
International Journal of Refrigeration 100 (2019) 368–379 

Contents lists available at ScienceDirect 

International Journal of Refrigeration 

journal homepage: www.elsevier.com/locate/ijrefrig 

An analytical design tool for sorber bed heat exchangers of sorption 

cooling systems 

Hesam Bahrehmand, Majid Bahrami ∗

Laboratory for Alternative Energy Conversion (LAEC), School of Mechatronic Systems Engineering, Simon Fraser University, 250-13450 102 Avenue, Surrey, 

BC V3T 0A3, Canada 

a r t i c l e i n f o 

Article history: 

Received 4 November 2018 

Revised 31 January 2019 

Accepted 1 February 2019 

Available online 6 February 2019 

Keywords: 

Sorption cooling systems 

Heat and mass transfer 

Analytical modeling 

Optimization 

Specific cooling power 

Coefficient of performance 

a b s t r a c t 

A new 2-D analytical solution is presented and validated using the data collected from our custom-built 

gravimetric large pressure jump test bed and two-sorber bed sorption test bed. The proposed closed- 

form 2-D transient solution includes all salient thermophysical and sorption properties, heat exchanger 

geometry, and operational conditions as well as the thermal contact resistance at the interface in sorber 

beds. It is shown that the optimum amount of thermally conductive additive in the sorbent depends 

on the geometrical and heat transfer characteristics of the sorber bed and the cycle time. Furthermore, 

it is shown that the sorber bed geometry, heat transfer characteristics, sorption composite composition 

and cycle time can have conflicting effects on specific cooling power and coefficient of performance and 

should be optimized simultaneously to establish an optimal design. 
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1. Introduction 

Conventional air conditioning (A/C) systems use vapor compres-

sion refrigeration (VCR) technology, which consumes significant

amount of electricity, generated mainly from burning fossil fu-

els. Almost 15% of the electricity produced globally is used by

A/C and refrigeration units ( Building Energy Data Book, 2012 ;

Askalany et al., 2013 ; Pridasawas, 2006 ). According to Natural

Resources Canada (NRCan), VCR systems in vehicles A/C increase

fuel consumption by up to 20% because of the extra load on the

engine ( nrcan, 2018 ). Further, the commonly used refrigerants in

VCR systems, hydrofluorocarbons (HFCs), contribute to climate

change due to their tremendous greenhouse gas effects. Therefore,

using alternative refrigerants with low global warming potential
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GWP) and low ozone depletion potential (ODP) offer substantial

nvironmental benefit over HFCs. A promising alternative to the

onventional VCR system is sorption cooling system (SCS) – fea-

uring refrigerants with low GWP and ODP – in which sorber beds

eplace the compressor and low-grade thermal energy is used to

egenerate the sorber beds ( Pan et al., 2016, 2018; Pan and Wang,

017a, 2017b ). 

However, the following main technical challenges impede the

idespread commercialization of SCS ( Wu et al., 2009; Zhao et

l., 2012; Sharafian et al., 2015; Hu et al., 1997 ): (i) low specific

ooling power (SCP), resulting from the poor heat, and thus mass

ransfer in sorber beds, due to low sorbent thermal diffusivity

nd unoptimized heat exchanger design; and (ii) low coefficient

f performance (COP) compared to VCR, partially due to the

igh thermal inertia of the sorber bed heat exchangers (HEX). In

ddition, conventional SCS operate in vacuum pressures which

ake them prone to leaks which in turn lead to degradation of

ower and frequent maintenance. These issues result in heavier,

https://doi.org/10.1016/j.ijrefrig.2019.02.003
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Nomenclature 

A heat transfer area, m 

2 

b height of fin and sorbent (m) 

Bi Biot number 

c specific heat capacity, J kg −1 K 

−1 

Fo Fourier number 

h convective heat transfer coefficient (W m 

−2 K 

−1 ) 

h ads enthalpy of adsorption, J kg −1 

h fg enthalpy of evaporation, J kg −1 

H height, m 

k thermal conductivity, W m 

−1 K 

−1 

L characteristic length 

m 

’ slope of fitted line for uptake versus temperature, 

ω= m ’ T + b ( −0.01 for sorption and −0.0092 for des- 

orption) ( Bahrehmand et al., 2018a, 2018b ) 

p pressure, Pa 

p 0 saturation pressure, Pa 

Q energy, J 

R thermal resistance, K m 

2 W 

−1 

T temperature, K 

t time (s), thickness (m) 

u velocity, m s −1 

˙ V volumetric flow rate, m 

3 s −1 

W width of the tube cross-section (m) 

X spatial eigenfunction in x, η direction 

x coordinate 

y coordinate 

Greek symbols 

α thermal diffusivity, m 

2 s −1 

γ eigenvalue in η direction 

� temporal Eigenfunction 

η dimensionless coordinate of x 

θ dimensionless temperature 

η dimensionless coordinate 

κ dimensionless thermal conductivity ratio 

λ eigenvalue in ξ direction 

� dimensionless thermal contact conductance 

μ dimensionless thermal diffusivity ratio 

ξ dimensionless coordinate of y 

ρ density, kg m 

−3 

τ cycle time, s 

ϕ graphite flake content in the sorbent (g graphite 

flake g −1 total sorbent) 

ψ spatial eigenfunction in y, ξ direction 

ω sorbate uptake (g H 2 O g −1 dry sorbent) 

Subscripts 

0 initial condition 

ads adsorption 

c channel 

cond condenser 

des desorption 

evap evaporator/evaporative 

eq equilibrium 

f fin 

fs fin spacing 

g gas or vapor 

htf heat transfer fluid 

s sorbent 

sorb sorbent 

sorp sorption 

t tube 

w water 
 

Abbreviations 

COP coefficient of performance 

HEX heat exchanger 

G-LPJ gravimetric large pressure jump 

SCP specific cooling power 

TCR thermal contact resistance 

TCS temperature control system 

ulkier, and costlier SCS compared to VCR systems. To address

hese issues, sorber bed HEX, which includes the sorbent, HEX

nd the heat transfer fluid, need to be specifically designed and

ptimized for SCS. In this paper, we propose a new 2-D analytical

odel that can be used as a platform for design and optimization

f finned tube sorber beds of SCS. 

Many researchers have developed thermodynamic, lumped, nu-

erical and analytical models of sorber beds to enhance and op-

imize the performance of SCS. A summary of available studies in

he literature is presented in Table 1 . However, one can conclude

hat the literature lacks an accurate model that includes heat ex-

hanger geometrical features, salient thermophysical and sorption

roperties as well as operational input parameters and: (i) con-

iders the transient behavior of sorber beds; (ii) thermal contact

esistance at the interface between the sorption material and the

EX; and (iii) yields a closed-form solution, which is particularly

mportant for multi-domain optimization of sorber beds, where a

arge number of parameters should be considered simultaneously

n the design analysis. 

The present model is developed to address these challenges and

s validated against experimental data collected from our custom-

esigned gravimetric large pressure jump (G-LPJ) test bed and two-

orber bed sorption test bed in our lab. 

To improve the thermal diffusivity of the sorbent material, we

repared a consolidated composite, consisting of CaCl 2 , silica gel

150, with added natural graphite flakes. The added thermally con-

uctive graphite flakes reduce the active sorbent fraction in the

omposite creating a need for establishing an optimum composi-

ion for each application, more details can be found in our previous

tudy ( Bahrehmand et al., 2018c ). Using the validated closed-form

olution, a parametric study is conducted to investigate the effect

f important parameters, i.e., HEX geometry, heat transfer charac-

eristics, and cycle time on SCS performance. The proposed analyti-

al solution enables determining optimized values for: (i) fin thick-

ess, (ii) fin height, (iii) sorbent thickness, (iv) fluid channel height,

v) the amount of thermally-conductive additive in the composite

orbent, and (vi) cycle time in SCS. 

. Model development 

Finned-tube heat exchanger (HEX) is selected as the sorber bed

ype due to its relatively high SCP and COP ( Sharafian and Bahrami,

014 ). The solution domain of the HEX, shown in Fig. 1 (a), can be

sed to predict the performance of the entire sorber bed. An opti-

ized sorber bed has been designed based on the present model

nd is being tested, the results will be published in our future

tudy to not make this paper too long; a picture of the sorber bed

s presented in Fig. 1 (b). 

The following is the list of the assumptions used in the devel-

pment of the present model: 

• The heat transfer fluid is assumed to have a constant tempera-

ture along the solution domain; justifiable due to the relatively

higher heat capacity of the heat transfer fluid ( Wu et al., 2009 ).
• The boundaries of the sorbent and the fin, which are in con-

tact with low-pressure refrigerant vapor, are assumed adiabatic.
This is a fair hypothesis since the Biot number is low as shown
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Table 1 

Summary of the available modeling approaches of the sorber beds of SCS. 

Modeling approach Ref. Characteristics of the parametric 

study 

Merits Limitations 

Thermodynamic 

model 

( Tamainot-Telto et al., 2009 ), 

( Henninger et al., 2012 ) 

• Driving temperature • Very low computation time • Predicts only the upper performance 

limits 

Lumped model ( Pan and Wang, 2018 ) • Cycle time • Low computation time • Uniform sorbent temperature 
• Uniform sorption of refrigerant 
• Neglects inter-particle heat and mass 

transfer resistances 
• Dependent on previous time steps 

( Ahmed and Al-Dadah, 2012 ) • Fin spacing 
• Cycle time 
• Generation temperature lift ( Saha et al., 2007 ) 

( Rogala, 2017 ) • Fin height 
• Fin spacing 

Steady state 

analytical lumped 

model 

( Verde et al., 2017 ) • Flat tube thickness 
• Fin pitch 
• Fin thickness 
• Water channel wall thickness 

• Very low computation time • Neglects transient behavior of system 

• Neglects inter-particle heat and mass 

transfer resistances 

1-D transient 

analytical model 

( Jeric and Nottage, 1967 ) • Low computation time 
• Considers 1-D spatial and 

temporal variation of sorbent 

temperature and sorbate uptake 

• Unable to consider 2-D sorber bed 

and HEX geometry ( Bahrehmand et al., 2018a, 

2018b ) 

• Sorbent thermal diffusivity 
• HEX thermal diffusivity 
• Thermal contact resistance 
• HEX to sorbent thickness ratio 

Numerical model ( El Fadar, 2015 ) • Fin spacing 
• Number of fins 

• Considers spatial and temporal 

variation of sorbent temperature 

and sorbate uptake 

• High computation time 
• Dependent on previous time steps 

( Hong et al., 2015 ) • Fin pitch 
• Fin thickness 
• Fin height 
• Diffusion coefficient 
• Particle size 
• Cycle time 
• Cycle ratio 
• Hot water temperature 
• Fluid velocity 
• Porosity 

( Ça ̌glar, 2016 ) • Fin radius 
• Fin thickness 
• Number of fins 

( Solmus et al., 2012 ) • Adsorbent bed thickness 
• Convective heat transfer 

coefficient 
• Sorbent thermal conductivity 

( Li et al., 2004 ) • Fin spacing 
• Fin height 

( Mohammed et al., 2017 ) • Particle diameter 
• Adsorbent bed thickness 

( Niazmand and Dabzadeh, 

2012 ; Niazmand et al., 2012 ; 

Mahdavikhah and Niazmand, 

2013 ; Mohammadzadeh 

Kowsari et al., 2018 ; Golparvar 

et al., 2018 ) 

• Fin height 
• Fin spacing 
• Particle diameter 

Present 2-D 

transient analytical 

model 

• Graphite flake content in the 

sorbent 
• Fin height 
• Fin thickness 
• Sorbent thickness 
• Fluid channel height 
• Cycle time 

• Low computation time 
• Considers 2-D spatial and 

temporal variation of sorbent 

temperature and sorbate uptake 
• Independent of previous time 

steps 
• Considers anisotropic thermal 

conductivity 
• Considers TCR at the interface 

between sorbent and fin 

Note : References El Fadar (2015) , Hong et al. (2015) , Li et al. (2004) and Niazmand et al. (2012) consider the thermal contact resistance at the interface between the sorbent 

and the HEX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

below: 

h ( T v apor − T s ) = k s 
∂ T s 
∂y 

⇒ O ( B i y ) = O 

(
h t s 

k s 

)
= 

0 . 5 × 0 . 001 

0 . 3 
= 0 . 0017 

h ( T v apor − T s ) = k s 
∂ T s 
∂x 

⇒ O ( B i x ) = O 

(
hb 

k s 

)
= 

0 . 5 × 0 . 01 

0 . 3 
= 0 . 017 

h 
(
T v apor − T f 

)
= k f 

∂ T f 
∂x 

⇒ O 

(
B i x, f 

)
= O 

(
hb 

k f 

)
= 

0 . 5 × 0 . 01 

236 . 5 
= 2 . 11 e − 5

(1)

where, h is the convective heat transfer coefficient between the

water vapor (the refrigerant) and the sorbent ( Zhao et al., 2012 ;
Wakao and Kaguei, 1982 ). It was shown by Wakao and Kaguei

(1982) that the interfacial convection and the external convec-

tion are of the same order of magnitude. Also, the radiative

heat transfer is negligible because of low temperature differ-

ence between the sorbent and its surrounding (10–20 K). 
• Thermophysical properties of the sorbent and HEX are assumed

constant. Averaged values over the range of operating condi-

tions are used ( Table 2 ). 
• The convection term in the energy equation, which accounts for

the sorbate convection inside the sorbent coating, is assumed

negligible as the Peclet number, which represents the ratio of

the convection to the diffusion term in the energy equation, is
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Table 2 

Graphite flake content in the sorbent, thermophysical properties, geometrical specifications, and SCS cycle parameters used for the baseline case and model validation. 

Baseline case Validation with two-sorber bed sorption test bed Validation with G-LPJ test bed 

Sorbent Al fin Al tube Sorbent Al fin Copper 

tube 

Sorbent Graphite Fin Copper 

tube 

φ (wt%) 10 – – 0 20 – – 0–20 – –

ρ (kg/m 

3 ) 665 2699 2699 654 675 2699 8932 1550 8932 

c (J/kgK) 1082 909 909 1004 1120 909 386 748 386 

α (m 

2 /s) 4.1e −7 9.6e − 9.6e −5 2.3e −7 1.3e −6 9.6e −5 1.1e −4 αx = 2.5e −04 

αy = 4.3e −06 

1.1e −4 

h ads (J/kg) 2.77e6 – – 2.77e6 – – 2.77e6 – –

t (mm) 2 2 1 1.12 0.15 1.55 5 1.7 1.5 

b, H c , W c , and D (cm) b = 2 b = 2 H c = 0.6 

W c = 1.3 

b = 1.24 b = 1.24 D = 1.65 b = 3.5 b = 3.5 H c = 0.5 

W c = 4 

τ (min) 15 In Fig. 6 In Fig. 5 
˙ V (L/min) 5 

TCR �A (K m 

2 /W) 0.0019 ( Bahrehmand et al., 2018a ) 

Fig. 1. (a) The solution domain for finned-tube sorber bed heat exchangers and (b) 

a finned flat tube sorber bed. 
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small as follows ( Wu et al., 2009 ). 

O ( P e ) = O 

(
ρg c p,g u g L 

k s 

)
= 

10 

−2 × 10 

3 × 10 

−1 × 10 

−3 

10 

−1 
= 0 . 01 

(2) 

where, L is the characteristic length and in the order of mil-

limeters and u g , vapor velocity, is in the order of 0.1 m/s

( Mahdavikhah and Niazmand, 2013 ). Also, ρg and c p,g are

density and specific heat of water vapor, and are equal to

0.051 kg/m 

3 and 1904 J/kg, respectively. 
• The sorbent coated on the tube in the gap between the sorbent

coatings on the fins, i.e. t fs shown in Fig. 1 , is neglected as t fs is

much smaller than the fin height. 

Using the above-mentioned assumptions, the energy equation

or the sorbent layer and the fin in Cartesian coordinates can be

ritten as follows. 

∂ T i 
∂t 

= αi,x 

∂ 2 T i 
∂ x 2 

+ αi,y 

∂ 2 T i 
∂ y 2 

+ 

1 

( ρc p ) i 
G i (t) 

T i ( x, y, t ) 

i = s, f (3) 
 i ( t ) = 

{
ρs h ads 

dω 
dt 

, i = s 

0 , i = f 
(4) 

here, i = s, f represents the sorbent and fin domains, respectively.

he convective boundary conditions are: 

1 

R s 

(
T s (0 , y, t) − T f luid 

)
= k s 

∂ T s (0 , y, t) 

∂x 
(5) 

1 

R f 

(
T f (0 , y, t) − T f luid 

)
= k f,x 

∂ T f (0 , y, t) 

∂x 
(6) 

 s = 

t t 

k f,x 
+ 

1 

h 

+ T CR · A 

(
K m 

2 

W 

)
(7)

 f = 

t t 

k f,x 
+ 

1 

h 

(
K m 

2 

W 

)
(8) 

here, the convective heat transfer coefficient is calculated by the

orrelation proposed by Gnielinski (1976) as follows. 

 = 0 . 012 

k w 

2 H c 

(
Re 0 . 87 − 280 

)0 . 4 

Pr (9) 

The adiabatic boundary conditions are: 

∂T (b, y, t) 

∂x 
= 0 (10) 

∂ T s (x, t s + t f , t) 

∂y 
= 0 (11) 

ue to symmetry, one can write the following for the lower side

f the fin: 

∂ T f (x, 0 , t) 

∂y 
= 0 (12) 

Thermal contact resistance (TCR) between the sorbent and the

EX surface is important and can be up to 28% of the total thermal

esistance inside a sorber bed ( Bahrehmand et al., 2018a ; Sharafian

t al., 2014 ; Rezk et al., 2013 ). Hence, it is included in the present

odel, as a parameter with a constant value. Continuity of heat

ux as well as temperature jump/drop created by TCR are consid-

red at the interface between the sorbent coating and fin as fol-

ows. 

 f,y 

∂ T f (x, t f , t) 

∂y 
= k s 

∂ T s (x, t f , t) 

∂y 
(13) 

k f,y 
∂ T f (x, t f , t) 

∂y 
= 

1 

T CR · A 

(
T f (x, t f , t) − T s (x, t f , t) 

)
(14) 

The dimensionless energy equation, Eqs. (A1) –( A11 ), is solved

sing Eigenfunction Expansion Method. Eigenfunction Expansion 
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Fig. 2. (a) Schematic and (b) a picture of the 2-sorber bed sorption test bed, TCS: 

temperature control system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) Sorber bed coated with the composite sorbent, CaCl 2 , silica gel, PVA and 

graphite flakes, and the finned-tube HEX without sorbent coating (b) top view and 

(c) front view. 
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s  
Method has been widely used in heat transfer problems, partic-

ularly for multi-layer domains, time-dependent boundary condi-

tions and/or source terms ( Singh et al., 2016 ; Moghadam, 2015 ;

Julius et al., 2017 ; Biswas and Singh, 2017 ; Weng et al., 1983 ;

Fakoor-Pakdaman et al., 2015 ). The methodology of the solution

is presented in Appendix A . A code is developed in MATLAB to

calculate the eigenvalues and eigenfunctions in η and ξ (non-

dimensional) coordinates as well as Gamma function as a function

of Fourier number (dimensionless time). The closed-form of the di-

mensionless transient 2-D temperature domain is found in a series

form as follows. 

θ (η, ξ , F o) = 

∞ ∑ 

n =1 

∞ ∑ 

m =1 

X n (η) ψ nm 

(ξ ) �nm 

(F o) (15)

Our study indicates that the first 2 terms in eigenfunction X

( n = 1 and 2) and one term in eigenfunction ψ ( m = 1) yield the

accuracy of 99% in the temperature distribution calculation. Each

run takes about 1.5 min on a 3.4 GHz PC. 

A relationship is obtained between the water uptake and sor-

bent temperature for each isobaric sorption and desorption pro-

cess in large temperature jump and large pressure jump tests in

Appendix B . 

3. Experimental study: two-sorber bed sorption test bed 

A custom-built test bed available in our lab is used to validate

the proposed model. Fig. 2 shows a schematic and a picture

of the two-sorber bed sorption test bed. A custom-designed

capillary-assisted evaporator and a helical coil shell and tube HEX

were used as the evaporator and the condenser, respectively. The

sorber beds and the evaporator were placed inside custom-built

vacuum chambers. Check valves were installed between the sorber

beds and the condenser and gate valves were installed between
he evaporator and the beds. A needle valve with high precision

ow adjustment (Speedivalve SP16K, Edwards) and a U-tube were

nstalled between the condenser and the evaporator. The whole

ystem was vacuumed for 6 h before the tests. Two temperature

ontrol systems were used to keep the evaporator at 15 °C and

he condenser at 30 °C. Furthermore, two temperature control

ystems were set to 90 °C and 30 °C for desorption and adsorption

rocesses, respectively. Two four-way valves were employed to

witch the heat transfer fluid between two sorber beds for des-

rption and adsorption processes. Type T thermocouples (Omega,

odel #5SRTC-TT-T-36-36) with accuracy of 0.75% of reading and

ressure transducers with 0–34.5 kPa operating range (Omega,

odel #PX309-005AI) and 0.4 kPa accuracy were installed to

onitor and record the temperature and pressure variations in

ach component of the sorption test bed over time. Positive dis-

lacement flow meters (FLOMEC, Model # OM015S001-222) with

ccuracy of 0.5% of reading were installed to measure the flow

ate of the heat transfer fluid. The instruments were interfaced

ith a PC through a data acquisition system and in-house software

uilt in the LabVIEW environment. Experiments were performed

ontinuously until the system reached an oscillatory steady state.

he maximum uncertainties in the calculations of COP and SCP

ere calculated to be 13% and 11%, respectively. More information

n the custom-designed capillary-assisted evaporator, uncertainty

nalysis and the tests can be found in Sharafian et al. (2016) . 

Fig. 3 shows the sorber bed used in this study, which is an

ngine oil cooler manufactured by Hayden Automotive (model

1268). The heat exchanger was coated with a composite sorbent

onsisting of CaCl 2 , silica gel B150, PVA, and graphite flakes. De-

ails of the sorber bed geometry and heat transfer characteristics

re listed in Table 2 . This heat exchanger was the closest off-the-

helf heat exchanger to the solution domain of the present model,
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Fig. 4. (a) Schematic diagram of the G-LPJ test bed, and (b) custom-built gravimet- 

ric large pressure jump (G-LPJ) test bed. 
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Fig. 5. Comparison of the present analytical model with G-LPJ water uptake data 

for composite sorbents containing 0–20 wt% graphite flakes, see Table 2 for more 

details. 

Fig. 6. Comparison between the present analytical model and the experimental 

data collected from our 2-sorber bed sorption test bed for 0 and 20 wt% graphite 

flake content in the sorbent composite; see Table 2 for more details. 
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hown in Fig. 1 (a). Therefore, it was used for model validation. We

re in the process of design and optimization of sorber beds based

n the present model, see Fig. 1 (b), which will be presented in our

uture studies. 

. Experimental study: gravimetric large pressure jump (G-LPJ) 

est bed 

A gravimetric large pressure jump, G-LPJ, test bed was custom-

uilt in our lab to validate the present analytical model results.

 schematic diagram of the G-LPJ test bed is shown in Fig. 4 (a).

orbent material, consisting of CaCl 2 , silica gel B150, PVP-40 and

raphite flakes, was coated on graphite sheets and installed in

he G-LPJ test bed, see Fig. 4 (b). To simulate the operation of a

orption chiller the evaporator temperature was set to 20 °C and

ondenser temperature to 1 °C while the sample temperature was

aintained at 39 °C. The sorber bed was placed on a precision bal-

nce (ML4002E, Mettler Toledo) with an accuracy of 0.01 g to mea-

ure the mass of the sorbate uptake. More information on G-LPJ

ests can be found in Bahrehmand et al. (2018c) . 

. Model validation 

The graphite flake content in the sorbent, thermophysical prop-

rties, geometrical specifications, and SCS cycle parameters used

or the baseline case for the parametric study and validation of

he present analytical model are listed in Table 2 . Thermal diffusiv-

ty and specific heat of composite sorbents with different graphite

ake contents were measured using a transient plane source

TPS), hot disk thermal constants analyzer, as per ISO 22007-

 ( ISO220 07-2, 20 08 ) (TPS 250 0S, ThermTest Inc., Frederiction,

anada), and averaged between 10% and 40% relative humidity,

hich is the range of p/p 0 in our tests for sorption air-conditioning

pplications ( T des = 90 °C, T ads = T cond = 30 °C and T evap = 15 °C). Details
f TPS testing can be found elsewhere ( Fayazmanesh and Bahrami,

017 ; Bahrehmand et al., 2018d ). Density was calculated by mea-

uring volume and weight. For more information on the operating

onditions and the rationale for selection of the listed values please

ee Bahrehmand et al. (2018a, 2018b) . 

To validate the model with G-LPJ results, the heat flux in the

orbent boundary condition at x = 0 in Eq. (5) was set to zero,

ee Fig. 4 (b). Fig. 5 shows the temporal variation of differential

ater uptake for composite sorbents containing 0–20 wt% natural

raphite flakes. The experiments were conducted 5 times to ensure
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Fig. 7. Parametric study: Variation of SCP and COP with geometrical, heat transfer characteristics of sorber beds and cycle time (a) fin height, (b) fin thickness, (c) sorbent 

thickness, (d) fluid channel height, (e) cycle time and (f) graphite flake content in the sorbent. 
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repeatability; the maximum standard deviation was measured at

7%. As shown in Fig. 5 , the results predicted by the present analyt-

ical model are in a good agreement with the data collected from

our G-LPJ test bed. Furthermore, it can be observed that for small

sorption times, i.e. less than 20 min, water uptake increases no-

tably by increasing the graphite flake content. The reason is that

during this time, the sorption rate, and thus, the heat generation

rate is high; consequently, there is a high need for enhanced sor-

bent thermal diffusivity. Therefore, the uptake increases by increas-

ing the graphite flake even though the sorbent contains less active

material. However, over longer time as the sorbent approaches sat-

uration, the sorption rate and heat generation rate decrease, which

reduces the need for enhanced thermal diffusivity. As a result, the

trend starts to reverse and the sorbent with higher active material

starts to have higher uptake. This clearly shows the importance of

the graphite flake (conductive additive) content and that it should
e optimized based on the cycle time to achieve optimum uptake

erformance. 

Specific cooling power (SCP) is defined as the ratio of evapora-

ive cooling energy to the product of cycle time and dry sorbent

ass, Eq. (16) . For a sorption cooling system with an ideal evap-

rator and condenser, SCP represents how fast the heat and mass

ransfer processes are in the sorber bed. 

CP = 

Q e v ap 

m sorb τ
= 

m sorb 

∫ 
ads 

dω 
dt 

h f g dt 

m sorb τ
= 

�ω h f g@ T e v ap 

τ
(16)

Coefficient of performance (COP) is defined as the ratio of evap-

rative cooling energy to the input energy, Eq. (17) . COP can be

ncreased by: (i) enhancing the heat and mass transfer processes

nside the sorber bed, which increases both the evaporative cool-

ng energy and the desorption heat, which overall increases COP,
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Fig. 8. Variation of SCP and COP with graphite flake content in the sorbent for 

b = 2 cm, t s = 1 mm, t f = 0.1 mm, H c = 6 mm and τ= 15 min. 
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nd (ii) decreasing the thermal inertia of the HEX, which reduces

he sensible heat. 

OP = 

Q e v ap 

Q input 

= 

Q e v ap 

Q sens + Q des 

= 

m sorb 

∫ 
ads 

dω 
dt 

h f g dt 
∫ 

des 

((
m sorb ( c p,s + ω c p,w 

) + m HEX c p,HEX 

)
dT 
dt 

− m sorb 
dω 
dt 

h ads 

)
dt

(17

Fin height ranges from 1.08 to 1.40 cm around the tubes in

he heat exchanger shown in Fig. 3 . Over this range of fin height,

he maximum change in SCP and COP is 0.7% and 3%, respec-

ively, compared to the SCP and COP obtained using the average

n height used in this study, i.e., 1.24 cm, listed in Table 2 . There-

ore, the average fin height is used for the model validation. Fig. 6

hows the comparison between the SCP and COP calculated using

he proposed analytical model against the data measured using our

wo-sorber bed sorption test bed. As seen in Fig. 6 , the present

odel is in a general good agreement with the experimental data. 

. Parametric study and performance evaluation 

A comprehensive parametric study is performed in which a sor-

er bed was considered as a baseline case ( Table 2 ) and each pa-

ameter is varied systematically – over an arbitrarily chosen range

while all others kept constant. Fig. 7 shows the variation of

CP and COP with fin height, fin thickness, sorbent thickness, fluid

hannel height, graphite flake content in the sorbent, and the cycle

ime. The following can be observed: 

(a) By increasing the fin height, SCP decreases as the heat trans-

fer resistance along the fin increases. Nonetheless, by in-

creasing the fin height, COP increases because the evapora-

tive cooling energy, numerator in Eq. (17) , increases more

than the total input energy, denominator in Eq. (17) . 

(b) By increasing the fin thickness, SCP increases as the heat

transfer along the fin enhances due to more cross-section

area. However, by increasing the fin thickness, COP reduces

because the HEX thermal inertia increases. 

(c) By increasing the sorbent thickness, SCP decreases as the

sorbent heat transfer resistance increases. Nevertheless, by

increasing the sorbent thickness, COP increases because the

relative thermal inertia of HEX to sorbent decreases. 

(d) By reducing the fluid channel height, both SCP and COP in-

crease as the convective heat transfer coefficient of the heat

transfer fluid increases. 

(e) Sorption rate is high at the early stages of sorption and de-

creases rather rapidly as the sorbent approaches saturation.

Consequently, by decreasing the cycle time, SCP increases as

the sorption rate, and thus, the evaporative cooling power

increases. However, by reducing the cycle time, COP de-

creases because more energy is needed for the sensible heat

of the sorber bed HEX thermal inertia compared to the des-

orption heat. 

(f) Adding graphite flakes to the sorbent enhances its thermal

diffusivity notably (up to 500%, Bahrehmand et al., 2018c )

and reduces the active sorbent material. It is key to select an

optimum amount of graphite flake additive, which depends

on the sorber bed geometry, cycle time, and heat transfer

characteristics. If the main thermal resistance in the sorber

bed HEX is the sorbent, by increasing the graphite flake con-

tent, SCP increases to the point that the sorbent thermal re-

sistance becomes comparable to the thermal resistances of

HEX or heat transfer fluid. After this point, SCP starts to de-

crease by any further increase in the graphite flake content
because the active sorbent material reduces. This trend can

be seen in Fig. 7 (f). As for COP, the optimum graphite flake

content is smaller than that of the SCP as the effect of ac-

tive sorbent material on COP is more than the heat trans-

fer. On the other hand, if the sorbent thermal resistance

is not the main thermal resistance in the sorber bed HEX,

adding graphite flakes does not increase the performance as

the heat transfer is limited by other thermal resistances in

the sorber bed, e.g. HEX and/or heat transfer fluid. There-

fore, adding graphite flakes reduces the performance since it

decreases the active sorbent material, see Fig. 8 . In this case,

the enhanced sorbent thermal diffusivity does not increase

the total heat transfer noticeably as the heat transfer is lim-

ited by the thin fin, i.e. 0.1 mm thickness. 

It is evident that the geometrical and heat transfer characteris-

ics of the sorbent, heat exchanger and heat transfer fluid should

e optimized simultaneously because even one large resistance

n the heat transfer between the sorbent and heat transfer fluid

hrough the heat exchanger can limit the performance. 

. Conclusions 

A novel accurate transient 2-D analytical closed-form solution

as developed that considers all salient design parameters, in-

luding: HEX 2-D geometry, thermophysical and sorbent material

roperties, and thermal contact resistance of sorber beds. The

odel was successfully validated with the experimental data

ollected from our gravimetric large pressure jump test bed and

wo-sorber bed sorption test bed. The present analytical model

rovides a reliable and easy-to-use design and optimization tool

or finned tube sorber bed heat exchangers of SCS. The solution

ethodology can be applied to other sorber bed types, such as

adial and annular finned tubes and plate sorber beds. It was

hown that the sorber bed geometry and heat transfer charac-

eristics should be optimized simultaneously because if even one

hermal resistance remains large inside the sorber bed, sorbent,

EX and/or heat transfer fluid, it can limit the heat transfer and

verall performance of SCS. 

Moreover, it was indicated that the geometrical and heat trans-

er characteristics of sorber beds, i.e. fin height, fin thickness, sor-

ent thickness, fluid channel height, graphite flake content in the

orbent, and cycle time, have counteracting effects on SCP and COP.

ence, multi-objective optimization of sorber beds should be con-

ucted considering all these parameters to find an optimal design

or SCP and COP, and therefore, increase the SCS performance. 
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Appendix A 

The following non-dimensional variables are defined. 

θ = 

T − T f luid 

T 0 − T f luid 

ξ = 

y 

t s + t f 
η = 

x 

b 

B i s = 

b 

R s k s 
B i f = 

b 

R f k f 
κ = 

k s 

k y 

� = 

t s + t f 

k y T CR A 
F o = 

t αx 

b 2 
δ = 

b 

t s + t f 

μy 
2 = 

αy 

αx 
μs 

2 = 

αs 

αx 
δ f = 

t f 

t s + t f 

where, θ is the dimensionless temperature, the Fourier num-

ber, Fo , is the dimensionless time, ξ and η are the dimension-

less Cartesian coordinates. Using the aforementioned dimension-

less variables, the dimensionless energy equation can be obtained

as follows. 

∂ θi 

∂F o 
= μi,η

2 ∂ 
2 θi 

∂ η2 
+ 

(
μi,ξ δ

)2 ∂ 2 θi 

∂ ξ 2 
+ g i (F o) 

θi ( η, ξ , F o ) 

i = s, f (A1)

where 

g i ( F o ) = 

{
( 1 −ε ) h ads 

c p,s ( T 0 −T f luid ) 
dω 
dF o 

, i = s 

0 , i = f 
(A2)

μi,η = 

{
1 , i = f 
μs , i = s 

(A3)

μi,ξ = 

{
μy , i = f 
μs , i = s 

(A4)

Water uptake can be modeled in terms of the operating con-

ditions, i.e. pressure and temperature of the sorber bed. A lin-

ear relationship is obtained between the water uptake and sor-

bent temperature for each pressure during the isobaric sorption

and desorption processes. Detailed explanation is presented in

Appendix B . 

The dimensionless boundary conditions are: 

∂ θs (0 , ξ , F o) 

∂η
− B i s θs (0 , ξ , F o) = 0 (A5)

∂ θ f (0 , ξ , F o) 

∂η
− B i f θ f (0 , ξ , F o) = 0 (A6)

∂ θs (η, 1 , F o) 

∂ξ
= 0 (A7)

∂θ (1 , ξ , F o) 

∂η
= 0 (A8)

∂ θ f (η, 0 , F o) 

∂ξ
= 0 (A9)
∂ θ f (η, δ f , F o) 

∂ξ
= κ

∂ θs (η, δ f , F o) 

∂ξ
(A10)

∂ θ f (η, δ f , F o) 

∂ξ
= �

(
θ f (η, δ f , F o) − θs (η, δ f , F o) 

)
(A11)

The dimensionless energy equation, Eqs. (A1) –( A11 ), is solved

sing Eigenfunction Expansion Method. The closed-form of the di-

ensionless temperature is as follows. 

(η, ξ , F o) = 

∞ ∑ 

n =1 

∞ ∑ 

m =1 

X n (η) ψ nm 

(ξ ) �nm 

(F o) (A12)

Based on Eqs. (A1) –( A12 ), the following eigen-value problem

an be established in η direction ( Mikhailov and Ozisik, 1986 ). 

 

′′ + γ 2 X = 0 (A13)

 

′ − Bi X = 0 at η = 0 (A14)

 

′ = 0 at η = 1 (A15)

The following transcendental equation is obtained to evaluate

he eigenvalues. 

tan (γ ) = Bi (A16)

The eigenfunction associated with each eigenvalue are given as

ollows. 

 = cos (γ η) + tan (γ ) sin (γ η) (A17)

Moreover, the eigen-value problem in ξ direction can be estab-

ished as follows. 

d 2 ψ 

d ξ 2 
+ ω 

2 
k ψ = 0 (A18)

dψ 

dξ

∣∣
ξ=0 , 1 = 0 (A19)

here, 

 k 
2 = 

λr k − q k 
p k 

, k = s, f (A20)

 s = 

(
( ρc p ) s −

(
ρh ads m 

′ )
s 

)
k x 

( ρc p ) f δ
2 

(A21)

 f = 

k x 

δ2 
(A22)

 k = 

(
μk,ηγ

)2 
r k (A23)

p f = k y (A24)

p s = k s (A25)

This is a singular eigenvalue problem due to non-continuous

, r and q . Also, ω k 
2 can be positive, negative or zero depending

n the thermophysical properties and geometrical characteristics

f the sorbent and the fin as well as the eigenvalue in η direction

 γ ). Thus, the eigenvalue problem does not have a simple solu-

ion with eigenfunction and transcendental equation. The present

aper follows the solution proposed by Mikhailov and Vulchanov

1983) . First, the eigenvalue problem is approximated by uniformly

ividing the slabs (sorbent and fin) into n –1 intervals ( n is an ar-

itrary number at first). The finer the division of the intervals,

http://dx.doi.org/10.13039/501100000038
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he more accurate the approximation. The new eigenvalue problem

ith boundary conditions are as follows. 

d 2 ψ 

d ξ 2 
+ ω 

2 
k ψ = 0 (A26)

dψ 

dξ

∣∣
ξ=0 = 0 (A27) 

 k = ψ k +1 , k = 1 , 2 , ..., n − 2 (A28)

p k 
d ψ k 

dξ
= p k +1 

d ψ k +1 

dξ
, k = 1 , 2 , ..., n − 2 (A29)

dψ 

dξ

∣∣
ξ=1 = 0 (A30) 

 k = ξk +1 − ξk (A31) 

TCR at the interface between the sorbent and the fin is taken

nto account as an additional imaginary layer as follows. 

d 2 ψ 

d ξ 2 
+ ω 

2 
k ψ = 0 (A32)

 k = 0 (A33) 

p k 
d ψ k 

dξ
= 

t s + t f 

T CR · A 

( ψ k +1 − ψ k ) (A34) 

Hence, the thermal conductivity of this layer must satisfy the

ollowing equation for an arbitrary length of l k . 

p k = 

(
t s + t f 

)
l k 

T CR · A 

(A35) 

The following eigenfunctions can be acquired for each interval

 ξ k <ξ< ξ k + 1 ). 

 k ( ξ ) = ψ k ( ξk ) 
sin ( ω k ( ξk +1 − ξ ) ) 

sin ( ω k l k ) 

+ ψ k ( ξk +1 ) 
sin ( ω k ( ξ − ξk ) ) 

sin ( ω k l k ) 
, ω k 

2 > 0 (A36) 

 k ( ξ ) = ψ k ( ξk ) 
( ξk +1 − ξ ) 

l k 
+ ψ k ( ξk +1 ) 

( ξ − ξk ) 

l k 
, 

ω k 
2 = 0 (A37) 

 k ( ξ ) = ψ k ( ξk ) 
sinh 

(
ω 

∗
k ( ξk +1 − ξ ) 

)
sinh 

(
ω 

∗
k 
l k 
)

+ ψ k ( ξk +1 ) 
sinh 

(
ω 

∗
k ( ξ − ξk ) 

)
sinh 

(
ω 

∗
k 
l k 
) , ω k 

2 < 0 

ω 

∗
k = 

√ 

abs 
(
ω k 

2 
)

(A38) 

By substituting the aforementioned eigenfunctions into the

oundary conditions (( A27 )–( A30 )), the following equations can be

btained to calculate the eigenfunctions for each interval. 
A 1 ψ 0 − B 1 ψ 1 = 0 

− B k ψ k −1 + ( A k + A k +1 ) ψ k − B k +1 ψ k +1 = 0 , k = 1 , 2 , ..., n − 1 

− B n ψ n −1 + A n ψ n = 0 (A39) 

here, 

 k = 

p k ω k 

sin ( ω k l k ) 
, ω k 

2 > 0 

 k = 

p k 
l k 

, ω k 
2 = 0 

 k = 

p k ω 

∗
k 

sinh 

(
ω 

∗
k 
l k 
) , ω k 

2 < 0 (A40) 

 k = B k cos ( ω k l k ) , ω k 
2 > 0 

 k = B k , ω k 
2 = 0 

 k = B k cosh 

(
ω 

∗
k l k 

)
, ω k 

2 < 0 (A41) 

( A39 ) forms a linear system of ( n + 1) homogeneous equations

or determination of the eigenfunctions as follows. 

 

K ] { ψ } = 0 (A42) 

By equating the determinant of coefficient matrix [ K ] to zero,

he transcendental equation is acquired to evaluate the eigenval-

es. 

et ( [ K ] ) = 0 (A43) 

The eigenvalues are calculated using the algorithm proposed by

ikhailov and Vulchanov which is based on sign-count method

 Mikhailov and Vulchanov, 1983 ). The accuracy in obtaining the

igenvalues is set to 0.001. 

Subsequently, the eigenfunctions are calculated as follows. 

 0 = −1 (A44) 

 1 = −A 1 / B 1 (A45) 

 k +1 = ( ( A k + A k +1 ) ψ k − B k ψ k −1 ) / B k +1 , k = 1 , 2 , ..., n − 1 

(A46) 

Afterwards, the accuracy of the eigenfunctions is calculated for

he last interval. 

bs ( −B n ψ n −1 + A n ψ n ) ≤ ε global , ε global 
∼= 

ε max · n (A47) 

here, the accuracy is set to 1e-8 in the present study. If this ac-

uracy requirement is not satisfied, then the intervals are refined

ased on the algorithm proposed by Mikhailov and Vulchanov

1983) until it is satisfied. 

Now that the eigenfunctions in η and ξ directions are calcu-

ated, the last step is to obtain Gamma function ( �) which repre-

ents the time variation of θ . 

Every time-dependent function can be expanded in the form of

nfinite series of products of the eigenfunctions in η and ξ direc-

ions. 

 i (F o) = 

∞ ∑ 

n =1 

∞ ∑ 

m =1 

g ∗nm 

(F o) X n (η) ψ nm 

(ξ ) (A48) 

here, using the orthogonal property of the Eigenfunctions 

 

∗
nm 

(F o) = 

g i (F o) 

∫ 1 

0 

X dη

(
n ∑ 

k =1 

r k 

∫ ξk +1 

ξk 

ψ k dξ

)
∫ 1 

0 

X 

2 dη

(
n ∑ 

k =1 

r k 

∫ ξk +1 

ξk 

ψ k 
2 
dξ

) (A49) 
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Fig. B2. Variation of water uptake versus sorbent temperature for large tempera- 

ture jump tests. 
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By substituting Eqs. (A12) and ( A48 ) into Eq. (A1) , an ordinary

differential equation for Gamma function can be acquired as fol-

lows. 

d�

dF o 
= g ∗nm 

(F o) − λ� (A50)

Finally, Gamma function is calculated by ( A51 ). 

� = e −λF o 

(
C nm 

+ 

∫ 
F o ′ =0 

F o 

g ∗nm 

(F o ′ ) e λF o ′ dF o ′ 
)

(A51)

where, 

 nm 

= 

∫ 1 

0 

X dη

(
n ∑ 

k =1 

r k 

∫ ξk +1 

ξk 

ψ k dξ

)
∫ 1 

0 

X 

2 dη

(
n ∑ 

k =1 

r k 

∫ ξk +1 

ξk 

ψ k 
2 
dξ

) (A52)

Appendix B 

Sorber beds go through two isosteric processes, i.e. cooling and

heating, during which the water uptake remains constant because

the valves to the evaporator and condenser are closed. Each isos-

teric process is followed by an isobaric process when the sorber

bed is connected to the evaporator or condenser, and sorption

or desorption occurs. During isobaric processes, the pressure of

the sorber bed chamber is almost equal to that of evaporator

or condenser and assumed constant. Fig. B1 shows the variation

of water uptake versus sorbent temperature for each isobaric

process obtained from gravimetric large pressure jump (G-LPJ)

test bed with T evap = 20 °C and T cond = 1 °C, see Bahrehmand et al.

(2018a, 2018b) . It can be seen that the equilibrium water uptake

collected from Thermogravimetric analyzer (TGA) is in a good

agreement with the data measured using our custom-built G-LPJ

test bed. More information on TGA measurements can be found

elsewhere ( Bahrehmand et al., 2018c ). Therefore, for each isobaric

process, whose pressure is the saturation pressure at condenser or

evaporator temperature, a relationship can be acquired between

the water uptake and sorbent temperature. For simplicity in the

2-D analytical model, this relationship is approximated with a

line. Fig. B2 shows the isobaric processes acquired from TGA for

pressure values corresponding to T evap = 15 °C and T cond = 30 °C for

large temperature jump (LTJ) tests. 
Fig. B1. Variation of water uptake versus sorbent temperature for large pressure 

jump tests. 
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