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With an increase-of the heat transfer coefficient and condensation rate in a condenser, a
lower pressure can be achieved in a desorber, which leads to a dryer adsorber for the next
adsorption phase and a better cooling performance in an adsorption cooling system. This
study aims to experimentally investigate the condensation rate of different nano-structured
surfaces and improve the cooling performance of an adsorption cooling system by coating a
superhydrophobic - zeolite 13X adsorbent composite surface in the condenser. An experiment

was designed and built to investigate the condensation rate of various nano-structured
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surfaces on a copper plate. The results show that a water collection rate (condensation rate)
of the superhydrophobic — zeolite 13X adsorbent composite surface of 49.3 g/mmin is
achieved, which shows an enhancement of about 50% compared to that of the copper surface.
A mathematic model is developed to estimate the cooling performance of the adsorption
cooling system utilizing the composite surface and a mass recovery cycle. The simulation
results show that a SCP of 231.4 W/kg and a COP of 0.317 are determined, which shows an
improvement of 25.0% and 7.8%, respectively, compared to that of the system,without

coating the nano-structured composite surface.



Nomenclature

RH

Re

SCP

area, m?
specific heat capacity of water, J/(kgK)
coefficient of performance
diameter, m
pre-exponent constant, m?/s
activation energy of surface diffusion, J/mol
friction factor
adsorption heat, J/kg
heat loss of flow, Pa
mass transfer coefficient, 1/s
loss coefficient
latent heat, J/kg
length, m
molar mass, g/mol
mass flow rate, L/min
number
pressure, Pa
gas constant,’J/Kmol
relative-humidity, %
radius, m
Reynolds number
specific cooling power, W/kg
temperature, °C

time, s



U heat transfer coefficient, W/m?K

Vv volume, m®

v velocity, m/s

w mass, kg

€ porosity

A equivalent roughness, mm
p density, kg/m®

1) water uptake, g/g
Subscripts

adb adsorbent

ads adsorption

al aluminum

C coated

chw chilled water

cs composite surface

con condenser

crt testing of condensation rate
cu copper

cw cooling water

cycle cycle

des desorption

ec environmental chamber
eq equilibrium

eva evaporator



hr

hw

ma
mi
mr

out

pi

uc

heat recovery phase
hot water

inner

inlet

maximum
minimum

mass recovery phase
outlet

particle

pipe

saturate

uncoated

water vapor

water
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Introduction

Adsorption cooling systems (ACSs) have drawn attention in the past few decades,
because of their low electricity consumption and minimal environmental impact (Akahira et
al., 2004). ACSs utilize low-grade heat sources such as waste heat or solar energy to drive the
refrigerant cycle (Nidal et al., 2010; Ng et al., 2012). Water can be used as the refrigerant (the
adsorbate) depending on the performance of the adsorbent, which is more environmentally
friendly, compared with the refrigerant of vapor compression systems (Wang, 2001;
Anyanwu, 2004). However, there are still a number of technical challenges, which_limit the
wide use of the ACSs, such as low efficiency, bulky size, high manufacturing, cest, etc. Over
recent decades, a lot of studies about ACSs have been proposed and achievements are being
made.

The condenser is a major component of an ACS. Withsan increase of the heat transfer
coefficient and condensation rate in the condenser, a lower pressure in the desorber can be
achieved, which leads to a larger amount of desorbed water vapor. If more water vapor can be
desorbed, the adsorbent will be dryer, so“that more water vapor can be adsorbed in the next
adsorption phase. Therefore, improving the jperformance of the condenser can effectively
improve the cooling performancesand=reduce the size of the ACS (Youssef et al., 2015).
Currently, most of the studies about the condenser of the ACS were focused on the effect of
the cooling water inlet temperature to the condenser on the performance of the condenser
(Youssef et al., 2016;:Thu et al., 2011). However, the cooling water inlet temperature is not
the only factor affecting the performance of the condenser. For example, utilizing finned heat
exchangers in the condenser coated with different nano-structured surfaces also shows the
potential to enhance the performance of the condenser (Edwards and Doolittle, 1965). It is
reported that nano-structured superhydrophilic surfaces (Dong et al., 2017) and

nano-structured superhydrophobic surfaces (Lu et al., 2017) for use in dehumidification



systems show an improvement in condensation rate, thus it is believed that they may also
have the potential to enhance the cooling performance of the condenser in an ACS.

Dong et al., and Qi et al., developed a liquid desiccant plate dehumidifier coated with a
nano-structured TiO, superhydrophilic surface. The results showed that enhancing ratios for
the moisture removal rate and dehumidification efficiency were 1.6 and 1.63, respectively
compared with a dehumidifier without the superhydrophilic surface (Dong et al., 2017; Qi et
al., 2016). Cheng et al. numerically investigated the nano-structured superhydrophobic
surfaces and reported that the dropwise condensation on the superhydrophobic. surfaces
showed a superior heat transfer coefficient than that of the filmwise condensation (Cheng et
al., 2016). Lu et al. developed a superhydrophobic Si nanowire surface'and acondensation
heat transfer coefficient of 88 kW/m?K was achieved, showing an.improvement of 155% and
87% compared to that of using conventional hydrophilic and’ hydrophobic surfaces,
respectively (Lu et al., 2017). Apart from nano-structured ‘superhydrophilic surfaces and
nano-structured superhydrophobic surfaces, a.membrane coated with adsorbents, named an
adsorbent membrane, on a superhydrophilic surface or superhydrophobic surface has the
potential to enhance the condensation “rate. In physical sorption processes, hydrogen
molecules will be attracted on the surface of adsorbents due to the van der Waals force
between the hydrogen molecules.and the adsorbents (Lennard-Jones, 1932). Grzech et al.
investigated the effect of van-der Waals interactions on hydrogen storage capacity and heat of
adsorption of silica-based materials. The results showed that with increasing the pore size, the
van der Waals'force and hydrogen uptake decrease (Grzech et al., 2014). The van der Waals
force affects the movement of the droplets nearby, so that the droplets move towards the
adsorbent membrane and the droplets can combine with other droplets on their way to form
bigger droplets, which reduce the wettability of the membrane and increase the condensation

rate. The van der Waals force also affects the water vapor in the moist air nearby, so that the



humidity of the area close to the composite surface increases, which leads to a higher mass
transfer between the composite surface and moist air. However, a composite surface
consisting of a superhydrophilic surface, a superhydrophobic surface and adsorbent
membranes has not been developed yet. In this study, plain copper surfaces, superhydrophilic
surfaces and superhydrophobic surfaces were developed, and superhydrophilic — zeolite 13X
adsorbent composite surfaces and superhydrophobic — zeolite 13X adsorbent composite
surfaces were invented. The condensation rates on different surfaces were investigated
experimentally.

The performance of the integrated unit of the adsorbent and heat exchangery(AdHex)
(Aristov et al., 2012), can influence the adsorption capacity and heat and‘mass transfer of the
adsorber, which can affect the coefficient of performance (COP) andsspegific cooling power
(SCP) of the ACSs (Frazzica et al., 2014). Ahmed et al. separated-all available adsorbents
into three categories, which are physical adsorbents,‘Chemical adsorbents and composite
adsorbents (Ahmed et al., 2012). Boelman et al. investigated a silica gel — water adsorption
cooling system (ACS) and a COP of 0.4 was obtained with a desorption temperature of 50 °C
(Boelman et al., 1995). Wang et al. evaluated ACSs using five different adsorbents and found
that although the SCP of the silica'gel"'was not as high as the composite adsorbents, the silica
gel was a suitable choice-for?ACSs driven by low temperature heat sources (50-100 °C)
(Wang et al., 2009). Improving the method of filling the adsorbent material into the adsorbers
is one of the chaices to enhance the performance of the AdHex. Wang et al. developed and
investigated the performance of a fluidized-adsorbent bed. An improvement of the average
mass variation rate of the adsorbate of 630% was achieved by using a fluidized adsorbent and
fluidized-adsorbent bed compared to the conventional packing in adsorbent beds (Wang et
al., 2012). Chan et al. developed and investigated an adsorbent bed consisting of cylindrical

shell units which were copper tubes with circular fins covered by stainless metal meshes. The



silica gel was packed in between the circular fins and a SCP of 81.4 W/kg was estimated
(Chan et al., 2015). Compared with the packing and fluidizing methods, coating technology
can highly enhance the performance of the AdHex (Li et al., 2015). Tatlier developed an
adsorbent bed coated with zeolite and with metal-organic frameworks. The results showed
that the performance of the adsorbent bed coated with metal-organic frameworks were 4-5
fold higher than that coated with zeolite under a desorption temperature of 110 °C (Tatlier,
2017). However, the cost of using most of the coating technologies was usually higher and
the preparation of the coating technologies was usually more complicated than that of
packing technologies. An electrostatic coating method which is low in cost, and-fast in
preparation, has the potential to be utilized in coating the adsorbent on the adsorbent beds
(Zhu et al., 2018). The electrostatic coating has four major advantages. 1) The adsorbent
particles can be sprayed all over the adsorbent membraneshecause of the combination of
mechanical and electrical forces, so that the adsorbent.on the adsorbent membrane is evenly
distributed (Yang et al., 2017). 2) The coating ‘adsorbents on the membranes can be
well-confined and the thickness of the coating can. be well-controlled (Luo et al., 2008). 3)
The electrostatic coating method does, not affect the properties of the adsorbent passing
through the spray gun (Prasad et al., 2016). 4) The preparation of the adsorbent membrane
using electrostatic coating.is,fast.and low in cost (Zhu et al., 2018).

In terms of appliCation;-the operating parameters and operating sequences will affect the
performance of the ACS (Sapienza et al., 2011; Chan et al., 2015). Miyazaki et al. developed
a novel dual evaporator typed adsorption chiller with three adsorbent beds and tested the
effect of operating temperatures and cycle time on the SCP and COP. It was found that the
higher the chilled water inlet temperature, the higher the SCP and COP (Miyazaki et al.,
2010). Tso et al. simulated the effect of adsorption/desorption phase time, hot water inlet

temperature, cooling water inlet temperature and chilled water inlet temperature on the SCP



and COP. The results showed that these parameters had a great influence on the SCP and
COP, although the chilled water inlet temperature only showed a significant effect on the
SCP (Tso et al., 2012). Besides, Tso et al. also experimentally studied various operating
sequences and proposed a pre-cooling and pre-heating cycle. A SCP and COP of 106 W/kg
and 0.16 were achieved, which were 129% and 100% increases respectively compared to the
basic cycle (Tso et al., 2015). In our previous study, Zhu et al. developed and investigated an
advanced mass recovery phase for a double-bed ACS. During the advanced mass recovery
phase, two adsorbers and the condenser are connected, while hot water was kept supplying to
the desorber and cooling water was kept supplying to the adsorber. A SCP of 180.4 W/kg and
COP of 0.29 were achieved after utilizing the advanced mass recovery phase: The results
showed that the advanced mass recovery phase significantly “improved the cooling
performance of the ACS (Zhu et al., 2017). In this study, thissadvanced mass recovery phase
was conducted. Compared with the traditional mass recovery.(whereby only two adsorbers
are connected to each other), the condenser plays a more important role in the advanced mass
recovery phase.

This study aims to develop and-experimentally investigate nano-structured composite
surfaces for use in a condenser of an~ACS, and also to numerically estimate the cooling
performance of the ACS.after. employing the nano-structured composite surfaces. Silica
gel-water was used as the adsorbent-adsorbate working pair. In this study, an advanced mass
recovery phase, ‘which is detailed described in Section 2.2, was conducted. Five different
surfaces including a plain copper surface, nano-structured superhydrophobic surface,
nano-structured superhydrophilic surface, nano-structured superhydrophobic — zeolite 13X
adsorbent composite surface and a nano-structured superhydrophilic — zeolite 13X adsorbent
composite surface were developed and investigated experimentally. The nano-structured

superhydrophobic and superhydrophilic surfaces were prepared with the dip coating method



proposed by Larmour et al. (Larmour et al., 2007) since it is one of the most cost- and
time-efficient methods (Sun et al.,, 2014; Traipattanakul et al., 2017). The adsorbent
membrane was prepared with the electrostatic coating method and coated onto the
nano-structured superhydrophilic surface or nano-structured superhydrophoic surface to form
the nano-structured superhydrophilic — adsorbent composite surface or nano-structured
superhydrophobic — adsorbent composite surface. More importantly, mathematical models
were developed to simulate the cooling performance of the ACS utilizing the nano-structured

superhydrophobic — zeolite 13X composite surface in the condenser.

Operating Cycle
Basic Operating Cycle

The basic operating cycle of a double-bed ACS consists. of.two major phases, named
Phase | and Phase Il in this study. The two adsorbers are'named adsorber A and adsorber B.

In Phase I, adsorber A is in the adsorption _process,while adsorber B is in the desorption
process. The refrigerant (water in this Study) rapidly evaporates continuously to produce
water vapor and a cooling effect in_the ‘evaporator at a low evaporation temperature. The
water vapor flows to adsorber A‘due torthe pressure difference. The water vapor is adsorbed
by the adsorbent in adsorber. Avand the low pressure condition is maintained. Cooling water
passing through adsorber “A” removes the heat generated due to the adsorption process.
Adsorber B is heatedsto a desorption temperature by hot water passing through adsorber B.
The water vapor is desorbed from the adsorbent in adsorber B and flows to the condenser due
to the pressure difference between the adsorber and condenser. Water vapor condenses in the
condenser, and flows to the evaporator due to the pressure difference between the condenser

and evaporator and the gravitational effect.



Phase Il is similar to Phase |, but the adsorbent in adsorber A is heated to desorb while

that in adsorber B is cooled to adsorb.

Advanced Mass Recovery Phase

Mass recovery is a common method to improve the performance of the system (Chua et
al., 2002). In a traditional mass recovery phase, two adsorbers are connected to each other.
Adsorbers perform the desorption process by pressure difference only. However, if hot water
continues to be supplied to adsorbers during the mass recovery phase, they can desorbymore
water vapor since a high desorption temperature can be maintained (Zhu et al.;"2027;7Zhu et
al., 2018). Moreover, if the adsorbers are connected to the condenser, the pressure inside the
adsorbers can be further reduced because of the condensation effect,»which leads to a better
desorption process.

In this study, advanced mass recovery phases, namegd, Phase 1-M and Phase 11-M, were
adopted. Right after Phase I, the pressure of adsorber B. IS much higher than that of adsorber
A. Phase I-M is operated. In Phase I-M, adsorberyA and adsorber B are connected to each
other, while cooling water continues te.besupplied to adsorber A and hot water continues to
be supplied to adsorber B. At the 'same-time, adsorber A is connected to the condenser. By
connecting the two adsorbers and.condenser together, the water vapor flows from the higher
pressure adsorber to the lower pressure adsorber and then to the condenser automatically. The
water vapor condenses in the condenser, which reduces the pressure. The adsorbers are
depressurizedsPhase I-M can further dry the heated adsorber after desorption (adsorber B)
and reduces the internal pressure. The dryer adsorbent can adsorb more water vapor in Phase
I1. Right after Phase 11, Phase 11-M is operated. In Phase 11-M, adsorber A and adsorber B are
connected to each other and adsorber B is connected to the condenser, while hot water

continues to be supplied to adsorber A and cooling water continues to be supplied to adsorber



B. Phase I-M and Phase 1I-M are completed after the pressure in the two adsorbers and the
condenser is balanced, and then a heat recovery phase is operated immediately, named Phase

H.

Heat Recovery Phase

In Phase H, the heat transfer fluid (water) flows through adsorber A and B to recover
about 30% of the heat input of the desorption phase due to the temperature difference (Li et
al., 2009; Qu et al., 2001). Phase H is completed when the temperature of water in the two
adsorbers is balanced.

In this study, a complete operating sequence is described as: “Phase I - Phase I-M >

Phase H = Phase Il & Phase II-M = Phase H = Phase | = ...”.

Effect of Conducting the Advanced Mass Recovery Phase on the Cooling Performance of
the ACS

In a traditional mass recovery phase,.the adsorber and desorber are connected with each
other and the water vapor flows from desorber to the adsorber. The pressure in the dsorber is
reduced. The desorption process inithe desorber is performed by the pressure difference only.
In an advanced mass recovery phase, the pressure inside the desorber deceased more rapidly
since water vapor flowed from the desorber to the adsorber, and at the same time, water vapor
condensed insthe condenser, which further reduced the pressure in the desorber. The
adsorbent temperature remains constant because of the hot water supply. The constant
adsorbent temperature and pressure reduction cause an extra desorption process, leading to a

better performance.



Table 1 shows the experimental results of the ACS with different operating cycles. The
experiments were conducted with an operating condition of a hot water inlet temperature of
90 °C, a cooling water inlet temperature of 25 °C, a chilled water inlet temperature of 16 °C, a
hot water flow rate of 8 L/min, a cooling water flow rate of 8 L/min, a chilled water flow rate
of 2 L/min, an adsorption/desorption phase time of 660 s, and a heat recovery phase time of
50 s. For the traditional mass recovery phase (TMR), the best performance of the system
occurred when it was conducted for 15 s. After conducting the traditional mass=recovery
phase and heat recovery phase (HR), the SCP increased by 17.5% compared to,that of the
basic operating cycle (BC). After conducting the advanced mass recovery,phase (AMR) with
an optimized time of 85 s, the SCP increased by 113.7% and 71.2%,compared to that of the
basic operating cycle and the cycle with traditional mass recovery phase, respectively. The
performance of the ACS with conducting the advanced mass recovery phase was better than

that of conducting only the traditional mass recovery phase.

Development and Investigationief the Nano-structured Composite Surface

Enhancing the condensation rate is a key to improve the performance of the condenser.
In this section, five, different “surfaces (plain copper plate surface, nano-structured
superhydrophilic/ surface, nano-structured superhydrophobic surface, nano-structured
superhydrophobie,, — zeolite 13X adsorbent composite surface and nano-structured
superhydrophilic — zeolite 13X adsorbent composite surface) were developed to enhance the
condensation rate in the condenser. In order to evaluate the influences of the various surfaces
and operating conditions on the condensation rate, an experiment setup was designed and

built.



Preparation of the nano-structured composite surfaces

The nano-structured composite surface can be coated onto an aluminum surface or

copper surface. In order to make sure the surface temperature is homogeneous during the

experiment and simplify the preparation and investigation, square copper plates (Qian and

Shen, 2005) were selected as the substrates because of their excellent thermal conductivity

(Aksan and Rose, 1973; Miljkovic and Wang, 2013) and durability (Marto et al., 1986). The

nano-structured superhydrophobic surface and nano-structured superhydrophilic surface were

coated onto a copper plate with a dip coating method. The complete procedure is described as

follows:

1)

2)

3)

4)

5)

6)

Prepare a copper plate with a dimension of 50 mm x 50 mm x 2 mm (length x width x
thickness) as a substrate.

Polish the copper plate with sandpaper with 100, 200, 500, 600, 800, 1000, 1200, 1500,
2000 grits in sequence to minimize the oxidation effect on the surface. After being
polished with 2000-grit sandpaper, the color of ‘the copper plate surface should look
pinkish gold.

Immerse the polished copper plate<into,an acetone solution in a beaker with a volume of
100 ml for 10 minutes to degrease.

Take the copper plate.out of the acetone solution with a pair of forceps and immerse it
into the pure ethanol in‘a-beaker for 10 minutes to remove the acetone.

Take the copper plate out of the pure ethanol, clean the copper plate with deionized water
and dry itwith compressed nitrogen.

Immerse the copper plate into the silver nitrate solution (AgNOs3) with a concentration of
0.01 mol/L in the beaker for 10 minutes. The AgNOj3 solution is used as a nano-coating

substance. After immersion in the silver nitrate solution, the copper plate becomes black.



7) Take the copper plate out of the silver nitrate solution, clean it with deionized water and
dry it with compressed nitrogen.

8) Immerse the copper plate into the 11-mercaptoundecan-1-undecano (MUD) solution with
a concentration of 0.001 mol/L in a dichloromethane (CH,CIl,) or
heptadecafluoro-1-decanethiol (HDFT) solution with a concentration of 0.001 mol/L in
CH,Cl, in a beaker for 15 minutes. The MUD solution and HDFT solution are used as
water repellent agents. The MUD solution is used for the nano-structured
superhydrophilic surface and the HDFT solution is used for the nano-struetured
superhydrophobic surface.

9) Take the copper plate out of the MUD/HDFT solution and immerse it into_pure ethanol in
a beaker for 1 minute.

10) Take the copper plate out of the pure ethanol and dry it=with,compressed nitrogen. The
nano-structured superhydrophobic or superhydrophilic “surface with a thickness of
150-300 nm (Larmour et al., 2007) is coated onto the plate.

After fabricating the nano-structured superhydrophobic surface or nano-structured
superhydrophilic surface, a zeolite«, 13X adsorbent membrane is coated onto the
nano-structured surface with an“electrostatic coating method. Electrostatic coating is a
coating method using a high. veltage electrostatic electric field to force the particles charged
negatively to move in the opposite direction of the electric field and coat the particles onto
the surface. The preparation of the adsorbent membrane is shown as follows:

1) Dry the zeodlite 13X adsorbent at a the temperature of 150 °C for 24 hours, powder it and
then put the powder into the canister of an electrostatic sprayer which is shown in Figure
1(a);

2) Spread the binder on the area of the plate surface, which is designed for the adsorbent

membrane, while the other part of the surface is covered by acrylic plates;



3) The powder in the canister is sprayed through the spray gun due to the pressure difference
created by the pressure pump. The distance between the spray gun and substrate is 20 cm
and the spray direction is 90 ° with the substrate;

4) Remove the acrylic plates and clean the composite surface with compressed air.

A plate coated with the nano-structured superhydrophobic surface is shown in Figure
1(b) and a plate coated with the nano-structured superhydrophobic — zeolite 13X adsorbent
composite surface is shown in Figure 1(c). When the thickness of the adsorbent membrane is
smaller than 1 mm, the thermal resistance of the coated plate will not increase significantly
compared with that of the uncoated plate (Restuccia and Cacciola, 1999). A 1"'mm thickness
of the adsorbent membrane was used for the coating because of the point regarding thermal
resistance mentioned above. A mass of 0.4 g of the adsorbent, (0:2 g adsorbent for one
adsorbent membrane) was measured by a balance. The width-ef the adsorbent membrane was
4 mm because of the spray direction and distance between, the spray gun and substrate. The
width of the nano-structured superhydrophobic surface or nano-structured superhydrophilic
surface between two adsorbent membranes was controlled at 16 mm to ensure the water

droplets on the surface will be only affect by the adsorbent membrane close to them.

Experimental set up for the,investigation of the nano-structured composite surfaces
In this study, two of thes-most important parameters, contact angle and condensation rate,
were experimentally investigated. The contact angle was measured by a contact angle meter.
The investigation of the condensation rate was conducted with an experimental setup in an
environmental chamber. A schematic design of the experimental setup is shown in Figure 2.
In Figure 2, the blue line represents the water cycle. The volume of the environmental
chamber is 30 m®. The controllable ranges of temperature and relative humidity are -10 °C —

35 °C with an accuracy of + 0.5 °C and 20 % — 95 % RH with an accuracy of + 0.5 % RH,



respectively. The volume and power of the constant temperature bath are 15 L and 2 kW,
respectively. The controllable range of temperature is -5 °C — 95 °C. Two K-type
thermocouples are used to measure the water inlet and outlet temperatures to ensure the
temperature uniformity of the heat exchanger and calculate the heat transfer coefficient of the
composite surface. A vortex flowmeter is used to measure the water flow rate. The water is
supplied from the constant temperature water bath to a plate heat exchanger to remove the
condensation heat from the composite surface. A beaker is located right under the testing
sample and used to collect the condensed water. An electrical balance is used to measure the
weight of condensed water in the beaker. Figure 3 shows the environmental chamber, heat
exchanger and other major components of the experimental setup.

A standard operating condition of the experimental setup is shown in Table 2. Nagp
represents the number of the adsorbent membranes (adserbent.bars) coated onto the
nano-structured superhydrophilic surface or nano-structured superhydrophobic surface of the
composite surface. For example, Nag, IS equal to two, for the composite surface shown in
Figure 1(c). RHe represents the relative humidity in the environmental chamber. Tec
represents the air temperature in the environmental chamber. Ty, i, and 7, represent the water
inlet temperature and water mass flow rate from the water bath. W, .., Wey e and
Waap,cre represent the weight of water inside the heat exchanger, the weight of the copper of
the heat exchanger and plate, and the weight of adsorbent coated onto the nano-structured
composite surface. Zeolite 13X is used as the coating material for the adsorbent membrane.
The water temperature was measured at the water inlet and outlet of the heat exchanger, so
that the energy loss from the pipe to the surroundings is negligible. Because the temperature
difference between the inlet and outlet is small (e.g. less than 0.2 °C), the surface temperature
is regarded as the average of the water inlet and outlet temperature. Apart from the surface

contacted with the test sample of the composite surface, the other surfaces of the heat



exchanger are well insulated by heat isolation tags, so that the energy loss from the heat
exchanger to the surroundings is negligible.

In order to investigate the performance of the nano-structured composite surface,
different experiments under various operating conditions were conducted as shown in Table
3. In this study, the effects of the surface temperature and relative humidity in the
environmental chamber on the condensation rate of the nano-structured surface were
investigated. Furthermore, the effect of different patterns of adsorbent membranes on the

condensation rate was also investigated experimentally.

Experimental investigation of the nano-structured composite surfaces

The contact angles of water droplets on the copper plate surface, nano-structured
superhydrophilic surface, nano-structured superhydrophobicssurface were measured with a
contact angle meter. The contact angles in five different’positions, which are shown in Figure
4 were measured. The five positions were located at'the,center and four corners (10 mm away
from the edges) of the surface. Each position was measured three times and their average was
recorded as the final result of the contact angle on each position.

In Table 4, the experimental,results of the contact angles of copper plate surface,
nano-structured superhydrophilic_surface and nano-structured superhydrophobic surface at
different positions are listed=From Table 4, it can be found that the average contact angles of
the nano-structured superhydrophilic surface and nano-structured superhydrophobic surface
are 3.7 ° and 164.5 °, respectively. This shows that the dip coating method is practicable and
the nano-structured superhydrophilic and nano-structured superhydrophobic surfaces are well
prepared.

In Figure 5, the effects of the temperature of the surfaces under a relative humidity of

95%RH on the condensation rates of different surfaces, namely the copper plate surface,



nano-structured superhydrophilic surface, nano-structured superhydrophobic surface,
nano-structured superhydrophilic - adsorbent composite surface and nano-structured
superhydrophobic - adsorbent composite surface, are presented. From Figure 5, it can be seen
that the condensation rate increases with the decrease of the surface temperature. The lower
the surface temperature achieved, the larger the heat transfer between the test sample surface
and moist air achieved, which led to a higher condensation rate. The condensation rates of the
nano-structured superhydrophilic surface, nano-structured superhydrophobic surface,
nano-structured superhydrophilic - adsorbent composite surface and nano-structured
superhydrophobic - adsorbent composite surface were 37.2 g/mmin, 41.1.gim%min, 48.7
g/m?min and 49.3 g/m?min, respectively, which show an improvement/of 13.1 %, 24.8 %,
48.0 % and 49.9 %, respectively, compared with the condensation.rate“of the copper surface,
under the operating condition of a surface temperature of 7 °€.and a relative humidity of 95
%.

In Figure 6, the effects of the relative humidity ‘in the environmental chamber on the
condensation rates of different nano-structured surfaces with a surface temperature of 7 °C
are shown. It can be seen that the condensation rate increases with the increase of the relative
humidity. The higher the relative humidity achieved, the more water vapor in the moist air,
and the larger the mass transfer,from the moist air to the membrane achieved, which led to a
higher condensation rate.

As illustrated.in Figures 5 & 6, the nano-structured superhydrophobic surface had a better
performance than the nano-structured superhydrophilic surface. In practice, the condensation
performances of the surfaces rely on the distinct condensate modes, which are related to
surface wettability and structure. On the nano-structured superhydrophobic surface, dropwise
condensation occurs, while on the nano-structured superhydrophilic surface, filmwise

condensation occurs because of the different wettability. The condensed water droplets are



easier to be removed from the nano-structured superhydrophobic surface than the

nano-structured superhydrophilic surface, which leads to a reduction of the wettability and

removal of the liquid film. With the reduction of the wettability and removal of the liquid
film, the thermal resistance is reduced which leads to a better heat transfer performance and
condensation rate.

In Figures 5 & 6, it also can be seen that the nano-structured superhydrophilic — zeolite
13X adsorbent composite surface has a better performance than the nano-structured
superhydrophilic surface, and the nano-structured superhydrophobic — zeolite 13X adserbent
surface has a better performance than the nano-structured superhydrophobic, Surface: There
may be several reasons why the composite surfaces had better performance and these are
listed as follows:

1) There was a van der Waals force from the adsorbent membrane acting on the droplets on
the nano-structured superhydrophilic or nano-structured superhydrophobic surfaces. The
van der Waals force might affect and accelerate thesmovement of the droplets, so that the
droplets moved towards the adsorbent membrane quickly, which could reduce the
wettability of the nano-structuredssurface. The condensation rate increased with the
reduction of the wettability. Moreover, some scattering adsorbent particles may stick to
the area of the nano-structured superhydrophilic surface or nano-structured
superhydrophobi¢ surface near the adsorbent membrane. This may enlarge the effective
area of the van der Waals force. More droplets could be affected, moving to the adsorbent
membrane; and thus the wettability would be further reduced.

2) The droplets which were close to the adsorbent membrane moved towards the adsorbent
membrane because of the van der Waals force, so that the droplets combined with other
droplets on their way to form bigger droplets, which would be easier to remove from the

composite surface and would reduce the wettability.



3) The van der Waals force might also affect the water vapor in the moist air, so that the
humidity of the area close to the composite surface might increase, which would lead to a
higher mass transfer between the nano-structured composite surface and moist air.

4) The adsorbent membrane was in a cuboid shape, which increased the total contact area
between the moist air and composite surface, and it may also enlarge the effective area of
the van der Waals force (Firouzi and Nguyen, 2014).

In Figure 7, the effect of the various numbers of adsorbent membranes on the composite
surface on the condensation rate is shown. The results show that with the increase in the
quantity of adsorbent membranes, the weight of the condensed water and the condensation
rate increased. The reason was the area affected by the adsorbent membrane.increased with
the increase of the quantity of adsorbent membranes, which meanssthat more droplets and
water vapor were affected by the adsorbent membrane because of the van der Waals force.
According to the four reasons listed above as to why the ‘composite surfaces had better
performances than the nano-structured . superhydrophilic surface, nano-structured
superhydrophobic surface and copper plate surface, more droplets and water vapor were
affected leading to a higher condensationrate. The condensation rate of the nano-structured
superhydrophilic - three adsorbentibars-composite surface was 52.5 g/m?min, which showed
improvements of 19.1% and 7.8%, compared with that of the one adsorbent bar and two
adsorbent bars composite “surfaces, respectively. Similarly, the condensation rate of the
nano-structured ‘superhydrophobic - three adsorbent bars composite surface was 54.7
g/m?min, which showed improvements of 18.8% and 10.9%, compared with that of the one
adsorbent bar and two adsorbent bar composite surfaces, respectively. The maximum
quantity of the adsorbent membranes is three because of the limitation of the size of the
copper plate, while it does not mean that the optimized quantity is three. When the widths of

the adsorbent membrane and the nano-structured superhydrophobic surface or



nano-structured superhydrophilic surface are reduced, the maximum quantity of the
membranes which can be coated increases, which may enhance the performance of the
nano-structured composite surfaces because the increase of amount of adsorbent coated onto
the nano-structured composite surface. However, the condensation rate of the nano-structured
composite surface may not always keep increasing with the increase in the amount of the
quantity of the adsorbent membranes. If two adsorbent membranes are too close to each
other, the water droplet size will be limited, which will decrease the condensation rate.
Meanwhile, the water droplets between two adsorbent membranes are affected by the van der
Waals forces from these adsorbent membranes which are in opposite directions, so-that the
influence of the adsorbent membranes on the water droplets is reduced.

As stated in this section, the condensation rate of the 50 mm x50 mm nano-structured
superhydrophobic - two adsorbent bars composite surfaceswas. 49.3 g/m’min, under an
operation condition of a cooling water inlet temperaturé of 7:°C, and a relative humidity of
95%, which shows an improvement of 50% compared with that of the copper plate surface.

In order to simulate the improvement of the cooling performance of the adsorption
cooling system after utilizing the nano-structured composite surface, the overall heat transfer
coefficient is required and this can be-cCalculated based on the experimental results of the
testing of the condensation rate.. The energy balance equation about the testing of the

condensation rate on the nane-structured composite surface can be described as follows:

d . .
E [Ww,crtcp,w + Wcu,crtcp,cu + Wadb,crtcp,adb + Wadb,crtwcrtCp,w)Tcon,crt] = mev,crt + mv,crtcp,v (Tec -

Tcon,crt) + mw,crtcp,w (Tw,crt,in - Tw,crt,out)! (1)

where W, crer Weyerer  and Wegp e represent the weights of the water in the heat

exchanger, the copper heat exchanger and copper plate, and the adsorbent on the

nano-structured composite surface in the condensation rate testing. w.,; represents the water



uptake by the adsorbent of the adsorbent membranes in the condensation rate testing.
Teonerts Tecr Twerein @aNd Ty creoue epresent the temperature of the condensation
temperature on the nano-structured surface, the environmental chamber, water inlet and water
outlet. m, . and m,, .. represent the condensation rate and the water flow rate. Ty, ;¢ oue

can be expressed by:

- UCSACS

Tw,crt,out = Tcon,crt + (Tw,crt,in - Tcon,crt)exp( :
My, crtCp,w

), )

where U, represents the overall heat transfer coefficient of the nano-structured
composite surface and the heat exchanger, A.; represents the heat transfer, area of the
nano-structured composite surface. During the testing under the operation condition of a
cooling water inlet temperature of 7 °C, and a relative humidity of 95%, an average cooling
water outlet temperature of 7.12 °C was recorded and“aheat transfer coefficient of 458.6

W/m?K was estimated according to Eq. 1 and Eq. 2.

Error Analysis

The K-type thermocouples have an-incertainty of + 0.1 °C. The vortex flowmeters have
an uncertainty of + 0.5%.. The uncertainties of temperature and relative humidity in the
environmental chambér are.# 0.5 °C and + 0.5 %, respectively. The constant temperature
water bath has an accuracy of + 0.05 °C. The electrical balance has an accuracy of + 0.01 g.
In order to reduce the effect of errors, every single experiment was repeated three times. The
average error of the experimental results of the condensation rate was estimated as + 0.8

g/m’min.

Mathematical Models



In this study, mathematical models have been developed to numerically investigate the

cooling performance of the ACS as well as to evaluate the effect of using nano-structured

composite surfaces in the condenser on the cooling performance of the ACS.

Assumptions

1)
2)
3)

4)

5)
6)
7)
8)

9)

In order to develop the mathematical models, a number of assumptions are required.
There is no heat loss to the ambient because of the good insulation of system.
The temperature and pressure are uniform in the adsorbers.
The equilibrium water vapor uptake is uniform in the adsorbers.
The water vapor flows through the evaporator, and the two adsorbers and condenser are
driven by pressure drop only.
The water vapor is an ideal gas and it becomes liquid afterit iSisadsorbed by the adsorbent.
The water vapor condenses without superheat in the/condenser.
The water evaporates without supercool in_the evaporator.
The amount of water inside the evaporator and condenser is uniform.

The properties of the water, tubes and water vapor in the system are constant.

10) The thermal resistance between the copper tubes and fins of the adsorbent beds is

neglected.

11) Flow resistance for water-flows in tubes is neglected.

12) Effect from diffusion on the water vapor flow is neglected.

Based on these assumptions, a dynamic behavior of heat and mass transfer of the

adsorption cooling system can be described as shown below.

Equilibrium Water Uptake and Adsorption Rate



In this study, silica gel is used as the adsorbent in the adsorber, while zeolite 13X is used
as the adsorbent material of the composite surface in the condenser. Based on the study done
by Sakoda and Suzuki, the equilibrium water uptake of silica gel can be expressed by

(Sakoda and Suzuki, 1984):

Weq = [Pv/Ps(Tadb)]l/l'év (3)

where weq is the equilibrium amount of water uptake in the adsorbent; Py is the water
vapor pressure in the adsorber; T.q is the adsorbent temperature; Ps(Tag) IS the
corresponding saturated vapor pressure under the adsorbent temperature, Taqp. The saturated

vapor pressure can be calculated by the Antoine equation (Dean and kange;»1999):

10g10P; = 8.07131 — 1730.63/ (T,ap = 39.574), ()

In Eq. 4, the unit of Ps is mmHg, whiledn other‘equations, the unit of pressure is Pa.
During the adsorption phase, the adsorption process occurs and is controlled by surface
diffusion inside the adsorbent particles. The adsorption process will stop when the water
uptake reaches the equilibrium_amount of water uptake. A linear driving force equation can

be used to estimate the adserption-rate (Sakoda and Suzuki, 1984):

(Z_(: = K(weq —w), 5)

where K is the overall mass transfer coefficient which can be calculated by Eqg. 6:

15D —Eq4
K = —exp(—"), (6)

4 RT gap



where Dy is the pre-exponent constant; r, is the radius of the adsorbent particle; E, is

the activation energy of surface diffusion; R is the gas constant of 8.314 J/Kmol.

Energy and mass balance for the adsorber/desorber

The energy balance for the adsorber can be described by Eq. 7:

d
E [(Wadb Cp,adb + Wadb wadscp,w + Wcu,adscp,cu + Wal,adscp,al)Tads]
_ da)ads . .
- AHVVadb dt + mv,adscp,v (Teva - Tads) + mcw,adscp,w (Tcw,ads,in - Tcw,ads,out)x (7)

where t is time; Wagn, Weuads, Waiads are the weight of the adsorbent, copper tubes, and
aluminum fins in the adsorber, respectively; Cpadb, Cpw, Cp.cus Cp.als. Cpw' TEPresent the specific
heat capacity of the adsorbent, water copper, aluminum and watervapor, respectively; wags IS
the water uptake in the adsorber; Tags, Teva, Tew,adsin: Tcwidsouts F€Present the temperature inside
the adsorber, the temperature inside the evaporatar, cooling water inlet temperature, and
cooling water outlet temperature, respectively; AH is the adsorption heat of the adsorbent;
My,aas: Mewaas rePresent the mass flow rate of the water vapor and the cooling water in the

adsorber. The cooling water outlettemperature is described as:

—UadsAad
Tcw,ads,out = Tads + (Tcw,ads,in - Tads)exp(m)v (8)

where U,qs1S'the heat transfer coefficient of the adsorber; Aags is the heat transfer area of

the adsorber. The mass flow rate of the water vapor is calculated by:

m, = vapivw (9)



where p, is the density of the water vapor; Ay; is the cross section area of the pipes; v,

is the water vapor flow rate. The water vapor flow rate is calculated by:

AP = g PoVs? + hy, (10)

where AP is the pressure difference; hy is the head loss of the flow, which includes major

loss, hima @and minor loss, h. mi. The head loss is expressed as:

hL = hL,ma + hL,mil (11)

The major loss is caused by the stress force between the flow and pipe walls, which is
expressed by:
_1

Pvlpi
hL,ma - Ef Dv pl vvzn (12)
pi,i

where | and Dy;; are the length and ‘inner diameter of the pipes, respectively; f is the
friction factor, which can be estimatedwby the Colebrook equation (Colebrook, 1939;

Colebrook and White, 1937):

1 A/Dpii | 2.51

= —2log( 3.7 +Re\/F)’

(13)

S

where A7is the equivalent roughness; Re is the Reynolds number. The minor loss is

caused by valves, bends, contraction and expansion of the pipes. It can be described as:

1
hL,mi =K, E,D,,Uvz, (14)



where K is the loss coefficient. From the Eq. 9-14, the mass flow rate of the water vapor

can be calculated. The mass balance of the water vapor in adsorber is described as:

0(Vaape+Vads)Pvads _ . dwads
at = My ads — Vadbpadb at (15)

where Vagp and Vggs represent the volume of the adsorbent and the dead volume of the
adsorber, respectively; ¢ is the porosity of the adsorbent, py adgs and pagp are the density of the
water vapor and adsorbent in the adsorber; 1, 445 is the mass flow rate of the water vapor in
the adsorber; w,q4s is the water uptake in the adsorber. The density of the water vapor.can be

calculated by the ideal gas law:

PV = nRT, (16)

where P is the pressure; T is the temperature. According to Eq. 16, the density of the

water vapor is expressed as:

= 17)

Pv =71

where M is the molarsmass<of water. Eq. 17 is substituted into Eg. 15 and Eg. 15

becomes:

0Pgqs RTqds 3 Owqds
= m -V —= 18
ot MV gabe+Vads) ( v,ads adbPadb ot )1 ( )

where P,gs and Taqs are the pressure and temperature in the adsorber. On the other hand,

the energy balance for the desorber is expressed by:



d
E [(Wadbcp,adb + Wadba)descp,w + Wcu,descp,cu + Wal,descp,al)Tdes]

dwdges .
= AI_”/Vadb 0;_(; + mhwcp,w (Thw,in - Thw,out)! (19)

where Weydes, Warges are the weight of the copper tubes, and aluminum fins in the
desorber, respectively; wqes is the water uptake in the desorber; Tges, Thwiins Thwout, FEPresent
the temperature inside the desorber, hot water inlet temperature, and hot water outlet
temperature, respectively; my,, represents the mass flow rate of hot water in the desorber.
The hot water outlet temperature is described as:

~UgesAde
Thw,out = Tges + (Thw,in - Tdes)exp(M): (20)

MhwCpw

where Uges IS the heat transfer coefficient of the desorber;»Ages. is the heat transfer area of
the desorber. Similar to the mass balance of the waterwaper in the adsorber, that in the

desorber is calculated by:

OPges —— RT ges
ot MWV aqpe+Vads)

dwdes

(mv,des + Vadbpadb a(i )l (21)

where Pges and Tges are the pressure and temperature in the desorber.

Energy and mass balance for the evaporator

The energy balance in the evaporator can be described as:

d
a [(Ww,evacp,w + M/cu,evacp,cu + Wal,evacp,al)Teva]

= _mev,ads + 7’i’lv,ads("p,w (Tcon - Teva) + mchwcp,w (Tchw,in - Tchw,out)v (22)



where Wy eva, Weueva, and Wy eva represent the weight of water, copper tubes and
aluminum fins of the heat exchanger in the evaporator, respectively; L, is the latent heat
change of the water to water vapor; Tcon, Tchw,in, @Nd Tehwout represent the temperature in the
condenser, chilled water inlet temperature and chilled water outlet temperature, respectively.

The chilled water outlet temperature is described as:

_UeuaAeua
Tchw,out = Teva + (Tchw,in - Teva)exp(-i)! (23)

MchwCp,w

where Ueya IS the heat transfer coefficient of the evaporator; Aeva IS the heat,transfer area

of the evaporator. The mass balance of water in the evaporator is expressed by:

AWy eva

a _mv,ads + _mv,desv (24)

Energy balance for the condenser

The energy balance of the condenser«an be described as:

d
E [(Ww,concp,w + Vch,conCp,cu + Wal,concp,al + Wadb,concp,adb + Wadb,conwconcp,w)Tcon]

= mev,des + mv,descp,v(Tdes - Tcon) + mcw,concp,w (Tcw,con,in - Tcw,con,out)v (25)

where Wy,con, Weu,cons Wat,con, Waap con @Nd wcon represent the weight of water, copper
tubes, aluminum fins of the heat exchanger, the amount of adsorbent coated and water uptake
by the adsorbent in the condenser. Without coating the nano-structured composite surface
onto the fins, Wyap con IS €qual to zero. my,, .., represents the mass flow rate of cooling

water in the condenser; Tewconin, @Nd Tewconout represent the cooling water inlet and outlet



temperature to the condenser, respectively. The chilled water outlet temperature is expressed

by:

_UconAcon
Tcw,con,out = Tcon + (Tcw,con,in - Tcon)exp (7)’ (26)

Mcw,conCp,w

where Ucon IS the heat transfer coefficient of the condenser; Acon is the heat transfer area

of the condenser.

Equation modified for the advanced mass recovery phase

In the mass recovery phase, the adsorber, desorber and condenser are“connected to each
other, and while the hot water continues to be supplied to the (desorber, cooling water
continues to be supplied to the adsorber. The mass balance equations of the mass recovery

phase can be modified from Eq. 18 and Eq. 21:

a‘;ties == M(VaI;::isVads) (mmr,des,ads + Vadbpadb %)! (27)

and
af:;zds = M(V;;:Zisl/ads) (mmr,des,ads - mmr,ads,con + Vadbpadb %)’ (28)

and
ai;c:n = M(V:;Zisvads) (mmr,ads,con - mmr,con)1 (29)

Where M,y ges.adss Mimnrads,cons aNd My, o are the mass flow rate from the desorber

to the adsorber, from the adsorber to the condenser and the condensation rate in the condenser



during the mass recovery phase, respectively. The energy balance equation of the adsorber

can be modified from Eq. 7:

d
E [(Wadb Cp,adb + Wadba)adscp,w + Wcu,adscp,cu + Wal,adscp,al)Tads]

dWads

= AH‘/Vadb dt + mmr,des,adscp,v (Tdes - Tads) + mcw,adscp,w (Tcw,ads,in - Tcw,ads,out)v (30)

The energy balance equation of the desorber is the same as Eq. 19, while that of the
condenser can be modified from Eqg. 25:
d
a [(Ww,concp,w + I/ch,concp,cu + Wal,concp,al + Wadb,concp,adb + Wadb,conwconcp,w)Tcon]

= memr,con + Mumr,ads,conCp (Tads - Tcon) + mcw,concp,w(Tcw,con,in - Tcw,con,out)l (31)

Similar to Eq. 25, W,4p con 1S equal to zero without.coating the composite surface onto

the fins.

Equation modified for heat recovery phase
In the heat recovery phase,the water flowing through the two adsorbers is used for
recovering some heat via their temperature difference. The equations for the water outlet

temperature of adsorber-and.desorber can be modified from Eq. 8 and Eq. 20:

_U(l sAa S
Tcw,ads,out = Tads + (Thw,out - Tads)exp( mhifpv\l/i )1 (32)
and
—UdesAdes
Thw,out = Tdes + (Tcw,ads,out - Tdes)exp( . )v (33)

MhrCp,w



where my, is the water mass flow rate during the heat recovery phase. The energy
balance equations for the adsorber and desorber during the heat recovery phase can be

modified from Eq. 7 and Eq. 19:

d
E [(Wadb Cp,adb + Wadba)adscp,w + Wcu,adscp,cu + Wal,adscp,al)Tads]

dwads

= AHadbl/l/adb T + mhrcp,w (Tcw,ads,in - Tcw,ads,out)l (34)

and

d
% [(Wadbcp,adb + Wadb wdescp,w + Wcu,descp,cu + Wal,descp,al)Tdes]

dwd S

= AHyqpWaap d_te + mhrcp,w (Thw,in - Thw,out)v (35)

Equation for cooling performance
The SCP and COP are the major parameters for quantifying the cooling performance of

the adsorption cooling system. The SCP is expressed by:

teyel
¢ ycle
_ MchwCpw fo (Tchw,in_Tchw,out)dt

SCP , (36)
Wadbtcycle
and the COP is expressed by:
COP = MchwCp,w fotcyde(Tchw,in_Tchw,out)dt (37)
MhwCp,w f;cyde(Thw,in_ThW,out)dt ’

Simulation Results and Discussion

Parameter Values Adopted in the Simulation



In order to estimate how the nano-structured composite surface can improve the cooling
performance of the ACS, the numerical model developed in Section 4 is used. In this section,
a nano-structured superhydrophobic - adsorbent composite surface with a width of 4 mm of
the adsorbent membrane and a width of 16 mm of the nano-structured superhydrophobic
surface is used, which is the same as the testing sample developed in Section 3. The heat
exchanger consists of 50 fins with a dimension of 40 mm x 400 mm. Therefore, a total of
2000 adsorbent membranes with a dimension of 40 mm x 4 mm can be coated in the
condenser and a total of 0.32 kg of adsorbent can be coated in the condenser.

Some parameter values adopted in the simulation are measured from an ACS built in our
laboratory, which are listed in Table 5. Most of the values of the parameters are directly
measured from the ACS, including the heat transfer areas of different components, pipe
diameters, water flow rates, water inlet temperatures, and masses_of different components.
However, it is difficult to directly measure the heat Aransfer. coefficients of the adsorber,
desorber, evaporator and the condenser without coating the composite surface in the ACS.
Therefore, these heat transfer coefficients are estimated according to the experimental results
of the ACS under different hot waterinlet temperatures shown in Section 5.2 (Tso et al.,
2014).

In Table 6, temperature, dependent parameters including the heat capacity of the water
and vapor, and the latent heat'of water are listed.

From Tables 5 & 6, and the mathematical models developed above, the cooling
performance of the ACS before and after utilizing the nano-structured composite surface can

be numerically predicted.

Verification of the Modeling



In order to verify the modeling, an ACS was built in the laboratory in Nansha,
Guangzhou and an experimental testing of the ACS was conducted. A photograph of the ACS
is shown in Figure 8. The main components of the ACS were a condenser, an evaporator, two
adsorbers, a chilled water tank and an overall controller. The dimension of the ACS was 1 m
x 1 m x 1.5 m (length x width x height). Vehicle radiators were used as the adsorbent bed
because of their lower cost and simplified assembly processes. Silica gel adsorbents were put
in between the fins of the radiator. The radiators had to be covered by stainless steel metal
meshes to prevent the adsorbents leaking out from the radiators. A total of 5.6 kg of silica gel
could be filled into an adsorber. A SCP of 180.4 W/kg and a COP of 0.29, werewachieved
under an operating condition of 90 °C hot water temperature, 25 °C(cooling water inlet
temperature, 16 °C chilled water inlet temperature, 8 L/min hot waterand cooling water flow
rate, 2 L/min chilled water flow rate, 660 s adsorption/deserption’ phase time, 85 s mass
recovery time and 50 s heat recovery time (Zhu et al.4#2017). This operating condition was
used as the standard operating condition in the experimental and numerical investigation of
the effect of the hot water inlet temperature and cooling water inlet temperature on the
cooling performance of the ACS as deseribed.in the following paragraph as well.

The hot water inlet temperature“is one of the most important factors which could
significantly affect the perfermance of the ACS. Figure 9(a) shows the effect of the hot water
inlet temperature onsthe SCP and COP. The hot water inlet temperature has a significant
influence on the'SCP#The SCP was improved by 207% at the hot water inlet temperature of
95 °C compared to that at 55 °C. More water vapor could be desorbed out from the adsorber
with a higher hot water inlet temperature. As a result, a larger cooling power could be
produced. On the other hand, it was found that the hot water inlet temperature did not greatly
affect the COP, with only a 5% difference calculated at the two extremely hot water inlet

temperatures. The COP decreased slightly at the 95 °C hot water inlet temperature due to a



relatively larger heat loss occurring at the higher hot water inlet temperature. The effect of the
cooling water inlet temperature on the SCP and COP was investigated and the results are
shown in Figure 9(b). It was found that with a higher cooling water inlet temperature, the
performance of the ACS would be lower. The SCP and COP of a 35 °C cooling water inlet
temperature were respectively reduced by 9% and 4.3% compared to that of the 15 °C cooling
water inlet temperature. More water vapor could be adsorbed by the adsorbent with a lower
cooling water inlet temperature, which led to a higher SCP and COP. Although the cooling
water inlet temperature was 35 °C, the system still had a steady and good performance.
Additionally, it can be seen from Figures 9(a) and 9(b) that the simulation results,with the
models developed in Section 4 (curves called COP Sim. and SCP Sim.) are matched well

with the experimental results (curves called COP Exp. and SCP Exp.):

The effect of adsorption/desorption phase time and mass recovery phase time before and
after utilizing the nano-structured composite surface

The increase of the heat transfer coefficient of'the condenser, which leads to the increase
of the SCP and COP of the adsorptiony,.cooling system, may also affect the optimized
operating condition of the systemy, In“this study, the operating condition of the adsorption
cooling system coated with.the'nano-structured composite surface was numerically optimized
and a comparison between‘the optimized operating condition of the system before and after
coating the nano-structured composite surface was made.

In Figure” 10, the effects of the adsorption/desorption phase time on the cooling
performance of the system before and after coating the nano-structured composite surface are
shown. The simulated results show that the SCP and COP of the system coated with a
nano-structured composite surface is higher than that of the system uncoated at any

adsorption/desorption phase time. At the same time, the SCP of the system coated with a



nano-structured composite surface reaches the peak at an adsorption/desorption phase time of
600 s, while the SCP of the uncoated system reaches the peak at an adsorption/desorption
phase time of 630 s. The difference in the optimized adsorption/desorption phase time was
caused by the difference of the heat transfer coefficient in the condenser. The higher the heat
transfer coefficient of the condenser, the higher the condensation rate of the condenser
achieved, and the more the water vapor is condensed in the condenser. The lower the pressure
in the condenser and desorber achieved when the amount of condensed water increases, the
more the water vapor desorbed at the certain desorption temperature from the adsorbent.
Therefore, not only do the SCP and COP increase, but the optimized adsorption/desorption
phase time is shortened as well.

In Figure 11, the effects of the mass recovery time on the cooling performance of the
ACS before and after coating the nano-structured compositessurface are shown. In the mass
recovery phase, the two adsorbers and the condenser are connected to each other. Therefore,
similar to the case of the adsorption/desorption phase time, the SCP and COP of the system
coated with a nano-structured composite Surface isthigher than that of the uncoated system at
any mass recovery time. Meanwhile,.the 'SCP of the system coated with a nano-structured
composite surface reaches the peak at-a"mass recovery time of 70 s, while the SCP of the

uncoated system reaches the peak.at a mass recovery time of 85 s.

Cooling performancesafter utilizing the nano-structured composite surface

The optimized operation conditions of the system without coating the nano-structured
composite surface in the condenser was investigated in our previous study (Zhu et al, 2017).
After utilizing the nano-structured composite surfaces, the optimized operation condition of
the system was changed due to a higher overall heat transfer coefficient and condensation rate

in the condenser. The optimized values of the adsorption/desorption phase time and mass



recovery phase time were shortened from 660 s and 85 s to 600 s and 70 s, respectively. An
optimized condition was achieved with a hot water inlet temperature of 95 °C, a cooling
water inlet temperature of 25 °C, a chilled water inlet temperature of 16 °C, a hot water mass
flow rate of 8 L/min, a cooling water mass flow rate of 8 L/min, a chilled water mass flow
rate of 2 L/min, an adsorption/desorption phase time of 600 s, a mass recovery phase time of
70 s, and a heat recovery phase time of 50 s, after utilizing the nano-structured composite
surface.

Table 7 shows a comparison of the simulated SCP and COP of the ACS before.and, after
utilizing the nano-structured composite surface in the condenser. The simulated-results
showed that the SCP and COP of the system coated with the nano-structured composite
surface improved by 16.1% and 5.1%, respectively compared withsthat uncoated with the
nano-structured composite surface under the same operating ‘condition, which was the
optimized operating condition of the system without ¢oating the nano-structured composite
surface shown in Table 7. After the optimization of the operating condition, a SCP of 231.4
W/kg and a COP of 0.317 were estimated,swhich showed an improvement of 25.0 % and 7.8
%, respectively compared with that-ofthe system without coating the nano-structured
composite surface. This shows that,the*performance of the condenser significantly affects the
cooling performance of the. ACS. Moreover, the enhancement of the performance of the
condenser can shorten the optimized cycle time, which leads to a more steady cooling effect.

Figure 12 shows the simulated temperature profiles of the heat transfer fluid at different
locations of the adsorption cooling system coated with the nano-structured composite surface
in the condenser under the optimized operating condition. The hot water outlet temperature
decreases slightly at the beginning of mass recovery phase. This is because of the desorption
process in the desorber due to the reduction of pressure. The hot water outlet temperature

decreases rapidly, while the cooing water outlet temperature from the adsorber increases



rapidly in the heat recovery phase. The chilled water outlet temperature is always below the
chilled water inlet temperature, which means the adsorption cooling system coated with the
nano-structured composite surface in the condenser can continuously produce a cooling

effect.

Conclusions

In this study, an advanced mass recovery phase is conducted and investigated, a number
of different surfaces, named as a copper plate surface, nano-structured nano-structured
superhydrophilic surface, nano-structured nano-structured superhydrophobic,surface,
nano-structured superhydrophilic — zeolite 13X composite surface, and namo-structured
superhydrophobic — zeolite 13X composite surface are developed. The‘effects of the different
composite surfaces; surface temperature, relative humidity in.the environmental chamber, and
different patterns of the adsorbent membranes on the/Condensation rate are experimentally
investigated. Moreover, the cooling performance of the ACS utilizing the nano-structured
composite surface in the condenser is numerically investigated and compared with that
without coating the composite surface.Lhe.following conclusions are drawn:

1) After conducting the advanced mass recovery phase, the SCP of the ACS increases by
113.7% and 71.2%-respectively compared to that of the basic operating cycle and
traditional mass recovery phase.

2) The lower the surface temperature, the higher the condensation rate achieves.
Similarly, the higher the relative humidity in the environmental chamber, the higher
the condensation rate achieves. Under the operating condition of a surface
temperature of 7 °C and a relative humidity of 95 %RH, the condensation rates of the
nano-structured superhydrophobic — zeolite 13X composite surface is 49.3 g/m’min,

which shows an improvement of 49.9 %, compared with that of the copper surface.



3) With the increase of the quantity of adsorbent membrane, the condensation rates of
the nano-structured composite surfaces increases. The condensation rate of the
nano-structured superhydrophobic - three adsorbent bars composite surface is 54.7
g/m”min, which shows an improvement of 18.8%, compared with that of the one
adsorbent bar composite surface.

4) After utilizing the nano-structured composite surface in the condenser of an ACS, a
SCP of 231.4 W/kg and a COP of 0.317 are estimated, which shows an improvement
of 25.0 % and 7.8 %, respectively, compared with that of the system without ceating
the nano-structured composite surface.

Although the results show that the nano-structured composite surfaces offer great
application potential for energy saving and cooling performance”enhancement in the
condenser of the ACS, it should be noted that these nano-structured composite surfaces can
also be applied in other thermal energy systems, suchasiconventional heating, ventilation,
and air conditioning systems, refrigerators, dehumidifiers, adsorption desalination systems,
passive radiative cooling and self-cleaning'smart windows.

Different nano-structured composite, Surfaces are developed, and some experimental and
numerical results are estimated, but.the=full picture of the performance of the nano-structured
composite surfaces utilized-in the_condenser of the ACS has not been fully developed yet. In
the future, the effect of the width of the adsorbent membranes and the width of the
nano-structured superhydrophobic surface on the condensation rate of the nano-structured
composite surfaces should be investigated. The effect of the adsorbent membranes, which
consists of different adsorbent materials, on the condensation rate of the nano-structured
composite surfaces should be also investigated. Moreover, numerical models should be

developed and verified to describe the condensation behaviors of the water droplets, which



includes droplet formation, droplet growth, and droplet movement on the nano-structured

composite surfaces.
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Figure Captions
Figure 1: An electrostatic sprayer (a), a plate coated with a nano-structured
superhydropbobic surface (b), a plate coated with a nano-structured

superhydrophobic — zeolite 13X adsorbent composite surface (c)
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Schematic design of the experimental setup (B = Balance, F = Water
flow meter, H = Humidity meter, P = Pump, T = Thermocouple, V =
Valve)

The environmental chamber (a), the heat exchanger (b), the
experimental setup (c)
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surface
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different surfaces

The effect of the relative humidity on the condensation rate of
various surfaces

The effect of «the number of adsorbent membranes on the
condensation-rate, of nano-structured superhydrophilic - adsorbent
compositesurfaces (a) and nano-structured superhydrophobic -
adsorbent composite surfaces (b)

The adsorption cooling system
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Figure 12:

The effect of the adsorption/desorption phase time on the cooling
performance with and without coating the nano-structured
composite surface

The effect of the mass recovery time on the cooling performance
with and without coating the nano-structured composite surface

Simulated temperature profiles of heat transfer fluid



Figure 1. An electrostatic sprayer (a), a plate coated with a nano=structured superhydropbobic surface (b), a

plate coated with a nano-structured superhydrophobic= zeolite 13X adsorbent composite surface (c)
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Figure 2. Schematic design of the experimental setup (B = Balance, F = Water flow meter, H = Humidity meter,

P = Pump, T = Thermocouple, V' =Valve)
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Figure 4. Five measured positions on the copper plate surface, nano-structured superhydrophilic surface and

nano-structured superhydrophobic surface
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Table 1. A comparison of different operating sequences

Operating SCP SCP Improvement (%) COP | COP Improvement
Sequences (W/kg) (%)
BC 84.4 N.A. 0.13 N.A.
BC + TMR + HR 105.4 24.9% 0.28 115.4%
BC + AMR + HR 180.4 113.7% (compared to BC) & 71.2% (compared | 0.25 | 82.3% (compared to
to BC +TMR + HR) BC)
Table 2. Standard operating condition of the experiment
Parameters Values Unit
Acs 27x10* m?
RHec 95 %
My crt 1 L/min
Nago 2 N.A.
Tw,crt,in 7 °C
Toe 22 °C
Wi ert 12.7 g
Wcu,crt 65.9 g
Wadb,crt 04 g
Table 3. Various operating conditions
Parameters Values Unit
Nado 1,3 N.A.
RHec 35,65 %
Twin 10, 13 °C




Table 4. Contact angles of the copper plate surface, nano-structured superhydrophilic surface

and nano-structured superhydrophobic surface

Position Copper surface Nano-structured Nano-structured
Superhydrophilic surface Superhydrophobic surface
1 80.3 31 166.1
2 77.6 4.1 162.3
3 80.1 4.4 165.3
4 79.3 35 164.7
5 78.3 34 163.9
Average 79.1 3.7 164.5
Table 5. Parameter values adopted in the simulation
Symbol Value Unit Symbol Value Unit
A des 9.6 m? Tewin 25 °C
Aconue 1.8 m’ Thigin 95 °Cc
Aconc 1.96 m? Usgs 187.6 W/m?K
Aeva 1.2 m? Ucon,ue 259.3 W/m?K
A, 5.06x10* m’ Uconc 458.6 W/m?K
Cp.adb 924 JlkgK Udes 193.9 W/m?K
Coal 880 JIkgK: Ueva 293.1 W/m?K
Cp.cu 386 JikgK Vadb 9.2x10° m’
AH 2.8x108 Jlkg Vads 5.53x107 m°
Dy,i 25.4 mm Woadb ads,des 7 kg
Dy 2.54x10™ m?/s Wagb.con 0.26 kg
Ea 4.2x10* Jimol Wat ads,des 2.34 Kg
Iy 26 m Wai.con 0.89 kg
Mehw 2 L/min Wal eva 0.59 kg
My 8 L/min Weu ads,des 2.46 kg
My, 2 L/min Weu con 0.93 Kg
My 8 L/min Woeueva 0.62 Kg




Moy 8 L/min Wicon 1 kg
Fpi 0.154 mm Wyeva 15 kg
toycle 1590 s Padb 870 kg/m?
Tehwin 16 °Cc € 0.3 -
Table 6. Temperature dependent parameters adopted in the simulation
Symbol Value Unit
Cov 1.1883x107%T°-0.101485T2+30.0268T-1168.47 JIkgK
Cow -1.27742x10T°+0.134933T°-46.8724T+9548.13 JkgK
Lw -1.23188T%-1629.73T+3.03683x10° Jkg

Table 7. A comparison of the cooling performance before and after utilizingithe nano-structured

composite surface

Adsorption cooling system SCP (W/kg) COP

Uncoated 185.1 0.294

Coated (under the same operating condition as the uncoated one) 215.9 0.309
Coated (under optimized operating.condition) 231.4 0.317




