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A B S T R A C T   

Adsorption desalination (AD) is a potentially competitive alternative for potable water production. Unlike 
traditional rectangular fins for finned-tube adsorbent bed in the AD system, in this study, bullet- and umbrella- 
shaped fins are employed in the adsorbent bed to improve the heat and mass transfer characteristics in the 
adsorption/desorption processes, thus augmenting the system performance. Based on a complete transient 
mathematical model incorporating a three-dimensional computational fluid dynamic model for adsorber and 
lumped models for evaporator and condenser, impacts of fin configurations regarding base diameter, tip 
diameter, and shape factor on system performances considering the adsorbent and the whole bed are compre-
hensively analyzed. Results reveal that a larger base and tip diameter with a lower shape factor contribute to 
specific bed productions. The underlining relationship between fin configurations and overall performance (total 
daily water production, total cooling power, and coefficient of performance) is further explored via machine 
learning. And the optimal fin shape is identified by the genetic algorithm. The optimal base diameter, tip 
diameter, and shape factor are 0.262, 0.517, and 4.20, respectively, which render a total water production of 
5.20 m3/day with a total cooling power of 0.149 kW and coefficient of performance of 0.855.   

Nomenclature  
A Area m2 

Cp Specific heat J kg− 1 K− 1 

COP Coefficient of performance – 
dp Particle diameter m 
dtip Tip diameter mm 
D Base diameter mm 
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 

F Fin thickness mm 
H Bed height mm 
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 

i Flag describing different cycle phases – 
K Permeability m2 

k Thermal conductivity W m− 1 K− 1 

L Model length mm 
L0 Total tube length mm 
L1 Length of discontinuous fin mm 
l Coefficient associated with the fin shape mm 

(continued on next column) 

Nomenclature (continued ) 

M Mass kg 
ṁ Mass flow rate kg/s 
n Surface heterogeneity factor – 
nfin Number of fins – 
P Pressure Pa 
Q Heat J 
R Universal gas constant J mol− 1 K− 1 

R0 Inner tube radius mm 
S Salinity – 
SCP Specific cooling power kW kg− 1 

SDWP Specific daily water production m3 ton-1 day− 1 

T Temperature K 
TCP Total cooling power kW 
TDWP Total daily water production m3 day− 1 

t Time s 
U Overall heat transfer coefficient W m− 2 K− 1 

U→ Velocity vector m s− 1 

W Water uptake kg kg− 1 

W∞ Maximum adsorbent capacity kg kg− 1 

Wo, W* Equilibrium uptake kg kg− 1 

Greek Symbols 
ε Porosity – 

(continued on next page) 
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Nomenclature (continued ) 

μ Dynamic viscosity Pa s 
ρ Density kg m− 3 

α Thermal diffusivity, m2 s− 1 

Subscripts 
a Adsorbent 
av average 
ads Adsorption 
b Bed 
c Cooling, condenser 
ch Chilled water 
con Condenser 
cw Cooling water 
cycle Cycle time 
des Desorption 
eva Evaporation 
eff Effective 
e Evaporator 
f Fluid 
h Heating 
Hex Heat exchanger 
ini Initial 
p Particle 
s Saturation, solid 
sg Silica gel 
sw Seawater 
sat saturation 
S Salinity 
t Total 
v Vapor phase 
w Water  

1. Introduction 

In the past few decades, scarcity of potable water around the world 
has increasingly menaced human survival, especially in the desert and 
semi-arid regions. Drinking water is an indispensable resource for eco-
nomic development and human consumption, as it is needed in agri-
culture, industry, and domestic applications. 

As the limitation of total natural freshwater resources which ac-
counts for merely 3% of the water on earth, seawater desalination is 
extremely emphasized, which can ease the shortage of natural potable 
water via the desalination of abundant seawater or brackish water at the 
cost of energy consumption. Traditionally commercially utilized desa-
lination technologies are as follows: i) reverse osmosis (RO) [1], a 
technology producing potable water via a semipermeable membrane 
through which merely the water molecules can get through; ii) multi- 
stage flash (MSF) [2] which is considered the most mature desalina-
tion technology and accounts for 64% of the total; iii) multi-effect 
distillation (MED) [3], occupying 9% of the desalinated water and 
consuming the thermal energy; iv) electro-dialysis (ED) [4]. However, 
they suffer from shortcomings consisting of equipment maintenance, 
high cost, and a large amount of energy consumption. Alternative 
desalination technologies driven by renewable energy [5] or low-grade 
heat sources are appealing [6]. Adsorption desalination (AD) [7–9], 
utilizing low-grade heat such as waste heat [10] and solar energy [11] to 
actuate the desorption of water vapor in the hydrophilic porous mate-
rial, has obtained particular interest. It can produce desalinated water as 
well as provide refrigeration, which is extraordinarily suitable for the 
semi-arid area to store medicine and essentials for survival [12]. 

The AD system has proved to be an energy-efficient [13] and envi-
ronmentally friendly method [14,15], which contains three major 
components: adsorber, evaporator, and condenser, as presented in 
Fig. 1. The AD cycle can be sub-categorized into the adsorption- 
evaporation and the desorption-condensation phase [16]. During the 

former phase, seawater is pumped to the evaporator, vaporizing and 
being adsorbed by the adsorbent particles. Water is separated from salt 
and refrigeration is produced during the evaporation. The latter phase is 
dedicated to producing potable water, in which the vapor inside particle 
pores is liberated under heating and then condenses inside the 
condenser. 

Conventional models employed to describe the AD system are the 
lumped (LP) model [17] and the computational fluid dynamics (CFD) 
model [18,19]. The former is usually used for cycle simulation, which 
regards the bed as temperature and pressure uniform, and fails to 
investigate the local bed heat and mass transfer characteristics that can 
be revealed by employing the CFD model [20]. High heat and mass 
transfer resistance inside porous media hinders the commercialization of 
AD technology [21]. Many efforts have been dedicated to improving the 
system performance: i) system optimization with respect to more 
appropriate operation conditions such as the cycle time allocation [22], 
the complicated system incorporating several beds and multiple stages 
[23,24], and the extra heat recovery pipe to elevate the evaporator 
pressure and the energy efficiency [25,26], where LP model is generally 
utilized and the particular heat and mass transfer characteristics in the 
bed are not considered; ii) investigation dedicated to improving heat 
and mass transfer performance in the adsorbent bed [27], where the CFD 
model is employed to describe the spatial distribution of the physical 
quantities in the bed; iii) exploration on the dynamics of new adsorbent 
possessing the better thermodynamic properties such as the metal 
organic framework (MOF) [28,29]; iv) particle level study on the loose 
grain configuration and adsorption model [30,31]. Ilis et al. [32] 
examined an annular adsorber with radial fins and found that 
enhancement of heat transfer via adding fins is obvious only if the 
thermal diffusivity ratio and fin coefficient are low enough. Niazmand 
et al. [33] explored the heat and mass transfer in a cylindrical bed with 
annular fins via a transient two-dimensional numerical model. The ef-
fects of bed configurations consisting of fin pitch, bed height, and par-
ticle size on the system performance were examined. At a slight cost of 
lower coefficient of performance (COP), the insert of fins can elevate the 
cooling power dramatically. They further [27] employed a three- 
dimensional and non-equilibrium numerical model to derive the com-
bined heat and mass transfer characteristics in a bed with plate fins. The 
effects of fin spacing and height on the COP were investigated. Kowsari 
et al. [34] investigated the geometrical configuration of a finned flat- 
tube bed using a transient three-dimensional CFD model, revealing 
that the heat transfer resistance was significantly impacted by the fin 
pitch and height. Saleh et al. [35] investigated the performance of an 
adsorbent bed using wire finned heat exchanger compared to the rect-
angular and microchannel heat exchanger in an adsorption heat pump 
using aluminum fumarate which belongs to the MOF material. The 
microchannel bed presented large mass resistance that was almost five 
times higher than the other studied fins, while the wire finned bed 
presented a superior cooling performance. Li et al. [36] investigated the 
effect of ununiform porosity distribution on the system cooling effect 
and water production via an two-dimensional CFD axisymmetric model 
along with the time-dependent evaporator pressure. The bed configu-
rations incorporating fin shape and the operating conditions were 
examined. Later, the effects of two field synergy parameters reflecting 
the heat and mass transfer characteristics in a finned-flat bed of the AD 
system were explored [37]. An alternative method to evaluate the heat 
and mass transfer performance inside the adsorbent bed was established. 
Mahmoud et al. [38] established a detailed CFD model along with a non- 
ideal evaporator and condenser, and the operation conditions and fin 
configurations were investigated. 
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For a finned-tube adsorbent bed in the AD system, the fin configu-
rations in previous literature are mainly focused on rectangular fins, 
which may be not the most suitable for the application of the AD system. 
Thus, the study dedicates to fin configurations with irregular shapes. In 
order to achieve this purpose, a mathematical function with three pa-
rameters is employed to control the fin edge establishing bullet- or 
umbrella-shaped fins. Based on a complete transient mathematical 
model that incorporates a three-dimensional computational fluid dy-
namic model for adsorbent bed and lumped models for evaporator and 
condenser, the effects of fin configurations regarding base diameter, tip 

diameter, and shape factor on system performances considering the 
adsorbent and the whole bed are comprehensively analyzed. Ensemble- 
based machine learning is employed to reveal the underlining quanti-
tative relationship between fin configurations and the overall perfor-
mance of the AD system (total daily water production, total cooling 
power, and COP). Based on the obtained relationship revealed by ma-
chine learning, the optimal fin configurations are further identified via 
the genetic algorithm. And the impacts of the discontinuous fin config-
uration are also explored. 

Fig. 1. Schematic of the AD system, (a) the adsorption process, (b) the preheating process, (c) the desorption process, and (d) the precooling process.  
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2. System description 

As presented in Fig. 2(a) and (c), a radial bullet- or umbrella-shaped 
finned-tube adsorbent bed is investigated, where nfin is the number of 
fins, L0 the total tube length, R0 the tube inner radius, H the bed height. 
Loose particles are filled between the adjacent fins, being cooled or 
heated by the water flowing inside the tube. The values of bed geo-
metrics have been listed in Table 2. The total tube length L0 is used to 
calculate the overall production as the adsorbent mass needs to match 
the evaporator and condenser parameters while L is the practical model 
length involved in the CFD simulation. 

2.1. Assumptions and simplifications 

The following assumptions and simplifications have been adopted in 
the modeling [26,39]:  

1. The adsorbent particles are ideal spheres with constant diameter.  
2. The vapor and liquid of adsorbate is an ideal gas and liquid phase.  
3. The adsorption kinetics can be imitated by a linear driving force 

model while the pressure drop is simulated via Darcy’s law.  
4. The local thermal equilibrium assumption can be employed in the 

bed.  
5. Physical properties of solid materials can be calculated as constant, 

latent heat of evaporation is invariant with temperature and salinity. 

6. Fluctuations of the cooling and heating temperature can be neglec-
ted, the convective heat transfer coefficient is constant [40].  

7. The spatial temperature and pressure inside the evaporator and 
condenser are invariant, hence it can be captured via a lumped 
model.  

8. The contact resistance between the adsorbent particles and the solid 
fins is not considered and is neglected. And the boundary condition is 
assumed to be constant in the bed length direction thus the channel 
pitch is ignored [34,39]. 

2.2. Mathematical modeling 

The numerical modeling details of all the components involved have 
been presented in Table 1. The evaporator and condenser are considered 
to be lumped, here Msw,eva is the mass of seawater in the evaporator, Mw, 

con the mass of desalinated water in the condenser, Msg the silica gel 
mass, i the flag describing different cycle phases (i = 1 for adsorption and 
desorption, i = 0 for precooling and preheating). The seawater 
constantly vaporizes under the effect of hydrophilic porous adsorbent 
hence the reduction of water mass is equal to the net uptake of the bed. 
In the energy balance equation, (MCp)Hex,eva, (MCp)Hex,con, (MCp)sw,eva, 
and (MCp)w,con are the thermal masses of the heat exchanger of evapo-
rator and condenser and the thermal masses of seawater and desalinated 
water, hfg the latent heat of evaporation, mch,eva, mcw,con, Cp,ch, Cp,cw, Tch, 

in, Tcw,in, Tch,out, and Tcw,out are the mass flow rate, heat capacity, inlet 

Fig. 2. (a) Schematic of the cross-sectional view of the implemented adsorber. (b) Variations of the umbrella-or bullet-shaped fin edge with the factor H/l. (c) Profile 
of the 3D view of the finned-tube bed. 
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and outlet temperature of the chilled water and cooling water. The left 
term represents the temporal heat capacity of the two heat exchangers, 
while the first and second terms on the right indicate the latent heat of 
evaporation or condensation and the sensible heat from temperature 
fluctuation of chilled water or cooling water. The outlet water temper-
ature can be estimated using the log mean temperature difference 
method, where UAeva and UAcon are the overall heat transfer coefficient 
of the two heat exchangers. The evaporator pressure (Peva) is calculated 
as a function of evaporator temperature (Teva) and salinity (S) which is 
derived from the concentration balance, while the condenser pressure 
(Pcon) can be captured merely by the temperature. Hence, the transient 
pressure and temperature in the two heat exchangers are commendably 
gained, subsequently, it is input to the CFD study as boundary conditions 
for the adsorber bed Fig. 3. 

The D-A equation is used to capture the equilibrium uptake (Wo). 
Different from the Langmuir model, the D-A equation is derived from the 
micropore filling theory which is established based on the experimental 
fact that the adsorption capacity is related to the uptake on the surface of 
the adsorbent. Here W∞ is the maximum uptake, R the universal gas 
constant, E the characteristic energy, n the heterogeneity factor, Ps the 
saturated pressure, P the temporal bed pressure, T the bed temperature. 

The adsorption or desorption rate is estimated via the equilibrium up-
take and the kinetics which is captured by the linear driving force (LDF) 
model, where dp is the particle diameter, W the transient uptake, and Ds 
the surface diffusivity which can be estimated by the pre-exponential 
factor (Dso) and the activation energy (Ea). The LDF model is 
frequently and successfully utilized in the simulation of gas adsorption 
dynamics due to its simple form and relatively favorable accuracy. The 
pressure drop is described by employing Darcy’s law since the inertial 
term and viscosity term can be neglected at such a low fluid velocity 
through the flexural gap between adsorbent particles. Here μ is the vapor 
viscosity, K the bed permeability which can be expressed by the particle 
diameter (dp) and the bed porosity (εb), and U the vapor velocity vector 
which can be captured by the mass balance equation, where ρv and ρb are 
the density of vapor and bed. The transient bed temperature is derived 
from the energy balance equation, where Cpv, Cps, and Cpw are the heat 
capacity of vapor, adsorbent, and water, keff the effective heat conduc-
tivity, Ha the enthalpy of adsorption. The heat conduction through the 
radial fins is captured by the thermal differential equation where α is the 
thermal diffusivity of metal material. The fundamental parameters of 
the selected evaporator/condenser and the thermophysical and 
dynamical characteristics of the silica gel RD type are presented in 

Table 1 
A summary of mathematical modeling involved in the study.  

Components Balance equation Expression 

Evaporator [25,41] Mass balance dMsw,eva

dt
= − iMsg

dWads

dt 
Energy balance 

[
(
MCp

)

Hex +
(
MCp

)

sw]
evadTeva

dt
= − nhfgMsg

dWads

dt
+ ṁch,evaCp,ch(Tch,in − Tch,out)

eva 

Outlet water temperature 
Tch,out = Teva + (Tch,in − Teva)exp

(
− UAeva

mch,evaCp,ch

)

Evaporator pressure Peva = (1 − 0.537S)Psat 

Saturated pressure [42] Psat = 8.143× 1010exp(− 5071.7/Teva)

Condenser Mass balance dMw,con

dt
= − nMsg

dWdes

dt 
Energy balance 

[(MCp)Hex + (MCp)w]
condTcon

dt

= nhfgMsg
dWdes

dt
+ ṁcw,conCp,cw(Tcw,in − Tcw,out)

con 

Outlet water temperature 
Tcw,out = Tcon + (Tcw,in − Tcon)exp

(
− UAcon

mcw,conCp,cw

)

Adsorber Adsorption isotherm (D-A equation) [40] Wo = W∞exp(− (
RT
E

ln(
Ps

P
))

n
)

Adsorption kinetics (LDF model) ∂W
∂t

=
60Ds

d2
p

(Wo − W)

Pressure drop (Darcy’s law) U→ = −
K
μ ∇P 

Mass balance [43,44] ∂(εbρν)

∂t
+ ∇.(ρν U→) + ρb

∂W
∂t

= 0 

Energy balance [45] 
(εbρvCpv + ρb(Cps + WCpw))

∂T
∂t

+ρvCpv U→⋅∇T = ∇⋅(keff∇T) + ρbHa
∂W
∂t 

Heat conduction [46,47] ∂T
∂t

= α∇2T 

Ds the surface diffusivity Ds = Dsoexp(−
Ea

RT
)

K the bed permeability 
K =

d2
p ε3

b

150(1 − εb)
2 

Cycle control [48,49] Wmin Wmin = W∗
min + 0.35(W∗

max − W∗
min)

Wmax Wmax = W∗
max − 0.2(W∗

max − W∗
min)

System performance SDWP SDWP =
− ΔWav,des

ρwtcycle 

SCP 
SCP =

hfgΔWav,ads

tcycle 

TDWP TDWP = Msg
− ΔWav,des

ρwtcycle 

TCP 
TCP = Msg

hfgΔWav,ads

tcycle 

COP 
COP = Msg

hfgΔWav,ads

Qdes + Qh 
Fin Shape control F(x) = D − (D − dtip)exp(− x/l)
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Table 2. 
The initial and boundary conditions are presented in Table 2, where 

R0 and R are the outer radius of tube and bed, Tf, Th, and Tc are the 
temperature of fluid, heating, and cooling. The durations of adsorption 
and desorption are manipulated by two equations depicted in Table 1, 
where Wmin and Wmax are the possible final equilibrium uptake for the 
adsorption and desorption phase, W*min and W*max are the equilibrium 
uptake under the condenser and evaporator pressure and the heating 
and cooling temperature. The parameters W*min and W*max represent 
the saturated uptake when the duration of desorption and adsorption is 
sufficiently long. Wmin and Wmax define the uptake when the adsorption 
and desorption phase end, the constant used in the expression has been 
comprehensively investigated in [50]. The coefficients in the expres-
sions are determined from our previous study which elucidates its 
advanced system performance. Moreover, the preheating and precooling 
are ended while the pressure of the bed outer edge attains the transient 
condenser and evaporator pressure. The basic parameters of the evap-
orator and condenser, as well as the detailed initial values are listed in 
Table 2. The boundary conditions for each process can be found in our 
previous study [50]. 

The cyclic steady state can be achieved in 4–5 cycles after the 
commencement of calculation. Two indicators reflecting the adsorbent 
performance and three parameters considering the whole system are 
employed to estimate the operating status and throughput of the cycle: 
the specific daily water production (SDWP), the SCP, the total daily 
water production (TDWP), the total cooling power (TCP), and the COP. 
The expressions are listed in Table 1, where tcycle is the cycle time which 
is calculated as the sum of the duration of the four processes manipu-
lated by the cycle control condition listed in Table 1, ρw the water 
density, ΔWav,ads and ΔWav,des the working capacity during adsorption 
and desorption, Qdes and Qh the total heat in the desorption and pre-
heating process, which is calculated via the integral of heat flux over 
time. The COP is defined as the ratio of the cooling effect during 
adsorption to the total supplied heat during preheating and desorption 
processes in a complete steady cycle. 

2.3. Mesh independence and model validation 

The improved CFD model that includes the entire system incorpo-
rating a three-dimensional bed and lumped evaporator/condenser is 
solved via COMSOL Multiphysics. Transient average temperature and 
uptake in the adsorption with different configurations of mesh size and 
time step are compared to validate the grid dependence of the model. As 
listed in Table 3, a mesh size of 18,840 accompanied by a time step of 3 s 
is able to guarantee accurate and stable results. The calculated temporal 
temperature and uptake are validated by comparisons of the experi-
mental data from Ref. [52] and Ref. [53]. It can be observed that the 
numerical results of transient uptake and temperature agree well with 
those of the experimental results, justifying the model employed in this 
study. 

3. Results and discussion 

Here, we employ bullet- or umbrella-shaped fins attached to the tube 
in the adsorption bed, thus improving the heat and mass transfer process 
in the adsorption/desorption process. The fine profile can be computed 
by a mathematical expression presented in Table 1, where F is the fin 
thickness, x the length along the centerline of each fin, dtip the tip 
diameter, D the base diameter, l a parameter accounting for the curva-
ture of the bullet- or umbrella-shaped outer fin edge, as presented in 
Fig. 2(b). For a small l with fixed D and dtip, the fin thickness is constant 
at the base and top of the fin according to the expression. Changing l 
only affects the smoothness of the fin edge, thus the parameter l can be 
the coefficient associated with the fin shape. To make it dimensionless, 
the parameter H/l is defined as the shape factor controlling the 
smoothness of the fin edge. It can be observed from Fig. 2b that the 
larger shape factor leads to the slender fin root and causes the fin 
thickness to vary rapidly in the fin neck. The effects of the above three 
parameters manipulating the fin shape on system performance are sys-
tematically analyzed. Machine learning is employed to obtain the 
quantitative relationship between the three parameters and the total 
water production, which is then used for shape optimization via the 
genetic algorithm. In addition, the connection between the heat transfer 
enhancement and reduction of adsorbent mass derived from an explo-
ration of the effect of discontinuous fin on cooling and water 

Table 2 
The values involved in the modeling [22,51].  

Parameter Value 

nfin 14 
L0 1 m 
L 20 mm 
R0 12.85 mm 
H 9.85 mm 
Cp,s 924 kJ K/kg 
Ea 42000 J/(mol K) 
Dso 2.54 × 10-4 m2/s 
ρb 740 kg/m3 

dp 0.35 mm 
εb 0.37 
kb 0.198 W K/m 
Ha 2415 kJ/kg 
W∞ 0.37 kg/kg 
E 4280 J/mol 
n 1.15 
Tini 60℃ 
Teva,ini 10℃ 
Msw,ini 50 kg 
Mw,ini 20 kg 
Tch,in 20℃ 
Tcw,in 20℃ 
Th 75℃ 
Tc 30℃  

Fig. 3. Comparisons of temporal average temperature and uptake between the 
calculated results and experimental data from Ref. [52] and [53]. 
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desalination is also discussed. 

3.1. Adsorbent consideration 

To explore the effect of three fin shape parameters on heat and mass 
transfer characteristics in the radial finned-tube bed, the adsorbent in-
dicators consisting of transient temperature and uptake, cycle time, SCP 
and SDWP are investigated. 

3.1.1. The effect of base diameter 
The temporal performances considering the adsorbent under three 

different base diameters are compared in Fig. 4. The tip diameter is fixed 
at 1 mm and the shape factor is set at 11. There exist large deviations in 
terms of average temperature and uptake between the three selected bed 
configurations, which demonstrates that the increase of base diameter 
results in an enhancement of cooling and uptake. These effects on bed 
adsorption can be attributed to the following reason: The augmentation 
of base diameter compresses the volume of the region that fills with the 
porous adsorbent possessing poor thermal conductivity hence it facili-
tates the heat transfer performance in the whole bed, which leads to the 
latent adsorbent heat quickly liberated. Consequently, the temperature 
is lowered, resulting in the adsorption phase being promoted and a 
larger uptake, which accounts for the temperature and uptake profile 
depicted in Fig. 5. 

Based on the definition of SCP listed in Table 1, the increase of 
adsorption uptake due to the augment of base diameter leads to the SCP 
monotonically increasing, as shown in Fig. 6(a). The productions of 
cooling effect and desalinated water for adsorbent per unit weight and 
the cycle time with various base diameters and three fixed tip diameters 
are presented in Fig. 6(a), (b), and (c). As the cycle control conditions are 
calculated using the temperature and pressure boundary which is con-
stant for all the configurations, the working capacity is nearly the same 
thus the variation of cycle time generally reflects the throughput. 
Moreover, a system reaching the cyclic steady state must ensure that the 
capacity during adsorption and desorption is approximately consistent, 
which leads to the qualitative behavior of cooling and water production 
being just alike. The accelerated adsorption and desorption kinetics due 
to the increase of base diameter and the enhancement of heat transfer 
results in a reduction of cycle time hence an augmentation of SCP and 
SDWP. Since the tip diameter and shape factor are fixed, a larger base 
diameter reduces the distance between fin roots, thus dramatically 
enhancing the heat transfer process in the regions adjacent to the tube 
wall where the temperature is lower and the adsorption is facilitated, as 
presented in Fig. 5. The improvement of heat transfer promotes the 
adsorption and desorption process, thus the system shows a shorter cycle 
time and higher specific cooling and water production. 

3.1.2. The effect of tip diameter 
As presented in Fig. 6, the larger base and tip diameter simulta-

neously lead to an improvement in system performance incorporating 

cooling and water production. Fig. 7 elucidated that the increase of tip 
diameter accounts for a lower bed temperature thus an augmentation of 
adsorption uptake. As presented in Fig. 8(a) and (b), the high- 
temperature region in the bed is extremely compressed, which is 
substituted by a well-enhanced heat transfer area adjacent to the fin 
surface, leading to the reduction of bed average temperature and the 
increase of uptake. 

As shown in Fig. 9 the SCP and SDWP increase monotonously along 
with the increase of tip diameter due to the reduction of cycle time. The 
enhancement of heat transfer accelerates the adsorption process, leading 
to a shorter cycle time with nearly the same working capacity thus 
increasing the system throughput. The SCP varies from 0.303 kW/kg to 
0.383 kW/kg for the base diameter in the range of 0.2–0.95 mm, which 
accomplishes around 26.4% of improvement, while 13.1% of elevation 
is observed by tip diameter augmentation from 0.5 mm to 3.0 mm. It 
illustrates that adjusting base diameter is more effective for enhancing 
the production of cooling and potable water. With fixed base diameter 
and shape factor, increasing the tip diameter effectively shortens the 
pitch between fin tips, which strengthens the heat transfer in the 
external regions. It leads to the lower temperature and larger uptake 
presented in Fig. 8, thus the system throughput per unit adsorbent mass 
is elevated. 

3.1.3. The effect of shape factor 
Fig. 8 depicts the transient average temperature and uptake in the 

adsorption under three different shape factors. It should be emphasized 
that when the H/l is at a fairly low stage (H/l = 1), the expression 
manipulating the fin outer edge may induce some problems, as the base 
diameter is calculated at x = L. A sufficiently large fin shape factor 
makes the index term in the calculation formula on the verge of 0 thus 
the base diameter is equal to the parameter D, while a low H/l leads to 
the base diameter in a bullet-shaped fin (D > dtip) lower and in an 
umbrella-shaped fin (D < dtip) larger. This discrepancy can be expressly 
observed in Fig. 12, where the temperature and uptake profiles for the 
cross-sectional bed plain with fin dimensions of D = 0.5 mm, dtip = 2 
mm, and H/l = 1, 5, 11 are presented. The base diameter for the bed with 
H/l fixed at 1 is distinctly shortened, compared with that of H/l = 5 and 
H/l = 11. The increase in base diameter improves the adsorbent per-
formance. Moreover, the augment of shape factor leads to the cycle 
deteriorating, which can be elucidated in Fig. 10, as the bed with a shape 
factor of 11 has a higher temperature and lower adsorption uptake than 
that of H/l = 5. Besides, both the two factors are large enough to ensure a 
consistent base diameter. Consequently, when changing H/l to 1 for 
umbrella-shaped fins, the increase of base diameter and the reduction of 
shape factor simultaneously result in an improvement in system per-
formance. As shown in Fig. 11 and Fig. 12, a larger shape factor leads to 
an increased cycle time and deteriorated cooling effect and water pro-
duction. It can be attributed to the fact that a tortuous fin edge at a larger 
shape factor results in an augmentation of the adsorbent mass between 
adjacent two fins, which induces a poor heat transfer performance, 

Table 3 
Variations of temperature and uptake with the mesh size and time step.  

Time step 2 s 3 s 

Mesh size 18,840 42,400 18,840 42,400 

Time Wav Tav Wav Tav Wav Tav Wav Tav 

150  0.1284  321.07  0.1283  321.07  0.1284  321.06  0.1283  321.08 
300  0.1590  316.16  0.1589  316.16  0.1590  316.16  0.1589  316.17 
450  0.1820  313.01  0.1820  313.02  0.1820  313.01  0.1819  313.02  
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Fig. 4. Variations of (a) average temperature and (b) average uptake with adsorption time for different base diameters.  

Fig. 5. (a) Temperature and (b) uptake distributions for the cross-sectional bed plain (the cross-section 10 mm from the surface) with fin dimensions of dtip = 1 mm, 
H/l = 11 and D = 0.2 mm, 0.5 mm, 0.95 mm at 300 s of the isobaric adsorption process. 
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nting the region with high temperature and low uptake, as depicted in 
Fig. 12. For the selected base and tip diameter which relatively has a 
large difference, the increase of shape factor makes the fin thickness 
varies rapidly, which means augmentation of the distance between the 
middle of the fins, as clearly shown in Fig. 12. As a result, the heat 
transfer in this area is weakened, deteriorating the adsorbent 
performance. 

3.2. Bed consideration 

To obtain the optimal fin shape for the system performance consid-
ering the whole bed, the TCP, TDWP and COP are furtherly investigated. 
The overall performances are calculated by integrating the uptake over 
the entire adsorbent area, thus the variation of adsorbent mass when 
changing the fin shape is considered and it can reflect the production 
and efficiency of the whole system. 

3.2.1. The effect of base diameter 
Fig. 13 presents the variations of total system performance with the 

base diameter for three fixed tip diameters. It can be observed from the 
figure that the production of cooling effect and freshwater almost 
monotonically decreases when the base diameter increases, which is just 
the opposite of the adsorbent performance discussed before. The 
adsorbent mass and average working capacity simultaneously impact 
the total system performance. Although the increase of base diameter 
causes an elevation of SCP and SDWP, the effect of the decrease of 
adsorbent mass due to more metal material employed is more predom-
inant, leading to a reduction in cooling and water production. At the tip 
diameter of 0.5 mm, a base diameter of 0.35 mm leads to an optimal 
cooling effect of 0.151 kW and potable water production of 5.19 m3 per 
day. This bed configuration primely balances the adsorbent mass and 

Fig. 6. Variations of (a) SCP, (b) SDWP, and (c) cycle time with the base diameter for different tip diameters.  

Fig. 7. Variations of (a) average temperature and (b) average uptake with adsorption time for different tip diameters. In the calculation, the base diameter and shape 
factor are fixed at 0.5 mm and 7, respectively. 

Fig. 8. (a) Temperature and (b) uptake distributions for the cross-sectional bed 
plain (the cross-section 10 mm from the surface) with fin dimensions of D = 0.5 
mm, H/l = 7 and dtip = 0.5 mm, 1.5 mm, 3.0 mm at 300 s of the isobaric 
adsorption process. 
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heat transfer enhancement. 
The coefficient of performance is examined in Fig. 13(c) at a constant 

shape factor of 11. It can be observed from the figure that the COP 
monotonically decreases with the augmentation of base diameter. Based 
on the expression presented in Table 1, the COP is calculated as the ratio 
of the cooling effect produced in the adsorption phase and the total 
supplied heat during desorption and preheating, which is partly 
consumed for the elevation of thermal energy of the fin, tube, and 
adsorbent and partially for the supply of latent desorption heat. 
Evidently, the increase of base diameter accounts for an augment of the 
energy used for the metal heating up and a reduction of latent desorption 

heat consumption, which is more significant, hence the decrease of the 
proportion of the energy consumed for desorption leads to the reduction 
of COP. 

3.2.2. The effect of tip diameter 
As presented in Fig. 14(a) and (b), the total cooling effect and 

freshwater throughput decrease along with the augment of tip diameter, 
especially for the bed configuration with a larger base diameter, which 
arises due to the rapid reduction of adsorbent mass in this situation. 
With a tip and base diameter fixed at 0.5 mm and 0.2 mm, respectively, 
the system produces the highest cooling effect of 0.151 kW and potable 

Fig. 9. Variations of (a) SCP, (b) SDWP, and (c) cycle time with the tip diameter for different base diameters. In the calculation, the shape factor is fixed at 7.  

Fig. 10. Variations of (a) average temperature and (b) average uptake with adsorption time for different shape factors. In the simulation, the base and tip diameter 
are fixed at 0.5 mm and 2 mm, respectively. 

Fig. 11. Variations of (a) SCP and TCP, (b) SDWP and TDWP, (c) cycle time and COP with the shape factor. In the simulation, the base and tip diameter are fixed at 
0.5 mm and 2 mm, respectively. 
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water of 5.19 m3 per day. Although the total throughput varies mono-
tonically with the tip diameter, it does not mean the smallest tip 
diameter is optimal for the system. Indeed, the strong contradiction 
between the variations of specific parameters and the overall factors 
reveals that the optimal tip diameter is acquired when it balances the 
heat transfer enhancement and the adsorbent mass. Additionally, it can 
be observed from Fig. 14(c) that a larger tip diameter results in a lower 
COP, for which the elucidation is similar to the base diameter. The 
reduction of the proportion of desorption heat in the total supplied en-
ergy results in a decrease in COP. It reveals that the improvement of 
specific production generally companies with a slight cost of COP. 

3.2.3. The effect of shape factor 
The variations of total performance considering the whole bed with 

the fin shape factor are depicted in Fig. 11. The results reveal that at a 

base diameter of 0.5 mm and a tip diameter of 2 mm, the system 
throughput is improved along with the increase of shape factor, still 
opposed to the adsorbent performance. This discrepancy arises due to 
the augment of adsorbent mass when increasing the shape factor, which 
compensates for the heat transfer deterioration. It is also worth 
emphasizing that this conclusion merely applies to the umbrella-shaped 
fins which have a large gap between the tip and base diameter. More-
over, it can be observed from Fig. 11(c) that the COP monotonically 
increases as H/l augments, which is attributed to the enhancement of 
desorption. The aforementioned analysis illustrates a dramatic differ-
ence between the specific and total performance, which is caused by the 
predominant adsorbent mass under the relatively compact simulated 
geometrical characteristics. The results can also derive from many 
rectangular fin studies as inserting more metal material must lead to a 
reduction of adsorbent mass. However, the advantage of the application 
of irregular fins advanced in the study is that the variable fin thickness 
makes the reduction of adsorbent mass controllable. It reveals that the 
adsorbent particles in the regions presenting low specific performances 
can be precisely dislodged and replaced with metal. As presented in 
Fig. 15, the overall performances of the bed with irregular fins are 
compared with the adsorber with rectangular fins which has the same fin 
cross-sectional area. It clearly demonstrates the superiority of the 
advanced umbrella-shaped fins as it shows the higher TCP and TDWP 
than the conventional bed. 

3.3. Machine learning and optimization 

In the aforementioned analysis, three parameters manipulating the 
fin shape (base diameter, tip diameter, shape factor) are selected and 
their effect on the performance considering the adsorbent and the bed is 
comprehensively explored. There exist optimal fin parameters leading to 
the maximum total water production. To explore the optimal fin shape 
configuration for the total system performance, a machine learning 
method and genetic algorithm are employed and the procedure is listed 
in Fig. 17 (a). 216 cases are selected and numerically calculated, after 
post-processing steps, the total performances incorporating TCP, TDWP, 
and COP for each of the configurations can be derived and used for the 
machine learning step. 

The machine learning process is conducted via ensemble-based 
models. The models are trained several times employing 5-fold cross- 
validation to alleviate the random error and derive the hidden quanti-
tative relationship between the fin parameters and the total perfor-
mance. Root mean square error (RMSE), R2, mean absolute error (MAE), 
and mean square error (MSE) are applied to measure the accuracy of the 
models predicting the three total performance factors, for which the 
results are summarized in Table 4. The trained models are subsequently 
used for predicting the total performance parameters under each fin 
shape, and great accordance has been encountered, as presented in 
Fig. 16. 

Fig. 12. (a) Temperature and (b) uptake distributions for the cross-sectional 
bed plain (the cross-section 10 mm from the surface) with fin dimensions of 
D = 0.5 mm, dtip = 2 mm, and H/l = 1, 5, 11 at 300 s of the isobaric adsorp-
tion process. 

Fig. 13. Variations of (a) TCP, (b) TDWP, and (c) COP with the base diameter for different tip diameters. In the calculation, the shape factor is fixed at 11.  
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Considering the significant position of water production in the 
adsorption-based desalination and cooling systems, only the model of 
TDWP is employed in the genetic algorithm to acquire the optimal fin 
parameters for water production. The results illustrate that a fin shape 
with the base diameter, tip diameter, and shape factor fixed at 0.262, 
0.517, and 4.20, respectively, leads to a maximum total water produc-
tion of 5.20 m3 per day with a relatively superior TCP of 0.149 kW and 
COP of 0.855. The optimization results reveal that the bed with 
umbrella-shaped fins presents better performance than that of the bullet- 
shaped or rectangular. It may arise due to the fact that the adsorbent 
particles with low working capacity and specific performance concen-
trate on the regions away from the tube wall, which is reduced in the bed 
with umbrella-shaped fins. 

In addition, an alternative manner of balancing the adsorbent mass 
and heat transfer enhancement via the adjustment of L1/L in discon-
tinuous fins is investigated, where L1 is the length of the fin and L is the 
total length of the periodic unit, as depicted in Fig. 17(b). It can be 
observed from Fig. 18 that increasing L1/L almost leads to all the per-
formance parameters, whether for adsorbent or bed, monotonically 
augmenting, which is fairly different from the factors examined afore-
mentioned. This discrepancy may arise since the region with no fins has 
such a poor heat transfer efficiency thus an extremely deteriorated up-
take that the adsorbent mass becomes subordinate while the heat 
transfer enhancement gets predominant. 

4. Conclusion 

Unlike traditional rectangular fins for finned-tube adsorbent bed in 
the AD system, irregular fins (bullet- or umbrella-shaped fin configura-
tions) are employed in this paper. Based on a complete transient 
mathematical model that incorporates a three-dimensional computa-
tional fluid dynamic model for adsorbent bed and lumped models for 
evaporator and condenser, the effects of base diameter, tip diameter, 
and shape factor on system performances considering the adsorbent and 
the whole bed are comprehensively analyzed. The underlining rela-
tionship between fin configurations and overall system performance is 
further explored via machine learning. And the optimal fin configura-
tions are identified by the genetic algorithm. General findings with 
respect to the optimization of bed configuration are listed below: 

• The bed with umbrella-shaped fins renders better overall perfor-
mance than the bullet-shaped ones and the traditional rectangular 
ones.  

• Fin shape factors can be optimized to derive the maximum total 
system throughput.  

• The optimal base diameter, tip diameter, and shape factor are 0.262, 
0.517, and 4.20, respectively, which render a total water production 
of 5.20 m3/day with a total cooling power of 0.149 kW and coeffi-
cient of performance of 0.855.  

• The increase of L1/L for discontinuous fins contributes to the specific 
and total system throughput. Therefore continuous fins are more 
appealing in practical applications. 

Fig. 14. Variations of (a) TCP, (b) TDWP, and (c) COP with the tip diameter for different base diameters. In the calculation, the shape factor is fixed at 7.  

Fig. 15. Comparisons of (a) TCP and (b) TDWP between the bed with rectangular fins and irregular fins. In the simulation, the base diameter and shape factor are 
fixed at 0.5 mm and 11. 
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Table 4 
Accuracy of the machine learning models.  

Trained factor RSME R2 MSE MAE 

TCP  0.0022062  0.97  0.0000048673  0.0019469 
TDWP  0.056569  0.98  0.0032  0.035226 
COP  0.0097546  0.99  0.000095153  0.0056263  

Fig. 16. Comparisons between predicted and calculated (a) TCP, (b) TDWP, and (c) COP during the ensemble-based machine learning process.  

Fig. 17. (a) Flow chart for the machine learning procedure. (b) Schematic of the discontinuous fin.  

Fig. 18. Variations of (a) SCP and TCP, (b) SDWP and TDWP with the dimensionless length L1/L.  
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