649

A publication of

CHEMICAL ENGINEERING TRANSACTIONS
VOL. 94, 2022 The Italian Association

of Chemical Engineering
Online at www.cetjournal.it

Guest Editors: Petar S. Varbanov, Yee Van Fan, Jifi J. Klemes, Sandro Nizeti¢
Copyright © 2022, AIDIC Servizi S.r.l.

ISBN 978-88-05608-03-8; ISSN 2283-0216 DOI: 10.3303/CET2294108

Effect of porosity on the Performance of PCHE with
Embedded PCM/EG under Fluctuating Temperature
Conditions

Lianjie Zhang?, Jifi Jaromir KlemesP, Xinyi Luo?, Min Zeng?*, Qiuwang Wang?

2 Key Laboratory of Thermo-Fluid Science and Engineering, MOE, School of Energy and Power Engineering, Xi’an Jiaotong
University, Xi'an, Shanxi, 710049, P.R. China.

b Sustainable Process Integration Laboratory — SPIL, NETME Centre, Faculty of Mechanical Engineering, Brno University of
Technology — VUT Brno, Technicka 2896/2, 616 69 Brno, Czech Republic

zengmin@mail.xjtu.edu.cn

The supercritical CO2 Brayton cycle is widely utilized by various industries because of its compactness and
efficiency. However, in the actual process, there are always temperature fluctuations that affect the normal
operation of the whole supercritical CO2 Brayton cycle system, in order to weaken the temperature fluctuations
without adding additional components, a new structure of PCHE with PCM embedded in PCHE was designed
in this study. Fluent was used to simulate the working conditions and compare with the commonly used PCHE
under the same working conditions. It was found that the structures with porosity of 0.8 to 0.9, the percentage
reduction of temperature fluctuations on the hot side was 26.84 %, 26.78 % and 26.49 %, respectively, and the
percentage reduction of temperature fluctuations on the cold side was 40.30 %, 40.81 % and 41.63 %,
respectively, and the percentage reduction of heat exchange was 1.8 %, 1.9 % and 2.3 %, respectively.

1. Introduction

Heat exchanger is an essential component of supercritical CO2(SCOz2) system (Zhang, et al.,2020), for
recompression layout, low temperature heat exchanger, high temperature heat exchanger, condenser and heat
absorber are all heat exchangers in essence (Xu, et al.,2019), the common structure is PCHE (because of its
compactness and high efficiency), and in the actual application, the hot side inlet of high temperature heat
exchanger often has large temperature fluctuations (Zhang, et al.,2021). The temperature fluctuations can
usually be attenuated by suitable PCM (Peng, et al.,2021), but this introduces additional storage tanks for PCM.
Therefore, the new structure of PCM directly embedded in PCHE is worth studying. Considering that the thermal
conductivity of PCM is usually much lower than that of metallic materials, the composite structure of PCM and
expanded graphene (Wu, et al.,2015) or metal foam (Zheng, et al.,2021) is often used to enhance the thermal
conductivity of PCM. In addition, the utilization rate of PCM is also an issue of concern, because the temperature
difference between the two ends of the high-temperature heat exchanger is large, so the need to use a multi-
layer PCMs ladder arrangement (Sadeghi, et al.,2020) will make the same volume of PCM can be more in the
phase change temperature point, the rate of higher utilization. Therefore, in this study, a new structure of PCM
composite expanded graphene embedded in PCHE is designed to replace the conventional high-temperature
heat exchanger in the SCO2 cycle, and the effect of the new structure on the weakening effect of temperature
fluctuations and the degree of influence on the heat exchange when the hot-side temperature fluctuates is
simulated using the software Fluent.
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2. Model
2.1. Physical model

The physical model used in this study has a length, width and height of 200 mm, 100 mm and 40 mm
respectively. It consists of five stacked PCM-PCHE cells, each consisting of a hot plate, a cold plate and two
PCM plates, with the PCM plate between the hot and cold plates.
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Figure. 1. Physical model diagram of PCM-PCHE: (a) Overall appearance; (b) Hot and cold plates; (c) PCM
plate.

Figure 1 above shows the general appearance of the PCM-PCHE, the hot plate, the cold plate and the PCM
plate respectively. Figure 1(b) shows the inlet and outlet of the hot and cold fluids in a counter-flow arrangement;
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if a down-flow arrangement is required, only one fluid inlet and outlet need to be reversed. In Figure 1(c), there
are five evenly spaced PCM inlets and PCM outlets, 5 mm long and 1 mm wide, on each side of the PCM plate,
which are plugged with a piston when not in use. the five holes in the PCM inlets are more concentrated to
facilitate PCM filling so that the PCM storage chamber can be filled more easily, while the five holes in the PCM
outlets are more dispersed to facilitate PCM drainage without piling up PCM in the corners. The hot plate, cold
plate and PCM plate are all 2mm thick.

2.2. Numerical model

Periodic
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»
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[ PCM
Simulated cell PCM-PCHE PCHE

Figure 2. Schematic diagram of the cell used for simulation calculations

Figure 2 above shows the computational cell used for simulation in this paper. The cell has a length, width, and
height of 100 mm, 2.5 mm, and 4 mm, respectively. Since the cell is repeated at the top and bottom, periodic
boundary conditions are used for the top and bottom surfaces.

Considering the change of aluminum from the original PCHE position to PCM, the difference of thermal
conductivity is large, which may have a large impact on the original heat transfer of the heat exchanger, so the
situation of composite expanded graphite and PCM is used to improve the thermal conductivity of PCM and
reduce the impact on the heat transfer of the heat exchanger.

The enthalpy hole model and the melting-solidification model were used to simulate the phase interface motion,
solid-phase and liquid-phase heat transfer during the melting of PCM/EG in stable form. Eq (1)-Eq(3) are used
to describe the flow and heat transfer characteristics of this model in the numerical study.

Energy equation:

LIG)

2+ V- (piihy) = V - (kVT) (1)

Momentum equation:

%+V-(pﬁﬁ)=uvzﬁ—Vp+pg’+§ 2)

Continuity equation:
2+V-(pi)) = 0 3)

In the equation, i, g, §, hy, T and k are velocity vector, acceleration due to gravity, the source term, total
enthalpy, temperature, and thermal conductivity, where h;, is equal to the sum of the latent enthalpy change yL
and the sensible enthalpy hy,,, change in the phase change process, L is the latent heat, y is the liquid fraction
= 1-y)? 5

S = Amusn (},3_32 4)
Eq(4) above embodies the expression for the source term S, where Anmush 1S the paste region constant, used in
this study as 105. ¢ is a very small constant that prevents the denominator in Eq(4) from being zero, in this paper
1073.

The definition of the liquid fraction y is as follows:

y=0,whenT<TS;y=1,whenT>Tl;y=TT_TTs,whenTs<T<Tl (5)
1= 1s
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where Ty is the temperature at which the PCM starts to melt and T; is the temperature at which the PCM is all
melted.

To investigate the effect of the percentage of expanded graphene in the new structure of PCM/EG on the overall
PCHE-PCM heat storage and heat transfer, porosity (¢) and pore density (PP/) are introduced, while different
porosity and pore density cause changes in the viscous resistance coefficient (f;) and inertial resistance
coefficient (f,) of PCM in the PCM/EG region.

2.3. Boundary conditions

The top and bottom of the cell used for calculations are periodic boundary conditions, the surrounding walls are
adiabatic boundary conditions, and all walls within the cell are thermally coupled boundary conditions.

The velocity inlet and pressure outlet boundary conditions are used for both hot and cold fluids. The inlet velocity
of the hot fluid is 4.5 m/s with an inlet temperature of 733 K. After 40 s the inlet temperature is perturbed
sinusoidally with an amplitude of 25 K and a period of 16 s. The initial outlet temperature is set to 360 K. The
inlet velocity of the cold fluid is 2 m/s with a constant inlet temperature of 309 K and an initial outlet temperature
of 646 K. The inlet temperature on the hot side of the heat exchanger is disturbed by the temperature described
in the literature.

Both hot and cold runners used carbon dioxide in the same state as in the literature, and the physical parameters
in Table 1 are the constant physical conditions obtained in this study using the software REFPROP review:

Table 1 CO:2 physical properties of hot and cold runners.

Density Specific heat Thermal conductivity Viscosity

(kg-m™®) (-kg™'-K™!) (W-m™-K™) (kg-m~*-s71)
Cold side 170.7 1252.3 0.038 2.6 x 1075
Hot side 77.0 1126.8 0.040 2.7 %1075

3. Results and discussion

In this study, three porosities of PCM/EG were used, 0.8, 0.85, and 0.9. The thickness of the PCM layer used
was 0.45 mm, and the number of PCM layers was 5.
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Figure 3. Comparison of outlet temperature of PCM/EG-5 with different porosity.

As shown in Figure 3 above, at 0.45 mm thickness, the amplitudes of temperature fluctuations of PCM/EG-5
cold and hot outlets with different porosities are weakened to different degrees relative to the case without PCM.
Among the structures with porosity of 0.8 to 0.9, the percentage reduction of temperature fluctuations on the hot
side was 26.84 %, 26.78 % and 26.49 %, respectively, and the percentage reduction of temperature fluctuations
on the cold side was 40.30 %, 40.81 % and 41.63 %, respectively, and the percentage reduction of heat
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exchange was 1.8 %, 1.9% and 2.3 %, respectively. It can be found that a porosity of 0.8 has a better overall
effect, with a larger percentage reduction in temperature fluctuations on both the hot and cold sides and the
least effect on the heat transfer rate. This is probably because smaller porosity means more graphite and less
PCM, which allows more heat transfer from the hot side to the cold side and therefore has the least effect on
the heat transfer.
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Figure 4. Five-stage PCM parameters for PCM/EG-5 with a porosity of 0.8: (a). Temperature; (b). liquid fraction.

From the above figure we can clearly see that PCM1 to PCM5 temperature and liquid phase fraction fluctuation
amplitude is gradually decreasing, this is due to the process of mass flow in the channel inlet temperature
fluctuations along the process is gradually weakened, the more forward PCM temperature fluctuations and liquid
phase fraction fluctuations indicate a greater degree of utilization of its thermal storage characteristics, and
temperature fluctuations will occur mainly because the PCM area is too flat resulting in a large temperature
difference between the two ends, not all PCM are in the phase change temperature point, the two ends of the
PCM is not parameter phase change so the temperature will change with the wall temperature fluctuations. In
addition to this the hysteresis of temperature and liquid phase fraction fluctuations from PCM1 to PCM5 can be
significantly observed.
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Figure 5. Fluctuations of PCM1 at different porosities.

Since PCM1 is always the piece with the largest fluctuation, Figure 5 compares the fluctuation state of PCM1
under different porosity. It can be found that when the porosity is 0.8, the fluctuation of liquid phase fraction of
PCM1 is slightly larger, and the amplitude of temperature fluctuation is almost not affected by the porosity. This
may be due to the fact that the total amount of PCM is less but the utilization rate is improved, and the thermal
conductivity is better due to more expanded graphite.
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4. Conclusions

In this study, a newly designed structure of PCM-embedded PCHE was studied parametrically, and PCM-PCHE
with PCM thickness of 0.45mm was simulated using Fluent software to compare the weakening effect on
temperature fluctuation and the degree of influence on heat exchange under different porosity, and the main
conclusions are as follows:

(1) Among the structures with porosity of 0.8 to 0.9, the percentage reduction of temperature fluctuations on the
hot side was 26.84 %, 26.78 % and 26.49 %, respectively, and the percentage reduction of temperature
fluctuations on the cold side was 40.30 %, 40.81 % and 41.63 %, respectively, and the percentage reduction of
heat exchange was 1.8 %, 1.9 % and 2.3 %, respectively.

(2) PCM1 to PCM5 temperature and liquid phase fraction fluctuation amplitude is gradually decreasing due to
the process of mass flow in the channel inlet temperature fluctuations along the process is gradually weakened.
(3) when the porosity is 0.8, the fluctuation of liquid phase fraction of PCM1 is slightly larger, and the amplitude
of temperature fluctuation is almost not affected by the porosity.

Nomenclature

Apmush — paste region constant, -

d, — pore density, m-3 y — liquid fraction, -
g — acceleration due to gravity, m/s? AP — pressure drop, Pa
h, — total enthalpy, kJ/kg V — dispersion, -
k — thermal conductivity, W/(m-K) p — density, kg/m?3
L — latent heat, kd/kg
p — pressure, Pa Subscripts
9 — heat exchange, W MEG — Modified expanded graphene
S — the source term, kg/(m?s?) | - liquid
T — temperature, K NoPCM - without phase change material
T—time, s PCHE - printed circuit heat exchanger
u — velocity vector, m/s PCM - phase change material
s - solid
Greek SCO:2 — supercritical carbon dioxide

& — extremely small constant, -
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