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ABSTRACT
For the applications in the thermal environments with wide temperature range, such
as deep space explorations, phase change materials (PCM) provide an ideal solution
to achieve a comfort environments. PCM can also provide solution for applications
of instantly much higher cooling power with a limit electric power supply. In both
cases, solid state or stabilized shape is helpful for PCM to achieve high thermal
conductivity and avoid fluid management in microgravity. It is important to
understand the heat transfer between the shape-stabilized PCM and the heat
exchanger of such phase change regenerator (PCR), for the design and optimization
of the PCR. In this paper, experimental investigation was performed to a home-made
PCR to understand its performance of cold storage and cold release to liquid flow in
the heat exchanger.
Keyword—space applications, shape-stabilizedPCM , flat-tube HX, PCR, liquid flow.

I. INTRODUCTION
In space applications, spacecrafts or payloads
have strict constraints on resources such as mass
budget and power budget in complex thermal
environments. Phase change cold storage
technology provides valuable options [1]. In the
spacecraft on the Nimhus orbit，Fixler [2] compared
the phase change material device with other cooling
methods to prove that phase change material
devices have a great advantage in reducing weight.
In the Apollo-15 mission, the lunar rover used three
sets of phase change material for the thermal
controls [3]. In 2016 on the International Space
Station, NASA demonstrated and tested a phase

1

change heat exchanger with PCM of N-pentadecane
which achieved cold storage density of 200 kJ/kg.
Although with large latent heat, low thermal
conductivity makes pure paraffin hard to store and
release power with high thermal flux. In addition,
after melt, liquid paraffin makes it difficult to store
and manage in the microgravity. To improve the
thermal conductivity of paraffin, it was extensively
studied and applied by adding Carbon-based
materials [4]. For example, Tian et al. [5] proved the
significantly synergistic enhancement of thermal
conductivity of Carbon-based materials by using
expended graphite (EG) and carbon fiber (CF) with
different mass ratio. At the same time, shapestabilized PCM was made in this way, keeping itself
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solid even in the process of cold energy release.
Compact in structure, light in weight, and high
in heat transfer efficiency [6], fin-flat tube heat
exchanger is a popular kind of heat exchange
equipment widely used in automotive air
conditioning. It consists of flat tubes, collectors and
wavy fins. Flat tubes have high heat exchange
coefficients with the condensing working fluid.
Therefore researches were concentrated on
optimizing air-side thermal hydraulic performance to
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positions that the closest to, and the farrest away,
from the PCM HX during cold storage or cold release
processes.

improve the overall efficiency of heat exchange [7，
8]. The condensation heat transfer was also studied
by simulation for R134a with low mass flow inside a
horizontal single square minichannel [9]. Few studies
was published to apply flat tube heat exchanger to
PCR, but the PCM was filled inside the flat tube[10].
In this research, we develop a PCR based on
aluminum microchannel flat tube heat exchanger, in
which the wavy fin heat sink was replaced by the
shape-stabilized PCM. The cold storage quantity of
the PCR were characterized. The cold release
efficiency and the cold release heat transfer capacity
of the PCR were investigated for liquid flow.

Fig. 1The structure of the PCR

II. EXPERIMENTAL
2.1 Structure of the phase change regenerator
The developed PCR consisted of four blocks of
PCM, a PCM heat exchanger (PCM HX), and four
chips of Thermal Electric Cooler [TEC 12706,
Thermonamic Electronics (Jiangxi) Corp., Ltd] with
water cooled heat sink on the hot sides, as shown in
the Fig. 1.
The PCM block was made of alkane-type Ntridecane absorbed in expended graphite (EG) that
was shape-formed at a high temperature. One of
PCM blocks is thicker than the other three. Thermal
grease were applied to the interfaces between the
base plate of the PCM heat exchanger and the TEC
chips, and those between the PCM blocks and the
PCM heat exchanger to reduce the contact thermal
resistances. To measure the temperatures, six pairs
of thermocouple were installed on the PCM blocks
near the inlet and the outlet of the PCM HX. Three
were mounted on the thicker PCM at the position 1,
2, and 3, while the other three at the position 4, 5,
and 6, as shown in the Fig. 2. They represent the
2

Fig. 2The mounting positions of the thermocouples
2.2 Loop principle
To investigate the PCR, an experimental bench
was built. As shown in the Fig. 3, it consists mainly a
pump, a flowmeter, an electric preheater, and an
accumulator.
The
pump
(MICROPUMP,GAT23.PVS.M) is used to drive the refrigerant fluid to
cycle
along
the
loop.
The
flowmeter
(Bronkhorstminicori,M15-AAD-33-0-S, precision of
0.2%FS) is used to measure the mass flow rate. The
preheater (up to 300W, with precision of 1.4%) is
used to put thermal power into the fluid to control
the fluid’s temperature in liquid state. The
accumulator, a vessel made of 316 stainless steel, is
used to control the pressure of the loop
by controlling the accumulator temperature, and to
compensate the change of vapor volume ofthe
working fluid in different cases. The working fluid
was R134a (DuPont SUVA 134a). The mass flow rate
was adjusted by controlling the rotation speed of the
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pump, or by adjusting the valveR between the
flowmeter and the preheater. Temperature was
acquired by FLUKE 2680A, with sampling rate of 1Hz.
In addition to the mounted thermocouples on the
PCM, some other thermocouples were mounted
along the loop. Sheathed thermocouples were
inserted in the loop to directly measure the fluid
temperatures at the inlet of the preheater, the inlet
and the outlet of the PCR.
Performances of the PCR were investigated for
both processes of "cold storage " and "cold release ".
The process of "cold storage” refers to the heat
extraction from PCM with the TEC, so as to achieve
the cold storage. At first,the temperature of the
cycling water (from the thermostatic bath,HX-15D,
Beijing Fortunejoy Science Technology co,.) was set
at 25 ℃. Then the TEC was turned on, with the input
current of 3A.The main parameters of the TEC are
listed in Table 1.The cooling capacity on the cold side
of the TEC was calculated by the following
formula[11]:
1
𝑄𝑇𝐸𝐶 = 𝛼𝐼 𝑇𝑐 + 273.15 − 𝐾 𝑇ℎ − 𝑇𝑐 − 𝐼 2 𝑅
2
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PCM position 3 and 6 in Fig.2 near the base plate. Its
value should be approximately equal to the mean
temperature atthe positions.
In the process of cold storage, the valve and
the pump were closed. The TECs took away the heat
from the PCM to the cooling water through the TEC
heat sink, then to the thermostatic water bath A.
"Cold release" refers to the process that hot
fluid is cooled by the cold PCM after it flows through
the PCR, even without TEC cooling. In the cold
release process, the PCM near the inlet of the PCR
melt fastest, and the data we discussed are all
before its complete melting. At this time, all PCM
inside PCR participate in the heat transfer in the
latent heat. And combined with the actual
application, the outlet temperature reaching 5℃was
defined to be the end of the cold release.

(1)

Where α is the average Seebeck number of TEC;
K is the total heat conductivity in the direction of the
heat flow; R is the average resistance of the TEC; 𝑇ℎ
and 𝑇𝑐 is the temperature of the TEC hot side and
cold side, respectively.

Fig. 3 Schematic drawing of the experimental bench

Table 1Main parameter of TEC[12]
No.

Parameter

Value

1

Size（mm ）

40×40×3.8

3

2

α（V/ ℃）

0.054

3

K( W/ ℃)

0.05490.0014(Th27)

4

2.01+0.006(
Th-27)

R (Ω)

𝑇𝐶 =

1
(𝑇 + 𝑇3 )
2 6

Description

3.1 Cold storage quantity
The average
Seebeck number
of TEC
Total heat
conductivity in
the direction of
heat flow, relative
to hot side
temperature of
TEC
The average
resistance of TEC

(2)

Actually 𝑇𝑐 was close to the temperature at the
3

III. DATA ANALYSIS METHODOLOGY

The cold release power from the PCM to the
fluid through the PCR can be calculated from the
temperature difference between the inlet and the
outlet of the heat exchanger, and the mass flow rate
of the fluid. The cold storage quantity of the PCR
𝑄𝑐𝑠 (kJ/kg) is thus obtained by the integration of the
cold release power over the cold release period:
𝑡𝑒

𝑄𝑐𝑠 =

𝑚𝑐𝑝 𝛥𝑇1 𝑑𝑡

(3)

𝑡𝑖

Where𝑡𝑖 is the time to turn on the pump and
the valver, 𝑡𝑒 is the time when the lowest
temperature of PCM rises to -4.0 °C, m and 𝑐𝑝 is
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respectively the mass flow rate and the specific
heatof the fluid, 𝛥𝑇1 is the temperature difference
between the inlet andthe outlet of the heat
exchanger. Here, 𝑄𝑐𝑠 includes the latent heat of the
PCM and the sensible heat of the PCR.
3.2 Cold release capacity
The cold release capacity of the liquid flow is
defined as the thermalpower of the heat exchange
under certain temperature difference betweenthe
PCM cold end and the fluid through the PCR. In the
"cold release" process, the cold release power (𝑃𝑐𝑟 )
to the liquid can be calculated if we know the mass
flow rate (m) and the specific heat (𝑐𝑝 ) of the liquid
through the PRC, and the temperature difference of
the liquid between the inlet of the preheater and
the outlet of the PCR. Then the cold release capacity
of the regenerator can be obtained as:
𝑑𝑃𝑐𝑟 𝑊 − 𝑚𝑐𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑝𝑟𝑒 _𝑖𝑛 )
=
𝑑𝑇
𝑇𝐻 − 𝑇𝐿
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current to TEC of 3A, and the temperature of the
heat sink cooling water of 25 °C, the time for cold
storage was approximately 3.6 h. The time can be
shortened to 2.2 h when the temperature of the
cooling water was 10 °C.The cold release is with
liquid R134a at the mass flow rate of 2.0g/s.
Based on data of the cold release process and
equation (3), thecold storage quantitywas calculated
to be about 346 kJ,and the measurement error from
the instruments was less than 2%. The mass of the
PCM, the PCM HX, and the heat sink with TEC is
2.6kg, 1.7kg, and 0.4kg,respectively.The measured
cold storage density of the PCM was about 130 kJ/kg,
equivalent to a density of 80.5 kJ/kg, or 73.6 kJ/kg
for the whole PCR if the TECs cooling device and
heat sink were included, respectively.

(4)

Where 𝑊 is the heating power of the
preheater, 𝑇𝑝𝑟𝑒 _𝑖𝑛 is the temperature at the inlet of
1

the preheater, 𝑇𝐻 = (𝑇𝑜𝑢𝑡 + 𝑇𝑖𝑛 ) is theaverage
2

temperature of the fluid through the PCR, and
1

𝑇𝐿 = (𝑇1 + 𝑇2 + 𝑇4 + 𝑇5 )
4

is

the

average

temperature over the PCM cold ends,Tout and Tin is
respectively the fluid temperature at the outlet and
the inlet of the PCR.
IV. DISCUSSION OF RESULTS

Fig. 4Temperature changes at the defined positions
of thePCM blocks in Fig.2

4.1 PCM performance

4.2 Cold release capacity

During the process of "cold storage " and "cold
release ", the PCM undergoes endothermic and
exothermic processes, respectively.As can be seen in
Fig. 4, after the TEC is turned on, the temperature of
the PCM begins to drop rapidly. The phase transition
temperature of the PCM is approximately -5 °C.
However, the temperature is not constant, but a
slight decline in the process of cold storage, when
the temperature is between -4°C and -5°C.
Temperatures at position 1, 2, and 3 drop slower
than those of the other three. This is reasonable
because position 1, 2, and 3 are on the thicker PCM
block. Therefore, when the highest temperature of
the PCM block drops below -5 °C, the cold storage
process was regarded as finished.For the applied

The effect of fluid mass flow rate on cold
release
capacity
was
investigated.
Thelooppressurewas stabilized at 720 kPa when the
accumulator temperature was adjusted to 28 ℃.
The inlet temperature of the PCM HX was set as 25 ℃
tomakesurethattheinletflowwasliquidphase.
As
shown in Fig.5, there is a positive correlation
between the cold release capacity and the mass flow
of the fluid. When the mass flow reaches 4.0 g/s,
there was a peak of cold release capacity at the
beginning, before it falls down and becomes flat. The
flat cold release processes last for about one hour,
indicating that the PCR could provide stable low
temperature and low flow rate liquid for one hour,
depending on the mass flow rate of the fluid. Since

4
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there was fluid already cooled inside the PCM HX, it
took time to establish a steady cold release process
that equation (4) is suitable to. The lower the mass
flow rate was, the longer the process got steady.
The cold release capacity depends on the cold
energy available in the PCM, and the thermal
resistance between the PCM melting interface and
the PCM HX. For liquid flow, the cold energy in the
PCM is adequate, thus the cold release capacity
mainly depends on the thermal resistance. At this
moment, the “melting interface” inside the PCM is
close to the surface of the PCM HX, giving a low
thermal resistance between the R134a and the
unmelted PCM. Therefore, the thermal resistance is
mainly from liquid side, especially at low mass flow
rate.As the mass flow increased from 0.6 g/s to 6.0
g/s, the Reynolds number in the flat tube also
increased from 33 to 330.The frictional resistance,
and the heat exchanging coefficient increases with
the mass flow rate for rough tubes[13-15],resulting
in the increase of the cold release capacity. As the
PCM melts, the melting interface withdraws from
the surface of the PCM HX, and the thermal
resistance increases correspondingly. The thermal
resistance of the PCM becomes higher than that of
the liquid flow, and becomes the main factor that
dominates the heat exchange coefficient. At this
moment, the cold release capacity decreases to that
matches the PCM thermal resistance. This leads to a
peak in the cold release capacity curve.

Fig. 5Cold release capacity of liquid flow at different
mass flow rate of R134a
V. CONCLUSIONS
In this study, we investigated the thermal
performance of a PCR that consists of an aluminum
5
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flat tube as heat exchanger and the shape-stabilized
PCM. The PCM’s phase transition temperature was
approximately -5°C, and the measured cold storage
density was about 130 kJ/kg. The cold storage
quantity of the PCR was about 346 kJ, equivalent to
a density of 80.5kJ/kg; or 73.6 kJ/kg if the TECs
cooling device and heat sink were included. The cold
release capacity was about 6.0 W/°C for liquid with
mass flow rate of 4.0 g/s.
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