.386 kPa) of less, which is close or 

lower than the saturation vapor pressure of water at 25 ˚C (3.166 kPa). The vacuum pump is then 

detached and the vacuum inside the sealed VDC pad maintained by sufficient vapor adsorption 

by the desiccants in the sorption (desiccant) layer. Since power is required for the short 

initialization period only, which is in the range of 3 to 5 minutes, a VDC device is practically an 

unpowered cooling system. This feature of it, in combination with the large latent heat of water 

evaporation, makes it an attractive personal cooling technology that could be made light, 

portable, efficient and with reasonably long working period. 

Assume that the internal heat exchange between the water layer and the desiccant layer is 

negligible; the cooling capacity, Q (W) of a VDC pad can be estimated as the rate of latent heat 

of water evaporation using the following equation 

 

𝑄 = 𝐽𝐴∆𝐻𝑉                                                                                                                   (8.1) 
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Where J is the evaporation flux (g/m
2
s), A is the area of evaporation surface (m

2
), ∆𝐻𝑉 is 

the latent heat of water evaporation (J/g). 

This first generation VDC garment has great cooling performance tested by human trials, 

however, some technical challenges have limited its cooling performance and reliability. In this 

project, solving the two major challenges are the primary focus. The challenges can be briefly 

described here. First, the commercial PTFE (Teflon) membrane used in the 1
st
 generation 

prototype was fragile and non-sticky. Consequently, it was very difficult to fabricate VDC pads, 

which often failed due to water leakage. Second, the desiccant used in the 1
st
 generation VDC 

pads was lithium chloride powder, which has high water affinity, but becomes corrosive after 

absorbing water vapor to become aqueous solution. This raised safety concerns to both the 

wearer and the equipment which the wearer carries or operate.  

With the results from chapter 4 to chapter 7, flat-sheet hydrophobic membrane with 

enhanced mechanical strength and improved vapor flux has been successfully developed, two 

options for solid desiccant have also been developed which can both be used in the future VDC 

garment designs to ensure lithium chloride solution leakage free. By combining these 

developments from previous studies, a few options of 2
nd

 generation VDC garment designs can 

be done conceptually, and their pros and cons are discussed in the following section. 

 

8.2.2 Design proposals of second generation VDC garments  

Three proposals of 2
nd

 generation VDC garments have been made in this chapter, and are 

referred as proposal A, proposal B and proposal C. First of all, as shown in Figure 8-2, water 

reservoir is made of commercially available super absorbent cooling towel saturated with water. 
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A saturated cooling towel is designed to contact directly to skin for three purposes. First of all, it 

can provide instant cooling effect utilizing its basic function as cooling towel. Secondly, it can 

release water continuous as a water reservoir. Thirdly, it can absorb sweat when necessary to 

provide comfort for the wearer and facilitate sweat evaporation. A supported flat-sheet 

hydrophobic membrane, which was developed in chapter 4, is followed right after the water 

reservoir to serve as physical barrier for water/sweat and prevent it from passing through directly 

without evaporation. The spacer is made of an empty hollow fiber weaved pad to provide air and 

water vapor path, the spacer’s outlet is connected to the miniature vacuum pump. An 

impermeable wet suit is followed with the spacer to cover the entire treated area of the body to 

provide an air barrier.  

An airtight fitting is required on the wet suit for the tubing from the spacer to connect 

with the portable miniature vacuum pump. The pump is on continuous to provide a negative 

pressure with garment and facilitate water evaporation. A desiccant column is installed in line 

between the wet-suit outlet and vacuum pump to absorb the evaporated water vapor for pump 

protection. It is filled with SAP-based desiccant developed from chapter 6. This design is super 

compact, light, and the thickness is only around 1 cm. Garment is made of a soft towel, flexible 

membrane, weaved pad-form hollow fiber membrane and wetsuit, which ensure the entire VDC 

garment to be flexible and comfort to wear. This design proposal is called 2
nd

 generation of VDC 

garment proposal A. Schematic diagram is shown in Figure 8-2. 
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Figure 8-2 2
nd

 generation VDC garment proposal A 

 

Secondly, an option of VDC garment utilizing the new developed MDF from chapter 7 is 

also proposed. The basic structure is similar like proposal A. Instead of using a flat-sheet 

membrane, proposal B uses a spacer directly after the water reservoir. Schematic diagram was 

shown in Figure 8-2, since the spacer is made of hydrophobic hollow fiber membrane, it can 

serve as a physical barrier to prevent water from going thought, and also providing the air/ vapor 

path. By separating the water reservoir with desiccant pad physically, the spacer prevents the 

heat transfer from the hot desiccant pad to the cool water reservoir, and helped maintained the 

cooling effect of the VDC garment. The spacer is also connected to a miniature vacuum pump to 

ensure the negative pressure internal environment. Desiccant pad made of weaved MDF pad is 

used after the spacer. The wet suit is again covering the entire treated area as air barrier. This 2
nd

 

generation of VDC garment proposal B has the same level of flexibility, compactness and 

lightness with proposal A. Different design may have different cooling performance based on the 
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heat and mass transfer resistance from water reservoir to the desiccant side. To better determine 

the effectiveness of these two proposals, human trial tests are required for more accurate analysis.  

Before making the prototypes, weaved MDF pad need to be prepared in lab. Loom is 

employed to make large area of pad. Taking the 1
st
 generation VDC garment human trial test as 

reference, the targeting body area for cooling in this study is 0.4 m
2
. 

 

Figure 8-3 2
nd

 generation VDC garment proposal B 

These previous two proposals are both applying negative pressure directly on the skin 

surface, its feasibility is based on Stanford researchers current study called “cooling glove”. In 

their research, vacuum is applied on skin surface, while cooling liquid is directly circulating 

around hand. They have claimed that by directly applying vacuum on skin can fast achieve 

cooling effect by fasten the blood flow from body to skin surface, and efficiently cools core body 

temperature to comfort zone. 
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However, due to lack of human trial reports, there are still concerns regarding to the long-

term safety issue of exposing skin under vacuum for extended period (the desired VDC garment 

working duration is set to be 2 hours in this project), the third option of 2
nd

 generation of VDC 

garment is therefore proposed shown in Figure 8-4. A sealed outer bag is used similarly like 1
st
 

generation descripted in Figure 8-1. Vacuum is maintained within the bag, the advantages of this 

design is that, after initialization period which allow the system pressure to reach the desired 

vacuum degree, it can run without continuous power supply. The thickness of the garment does 

not change comparing to the previous proposal A and B, therefore maintaining as flexible and 

light. The cons, at the meantime, is that by sealing cooling towel within outer bag, it can no 

longer absorb body sweat during the run, which reduces the potential cooling effect of VDC 

garment. In terms of wearer’s thermal comfort, the generated sweat from body cannot be 

naturally removed by sweat evaporation due to skin coverage from impermeable VDC garment 

or protective clothes, body sweating process is therefore slowed down, limiting the body natural 

cooling mechanism.  

 

Figure 8-4 2nd generation VDC garment proposal C 
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Since MDF pad bench scale absorption tests under vacuum from chapter 7 have 

demonstrated to be working efficiently at vacuum degree higher than 20-inch Hg with 3-layers 

MDF pad, proposal C can be built by taking reference of these results. The thickness of hollow 

fiber membrane based spacer need to be tested. The actual cooling performance for the above 

mentioned proposals need to be tested through human trials. 2
nd

 generation VDC garment 

performance will then be analyzed with other microclimate cooling garments in terms of cooling 

capacity, cooling duration, power consumption, total weight, flexibility, portability and wearer’s 

thermal comfort, etc. The robustness and reusability of 2
nd

 generation will be tested and 

compared among three proposals and as well as with 1
st
 generation VDC garment. 

Overall, this PhD project is targeting on the development of robust and reusable 2
nd

 

generation VDC garments. Membrane and desiccant for VDC garment have been improved 

through different phases of the study. Challenges have also come along during the development 

process from both equipment availability and technical failures of ion exchange resin matrix 

based desiccant development step. Thanks to those challenges that I have faced during this PhD 

project, I was able to think deeper and view the subject from different angles. This training 

process showed me the nature of academic research work, and made me stronger while 

addressing each problem one after another. I appreciate this challenge that has provided me with 

an opportunity to learn so much and enhanced my life to a new level. I will continue working in 

the research field where I am eager to solve more problems in the future. 

 


