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Abstract: The use of the phase change material (PCM) as a storage medium represents an important
advance to store energy for the absorption cooling systems when solar energy is not available;
however, the temperature of the storage tank is a key parameter for the adequate operation of the
cooling system. This paper presents a parametric analysis of a flat and a commercial plate heat
exchangers with MgCl2·6H2O as the PCM at absorption cooling conditions. The plate heat exchanger
(PHE) is a chevron type with an angle of 45◦ and a plate area of 0.04 m2. The governing equation was
solved using the method of finite difference. The results showed that the corrugated plate improved
the heat transfer than the flat plate; however, the flat plate obtained a higher operation time than the
corrugated plate for the absorption cooling condition in the discharge process because the output
temperature of the PHE was much higher than the operating conditions. Finally, the decrement of
the PCM thickness and the increment of the input temperature and flowrate of the heating fluid
improved the heat transfer of the PHE; however, the main thermal resistance was still in the PCM.

Keywords: phase change material; MgCl2·6H2O; plate heat exchanger; absorption heat pump

1. Introduction

Solar energy can be used to satisfy the heat required for the absorption cooling system
(ACS) sustainably. This technology mainly uses storage tanks to supply energy. Water
is the common fluid used as a heating medium, which means that sensible heat (liquid
phase) is only used; however, the ACS consumes great quantities of energy due to the low
coefficient of performance.

The latent heat storage tank (LHST) is a feasible option to be used in absorption chillers
due to the high quantity of energy accumulated in the phase change. MgCl2·6H2O is a good
candidate for the PCM to be implemented in single-stage absorption systems because it
can satisfy the operating temperature in the generator of the ACS (melting point of 117 ◦C).
Moreover, it has good thermophysical properties and cost [1]. The use of PCM as energy
storage is still limited, mainly for the low thermal conductivity process and problems with
degradation composition over a very large number of cycles. These imply the reduction of
heat transfer and are thus not suitable for most potential applications [2].

Corrugated plate heat exchangers could be used to improve the efficiency of the
LHST [3]. Gürel, B. [4] carried out a parametric analysis in a plate heat exchanger (PHE).
The parameters evaluated were the inlet temperature of the heating fluid (52, 57, and 62 ◦C);
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steel plate thickness (0.4, 0.6, and 0.8 mm); PCMs (RT-35 Paraffin and n-octane); and the
thickness of PCM distributed in one, two, and three channels of the plate heat exchanger
with the same volume (0.00048 m3). The melting temperatures of RT-35 and n-octane are
28–40 ◦C and 28.2 ◦C, respectively. The results showed that the best thermal performance
obtained was with three channels, an inlet temperature of the heating fluid (HF) of 62 ◦C,
a plate thickness of 0.6 mm, and n-octadecane. Besides Gürel, B. [5] reported that the
solidification process at different inlet temperatures of the heating fluid (12, 17, and 22 ◦C)
at similar configurations. The results showed that the solidification time of the PCM
decreased by a maximum of 63% with three channels compared to a cylindrical system.

Medrano et al. [2] studied the thermal behavior during the melting and solidification
stage for RT-35 paraffin, using five heat exchangers: a double pipe; a double pipe with
graphite matrix; and a double-pipe with 13 radial copper fins, a finned tube, and a gasket
plate and frame heat exchanger. The experimental results showed that double pipe with
graphite matrix obtained the higher values of normalized powers (defined as the average
thermal power by the effective area and average temperature difference) in the range of
700–800 W/m2 K.

Lin et al. [6] evaluated the thermal performance of a pillow PHE using sodium acetate
trihydrate as the PCM (melting point of 59 ◦C) and water as the HF. The results of the
experimental test showed that the system obtained about 4.3 to 6.3 MJ from 100 to 500 L/h
for the discharging test and the average power was about 2.0 to 5.0 kW.

Saeed et al. [7] experimentally evaluated a PHE made of two overlaid sheet layers,
where water was used as the HF and hexadecane was used as the PCM. The results showed
that this compact parallel plate showed an increment of effectiveness up to 83.1% compared
with conventional storage systems, and the de optimum space between plates was 0.025 m.

Kumar et al. [8] carried out a parametric study of a SWEP B5T PHE using PureTemp
29 as the PCM (melting point of 29 ◦C). They concluded that the increased efficiency could
be correlated to the increment of the flowrate and the temperature of the HF during the
melting stage, while both parameters were not significant in the solidification stage.

Mahani et al. [9] carried out a simulation comparing a corrugated (zigzag) plate and
a flat PHE using a PCM with a melting temperature close to 37 ◦C. It was found that the
melting rate of the corrugated plate is 8% higher than the flat plate.

Wang et al. [10] carried out an experimental test and numerical model of a zigzag plate
heat exchanger with a salt mixture of sodium chloride and magnesium chloride (melting
point = 440 ◦C). The result showed that the Re and Ste numbers have a significant influence
on the discharging process, while the inlet velocity has almost no impact on it.

Badenhorst [11] presented an optimization of a graphite PHE with and without phase
change. The main results showed that gas and water could be used as heating fluids at
high and low temperatures, respectively; however, the heating fluids had a short discharge
time (about one hour). The authors concluded that the use of graphite sheets is a good
option to reduce the cost.

Palomba et al. [12] carried out an experimental characterization of an asymmetric PHE
and commercial paraffin as the PCM. They concluded that the heat transfer is limited when
the PCM is in the solid state; besides, the efficiency in the charging process (melting) was
around 83% and 95%, while the discharging process (solidification) was around 60% to 68%.

Diarce et al. [13] analyzed a flat plate heat exchanger with 15 virtual PCMs in the
discharging process. The authors obtained an expression to determine the delivered
power without the need for simulations as a function of the properties of the PCM and
operation constraints.

Nekoonam and Ghasempour [14] studied a slab plate heat exchanger with commercial
paraffin (RT50, RT65, and RT80) in a cascaded configuration. The results showed that RT80
had the highest phase change enthalpy and RT50 had the closest phase change temperature
to the lower working temperature of the system.

Akyol et al. [15] studied the heat transfer in a channel with paraffin-based pure RT22H
and RT25HC as PCMs. The results showed that, with the increase of 2 ◦C of the inlet
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temperature and the decrease of 0.5 m/s of the inlet velocity, the thermal energy absorbed
improved by 44%.

Cerezo et al. [3] studied a flat heat exchanger coupled an ACS and a tempering valve
in TRNSYS and Equation Engineering Solver software with a sensible (water) and latent
heat (MgCl2·6H2O) storage tank. The results showed that the sensible heat storage tank is
not capable to satisfy the energy demand, while the latent heat storage tank satisfies the
demand with 0.50 m3 and 50 m2 of parabolic trough solar collector.

Most of the studies presented previously have analyzed the PCM at melting temper-
ature around 30–45 ◦C, corresponding to typical domestic applications with plate heat
exchangers. The use of PCM as a storage medium in absorption systems is still scarce,
and the few studies found in the literature [16–19] use shell and tube heat exchangers.
The objective of this paper is to analyze and compare a flat and a commercial plate heat
exchanger in the charging and discharging processes at a commercial ACS condition of
11 kW of capacity using MgCl2·6H2O as a PCM, in which the melting point is 117 ◦C, with
enough temperature to supply energy to the generator of the ACS.

2. Latent Heat Storage Tank Modeling

The LHST is a rectangular heat exchanger, which consists of three slabs of PCM.
The HF flows in four channels to extract or supply energy (see Figure 1). TPCM1, TPCM2,
and TPCM3 are the temperatures at the beginning, center, and end in the center block of
the PCM, respectively. TPCM5 and TPCM6 are the temperatures on the up and bottom
sides at the end of the central block of the PCM, respectively. THF1 and THF2 are the
temperatures of the HF in the channels located in the center and the side of the heat
exchanger, respectively. The insulation is placed on the bottom and upper side of the LHST.
The following assumptions were made in the development of the mathematical model:

• The thermal properties of the PCM and HF are homogeneous;
• The thermophysical properties of the PCM are considered constant in the liquid, solid,

and phase change;
• The phase change of the PCM is assumed to be isothermal;
• The thermal resistance of the metal wall between the plates is insignificant.
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Figure 1. Schematic diagram of the LHST.

The main conservation equations governing two-dimensional transient heat transfer
are presented as follows.
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Heating fluid:

ρHFCpHFV∂THF
∂t

= mHFCpHF∂THF − hHF AHF(THF − TPCM), (1)

where m, T, Cp, h, t, and ρ are the flowrate (kg/s), temperature (◦C), heat capacity (kJ/kg ◦C),
convective heat transfer coefficient (kW/m2 ◦C), time (s), and density (kg/m3), respectively.
V and A are the volume (m3) and contact area (m2), respectively.

PCM:

ρPCMCpPCMV∂TPCM
∂t

=
∂

∂x

(
kPCM

∂TPCM
∂x

)
+

∂

∂y

(
kPCM

∂TPCM
∂y

)
, (2)

where k is the thermal conductivity (kW/m2 ◦C).
Insulation:

ρISOCpISOV∂TISO
∂t

=
∂

∂x

(
kISO

∂TISO
∂x

)
− UISO AISO,EXT(TISO − TENV)− hHF AISO,INT(TISO − THF), (3)

where U and V are the overall heat transfer (kW/m2 ◦C) and the volume (m3), respectively.
TISO and TENV mean the temperatures of the isolating material and the environment,
respectively. AISO,EXT and AISO, INT are the contact area in the external (environment) and
internal (heating fluid) part, respectively.

The main boundary and initial conditions are presented as follows.
Insulation:

− kISO
∂TISO(t)

∂y
= hENV(TISO − TENV), (4)

∂TISO(t)
∂x

= 0 (4b)

PCM (sensible heat):

− kPCM
∂TPCM(t)

∂y
= hHF(TPCM − THF), (5)

∂TPCM(t)
∂x

= 0, (5b)

Initial conditions:

TPCM(t = 0) = TISO(t = 0) = 117 ◦C, (6)

The liquid fraction (qu) = 0 in melting stage (charge) at t = 0, and qu =1 in solidification
stage (discharge).

The partial differential equations were discretized and solved by the finite difference
method; each node was solved using the implicit scheme, programmed in Engineering
Equation Solver software [20]. The following equations are energy balance expressed in the
finite difference formulation.

Heating fluid:

mHFCpHF

(
Ti+1

m−1,n − Ti+1
m,n

)
+ mHFCpHF

(
Ti+1

m+1, n − Ti+1
m,n

)
+ hi+1

HF ∆Ay

(
Ti+1

m,n+1 − Ti+1
m,n

)
+ hi+1

HF ∆Ay

(
Ti+1

m,n−1 − Ti+1
m,n

)
=

ρHFCpHF∆V(Ti+1
m,n −Ti

m,n)
∆t ,

. (7)

The m and n subscripts are the node counts in the x and y directions (see Figure 2),
respectively. ∆Ay and ∆V are the area in the “y” direction and volume element, respec-
tively. ∆t is the step time. Ti

m,n and Ti+1
m,n are the temperatures of node m, n at times

ti = i∆t and ti+1 = (I + 1) ∆t, respectively.
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was fixed “x” to 15 nodes: this means that x = 0.022 m. The nodes in the “y” direction are 
as follows: The HF process with three nodes, which means y = 0.0015 m. The insulation 
was fixed for only two nodes, which means 0.05 m (this low number of nodes was consid-
ered because the heat transfer is very low). The PCM thickness considered five nodes, 
which means y = 0.0075 m, when th = 0.03 m and t = 1 s. 
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PCM block in the sensible heat zone:

kPCM∆Ax(Ti+1
m−1,n−Ti+1

m,n )
∆x +

kPCM∆Ax(Ti+1
m+1,n−Ti+1

m,n )
∆x +

kPCM∆Ay(Ti+1
m,n+1−Ti+1

m,n )
∆y +

kPCM∆Ay(Ti+1
m,n−1−Ti+1

m,n )
∆y =

ρPCMCpPCM∆V(Ti+1
m,n −Ti

m,n)
∆t ,

(8)

PCM block in the latent heat zone:

kEFF,PCM∆Ax

(
Ti+1

m−1,n − Ti+1
m,n

)
∆x

+
kEFF,PCM∆Ax

(
Ti+1

m+1,n − Ti+1
m,n

)
∆x

+
kEFF,PCM∆Ay

(
Ti+1

m,n+1 − Ti+1
m,n

)
∆y

+
kEFF,PCM∆Ay

(
Ti+1

m,n−1 − Ti+1
m,n

)
∆y

=
∆QLAT

∆t
, (9)

where ∆QLAT is the sectional increment of the latent heat (kJ). ∆x and ∆y are the nodal
points spaced throughout the rectangular mesh. kEFF is the effective thermal conductivity
(kW/m ◦C) and represents the natural convection inside an enclosure. The formulations of
Equations (1)–(9) were written to rectangular coordinates based on literature by Cengel [21]
and Cerezo et al. [3].

Figure 3 shows the nodal grid used in the LHST. Symmetry was considered to simplify
the simulation and reduce the number of nodes by half. The longitude of the LHST was
fixed “x” to 15 nodes: this means that ∆x = 0.022 m. The nodes in the “y” direction are as
follows: The HF process with three nodes, which means ∆y = 0.0015 m. The insulation was
fixed for only two nodes, which means 0.05 m (this low number of nodes was considered
because the heat transfer is very low). The PCM thickness considered five nodes, which
means ∆y = 0.0075 m, when th = 0.03 m and ∆t = 1 s.
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Plate Heat Exchanger

The corrugated PHE is a Sondex S4 model [22]. The area and the corrugation angle
are 0.04 m2 and 60◦, respectively. Some dimensions are described in Figure 4.
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The Nusselt number is obtained for short ducts and turbulent layer model for the flat 
plate, Pr > 0.5 [24–26]: 

ி௅஺்ݑܰ = ௕ݑܰ ൤1 + ቀ஽௛ಷಽಲ೅
௅

ቁ
ଶ/ଷ

൨, (13)

௕ݑܰ =
(݂
2)ܴ݁ி௅஺்ܲݎி௅஺்

1 + 8.7 ൬݂
2൰

ଵ
ଶ

ி௅஺்ݎܲ) − 1)

, (14)

݂ = (1.58݈ܴ݊݁ி௅஺் − 3.28)ିଶ, (15)

where L is the length of the plate heat. 
Solution algorithm 

0.48 m0.33 m

0.07 m

0.03 m

Figure 4. Characteristics of the corrugated PHE.

The Nusselt number (Nu) is calculated by Heavner et al. [23] for the corrugated plate
at Reynolds number (Re) of the HF from 400 to 10,000:

NuCORR = 0.195Φ0.308Re0.692
CORRPr1/3

CORR, (10)

ReCORR = GCH
DhCORR

µHF
, (11)

DhCORR =
2b
Φ

, (12)

where Φ is the surface enlargement factor, b is the mean channel spacing, GCH is the
mass velocity of the channel (kg/m2 s), Dh is the hydraulic diameter (m), and Pr is the
Prantl number.

The Nusselt number is obtained for short ducts and turbulent layer model for the flat
plate, Pr > 0.5 [24–26]:

NuFLAT = Nub

[
1 +

(
DhFLAT

L

)2/3
]

, (13)

Nub =

(
f
2

)
ReFLAT PrFLAT

1 + 8.7
(

f
2

) 1
2
(PrFLAT − 1)

, (14)

f = (1.58lnReFLAT − 3.28)−2, (15)

where L is the length of the plate heat.
Solution algorithm
The calculation procedure of the mathematical model is listed below:
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1. The dimension data of the LHST is supplied, and the nodal grid is created to define
∆x and ∆y values (Figure 5). The initial temperatures are defined for the PCM and HF.
The environment temperature is fixed at 30 ◦C.
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2. The increment time is supplied (∆t) and the temperatures THF
i+1 and TPCM

i+1

are calculated simultaneously, and the thermal properties and heat transfer coefficient
are calculated.

3. There are three options (solid, phase change, and liquid) for the initial data condition
of the PCM. (1) The solid state should be TPCM

i < 117 ◦C and qui = −0.001, then TPCM
i+1 is

calculated with Equation (8), when TPCM
i+1 > 117 ◦C, the phase change starts and qui+1 = 0.

(2) The phase change state should be 0 ≤ qui ≤ 1 and TPCM
i = TPCM

i+1 = 117 ◦C, then Qlat is
calculated with Equation (9), when qui+1 = −0.001 is in the solid state, or when qui+1 = 1.001
is in the liquid state. (3) The liquid state should be TPCM

i > 117 ◦C and qui = 1.001, then
TPCM

i+1 is calculated with Equation (8), when Ti+1 < 117 ◦C, the phase change start and
qui+1 = 1.

4. When THF
i+1 and TPCM

i+1 are similar, the program ends; otherwise, another step of
time ∆t is added and THF

i+1 and TPCM
i+1 are the new values of THF

i and TPCM
i.
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The LHST model was validated with a PHE simulation with a similar configuration
(three blocks of PCM and four channels of HF) using n-octadecane [4] in the charging
process. The kEFF was calculated by multiplying the thermal conductivity in the liquid
phase (hL) by a constant for this work (kEFF = kL * “cte”). The results showed that the phase
change time finished at 1000 s from the reference and 978 s proposing a “cte” equal to 1.3.
Fan et al. [17] obtained a similar constant (1.5) using a tube and shell and hydroquinone.
Another validation was carried out with CaCl2·6H2O as the PCM using a flat container [27].
Figure 6 shows the temperature behavior of the PCM at different effective conductivities
and thicknesses (th). The proposing of a “cte” value equal to 4 is due to a maximum percent
of the temperature difference between the experimental values and simulation, which was
15%. The authors use this constant because both PCMs are hexahydrate salts.
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Figure 6. Validation of the mathematical model of a rectangular container at a PCM thickness of
(a) 0.01 m and (b) 0.02 m.

3. Results

This section reports on the carried out thermal comparison between flat and corrugated
heat plate exchangers in the charging and discharging process using a synthetic organic
fluid [28] as the HF to avoid problems with vapor pressure. Table 1 shows the thermal
properties of the MgCl2·6H2O used as the PCM.

Table 1. Thermophysical properties of the PCM [29].

Compound Melting
Temperature, ◦C

Heat of
Fusion, kJ/kg

k,
W/m ◦C

ρ,
kg/m3

MgCl2·6H2O 117 168.6 0.69 (solid) at 90 ◦C
0.57 (liquid) at 120 ◦C

1569 (solid)
1450 (liquid)

3.1. Parametric Analyses in the Charging Process

The operation condition was conducted at an input temperature and flowrate of the
HF at 150 ◦C and 0.8 kg/s, respectively; the thickness of the PCM was 0.03 m and the
separation of the plates (where the HF flows) was 0.006 m.

Figures 7 and 8 show the thermal behavior in the phase change (constant temperature)
and the liquid sensible heat process (increment of temperature) for a flat and corrugated
PHE. Figure 7 shows the temperatures of the PCM block at the beginning, the center,
and end, as shown in Figure 1. It can be seen that the latent heat process finishes at 960, 996,
and 1017 s with the flat plate for TPCM1, TPCM2, and TPCM3, respectively, while, it finishes at
765, 807, and 825 s with the corrugated plate. It is observed that the temperature difference
is higher between PCM1 and PCM2 than PCM2 and PCM3 because it is higher at the
beginning than the end of the LHST, and this improves the heat transfer.
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Figure 7. Axial temperature profile in the center of the PCM.
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Figure 8. Temperature profiles in the side and center of the PCM.

Figure 8 shows show that the latent heat finishes around 144 and 54 s at the contours of
the central block of the PCM (TPCM5 and TPCM6) for flat and corrugated plates, respectively,
and the temperature starts to increase (liquid phase) until near 150 ◦C, while the latent
heat lasts 1020 and 831 s in the center (TPCM3) for flat and corrugated plate, respectively;
besides, the latent heat process finishes first in the central block (PCM3) and then in the
side blocks (PCM4). The difference time between TPCM3 and TPCM4 was 18 and 12 s for
the flat and corrugated plates, respectively. This is because the PCM block in the center is
heated by the HF in both faces, while the PCM block on the side is heated only in one face.
After that starts the sensible heat (liquid) and the temperature starts to increase. Moreover,
the latent heat process finishes first in the corrugated and then in the flat due to the higher
values of the heat transfer coefficient (0.42 and 4.08 kW/m2 ◦C for flat and corrugated
plates, respectively).

Figure 9 shows the heat load behavior in one channel of the HF located in the center
and the side (THF1 and THF2 from Figure 1). The heat load obtained higher values at the
beginning of the LHST for both plates. The heat load in the center (QCEN) remained almost
constant at a value of 3.5 kW until 117 s after that it drops for the flat plate, while the QCEN
obtained a maximum value of 11.05 kW for corrugate plate after that drops similar to the
flat plate. This high heat load is caused by the high temperature difference between the HT
and the side PCM; however, it drops because phase change finishes in the sides of the PCM
block and the temperature starts to increase, resulting in a decrement in the difference of
temperature, in spite of the center in the PCM block still being in phase change (around
1000 s for flat plate and 800 s for corrugated plate). It can be seen that QCEN obtained higher
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values than QSIDE because the channels placed in the center have contact with the PCM on
both sides of the HF, while the channels in the sides have contact on one face for the PCM
and the other face has contact with the insulation.
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Figure 9. Heat load for the flat and corrugated LHST.

Figures 10 and 11 show the temperatures profiles in the center of the PCM at different
PCM thicknesses, and the input temperature of the HF, respectively, as a function of time.
Figure 10 shows that the latent heat process finishes at 520, 1020, and 1684 s for the flat
plate at th = 0.02, 0.03, and 0.04 m, respectively, while it finishes at 387, 831, and 1419 s for
the corrugated plate. The latent heat process takes less time for corrugated than the flat
plate; besides, the phase change stage takes less time at lower PCM thicknesses.
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Figure 10. Temperatures profiles in the center of the PCM at different PCM thicknesses.

Figure 11 shows that when the input temperature of the HF increases, the time of the
latent heat process is shorter, caused by the different temperatures between the HF and the
melting point of the PCM that improve the heat transfer. The latent heat process lasts 1368
and 1104 s at THF,IN = 140 ◦C for the flat and corrugated plate, respectively, while the phase
change finishes at 1017 and 825 s at THF,IN = 150 ◦C.
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Figure 11. Temperatures profiles in the center of the PCM at different input temperatures of the HF.

3.2. Discharge Process

The operation condition of the discharging process is set by a commercial single-
effect absorption chiller cooling [30]; this equipment is a very good option to significantly
reduce electricity consumption as it can be thermally driven by low-grade heat sources
(e.g., industrial waste heat, solar collectors, etc.). The main components are a generator, an
absorber, a condenser, and an evaporator (see Figure 12), where the cooling effect takes
place in the evaporator (QEV), and energy is supplied to the generator (QGE). The input and
output temperatures of the generator of the ACS are 90 and 85 ◦C, respectively. This means
that the input and output temperatures in the LHST are 85 ◦C and 90 ◦C at a flowrate of
0.8 kg/s, respectively. The initial operation condition of the PCM is 117 ◦C.
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Figure 13 shows the behavior of TPCM3 and THF,AVE (average temperature between
THF1 and THF2). The THF,AVE obtains a maximum value of 91.75 and 109.50 ◦C for the plate
and corrugated plate, respectively; this high value is because the PCM in the sides is in
phase change; after that, the temperature drops at lower values of 90 ◦C, in which the ACS
can operate without an auxiliary system at 147 and 69 s for the flat and corrugated plate,
respectively, in spite the temperature in the center (TPCM3) is in phase change. This is due
to the deficient thermal diffusivity in the PCM. The higher values of operation temperature
(90 ◦C) represent a loss of energy because a similar coefficient of performance is obtained
in the ACS at higher temperatures.
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Figure 13. Outlet temperatures of the latent heat storage at different discharge temperatures at a
flowrate = 0.8 kg/s.

Figure 13 showed that operation time was very short at 0.8 kg/s because of the
high heat transfer of the HF; then the temperatures are much higher than the operation
temperatures (90 ◦C), and to increase the time of operation, the total flowrate is split in half
(0.4 kg/s) into two heat exchangers in a parallel arrangement. Similarly, the flowrate was
split into three parts (0.27 kg/s) into three heat exchangers. Figure 14 shows that when the
flowrate is reduced, the time of operation increases, and it was 285 and 420 s with the flat
plate at 0.40 and 0.27 kg/s, respectively, while the corrugated plate obtained lower values
of 135 and 243 s. THF,AVE obtained a maximum value of 92.93 and 92.46 ◦C and for the flat
plate at a flowrate of 0.27 and 0.40 kg/s, respectively, while THF,AVE obtained 111.9 and
111.0 ◦C for the corrugated plate. It can be seen the temperatures are higher at a lower
flowrate, because less quantity of the HF is heated. On the other hand, the THF,AVE obtained
higher values for the corrugated plate than for the flat plate due to the high overall heat
transfer coefficient (U), as shown in Table 2.
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Figure 14. Outlet average temperature of the HF at different flowrates.
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Table 2. Thermal resistance and overall heat transfer for the plate and corrugated plate.

Flowrate, kg/s RHF, (m2 C/kW) U, (kW/m2 C)

Flat 0.267 5.788 0.053
Flat 0.400 4.187 0.058
Flat 0.800 2.377 0.064

Corrugated 0.267 0.524 0.073
Corrugated 0.400 0.396 0.074
Corrugated 0.800 0.245 0.075

When the input temperature is lower than the limit temperature, an auxiliary system
(a heater) is used to supply energy until reaching 90 ◦C in an ACS. THF,AVE obtained values
around 86 ◦C at 0.80 kg/s from 180 to 1000 s for the flat plate and 150 to 900 s for the
corrugated plate; however, when the flowrate is 0.27 kg/s, THF,AVE obtained values around
88 ◦C from 400 to 1000 s for the flat plate and 250 to 500 s for the corrugated plate. This
indicates that the heat load of the heater will need less energy at 0.27 than 0.80 kg/s.

Table 2 shows that when the flowrate increases, the values of U increases for both
the flat and corrugated plate because of the increment of the Reynold number, mainly
in the corrugation plate, which produces high turbulence, the thermal resistance is low,
and the time of the latent heat process is reduced; however, the increment of U is less
significant for the corrugated plate than the flat plate because the thermal resistance of the
PCM (13.16 m2 ◦C/ kW) is not a significant value when it is compared with RHF.

4. Discussion

The use of a LHST for absorption systems could be a very good advantage because
they consume a great quantity of thermal energy. The actual technology still stores energy
with sensible heat (water), and this becomes a bigger and heavy tank; for this study, a case
in Table 3 shows a comparison of the storage energy for 1 kg of water and PCM, heated
from 85 to 120 ◦C. The storage energy of the PCM is 1.68 times more than water, and the
pressure vapor is 198 kPa, while the PCM is insignificant at 120 ◦C.

Table 3. Comparison of materials as storage energy.

Material Volume, (m3) Vapor Pressure, (kPa) Energy, (kJ)

Water 1.04 198 147,718
MgCl2·6H2O 0.63 Very low 284,430

The heat load is high at the beginning of the LHST caused by the high temperature
difference between the HF and the PCM block (in the sides); however, it falls when the
superheating in the sides of the PCM starts, as shown in Figure 8. Some problems of
the PCM are that the supercooling or superheating of the PCM must be limited because
they reduce the efficiency of the PCM [31,32]; however, the results showed that the PCM
presents superheating (in the charge stage) and supercooling (in the discharge stage) mainly
in the sides because the heat transfer in the HF is very high. Gurel [4] and Mahani et al. [9]
presented similar temperatures profiles of the PCM, with superheating in the contours
using corrugated plate heat exchangers. The authors propose to reduce the superheating
zone by decreasing the heat transfer of the HF and adding more channels (keeping the
same PCM thickness). This will approach the thermal resistance of the HF and the PCM
(13.16 m2 ◦C/kW), mainly for the flat plate, as shown in Table 2 (RHF). However, this is not
a good option because the LHST will be much heavier and more costly.

On the other hand, the time of operation of the single-stage absorption systems is very
short for this type of PHE. This is because the output temperature is very high from the
minimum operation condition (90 ◦C). An improvement of the heat exchanger design to
control the output temperature at 90 ◦C can be done by reducing the melting point and
the thermal resistance of the PCM (using passive enhancement techniques) so that both
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parameters will keep the output temperature constant due to the phase change; besides,
superheating will also be reduced in the contours of the PCM.

Finally, in this study, the validation of the simulation was compared with experimental
data with CaCl2·6H2O as the PCM. The maximum deviations between the experimental and
the simulation temperatures were located at the beginning and the end of the phase change.

5. Conclusions

This paper presents a parametric analysis of a flat and a corrugated heat plate ex-
changer with MgCl2·6H2O as the PCM; the corrugated plate is a commercial heat exchanger
SONDEX S4 model. The discharging process was analyzed for single-stage absorption
equipment with H2O-LiBr. The following conclusions are presented from the parametric
analysis, taking a base case of a flowrate and the input temperature of the HF of 0.8 kg/s
and 150 ◦C, respectively, a PCM thickness = 0.03 m, and a plate–plate separation of the
HF = 0.003 m.

Charging process:

• The latent heat in the center (TPCM3) of the PCM block lasted 1017 and 825 s for the
flat and corrugated plate, respectively. The latent heat process finished first in the
corrugated and then in the flat plate due to the higher value of heat transfer coefficient
in the HF side.

• The latent heat process finished at 520 and 1684 s for the flat plate at PCM thickness = 0.02
and 0.04 m, respectively, while the corrugated plate took less time, and it finished at
387 and 1419 s. Higher PCM thicknesses decrease the thermal diffusivity, and the
phase change process takes more time to finish.

• The increment of the input temperature of the HF from 140 to 150 ◦C reduced the
latent heat time from 1368 to 1017 s for the flat plate and from 1104 to 825 s for the
corrugated plate. A higher input temperature improves the heat transfer, caused by
the differential temperature between the HF and the melting point of the PCM.

Discharging process:

• The maximum average temperature (THF,AVE) was 91.75 and 109.50 ◦C for flat and
corrugated plates, respectively, at an input temperature of HF equal to 85 ◦C and a
flowrate of 0.8 kg/s; however, the time of operation for the ACS was 147 and 69 s at
0.8 kg/s for the flat and corrugated plates, respectively, while, it took 420 and 243 s at
0.27 kg/s.

• A higher flowrate increases the overall heat transfer coefficient (U); however, it was
more significant for flat plates (from 0.053 to 0.064 kW/m2 ◦C) than for corrugate
plates (from 0.073 to 0.075 kW/m2 ◦C); this means an improvement from 17% at higher
flows and 37% at lower flows for the corrugate plate.
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M.M.-G.; validation, G.H.-L.; formal analysis, J.C., R.J.R. and F.L.; investigation, J.C.; writing—original
draft preparation, J.C. and M.M.-G.; writing—review and editing, J.C., R.J.R. and F.L.; visualization,
J.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

A area: m2

ACS absorption cooling system
CORR corrugated plate
Cp heat capacity, kJ kg−1 ◦C−1

FLAT flat plate
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HF heating fluid
ISO insulation
k thermal conductivity, kW m−1 ◦C−1

kEFF effective thermal conductivity, kW m−1 ◦C−1

LHST latent heat storage tank
PCM phase change material
qu liquid fraction
T temperature, ◦C
t time, s
th thickness, m
U overall heat transfer coefficient, kW m−2 ◦C−1

V volume, m3

x x coordinate
y y coordinate
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