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A B S T R A C T

This study proposes a novel sorber bed design, a stationary thin film microgroove-based absorber, that can
address the low specific power and oversized sorber bed issues in existing oscillatory solid sorption heat
transformation systems. An analytical heat and mass transfer model is developed for the proposed stationary thin
film microgroove-based absorber. A highly-wettable microgrooved aluminum substrate is fabricated by the
deposition of a hybrid Al2O3/TiO2 layer, and experimental water uptake measurements are obtained using a
custom-built gravimetric large pressure jump setup to validate the analytical model. The model examines how
key design parameters affect specific cooling power, cooling power density, and energy storage density. Findings
indicate that cycle time and groove depth significantly impact system performance. Also, it is found that there is
an optimum groove depth, or film thickness, to achieve maximum power. Trapezoidal grooves achieve higher
specific cooling power and cooling power density, while rectangular grooves yield a higher maximum energy
storage density. It is experimentally shown that a specific cooling power enhancement of up to 600 % can be
obtained compared to the experimental data available for oscillatory sorber beds. Also, the absorption rate of the
present sorber bed is up to three times higher than that of falling film absorbers.

Nomenclature

c Concentration of absorbate, [kg.kg− 1]
cp Isobaric specific heat, [J⋅kg− 1K− 1]
Ds Mass diffusivity, [m2⋅s− 1]
D Groove depth [m]
Fo Fourier number, non-dimensional time
g Gravity, [m⋅s− 2]
hsor/des sorption heat, [J. kg− 1]
hfg Enthalpy of evaporation [J. kg− 1]
p Pressure, [Pa]
Le Lewis number, [Le= α.D− 1]
q̇ Heat flux, [W⋅m− 2]
Q Heat [J]
Rm Meniscus radius, [m]
T Temperature, [K]
t Time, [s]
tw Wall thickness [μm]
W Groove width [μm]
y Local normal position, [m]
Greek symbols
α Thermal diffusivity, [m2⋅s− 1]

(continued on next column)

(continued )

γ Dimensionless concentration
Υ Dimensionless concentration in the Laplace space
η Dimensionless normal position
Λ Normalized heat of absorption
ω Uptake, [g water/g sorbent]
τ Cycle time, sorption plus desorption
θ Dimensionless temperature
Θ Dimensionless temperature in the Laplace space
δ Film thickness, [μm]
ρ Density, kg⋅m− 3

Subscripts
ave Average
eva Evaporator
eq Equilibrium
eqv Equivalent
inf Interface
o Entrance region
s Solution
HEX Heat exchanger
v Vapor
w Wall
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1. Introduction

Global industrial processes generate significant waste heat, released
through mediums such as solid waste, waste gas, and waste water.
Recovering industrial waste heat offers a considerable opportunity for
substantial energy savings and emission reductions. Among the various
types of waste heat, low-grade waste heat constitutes approximately 60
% and is the most challenging to recover [1,2]. Consequently, there is
extensive research focused on heat-driven sorption systems [3,4].

Sorption heat transformation systems [5–9] can effectively perform
heat transformation and upgrade low-grade waste heat while mini-
mizing electric power usage. In contrast to heating, which can be ach-
ieved through the direct use of waste heat, cooling can be more
challenging. The most industrialized option is vapor compression
refrigeration systems, which operate on global-warming potential re-
frigerants [10]. The specific cooling power per total system mass for
available solid sorption cooling systems ranges from 15.9 to 45.4 W/kg,
whereas for vapor compression refrigeration, it ranges from 113 to 160
W/kg [11]. Thus, current sorption technologies necessitate significant
improvements in specific power, maintenance, and, crucially,
cost-effectiveness. The design of the sorber bed plays a critical role as it
directly impacts the sorption rate, which affects the performance and
dimensions of the sorption systems.

Sorption heat transformation systems can also provide long-term
heat storage with minimal loss since the primary storage mechanism is
a thermochemical reaction. They facilitate the conversion of excess
power into heat/cold (along with storage), which is crucial for inte-
grating renewable energy. While sorption storage systems operate on the
same cycle, the components need to be optimized, necessitating
different solid sorbent/liquid film thicknesses, and thermal character-
istics when compared to heat transformation and upgrading purposes.

These sorption systems are categorized into continuous cycle and
oscillatory cycle systems. Continuous cycle absorption systems consist of
four components: absorber, desorber, evaporator, and condenser. They
provide continuous heating/cooling power through a continuous flow of
solution between the absorber and desorber. Oscillatory sorption heat
transformation systems are designed using solid sorbents, or adsorbents,
so far. Sorbent materials include mesoporous silicates, classical zeolites,
(silico)aluminophosphates, porous coordination polymers (PCPs),
porous carbons, composite sorbents, and salt hydrates [12]. Mesoporous
silicates like silica gel are effective for moisture removal in various in-
dustries due to their hydrophilic surfaces [13]. Classical zeolites, known
for their tailored water uptake abilities based on Si/Al ratios, excel in gas
drying applications but require high desorption temperatures [14].
Aluminophosphates and SAPOs offer structural stability and are prom-
ising for low-grade heat applications [15]. Porous coordination poly-
mers, such as MOFs, provide tunable pore sizes and high surface areas,
suitable for diverse sorption tasks despite low temperature efficiency
[16]. Activated carbons are also used in sorption processes, especially
with non-aqueous substances like methanol [17]. A composite sorbent is
created by impregnating a porous host matrix (e.g., silica gel) with a
hygroscopic salt (e.g., CaCl2) for high uptake capacities [18]. Salt hy-
drates, with high energy densities and low desorption temperatures, are
promising for thermal energy storage despite challenges like deliques-
cence in humid conditions [19].

Oscillatory sorption heat transformation systems have three com-
ponents: sorber bed, evaporator, and condenser. During sorption, the
evaporator produces water vapor that is absorbed by the sorber bed,
generating useful heat. During desorption, input heat causes water
vapor to be desorbed in the sorber bed and to condense in the condenser.
As a result, the sorber bed’s temperature oscillates between sorption and
desorption temperatures. Multiple sorber beds enable continuous
output. The sorber bed design is crucial for system performance, and
various studies have investigated different types of sorber beds. Table 1
compares these sorber bed types used in sorption heat transformation
systems.

As mentioned in Table 1, solid sorbents are inhibited by several
factors: i) the host matrix’s low thermal conductivity (~0.1–0.2 W/m⋅K)
limits heat transfer and sorption rates, despite attempts to improve it
with additives like natural graphite flakes, which in turn increase
inactive mass, ii) high thermal contact resistance between the solid
sorbent and heat exchanger walls further reduces heat transfer effi-
ciency, and iii) limitations on salt percentage (20–30 %) to prevent
runoff result in low sorption uptake since salt is the primary sorbent.

In this study, we propose the first absorption-based and porous
media-free sorber bed for oscillatory sorption heat transformation sys-
tems, called a stationary thin film absorber. This sorber bed consists of a
stationary film solution, such as aqueous LiBr, confined within surface
microstructures. In this study, the microstructures are grooves; thus, the
microgroove-based absorber is proposed. Unlike solid sorber beds, the
present stationary film absorber is unaffected by limitations like low

Table 1
Comparison of different sorber beds used in sorption heat transformation sys-
tems [6,20–31].

System type Type of sorber
bed

Advantages Disadvantages

Continuous
cycle

Falling films ✓ Easy to
manufacture

✓ Cost-effective
✓ High heat transfer

surface

× Crystallization
× Low absorption rate

and performance
caused by flow
separation, low
adjustability of film
thickness, and low
surface wetting
ratio

× Bulky and oversized
design

× Maintenance and
sealing issues

Bubble flows ✓ Easy to
manufacture

✓ Cost-effective
✓ High mass transfer

surface

× Low heat transfer
surface

× Toxic and
flammable working
pairs

× Miscellaneous parts,
such as rectifier

Membrane-
based
absorbers

✓ High sorption rate,
and thus, high
performance

✓ Compact

× Crystallization
× High-pressure drop

within solution
channels

× Membrane failure
× Maintenance and

sealing issues
× Expensive to

manufacture
Oscillatory
cycle

Solid sorbent ✓ Crystallization is
not an issue

✓ Cost-effective
✓ No moving parts

× Low performance
due to low thermal
conductivity
(0.1–0.2 W/m.K),
limited salt ratio
(20–30 %), and high
thermal contact
resistance between
sorbent and heat
exchanger

× Salt leakage
× Bulky and oversized

design
× Maintenance and

sealing issues
Stationary
thin film
absorber
(present
study)

✓ High sorption rate,
and thus, high
performance

✓ Crystallization is
not a critical issue
compared to falling
film absorbers

✓ Compact
✓ No moving parts

× Expensive to
manufacture due to
groove fabrication
and surface
modification

× Maintenance and
sealing issues
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thermal conductivity (about 0.5 W/m.K), high thermal contact resis-
tance (ideal heat transfer between the film and substrate), or low salt
percentage (about 70 %). Although the present sorber bed addresses the
heat transfer limitations of solid sorber beds, using a liquid film may
introduce mass transfer limitations (water vapor diffusion), which can
be mitigated by employing thin films to reduce the diffusion path length.

An analytical heat and mass transfer model is developed for the
proposed stationary thin film microgroove-based absorber. A highly-
wettable microgrooved aluminum substrate is fabricated by the depo-
sition of a hybrid Al2O3/TiO2 layer, and experimental water uptake
measurements are obtained using a custom-built gravimetric large
pressure jump setup to validate the analytical model. The model ex-
amines how key design parameters affect specific cooling power, cooling
power density, and energy storage density. Also, the system’s perfor-
mance in terms of specific cooling power (SCP) and coefficient of per-
formance (COP) is compared to the experimental studies in the
literature.

2. Model development

This section presents the microgroove-based absorber as an
embodiment of the proposed stationary thin film absorber (Fig. 1a).
During the absorption cycle (Fig. 1b), water vapor is introduced into the
absorber chamber and absorbed by the solution. The exothermic ab-
sorption process increases the solution temperature, reducing the ab-
sorption rate. The solution is cooled using a heat transfer fluid to
maintain absorption. The desorption cycle (Fig. 1c) follows the reverse
mechanism, where the solution is heated by adjusting the temperature of
the heat transfer fluid, causing water vapor desorption.

The present model assumptions, also documented in Ref. [25], are as
follows.

• 1D heat and mass transfer.

• An equivalent thermal conductivity captures the heat conduction
through the microgrooves wall [32].

• An averaged film thickness is used.
• A linear equilibrium exists between the solution temperature and
concentration at the solution-vapor interface at a constant vapor
pressure (Eq. (10)).

• Isothermal heat exchanger wall.
• Constant thermophysical properties.
• Non-volatile absorbent.
• Negligible heat transfer from the film to the gas phase (vapor) – the
system operates under vacuum conditions.

Assuming “ y ” for diffusion direction, the governing equations for
energy and species conservation can be derived as follows:

∂T
∂t = αs

∂2T
∂y2 (1)

∂c
∂t =Ds

∂2c
∂y2 (2)

Where ,T, αs, and Ds are the solution’s temperature, thermal diffusivity,
and mass diffusivity, respectively. It should be noted that “c” is the water
(absorbate) concentration (kg water/kg solution), not the salt concen-
tration (kg LiBr/kg solution). Using the equilibrium temperature and
concentration, Eqs. (1) and (2) can be non-dimensionalized. The equi-
librium temperature ʹ́Teq

ʹ́ is defined as the temperature at the inlet
concentration ʹ́coʹ́ and the water vapor pressure ʹ́pvʹ́ ; similarly, the
equilibrium concentration ʹ́ceqʹ́ is defined as the concentration at the
inlet temperature ʹ́To

ʹ́ and the water vapor pressure ʹ́pvʹ́ [33]. Equilib-
rium temperature and concentration can be calculated via a phase
equilibrium equation, see Appendix A. The energy and species conser-
vation equations can be written in non-dimensional form as follows:

Fig. 1. Schematic of (a) a microgroove-based absorber, an embodiment of the stationary thin film absorber concept, (b) sorption cycle, and (c) desorption cycle.
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∂θ
∂Fo=

∂2θ
∂η2 (3)

Le
∂γ

∂Fo=
∂2γ
∂η2 (4)

Θ(ξ, η)= T(Fo, η) − To

Teq(co, p) − To
, (5)

γ(ξ, η)= c(Fo, η) − co
ceq(To, p) − co

(6)

Fo=
αs

δ2ave
t & η =

y
δave

(7)

where, θ, Fo, γ, and η represent non-dimensional temperature, Fourier
number or non-dimensional time, non-dimensional concentration, and
non-dimensional ʹ́ y ʹ́, respectively. The initial and boundary conditions
of the isothermal, impermeable wall are as follows:

Fo=0⟹

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Θ(0, η) = To − To

Teq(co, p) − To
= 0

γ(0, η) = co − c0
ceq(To, p) − co

= 0
(8)

η=0⟹

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Θ(Fo, 0) =
Tw − To

Teq(co, p) − To
= Θw

∂γ
∂η

⃒
⃒
⃒
⃒

η=0
= 0

(9)

η=1⟹

⎧
⎪⎨

⎪⎩

Θ(Fo, 1) + γ(Fo,1) = 1

∂Θ
∂η

⃒
⃒
⃒
⃒
inf

=
Λ
Le

∂γ
∂η

⃒
⃒
⃒
⃒
inf

(10)

Λ=
habs

(
ceq − co

)

cp,s
(
Teq − To

), Le=
αs

Ds
(11)

The detailed solution procedure, using Laplace transform and

similarity solution methods, is provided in Appendix B. The analytical
solutions obtained from the temperature and concentration profiles (see
Appendix B) are used to determine the uptake and heat generation
values for stationary solution film absorbers with microgrooves. The
corresponding results are summarized in Table 2.

This study employs an equivalent thermal conductivity and average
film thickness following the assumptions. The equations for determining
the porosity, equivalent thermal conductivity, and average film thick-
ness for rectangular and trapezoidal grooves are presented in Table 3.
Further details can be found in Appendix C.

3. Experimental setup

3.1. Absorber fabrication

A 6 cm by 6 cm aluminum substrate with a thickness of 1.5 mm was

Table 2
Closed-form relationships for calculating the uptake and heat generation in the microgroove-based absorber with a stationary solution thin film.

Parameter Equation

Uptake
[
gr water
gr sorbent

]

ω(Fo)=mabsorbed water @Fo

mdried sorbent
=

1
1 −

[
γ(Fo)

(
ceq − co

)
+ co

] −
1

1 − co
(12)

γ(Fo)=

⎡

⎢
⎢
⎣

⎛

⎜
⎜
⎝1 −

Θw

(

1+
2Ψ
Fo.π2

)

+
8.Ω.Λ
Fo.π2

1+
2Φ
Fo.π2 +

8.Ω.Λ
Fo.π2

⎞

⎟
⎟
⎠

⎛

⎜
⎝1 −

∑∞

k=0

8
π2(2k+ 1)2

e−
(2k+1)2π2

4Le Fo

⎞

⎟
⎠

⎤

⎥
⎥
⎦ (13)

Heat generation
[ w
m2

]

q̇(Fo)=
ks
(
Teq − To

)

δ

[

Θinf − Θw + 2
∑∞

k=1

(
Θinf +(− 1)k+1Θw

)
e− k2π2Fo

]

(14)

Θinf =

(

1+
2Ψ
Fo.π2

)

Θw +
8.Ω.Λ
Fo.π2

⎛

⎜
⎜
⎝1 −

Θw

(

1+
2Ψ
Fo.π2

)

+
8.Ω.Λ
Fo.π2

1+
2Φ
Fo.π2 +

8.Ω.Λ
Fo.π2

⎞

⎟
⎟
⎠

1+
2Φ
Fo.π2

(15)

Φ =
∑∞

k=1
1
k2

(
1 − e− k2π2Fo

)
Ψ =

∑∞
k=1

(− 1)k

k2
(
1 − e− k2π2Fo

)
Ω =

∑∞
k=0

1
(2k+ 1)2

⎛

⎜
⎝1 − e−

(2k+1)2π2
4Le Fo

⎞

⎟
⎠

Θ(Fo,η) =
T(Fo, η) − To

Teq(co , pv) − To
γ(Fo,η) =

c(Fo, η) − co
ceq(To, pv) − co

Λ =
habsco
cp,sTo

η =
y
δ

Fo =
αs

δ2
t Le =

αs

Ds

Table 3
Porosity, equivalent thermal conductivity, and average film thickness equations
for rectangular and trapezoidal grooves.

Groove type Equation Equation
No.

keqv =

ks
[(ks + kw) − (1 − ϕ)(ks − kw)]
[(ks + kw) + (1 − ϕ)(ks − kw)]

[32] (16)

Rectangular groove
δave = D+ 0.5

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m −
W2

4

√

−
ϑR2m
W

[m]
(17)

ϕ =

D+ 0.5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m −
W2

4

√

−
ϑR2m
W

D(t +W)

(18)

Trapezoidal groove
δave =

Wt +Wb

2
D
Wt

+ 0.5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m −
W2

t
4

√

−

ϑR2m
Wt

[m]

(19)

ϕ =

Wt +Wb

2
D+

Wt

2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m −
W2

t
4

√

− ϑR2m

D(tw− t +Wt)

(20)
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fabricated using a wire electrical discharge machining to create micro-
grooves (Fig. 2). The grooves had trapezoidal shapes with dimensions of
approximately 600 μm (top width), 320 μm (bottom width), and 530 μm
(depth). The microgrooved aluminum substrate was coated with Al2O3/
TiO2 layers to enhance wettability and confine the solution within the
microgrooves. Plasma-enhanced atomic layer deposition (Cambridge
NanoTech Fiji F200) and magnetron-sputtering physical vapor deposi-
tion (Kurt J Lesker PVD75) techniques were utilized for the coating
process. The wettability of the hybrid oxide coating was evaluated
through contact angle measurements (sessile droplet method). A contact
angle of approximately 21◦ was observed when a droplet of aqueous LiBr
with a 60 % concentration was applied (see Appendix D for further
details).

3.2. Gravimetric large pressure jump (GLPJ)

The sorption dynamics of the microgroove-based absorber were
examined using a custom-built gravimetric large pressure jump (GLPJ)
testbed (Fig. 3). The testbed consisted of a balance, vacuum chamber,
evaporator, microchannel heat exchanger (cold plate), and two thermal
baths. Refer to Ref. [29] for more comprehensive information regarding
the testbed. The sorber bed was charged with 2.17 gr of the aqueous LiBr
solution with a concentration of 65 %. The thermal bath was connected
to the sorber bed during the experiments and maintained at 30 ◦C. Three
evaporator temperatures of 5, 10, and 15 ◦C were used in this
experiment.

Large pressure jump tests are performed by changing the relative

Fig. 2. (a) Microgrooved aluminum substrate and (b) and (c) SEM section view of the grooves.

Fig. 3. (a) Schematic and (b) photograph of the gravimetric large pressure jump (GLPJ) testbed [29]. Thermal baths are not shown.
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pressure, p
po, where ʹ́pʹ́ is the saturation pressure of the water vapor at the

vapor temperature (which corresponds to the condenser temperature at
the initial equilibrium and the evaporator temperature at the final
equilibrium) and ʹ́poʹ́ is the saturation pressure of the water vapor at the
sorber bed temperature. Therefore, the relative pressure, p

po, of the
chamber was varied from a relative humidity of 0.06 ( ppo =

psat @ 30oC
psat @ 90oC

) to
0.2 (Teva= 5 ◦C, p

po =
psat @ 5oC
psat @ 30oC

), 0.29 (Teva= 10 ◦C, p
po =

psat @ 10oC
psat @ 30oC

), and 0.4
(Teva= 15 ◦C, p

po =
psat @ 15oC
psat @ 30oC

), Refer to Fig. 4 for the initial and final con-
ditions of the isotherm.

3.3. Thermogravimetric sorption analysis

Water sorption isotherm for the aqueous LiBr used in this study was
determined using an IGA-002 thermogravimetric sorption analyzer
(TGA). Further information about the TGA can be found in Ref. [34]. A
30 ◦C isotherm was determined for relative humidities between 0 and
0.4 (Fig. 4). Also, the present isotherm is validated with the available
experimental data in Ref. [35].

3.4. Performance parameters and uncertainty analysis

The performance parameters analyzed in this study include specific
cooling power (SCP), cooling power density (CPD), energy storage
density (ESD), Coefficient of Performance (COP), and mass ratio. SCP
represents the rate of evaporative cooling per unit mass of dry sorbent
material. CPD, on the other hand, quantifies the rate of evaporative
cooling per unit volume of the sorber bed, indicating its compactness.
ESD denotes the maximum amount of stored energy per unit volume of
the sorber bed. COP shows the ratio of output power to the input power.
Also, the mass ratio shows the ratio of the heat exchanger (metal) mass
to the sorbent mass. The equations for these performance parameters are
as follows:

SCP=
Qeva

ms τ=
ms

∫ dω
dt hfgdt

ms τ =
Δω hfg@Tevap

τ

[
kW
kg

]

(21)

CPD=
Qeva

Vsysτ
=
ms

∫ dω
dt hfgdt

Vsysτ
=
msΔω hfg@Tevap

Vsysτ

[
kW
m3

]

(22)

ESD=
Qeva

Vsys
=

Δω ms hfg
Vsys

[
MJ
m3

]

(23)

COP=
Qeva

Qinput
=

ms
∫ dω

dt hfgdt
∫
[
(
msorb

(
cp,s + ωcp,w

)
+mHEXcp,HEX

)
dT
dt − ms

dω
dt hdes

]

dt
(24)

Mass ratio (MR)=
mHEX

ms
(25)

where, Qeva is the evaporative cooling energy, ms is the sorbent mass, ω
is the sorbate uptake (gsorbate g− 1dried sorbent), hfg is the enthalpy of evap-
oration, τ is the cycle time (sorption + desorption), Vsys is the total
volume of the system, Qinput [J] is the input heat, cp,s [J /kg.K] is the sor-
bent’s specific heat, cp,HTF [J /kg.K] is the heat transfer fluid’s specific
heat, cp,HEX [J /kg.K] is the heat exchanger’s wall specific heat, hdes is
desorption heat, mHEX is heat exchanger mass, and ms is sorbent mass.
The instrumental uncertainty associated with the measurements of SCP
and ESD was determined using the method developed by Moffat [36].
The same approach was employed in a previous study conducted by
Bahrehmand et al. [29] and is as follows:

δω
Δω=

0.01 gr
ms

= 0.3% (26)

δSCP
SCP

=
δΔω
Δω =

̅̅̅
2

√
δω

Δω = 0.5% (27)

δCPD
CPD

=
δΔω
Δω =

̅̅̅
2

√
δω

Δω = 0.5% (28)

δESD
ESD

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(δΔω

Δω

)2
+

(
δms

ms

)2
√

≅

̅̅̅
2

√
δω

Δω =0.5% (29)

δCOP
COP

=
2δω
Δω ≈ 0.7% (30)

Five tests were conducted under consistent conditions, yielding a
maximum standard deviation of 8 % for the uptake measurements. This
relative standard deviation also applies to the SCP, CPD, ESD, and COP
measurements due to their linear relationship with the uptake. The
uncertainties for all four performance metrics (uptake, SCP, CPD, ESD,
and COP) were determined by considering both instrumental and stan-
dard uncertainty. Uncertainties for all metrics were found to be below
9%.

4. Results and discussion

4.1. Model validation

The model is validated with experimental data from the gravimetric
large pressure jump (GLPJ) tests. As mentioned, these tests were con-
ducted with pressure jumps from a relative humidity of 0.064 ( ppo =

psat @ 30oC
psat @ 90oC

) to 0.2 (Teva= 5 ◦C, p
po =

psat @ 5oC
psat @ 30oC

), 0.29 (Teva= 10 ◦C, p
po =

psat @ 10oC
psat @ 30oC

), and 0.4 (Teva= 15 ◦C, p
po =

psat @ 15oC
psat @ 30oC

).
Fig. 5 shows the water uptakes of aqueous LiBr at three different

evaporator temperatures (5, 10, and 15 ◦C). The average thermophysical
properties of the LiBr-water solution used in the current model are
presented in Table 4. The model demonstrates good agreement with the
experimental data, with a mean relative difference of less than 8 %.
Additionally, it can be observed that increasing the evaporator tem-
perature leads to a higher maximum uptake capacity due to a more
significant difference between initial and final equilibrium
concentrations.

Fig. 4. 30 ◦C isotherm for aqueous LiBr.
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4.2. Effects of key design parameters

Using the present analytical model, this study investigates the in-
fluence of design parameters, such as groove geometry and cycle time,
on specific cooling power, cooling power density, and energy storage
density. The system operates at Tevaporator= 15 ◦C, Tsorption/condenser=
30 ◦C, and Tdesorption= 90 ◦C, which are imposed by the application and
ambient conditions. The system operating temperatures are used to
calculate p

p0, explained in Section 3.2, determining initial equilibrium
concentration ʹ́coʹ́ and final equilibrium concentration ʹ́ceqʹ́ which are
needed for modeling the sorber bed, Eq. (12). Table 5 presents the
baseline design parameters and their corresponding ranges considered
in this study. The solution properties described in Table 4 are used for
the analysis.

Fig. 6 shows specific cooling power (SCP) and cooling power density
(CPD) plotted against various design parameters, including groove
depth, groove top width, contact angle, groove wall thickness (for
rectangular groove only), groove bottom width (for trapezoidal groove
only), and cycle time. The following observations can be made.

i) Trapezoidal grooves exhibit higher SCP and CPD due to the
reduced average film thickness resulting from an increased wall
angle (β, see Fig. C1).

ii) Increasing the groove depth (Fig. 6a) decreases SCP for both
trapezoidal and rectangular grooves, as the greater average film
thickness introduces mass transfer resistance. However, CPD ex-
hibits an optimum around a groove depth of 550 μm, considering
sorbent mass and occupied volume factors. Consequently, a depth
of 550 μm was chosen for microgroove fabrication in this study.

iii) Increasing the groove top width (Fig. 6b) results in higher SCP
and CPD, as the average film thickness decreases.

iv) Increasing the contact angle (Fig. 6c) leads to a decrease in SCP
and CPD due to the increased average film thickness.

v) For rectangular grooves (Fig. 6d), increasing the wall thickness
enhances SCP by improving heat transfer from the sorbent to the
heat exchanger. However, CPD decreases due to a reduction in
sorbent mass.

vi) For trapezoidal grooves (Fig. 6e), increasing the groove bottom
width causes a decrease in SCP due to the increased average film
thickness. However, an optimum point exists for CPD considering
sorbent mass and occupied volume factors.

vii) Decreasing the cycle time (Fig. 6f) results in higher SCP and CPD
since the sorption rate is greater at the initial stage of the sorption
process.

Among the parameters considered, cycle time and groove depth have
the most significant impact on both SCP and CPD, while the contact
angle has the least effect.

Fig. 7 shows energy storage density (ESD) at τ= 3 min and maximum
energy storage density plotted against various design parameters,
including groove depth, groove top width, contact angle, groove wall
thickness (only for rectangular grooves), groove bottom width (only for
trapezoidal grooves), and cycle time. It should be mentioned that ESD
can be calculated at different cycle times. By increasing the time, the
sorbent absorbs more water vapor until reaching the final equilibrium.
ESDmax is calculated when the sorbent reaches its maximum capacity.
However, we can also calculate ESD after a specific amount of time,
which is not at the final equilibrium. The following observations can be
made.

viii) Trapezoidal grooves generally provide a higher energy storage
density at τ= 3 min, but a lower maximum energy storage density
than rectangular grooves due to a lower sorbent mass.

ix) Increasing the groove depth (Fig. 7a) increases the maximum
energy storage density for both grooves. The energy storage
density at τ= 3 min has an optimum value, considering the ki-
netic aspect of the reaction.

x) Increasing the groove top width (Fig. 7b) increases the energy
storage density at τ= 3 min for both grooves due to increased
uptake. The maximum energy storage density has an optimum
value for the rectangular grooves (maximum sorbent mass,
balancing the effects of contact angle and wall thickness) and
decreases with increasing groove top width for the trapezoidal
grooves (due to increased wall thickness and thus decreased
active mass).

Fig. 5. Validation of the present model. Water uptake over time for different
evaporator temperatures: 5, 10, and 15 ◦C.

Table 4
Thermal properties of aqueous LiBr [10,33,37].

Parameter Value

Heat of absorption (kJ/kg) 2500
Mass transfer coefficient (m2/s) 10− 9

Solution thermal conductivity (W/m.K) 0.44
Solution specific heat (J/kg.K) 2000
Solution density (kg/m3) 1600

Table 5
Baseline design parameters and their considered ranges.

Design parameters for rectangular channel Baseline value Range Design parameters for trapezoidal channel Baseline value Range

Groove depth (μm) 600 400–800 Groove depth (μm) 600 400–800
Groove width (μm) 400 300–500 Groove top width (μm) 400 300–500
Wall thickness (μm) 60 20–120 Groove bottom width (μm) 300 200–400
Contact angle (deg) 20 0–40 Wall top thickness (μm) 20 –
Cycle time (min) 3 1–5 Contact angle (deg) 20 0–40

Cycle time (min) 3 1–5

M. Ashouri et al. Energy 307 (2024 ) 132617 

7 



xi) Increasing the contact angle (Fig. 7c) increases the maximum
energy storage density for both grooves. However, the energy
storage density at τ= 3 min decreases since the uptake is lower at
a constant time with an increased contact angle.

xii) For the rectangular groove (Fig. 7d), both the energy storage
density at τ= 3 min and the maximum energy storage density
decrease with increasing wall thickness due to a reduction in
sorbent mass.

Fig. 6. Specific cooling power (SCP) and cooling power density (CPD) plotted against various design parameters: (a) groove depth, (b) groove top width, (c) contact
angle, (d) groove wall thickness (for rectangular grooves only), (e) groove bottom width (for trapezoidal grooves only), and (f) cycle time.
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xiii) For the trapezoidal groove (Fig. 7e), the maximum energy storage
density increases with increasing groove bottom width due to an
increase in sorbent mass. There is little variation in the energy
storage density at τ= 3 min considering other factors as reduced
uptake.

xiv) Increasing the cycle time (Fig. 7f) increases the energy storage
density due to achieving higher uptake.

4.3. Comparison with available studies

Fig. 8 provides a comparison of the specific cooling power (SCP),

Fig. 7. Energy storage density at τ= 3 min and maximum energy storage density plotted against various design parameters: (a) groove depth, (b) groove top width,
(c) contact angle, (d) groove wall thickness (for rectangular groove only), (e) groove bottom width (for trapezoidal groove only), and (f) cycle time.
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coefficient of performance (COP), and mass ratio (MR) of the proposed
microgroove-based absorber with recent experimental studies [38–46].
The comparison is based on experimental data collected under nominal
operating conditions (Tevaporator= 15 ◦C, Tsorption/condenser= 30 ◦C, and
Tdesorption= 90 ◦C). The microgroove-based absorber exhibits superior
performance in terms of SCP and COP at both material and system levels
while maintaining a comparable MR to the existing studies.

The results demonstrate that the proposed microgroove-based
absorber can achieve a specific cooling power of 7.6 kW/kg and a co-
efficient of performance of 0.71 with a cycle time of 3 min. The specific
cooling power obtained by the microgroove-based absorber is up to
seven times higher compared to similar systems studied in the literature.

Fig. 9 shows a comparison between the absorption rate of the present
microgroove-based absorber, averaged over the sorption time, 90 s, and
that of comparable experimental data for vertical, horizontal, and coil-
type falling film absorbers [47–53]. The sorber bed temperature for all

the mentioned data is about 30 ◦C, but at different bed vapor pressures.
As can be seen, the present sorber bed outperforms the experimental
data in terms of absorption rate.

5. Conclusion

This study successfully modeled and experimentally validated a
novel sorber bed design, namely the stationary thin film absorber, which
can offer promising solutions for challenges encountered in oscillatory
sorption heat transformation systems. Fabricating a microgrooved
aluminum substrate and applying an oxide coating enabled the experi-
mental evaluation of the proposed design. The analytical modeling of
the coupled heat and mass transfer in the stationary thin film
microgroove-based absorber provided a reliable framework for pre-
dicting its performance, further validated using experimental data.

Key design parameters were systematically investigated to under-
stand their influence on specific cooling power, cooling power density,
and energy storage density. Among the design parameters, cycle time
and groove depth exhibited the most significant impact on specific
cooling power and cooling power density, while the contact angle
demonstrated the least influence. Also, trapezoidal grooves demon-
strated higher specific cooling power and cooling power density,
whereas the rectangular grooves offered a higher maximum energy
storage density.

The present novel microgroove-based absorber achieved a specific
cooling power of 7.6 kW/kg and a coefficient of performance of 0.71
with a cycle time of 3 min, demonstrating its superior performance
compared to existing systems. The study highlighted the potential to
achieve a specific cooling power up to seven times higher than compa-
rable systems, emphasizing the advantages of the proposed
microgroove-based absorber.
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Appendix. A. Equation for the phase equilibrium of the LiBr-water solution

The following experimental correlations [33] can be used to calculate the equilibrium temperature and concentration for an LiBr-water solution
[33]:

−
1
T
= a1+ a2(1 − c)+ a3 ln

(
1
Pa

.p
)

+ a4(1 − c)ln
(
1
Pa

.p
)

+ a5(1 − c)2 + a6 ln2
(
1
Pa

.p
)

+ a7(1 − c)2 ln
(
1
Pa

.p
)

+ a8(1 − c)ln2
(
1
Pa

.p
)

+ a9(1 − c)2 ln2
(
1
Pa

.p
)

+ a10(1 − c)3 + a11 ln3
(
1
Pa

.p
)

+ a12(1 − c)3 ln
(
1
Pa

.p
)

+ a13(1 − c)3 ln2
(
1
Pa

.p
)

+ a14(1 − c)ln3
(
1
Pa

.p
)

+ a15(1 − c)2 ln3
(
1
Pa

.p
)

+ a16(1 − c)3 ln3
(
1
Pa

.p
)

(A.1)

where, T, c, and p, are the temperature, LiBr concentration, and pressure, respectively. Also, a1 to 16 are the corresponding constants, which
are represented in Table A.1.

Table A.1
Constants for the phase equilibrium Eq. (A.1) [33].

Constant Value Constant Value

a1 − 4.70858× 10− 3 a9 1.10477× 10− 4

a2 − 1.276757× 10− 3 a10 4.915398× 10− 3

a3 1.45597× 10− 4 a11 − 7.21234× 10− 8

a4 4.28261× 10− 4 a12 − 5.8121× 10− 4

a5 9.48526× 10− 4 a13 − 2.23738× 10− 5

a6 3.47501× 10− 6 a14 2.39788× 10− 6

a7 − 4.95401× 10− 4 a15 − 6.64049× 10− 6

a8 − 5.44472× 10− 5 a16 4.26683× 10− 6

Appendix. B. The Laplace transform method

To facilitate using the Laplace transformmethod, Meyer and Ziegler [33] applied first type boundary conditions for temperature and concentration
at the vapor-solution interface, It is assumed that the mean temperature and concentration at the vapor-solution interface are unknown values but
constant, as follows:

θinf =
1
Fo

∫ Fo

0
θinf dF̃o (B.1)

γinf =
1
Fo

∫ Fo

0
γinf dF̃o (B.2)

Equation (B.1) and (B.2) are used as the boundary conditions instead of Eq. (10). Then, the primary boundary conditions (Eq. (10)) are applied to
the solution. By taking the Laplace transform with respect to variable ʹ́Foʹ́ , the following boundary conditions are achieved:

Θ(s,0)=
θw

s
(B.3)

∂Υ(s, η = 0)
∂η =0 (B.4)

Θ(s, η=1)=
θinf

s
(B.5)

Υ(s, η=1)=
γinf
s

(B.6)

Similarly, by taking the Laplace transform from Eqs. (3) and (4), they are transformed into:

s.Θ(s, η)= d2Θ(s, η)
dη2 (B.7)

s.Le.Υ(s, η)= d2Υ(s, η)
dη2 (B.8)

By solving Eq. (B.7) and (B.8), temperature and concentration profiles in the Laplace space are as follows:

Θ(s, η)= θinf

s
sinh(

̅̅
s

√
η)

sinh(
̅̅
s

√
)
+

θw

s
sinh(

̅̅
s

√
(1 − η))

sinh(
̅̅
s

√
)

(B.9)
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Υ(s, η)= γinf
s
sinh

( ̅̅̅̅̅̅̅̅
s.Le

√
η
)

sinh
( ̅̅̅̅̅̅̅̅

s.Le
√ ) (B.10)

Temperature and concentration profiles in the LiBr-water solution are as follows:

θ(Fo, η)=
(
θinf − θw

)
.η+ θw +

2θinf

π
∑∞

k=1

(− 1)k sin(kπη)
k

e− k2π2Fo +
2θw

π
∑∞

k=1

(− 1)k sin(kπ(1 − η))
k

e− k2π2Fo (B.11)

γ(Fo, η)= γinf +
4γinf

π
∑∞

k=0

(− 1)k+1 cos
(
(2k+ 1) π

2 η
)

2k+ 1
e−

(2k+1)2π2
4Le Fo (B.12)

The boundary conditions at the vapor-solution interface should be satisfied to couple heat and mass transfer (see Eq. (10)). By taking the average of
the boundary conditions at the vapor-solution interface with respect to the variable ʹ́Foʹ́ and considering the definitions mentioned in Eq. (B.1) and
(B.2), the following equations are obtained:

1
Fo

∫ Fo

0

(
θinf + γinf

)
dF̃o=

1
Fo

∫ Fo

0
dF̃o (B.13)

1
Fo

∫ Fo

0

∂θ
∂η

⃒
⃒
⃒
⃒
inf
dF̃o=

Λ
Le

1
Fo

∫ Fo

0

∂γ
∂η

⃒
⃒
⃒
⃒
inf
dF̃o (B.14)

By substituting Eq. (B.11) and (B.12) in Eq. (B.13) and (B.14), the mean temperature and concentration at the interface are obtained:

γinf =

(

1+ 2Φ
Fo.π2

)

km(pv − po) − kmb4
(

2Ψ
Fo.π2 + 1

)

θw

kmb4 8.Ω.Λ
Fo. π2 +

(
8Leb3
Fo. π2 Ω + kmb5

)(

1+ 2Φ
Fo. π2

) (B.15)

θinf =

(

1+ 2Ψ
Fo.π2

)

θw + 8.Ω.Λ
Fo. π2γinf

1+ 2Φ
Fo.π2

(B.16)

Φ=
∑∞

k=1

1
k2

(
1 − e− k2π2Fo

)
(B.17)

Ψ=
∑∞

k=1

(− 1)k

k2
(
1 − e− k2π2Fo

)
(B.18)

Ω=
∑∞

k=0

1
(2k+ 1)2

⎛

⎜
⎝1 − e−

(2k+1)2π2
4Le Fo

⎞

⎟
⎠ (B.19)

To perform the calculations for the above-mentioned series, the first 15 terms are sufficient to obtain accurate results. Also, the average con-
centration of the solution, which is needed for the calculation of uptake, can be found as follows:

γ(Fo)=
∫ 1

0
γ(Fo, η)dη= γinf +

8γinf
π2

∑∞

k=0

(− 1)k+1 sin
(
(2k+ 1) π

2

)

(2k+ 1)2
e−

(2k+1)2π2
4Le Fo (B.20)

Appendix. C. Average film thickness and porosity

Average film thickness and porosity are calculated in this section. Considering trapezoidal grooves (Fig. C1), the following geometrical parameters
can be obtained [54]:

Rm =
D.tan(β) + 0.5Wb

cos(β + θ)
(C.1)

ϑ= arcsin
(
Wt

2Rm

)

(C.2)

β= arctan
(
Wt − Wb

2D

)

(C.3)
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Fig. C1. Schematic of trapezoidal microgroove.

The cross-section area of the solution can be found as follows:

Acs =
Wt +Wb

2
D+

Wt

2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m −
W2

t
4

√

− ϑR2m (C.4)

Therefore, the average film thickness is calculated as follows:

δave =
Acs

Wt
=

Wt +Wb

2
D
Wt

+ 0.5

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m −
W2

t
4

√

−
ϑR2m
Wt

(C.5)

Also, the porosity used to calculate the equivalent thermal conductivity can be calculated as follows:

ϕ=
Acs

Acs + Aw
=

Wt+Wb
2 D+ Wt

2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m −
W2

t
4

√

− ϑR2m
D(tw− t +Wt)

(C.6)

Considering rectangular groove (Fig. C2), Wt = Wb = W and β is equal to zero. The geometrical parameter can be calculated as follows [54]:

Rm =
W

cos(θ)
(C.7)

ϑ= arcsin
(

W
2Rm

)

Accordingly, the average film thickness is calculated as follows:

δave =
Acs

W
= D+ 0.5

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m −
W2

4

√

−
ϑR2m
W

(C.8)

Also, the porosity used to calculate the equivalent thermal conductivity can be calculated as follows:

ϕ=
Acs

Acs + Awall
=

D+ 0.5
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2m − W2

4

√

−
ϑR2m
W

D(t +W)
(C.9)

Fig. C2. Schematic of rectangular microgroove.

Appendix D. Contact angle measurements

Contact angle measurements were performed to assess the impact of the hybrid Al2O3/TiO2 coating on surface wettability, as illustrated in Fig. D1.
The reported values represent the average of five measurements. The experiments were conducted at a temperature of 21 ◦C and approximately 30 %
relative humidity. A droplet volume of 3 μl was maintained for all measurements, while a 60 % concentration of aqueous LiBr was used.

The standard deviations for the uncoated and coated surfaces were approximately 4◦ and 3◦, respectively. Notably, the contact angle observed on
the coated substrate for aqueous LiBr (21◦) exhibited a substantial reduction compared to that of the uncoated substrate for aqueous LiBr (81◦). This
result indicates a significant enhancement in surface wettability conferred by the hybrid Al2O3/TiO2 coating.
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Fig. D1. Contact angles of aqueous LiBr on uncoated and coated surfaces. (a) Contact angle measurement of a 60 % LiBr droplet on the uncoated surface. (b) Contact
angle measurement of a 60 % LiBr droplet on the coated surface. Measurements were performed five times at a temperature of 21 ◦C and approximately 30 %
humidity, with a standard deviation of 3.5◦ (uncoated) and 2.8◦ (coated). The droplet volume used for the measurements was 3 μl.
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