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Field synergy analysis for heat and mass transfer characteristics in 
adsorption-based desalination and cooling systems 
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H I G H L I G H T S  

• Field synergy analysis is conducted to illustrate the heat and mass transfer characteristics in the adsorption process 
• Two field synergy angles reflecting the synergy effect of heat transfer and flow resistance are proposed 
• Impacts of bed configurations are explored under the guidance of field synergy analysis 
• The SCP and SDWP in the fork-row arrangement are 6.6% higher than those in the in-line arrangement  
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A B S T R A C T   

Adsorption-based desalination and cooling system has gained particular interests for low-grade heat harvesting. 
In this study, field synergy analysis is conducted to illustrate the complicated heat and mass transfer charac-
teristics in an adsorption-based desalination and cooling system with finned-flat beds via a dynamical three- 
dimensional computational fluid dynamics model. Two field synergy angles α and β reflecting the synergy ef-
fect of heat transfer and flow resistance with the adsorption driving force are examined. Results illustrate that 
smaller α and β result in better adsorption performance. Furthermore, guided by the field synergy analysis, 
adsorbent bed configurations (fin diameter, fin pitch, fin shape, and fin arrangement) are optimized. The fork- 
row arrangement results in a higher SCP and SDWP than that of the in-line arrangement. With the fin pitch of 
20 mm and fin diameter of 12 mm, the system with fork-row arrangement demonstrates a SCP of 0.363 kW/kg 
and SDWP of 12.5 m3 per ton silica gel per day, which is 6.6% higher than that of the in-line arrangement as the 
field synergy parameter between heat transfer and the driving force factor (α) is more predominant at a relatively 
smaller fin pitch.   

1. Introduction 

Cooling and fresh water are two main necessities of human's life 
continuation, especially in Gulf regions with water scarcity under 
tropical desert climate, and a lot of energy-intensive factories are built to 
meet the demands of cooling and potable water [1–3]. The combustion 
of fossil fuel has induced a series of environmental problems, such as 
harmful emissions and the notorious greenhouse effect. Conventional 
vapor compression cooling system is limited as it consumes a large 
amount of electricity and causes ozone depletion with the wide utili-
zation of hydrochlorofluorocarbons (HCFCs) [4,5]. In recent years, ef-
forts have been devoted to adsorption-based desalination and cooling 
systems, which simultaneously provide cooling load as well as fresh 

water driven by low-grade heat [6–8]. The adsorption-based system has 
the advantages of low energy consumption and using environmentally 
friendly refrigerant such as water, benefiting for the global warming and 
ozone depletion [9–12]. In addition, as pressure lift is conducted via the 
thermal process, the adsorption-based system has many other advan-
tages such as low operating costs, few moving parts, simple control and 
vibration-free operation [13]. However, the low thermal conductivity 
and mass transfer efficiency [14], making the system a low specific 
cooling power and large volume that hinder the wide commercialization 
of adsorption-based systems. 

Studies have been carried out to conquer the drawbacks of 
adsorption-based systems, which can be classified as: (i) investigation of 
novel or composite adsorbents [15] with favorable adsorption kinetics, 
such as the metal organic frame work (MOF) [16–18], a high hydrophilic 
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material which has gained significant interest in adsorption study in the 
last few decades, and SWS-1 L [19], a silica gel adsorbent which is 
commixed with LiNO3 to enhance its hydrophilicity; (ii) system and 
cycle optimization to decrease the pressure lift, for instance, multi-bed 
and multi-stage adsorption system [20–22] or heat recovery [23–25] 
between the evaporator and condenser; (iii) optimization of the heat 
exchanger [26] to promote the discharge of adsorption heat or investi-
gation of the optimal operation conditions comprising of cycle time, 
heating temperature, evaporator pressure etc. [27,28]; (iv) grain level 
studies to investigate the adsorption dynamics and the mono or multi- 
layer adsorption mechanism [29–31]. Among the simulation litera-
ture, there are two models which are the most popular [32]: the lumped 
model (LP) and the computational fluid dynamic (CFD) model. The 
former is based on differential-algebraic systems to solve the heat 
transfer problem, while the latter addresses the heat and mass transfer 
with partial differential equations. LP model has a basic assumption that 
the bed is near isobaric and isothermal, which makes it less 

computational demanding and relatively low accuracy, while the CFD 
model considers the temperature and pressure jump thus the heat and 
mass transfer mechanisms. The CFD model can be classified into three 
types: isobaric temperature jump method [33], isothermal pressure 
jump method [34], the non-isothermal and non-isobaric method [35]. 
Despite intensive computational requirement, the CFD model is essential 
to simulate adsorption kinetics inside a practical adsorber. The numer-
ical result derived from the lumped model may have a large deviation 
with the experimental data and the CFD results, as it neglects the tem-
perature and pressure variation within the bed, which is significant in 
some situations [36]. 

As shown in Fig. 1, the adsorption reaction is predominantly 
manipulated by three processes [37]: (i) inter-particle mass transfer 
resistance while the vapor flows through the torturous void space be-
tween adsorbent grains, which macroscopically manifests as the pres-
sure drop along the vapor flow path; (ii) intra-particle diffusion 
resistance arising due to the inherent micro-pore inside the adsorbent 

Nomenclature 

Cp Specific heat, J kg− 1 K− 1 

COP Coefficient of performance, – 
dp Particle diameter, m 
Ds Mass diffusivity, m2 s− 1 

Dso Pre-exponential factor, m2 s− 1 

E Characteristic energy, J mol− 1 

Ea Activation energy, J mol− 1 

Ha Heat of adsorption, J kg− 1 

hfg Latent heat of vaporization, J kg− 1 

h Convective heat transfer coefficient, W m− 2 K− 1 

K Permeability, m2 

k Thermal conductivity, W m− 1 K− 1 

M, m Mass, kg 
Nu Nusselt number, – 
n Surface heterogeneity factor of the adsorption materials, – 
P Pressure of adsorption/desorption, Pa 
Ps Saturation pressure, Pa 
Q Heat, J 
Qst Isosteric heat of adsorption, kJ kg− 1 

R Universal gas constant, J mol− 1 K− 1 

SCP Specific cooling power, kW/kg 
SDWP Specific daily water production, m− 3 ton− 1 day− 1 

T Temperature, K 
TCP Total cooling power, kW 
t Time, s 
U Velocity vector, m s− 1 

W Water uptake, kg kg− 1 

W∞ Maximum adsorbent capacity, kg kg− 1 

Wo Equilibrium uptake, kg kg− 1 

Greek symbols 
ε Porosity, – 
μ Dynamic viscosity, Pa s 
ρ Density, kg m− 3 

α Thermal diffusivity, m2 s− 1 

Subscripts 
ads Adsorption 
b Bed 
c Cooling, condenser 
con Condenser 
des Desorption 
eva Evaporation 
e Evaporator 
f Fluid 
g Gas phase 
i Initial 
m Metal 
p Particle 
sat saturation 
s Solid phase, saturated, saline 
t Total 
v Vapor phase 
w Water  

Fig. 1. Three significant processes in the adsorption. 1: heat transfer; 2: inter-particle permeation; 3: intra-particle diffusion.  
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grain, which is demonstrated as the predominant decisive step of the 
adsorption reaction (i.e. the adsorption kinetic); (iii) heat transfer within 
the bed to liberate the adsorption heat, which is eventually taken away 
by the cold fluid. Inserting metal fins in the bed can effectively enhance 
heat exchange between the adsorbent and cold fluid, thus facilitating the 
release of adsorption heat. These three processes are corresponding to 
heat transfer, mass transfer, and flow resistance respectively, which are 
the most important factors in an adsorption bed. Saleh et al. [38] 
compared the performance of an adsorption heat pump utilizing the 
wire fin heat exchanger with rectangular finned and microchannel fin-
ned bed. The results presented that pressure drop inside a microchannel 
heat exchanger is approximately 5 times larger than the other two finned 
beds, denoting its fairly high flow resistance. With a larger heat ex-
change surface between aluminum fumarate particles and the cold 
source, the wire finned bed shown superior performance in terms of bed 
temperature and water uptake. Niazmand et al. [39] established a 
transient two-dimensional CFD model to examine the performance of a 
cylindrical bed with annular fins using silica gel/water pair. Bed con-
figurations comprising of fin spacing, bed height and grain diameter are 
examined to explore their effects on performance parameters such as 
specific cooling power (SCP), total cooling power (TCP) and coefficient 
of performance (COP). The simulation results presented a viable method 
to dramatically reduce the bed volume at the cost of slightly reducing 
COP. Kowsari et al. [40] developed a three-dimensional numerical 
model to examine the effect of bed configurations such as fin pitch and 
fin height on the system performance in terms of cycle time, SCP and 
COP. Their study considered a finned-flat tube heat exchanger, for 
which the rectangular and the corresponding trapezoidal fins are 
compared. With a systematic bed designing procedure for performed 
parametric conditions proposed, this type of heat exchanger can be 
designed more effectively and appropriately for adsorption utilization. 

Among the three significant factors manipulating the adsorption 
process, heat conduction is the most predominant in many conditions, as 
the grain diameter impacting the adsorption kinetics is normally 
invariant and the effect of flow resistance can be neglected in many 
cases. Nevertheless, via an order of magnitude analysis of the continuity, 
momentum and energy equations, Mitra et al. [37] found that there is a 
critical value for the bed aspect ratio beyond which the flow resistance 
and pressure drop become significant instantaneously. Subsequently, 
they examined the effect of particle diameter and aspect ratio on the 
adsorption dynamics with a two-dimensional CFD model [36]. Li et al. 
[41] conducted a comprehensive analysis about the effect of stepwise 
porosity distributions inside a finned-tube bed on system performance of 
adsorption-based desalination and cooling system via transient CFD 
model, and found that the forward distributions presents obviously 
augmented cooling as well as water production. 

In adsorption-based desalination and cooling systems, the flow 
resistance, adsorption kinetics and heat transfer impact the adsorption 
process simultaneously and directionally, which are often illustrated 
separately. In this study, field synergy analysis is conducted to illustrate 
the complicated heat and mass transfer characteristics in an adsorption- 
based desalination and cooling system with finned-flat beds via a 
dynamical three-dimensional computational fluid dynamics model. Two 
field synergy angles α and β reflecting the synergy effect of heat transfer 
and flow resistance with the adsorption driving force are examined. In 
addition, guided by the field synergy analysis, adsorbent bed configu-
rations (fin diameter, fin pitch, fin shape, and fin arrangement) are 
optimized, and some useful conclusions are drawn. 

Fig. 2. Schematic of the simulated adsorption cooling and desalination system.  
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2. Physical model 

2.1. Description of the physical model 

As presented in Fig. 2, the model utilized in this study considers a 
whole adsorption cooling and desalination cycle comprising four steps: 
adsorption, preheating, desorption and precooling. During the adsorp-
tion process, the bed is communicated with an evaporator while sea 
water vaporizes under the effect of adsorbent particles. Simultaneously 
the coolant flows through to take away adsorption heat. Then the bed is 
preheated until its pressure elevates to the condenser pressure. The 
vapor is regenerated and fresh water is produced in the condenser. 
Finally, the bed is precooled and the next cycle is ready to begin. It has 
been demonstrated in our prior study that the system comes to a cyclic 
steady state after 4–5 cycles. All the physical parameters are derived 
from the adsorption process after the cycle stabilizes. The simulated 
finned-flat bed is presented in Fig. 3A. The modular bed advanced by 
Mohammed [42] is inserted by many columnar fins which can further 
strengthen the bed heat exchange with coolant or hot water. Loose silica 
gel grains are packed on an aluminum plate with many cylindrical fins 

standing upright, with cold or hot water flows below, and vapor enters 
from the top. Two different fin arrangements, in-line and fork-row (i.e. 
square arrangement and triangular arrangement), are presented in 
Fig. 3B and C. The particular bed geometric parameters are listed in 
Table 1. The detailed scheme of dimensions is presented in Table 2. 

In order to save the computational cost, several assumptions and 
simplifications are developed based on prior literature [43]:  

1. The diameter of adsorbent grains is invariant.  
2. The vapor phase is an ideal gas phase.  
3. Pressure drop inside the bed can be described according to Darcy's 

law. 

Fig. 3. Schematic of the simulated finned-flat bed (A) and the in-line arrangement (B), fork-row arrangement (C).  

Table 1 
The bed geometric and model parameters.  

h(mm) Teva(◦C) Tcon(◦C) Thw(◦C) Tcw(◦C) h(W/m2⋅K) 

12 15 25 85 25 500  
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4. Thermal conductivity, specific heat capacity and viscosity are inde-
pendent of temperature.  

5. The contact thermal resistance at all phase interfaces can be 
neglected.  

6. Temperatures of the cold and hot water are constant during each 
step.  

7. The convective heat transfer resistance is invariant and reasonably 
selected from Ref. [44]. 

2.2. Governing equations 

During the adsorption process, flow resistance, adsorption kinetic 
and heat transfer are the three significant factors among which flow 
resistance arouses vapor pressure drop along the flow path. As the in-
ertial term and viscosity term in the momentum equation can be 
neglected compared with Darcy's term, the inter-grain mass transfer 
resistance can be described using Darcy's law: 

U→= −
K
μ∇P (1)  

where μ is the water vapor viscosity, U→ is the vapor velocity vector, K the 
bed permeability, which can be derived using the Blake-Kozeny 
equation. 

K =
d2

pε3
b

150(1 − εb)
2 (2)  

where dp is the adsorbent grain diameter, εb the bed porosity. It should 
be noted that ▽P is the pressure gradient. As augmenting the flow 
resistance leads to a larger pressure drop, in the subsequent synergy 
analysis, this parameter is selected as a significant value to directly 
reflect the inter-particle mass transfer resistance. 

The adsorption dynamic characteristic is captured using the linear 
driving force (LDF) model [45], via which the inter-particle mass 
diffusion resistance is reflected. 

∂W
∂t

=
60Ds

d2
p

(Wo − W) (3)  

where W is the instantaneous uptake, Wo the equilibrium uptake, Ds the 
surface diffusivity which can be calculated by: 

Ds = Dsoexp
(

−
Ea

RTs

)

(4)  

where Dso is the pre-exponential factor, Ea the activation energy, Ts the 
adsorbent temperature. 

The equilibrium uptake can be captured via the D-A equation [46]. 

Xo = X∞exp
(

−

(
RTs

E
ln
(

Ps

P

))n )

(5)  

where X∞ is the maximum uptake of silica gel, E the characteristic 

energy, R the universal gas constant, n the heterogeneity factor, P the 
vapor pressure, and Ps the saturated pressure of water vapor at the bed 
temperature. All the thermophysical parameters used in the modeling 
are listed in Table 3. 

The term (∂W
∂t ) in LDF represents the rate of adsorption reaction, while 

the right term (Wo − W) represents the distance to reach adsorption 
equilibrium, or the reaction imbalance. Evidently, a larger distance to 
obtain equilibrium (Wo − W) accelerates the adsorption rate, thus it can 
be regarded as the driving force of reaction and used in the field synergy 
analysis. 

The adsorption process should fit the energy conservation equation 
[48]: 

(
εbρvCpv + ρbCps + ρbXCpw

) ∂Tv

∂t
+ ρvCpv U→⋅∇T = ∇⋅

(
keff∇T

)
+ ρbHα

∂X
∂t

(6)  

where Cps is the specific heat capacity of adsorbent, Ha the isosteric 
adsorption heat. The first term on the left is the non-steady-state term, 
representing variations in internal energy over time. The two terms on 
the right side of the equation are the conduction term and the source 
term, respectively, while the second term on the left is the convection 
term which is neglectable compared with the conduction term. It should 
be emphasized that ▽T is the temperature gradient that represents the 
heat transfer factor in accordance with Fourier Law. Further analysis on 
this parameter will be conducted in the field synergy description. 

The heat conduction inside the aluminum flat and fin can be 
described by [49,50]: 

∂T
∂t

= α∇2T (7)  

where α is the thermal diffusivity of aluminum. 
Apart from the aforementioned momentum equation, dynamic 

equation and energy equation, the fluid should also fit the continuity 
equation [51,52]: 

∂(εtρν)

∂t
+∇.

(
ρν U→

)
+ ρb

∂X
∂t

= 0 (8)  

where ρv is the vapor density, ρb the bed density, U→ can be obtained from 
Darcy's law, εt is the total porosity which can be calculated by the par-
ticle porosity εp and bed porosity εb: εt = εb + εp(1 − εb). The three terms 
on the left are the unsteady term, the velocity term and the mass source 
term, respectively. 

2.3. Boundary conditions and model validation 

As shown in Table 1, the coolant, condenser and heating tempera-
tures are fixed at 25 ◦C, 25 ◦C and 85 ◦C, which is appropriate in a low- 

Table 2 
The scheme of dimensions.  

Fin pitch (mm) Fin diameter (mm) Fin shape 

5 0.5, 1, 1.5, 2, 2.5, 3 Rectangular, rhombus, circle 
10 1, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6 
20 2, 3, 4, 5, 6, 8, 10, 12  

Table 3 
The thermophysical parameters of silica gel [47].  

Cps

(
kJ
kg

⋅K
)

Ea

(
J

mol⋅K

)

Dso

(
m2

s

)

ρb

(
kg
m3

)
dp(mm) 

kb

(
W
m

⋅K
)

Ha

(
kJ
kg

)

X∞

(
kgv

kga

)

E
(

J
mol

)
n 

924 42,000 2.54 × 10− 4 740 0.35 0.198 2415 0.37 4280 1.15  

Table 4 
Initial and boundary conditions.  

Initial conditions 

P=Psat@Teva; X = X0@(T = 60 ◦C,P=Peva); T = Tcw; Msw = M0 

Boundary conditions 
Preheating process Tf = Thw 

Desorption process Tf = Thw; P(H) = Pcon 

Precooling process Tf = Tcw 

Absorption process Tf = Thw; P(H) = Peva  
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grade heat driving adsorption system. All the initial and boundary pa-
rameters have been listed step by step in Table 4. In order to simplify the 
calculation, the coolant and hot water flow is not simulated with the 
convective heat transfer coefficient of 500 W/m2⋅K [44]. In the simu-
lation, the evaporator temperature is set at 15 ◦C, and the evaporator 
pressure (Peva) is calculated via a time-dependent equation: 

Peva = (1 − 0.537S)Psat (9)  

where Psat = 8.143 × 1010 exp (− 5071.7/T) is the saturation pressure at 
temperature T. S is the salinity [53] which can be captured using the 
initial concentration of sea water and the variation rate of adsorption 
uptake (∂W

∂t ). The model is well validated via a comparison of numerical 
results with the experimental and simulated data obtained from litera-
ture. The details of model validation and the boundary conditions 
including each step of the cycle can be found in our previous study [41]. 

All the geometrical parameters are presented in Table 1. The total 
bed module is fixed at 20 mm × 20 mm with a bed height of 12 mm. The 
governing equations are well solved using COMSOL Multiphysics 5.5 
with a mesh size of 4662. 

2.4. Field synergy analysis 

Although the uptake and SCP are directly manipulated by the 
adsorption kinetics, the synergistic effect of heat transfer as well as flow 
resistance on the adsorption dynamics is significant. In order to explore 
the synergy effect between them, three physical quantities that can 
intuitively reflect the three processes are essential. Based on the analysis 
of governing equations, three significant factors (▽P, Wo − W, ▽T) are 
selected to reflect flow, reaction and heat transfer driving force. In 
addition, two synergy angles are proposed: 

α = arccos
∇T⋅∇(Wo − W)

|∇T|⋅|∇(Wo − W)|
(10)  

β = arccos
∇P⋅∇(Wo − W)

|∇P|⋅|∇(Wo − W)|
(11)  

where ∇(Wo − W) is the gradient of imbalance, pointing to the most 

intense area of adsorption reaction. Parameter α represents the synergy 
effect between the heat transfer and the adsorption reaction driving 
force, while β represents the synergy effect between the flow and 
adsorption reaction driving force. 

As presented in Fig. 4, α and β reflect the synergy angle between 
(▽T, ▽(Wo − W)) and (▽P, ▽(Wo − W)), respectively. Based on the 
Fourier law, the direction of ▽T is opposite to the direction of heat 
transfer, while the LDF model demonstrates ▽(Wo − W) as a reflection 
of adsorption driving force, which always points at the area where 
adsorption is the most needed. In the adsorption process, discharge of 
adsorption heat is beneficial to the reaction, which makes the direction 
of heat transfer favorite to disobey the direction of adsorption driving 
force. It illustrates that the larger the angle between heat transfer and 
adsorption driving force, the better the system performance. Thus, a 
smaller α is favorite for adsorption. For parameter β, the direction of ▽P 
is opposite to the direction of the pressure drop (flow resistance), which 
is harmful for adsorption. A smaller β leads to a larger angle between 
pressure drop and adsorption driving force, thus the reaction avoids the 
route of high flow resistance, resulting in better system performance. 

Varying with spatial location and adsorption time, the proposed two 
angles have a wide range. At the central region of the domain, ▽P and 
▽T are nearly perpendicular to the bottom surface up while ▽(Wo −

W) is just the opposite as the bottom area has a larger adsorption driving 
force, thus the angles are generally 180 at this region. In some regions 
near the corner, the angles come to 0 as these areas have better synergy 
between the heat transfer, flow resistance and adsorption kinetics. The 
impact of two angles on system performance is explored via calculating 
their volume average and comparing the results under various bed 
configurations at a constant adsorption time of 300 s. 

2.5. Performance indicators 

The performance of an adsorption-based system is estimated by two 
indicators: 

SCP =
hfg × ΔWav,ad

tcycle
(12)  

Fig. 4. Schematic of two field synergy parameters employed in the analysis.  
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SDWP =
ΔWav,des

ρw × tcycle
(13)  

where ΔWav,ad is the volume average of adsorption working capacity, 
tcycle the cycle time, hfg the latent heat of vaporization under the evap-
orator pressure. ΔWav,des is the volume average of desorption working 
capacity, which is equal to the adsorption working capacity at cyclic 
steady-state, ρw the water density under the condenser temperature. 

3. Results and discussion 

Two different scenarios of fin arrangement (in-line and fork-row) are 
proposed and fixed with various fin pitch, fin diameter and fin shape, 
which are presented in Table 2. We start with a basic field synergy 
analysis to obtain some relatives between this parameter and the 
comparatively complicated heat and mass transfer process, thus 
revealing its effect on the whole system performance. Subsequently, an 
exploration of the effect of bed configurations on adsorbent performance 
indicators in terms of average temperature, average uptake, SCP and 
SDWP is conducted based on the field synergy analysis. Finally, 
considering different adsorbent mass arising from various bed configu-
rations, an investigation from a bed perspective is conducted to compare 
the system performances with bed bulk kept constant. 

3.1. Grid dependence validation 

As shown in Table 5, the grid dependence validation is conducted via 
a comparison of average temperature and average uptake with different 
grid sizes and time step configurations. The mesh size on cross-section is 
manipulated using the built-in control in COMSOL while the direction of 
bed height is constantly divided. In the simulation, a fork-row fin 
arrangement is selected with fin pitch and fin diameter fixed at 5 mm 
and 1 mm respectively. The results presented in Table 5 demonstrated 
that with a mesh size of 4662 and time step of 1.0 s, the numerical results 
are accurate enough. 

3.2. Adsorbent consideration 

3.2.1. The effect of fin diameter 
Fig. 5(a) and (b) depict the variations of average temperature and 

average uptake with the adsorption time for different bed configurations 
where the fin pitch is fixed at 10 mm while three fin diameters and two 
fin arrangements are selected. It is evident that for constant fin pitch, 
decreasing fin diameter causes a lift of bed temperature and a drop of 
uptake. This is due to the fact that the heat contact surface increases with 
a larger fin diameter, which decreases the bed temperature and pro-
motes the discharge of adsorption heat, thus leading to an increase in 
adsorption uptake. On the other hand, it can be observed from Fig. 5(a) 
that all the bed with the same fin diameter and fork-row fin arrangement 
possesses a lower average temperature, which manifests its better heat 
transfer performance. Although the in-line arrangement and fork-row 
arrangement have the same fin pitch, for a certain amount of adsor-
bent, the fork-row arrangement comparatively has a larger cooling 
surface as it has a more compact triangular structure. The augment of 
cooling surface leads to an elevation of heat transfer performance, which 
promotes the liberate of adsorption heat and decreases the bed 

temperature, thus increasing the adsorption uptake, as presented in 
Fig. 5(b). 

In order to generalize the research to a more general situation, a 
standardization of fin pitch and fin diameter is conducted to use the fin 
pitch and fin diameter ratio (FP/FD) as an alternative quantity. As 
presented in Fig. 6, the variation of system performances in terms of 
specific cooling power and specific daily water production with FP/FD is 
examined. It can be observed that SCP and SDWP decrease monoto-
nously with the augment of FP/FD, which arises due to the fact that 
decreasing of fin diameter facilitates the heat transfer process, thus the 
adsorption uptake. Based on Eqs. (12) and (13), SCP and SDWP vary 
linearly with the adsorption working capacity, consequently, the cooling 
effect and fresh water throughput decrease as FP/FD increases. On the 
other hand, an analysis in field synergy perspective is conducted and the 
curves of field synergy parameters α and β variations with FP/FD are 
presented in Fig. 7(a) and (b). As mentioned prior, a worse synergy of 
heat transfer factor as well as pressure drop factor with the driving force 
factor (i.e. smaller α and β) is beneficial to the adsorption process. Field 
synergy results presented in Fig. 7(a) and (b) demonstrate this deduc-
tion, as both the parameters α and β augment with larger FP/FD, while 
SCP and SDWP monotonously decrease. Moreover, beds with a fork-row 
fin arrangement perform better than the in-line arrangement. For the fin 
diameter of 6 mm, the system with fork-row arrangement obtains an 
optimal performance, which is capable of producing 0.397 kW/kg of 
cooling and 13.6 m3 per ton silica gel per day of fresh water. As depicted 
in Fig. 7, the bed with a fork-row arrangement possesses lower α which is 
favorable to the adsorption process, while the parameter β is approxi-
mately the same. This discrepancy may arise due to the fact that the bed 
aspect ratio, which predominantly impacts the flow resistance, varies a 
little while the fin arrangement changes. For a proper fin pitch of 10 mm, 
the little change of aspect ratio brought by the variation of fin ar-
rangements slightly impacts the synergy angle between pressure drop 
and adsorption driving force, as presented in Fig. 7b. It should be noted 
that fork-row and in-line arrangements have different angle α at all fin 
pitches, which arises due to their unequal efficient heat conductivity. 

3.2.2. The effect of fin pitch 
In this study, three different fin pitches (5 mm, 10 mm, 20 mm) and 

in-line and fork-row fin arrangements are fixed with the same fin 
diameter of 2 mm. The variations of average temperature and uptake 
with the adsorption time are presented in Fig. 8(a) and (b). For a certain 
amount of adsorbent, a larger fin pitch causes a drop of average heat 
transfer surface and facilitates the discharge of adsorption heat, thus 
elevating the bed average temperature, as shown in Fig. 8(a). The higher 
bed temperature leads to the decreasing of uptake, as presented in Fig. 8 
(b). For the proposed two different fin arrangements, a similar conclu-
sion can be derived from this figure. The fork-row arrangement has a 
lower bed temperature and larger adsorption uptake at various fin 
pitches. 

In Fig. 9(a) and (b), the variations of cooling effect and water 
throughput with FP/FD for fin pitches of 5 mm, 10 mm, 20 mm and fin 
arrangements of in-line and fork-row are presented. It can be observed 
that smaller fin pitch and fork-row arrangement simultaneously lead to a 
higher SCP and SDWP. For the bed with a fin pitch of 5 mm, fin diameter 
of 3 mm and fork-row arrangement, the system results in an optimal SCP 
of 0.407 kW/kg and SDWP of 14.0 m3/ton silica gel per day. For the fin 

Table 5 
Effect of grid points and time step on numerical results.  

Time step 0.5 s 1.0 s 

Mesh size 2016 4662 6750 2016 4662 6750 

Time Xav Tav Xav Tav Xav Tav Xav Tav Xav Tav Xav Tav 

100 0.1175 314.37 0.1174 314.41 0.1173 314.43 0.1175 314.37 0.1174 314.41 0.1173 314.43 
300 0.1756 306.76 0.1754 306.79 0.1753 306.80 0.1756 306.76 0.1754 306.79 0.1753 306.80 
500 0.2089 303.40 0.2087 303.43 0.2086 303.44 0.2089 303.40 0.2087 303.43 0.2086 303.44  
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Fig. 5. Variations of (a) average temperature; and (b) average uptake with the adsorption time for different fin diameter and fin arrangement. In the simulation, the 
fin pitch is fixed at 10 mm. 

Fig. 6. Variations of (a) SCP; and (b) SDWP with the fin pitch and fin diameter ratio (FP/FD) for different fin arrangement.  

Fig. 7. Variations of field synergy parameters (a) α; and (b) β with the fin pitch and fin diameter ratio (FP/FD) for different fin arrangement.  
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Fig. 8. Variations of (a) average temperature; and (b) average uptake with the adsorption time for different fin pitch and fin arrangement. In the simulation, the fin 
diameter is fixed at 2 mm. 

Fig. 9. Variations of (a) SCP; and (b) SDWP with the fin pitch and fin diameter ratio (FP/FD) for different fin pitch and fin arrangement.  

Fig. 10. Variations of field synergy parameters (a) α; and (b) β with the fin pitch and fin diameter ratio (FP/FD) for different fin pitch and fin arrangement.  
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pitch of 20 mm, fin diameter of 12 mm, the system with fork-row 
arrangement results in a SCP of 0.363 kW/kg and SDWP of 12.5 m3 

per ton silica gel per day, which is 6.6% higher than that of the in-line 
arrangement, which is capable of producing 0.341 kW/kg of cooling 
and 11.7 m3 per ton silica gel per day of potable water. 

As presented in Fig. 10, field parameter α increases as FP/FD aug-
ments while the system performances in terms of SCP and SDWP de-
creases, which still matches the conclusions drawn from Section 2.4. For 
the field parameter β, the bed with a fin pitch of 10 mm and 20 mm has a 
similar behavior as Section 3.1 describes. Nevertheless, for the fin pitch 
of 5 mm, some anomalies present. The angle β reaches the minimum at 
an approximate FP/FD of 2.5 below which the parameter β decreases as 
FP/FD increases, still the bed performance deteriorates. This may arise 
due to the harmful influence of large augment of parameter α in this FP/ 
FD interval, which preponderates the beneficial effect brought by the 
drop of β. The discrepancy of β may arise because of the sharply 
increasing flow resistance when a small fin pitch is fixed with a large fin 
diameter. As for the two fin arrangements, although generally the fork- 
row performs better in SCP and SDWP, for the fin pitch of 5 mm, the 
fork-row arrangement has a lower parameter α and larger parameter β 
while the situation is just the opposite at a fin pitch of 20 mm. It illus-
trates that the field synergy parameter between heat transfer and the 
driving force factor is more predominant at a relatively smaller fin pitch, 
which can also be demonstrated from the prior analysis. Consequently, 
although the fork-row arrangement possesses a higher β for the fin pitch 
of 5 mm, it still performs better than the in-line arrangement. There is a 
similar statement for the fin pitch of 20 mm. At a fin pitch of 10 mm, as 
the fork-row arrangement has a lower α and similar β compared with the 
in-line, the two arrangements have the largest deviation. 

3.2.3. The effect of fin shape 
Three different fin shapes (rectangular, rhombus, circle) are selected 

to examine their effect on the system performances and the field synergy 
parameters. To keep the adsorbent mass constant, fins with various fin 
shapes have the same cross-sectional area. As presented in Fig. 11(a) and 
(b), the cooling effect and potable water throughput vary a little with 
different fin shapes. Beds with rectangular fins and rhombus fins 
perform nearly the same, while bed with circle fins results in a slightly 
lower SCP and SDWP. This arises due to the shortest perimeter of a circle 
cross-section possessing the same area with the corresponding rectan-
gular and rhombus cross-sections, thus the smallest side area, which is 
just the heat exchange area in this finned-flat adsorption bed. Fig. 12 
depicts the variations of field synergy parameters α and β at different fin 
shapes. It can be observed from the figure that the three fin shapes 

behave nearly the same in terms of α and β, except for the slight 
elevation of β for the bed with a circle fin shape, which causes its 
comparatively lower performance. 

3.3. Bed consideration 

Although increasing the fin diameter can effectively augment the 
heat exchange surface and enhance the adsorbent performances in terms 
of SCP and SDWP, as the increase of metal volume causes a lower 
adsorbent mass for the same bed bulk, the whole system performance 
may behave differently with the aforementioned investigation. In this 
part, different fin pitches, fin diameters and fin arrangements are fixed 
at the same bed bottom area to keep them with an invariant bed volume. 
The system performances in terms of total cooling power and total daily 
water production (TDWP) are investigated in Fig. 13(a) and (b). It can be 
observed from the figure that there is an optimal TCP and TDWP for 
various FP/FD at each fin pitch. The optimal cooling effect and water 
production increase with shorter fin pitches and fork-row fin arrange-
ment. For the fin pitch of 5 mm and fin diameter of 1 mm, the bed with 
fork-row arrangement results in the highest TCP of 6.74 × 10− 4 kW and 

Fig. 11. Variations of (a) SCP; and (b) SDWP with the fin pitch and fin diameter ratio (FP/FD) for different fin shape. In the simulation, the fin pitch is fixed at 10 mm 
and the bed has fork-row fin arrangement. 

Fig. 12. Variations of field synergy parameters α and β with the fin pitch and 
fin diameter ratio (FP/FD) for different fin shape. In the simulation, the fin 
pitch is fixed at 10 mm and the bed has fork-row fin arrangement. 

M. Li et al.                                                                                                                                                                                                                                       



Desalination 517 (2021) 115244

11

SDWP of 0.0232m3 per day. It should be noted that the derived optimal 
bed configuration is different from the conclusion drawn in Section 3.3, 
the investigation in an adsorbent perspective, which gains an optimal 
bed configuration of the fin pitch of 5 mm, fin diameter of 3 mm, fork- 
row arrangement. The rapid drop of adsorbent mass caused by the in-
crease of fin diameter results in this deviation. Moreover, the TCP and 
TDWP of fork-row arrangement is higher than that of the in-line 
arrangement only at a relatively higher FP/FD, for small FP/FD, the 
former performs worse than the latter. This may arise due to a lower 
adsorbent mass of the fork-row arrangement at smaller FP/FD as it has a 
more compact triangular fin structure. 

Based on the aforementioned parametric analysis, a brief study to 
design a finned-flat bed with proper fin pitch and fin diameter is con-
ducted considering an elevation of TCP and a reduction of bed volume. 
At a bed height of 12 mm and particle diameter of 0.35 mm, the rect-
angular fin is selected as the circle fin performs worse in terms of SCP 
and TCP. Furthermore, for FP/FD larger than 2, the fork-row arrange-
ment results in a higher TCP while the in-line arrangement is a better 
choice when the ratio reduces to less than 2, as it accompanies with 
unfavorable deteriorating of TCP. In a modular bed, the decreasing of 
TCP results in the augment of module number and bed volume, which is 
harmful to the system's commercialization. Consequently, fork-row 
arrangement with a shorter fin pitch such as 5 mm and a proper FP/ 
FD within 3 to 4 is favorable for efficiently producing water and cooling. 

4. Conclusions 

Inserting metal fins inside the adsorbent bed can further compensate 
for the high heat transfer resistance arising from the loose adsorbent 
particle, thus advancing the system performance. A modular bed with 
columnar fins is considered employing a dynamical three-dimensional 
computational fluid dynamics model along with Darcy's law and LDF 
model. Field synergy analysis is conducted in this system and two 
representative angles α and β are selected to reflect the synergy between 
temperature, pressure and the uptake field. Subsequently, their impacts 
on heat transfer, flow resistance and the adsorption kinetics thus the 
system performance are explored with the variation of fin parameters. 
General findings with respect to field synergy analysis and performance 
optimization are listed below:  

• Angles α and β reflecting the synergy characteristics between heat 
transfer, flow resistance and the adsorption kinetics should be 
minimized during the adsorption process.  

• The increase of fin diameter (FP/FD decreases) promotes the heat 
transfer within the bed thus elevating the uptake and SCP.  

• At a shorter fin pitch, the fork-row arrangement exhibits a lower 
parameter α and larger parameter β, resulting in better performance 
of the fork-row configuration. 

• The changes of fin shape slightly impact SCP and the two field syn-
ergy angles. Circle fins present worse performance. 
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