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The heat pipe radiator directly driven by heat pump heating system has the ad-
vantages of fast heat transfer and high energy efficiency. Based on the empirical
heat transfer formula, the heat and mass transfer process in the heat pipe radiator
was studied. The key parameters in the empirical heat transfer formula were de-
rived by combining with the experimental data. The distribution of the thickness of
the condensate film and the heat transfer coefficient in the height direction of the
heat pipe radiator was analyzed. The influence of the working fluid condensate
mass and vapour mass in the heat pipe radiator was investigated. The results
showed that the thickness of the liquid film changes from the bottom of 0.1110 mm
to the top of 0.0594 mm along the height of the heat pipe. The minimum charge of
working fluid is 1.78 kg to 1.81 kg and the heating COP of the system still reach to
3.14 even at the outdoor temperature of -12.6 <.
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Introduction

Since 2003, China's Beijing, Tianjin and Hebei region has mainly carried out the Coal
to Electricity project, replacing the original household small coal-fired boilers with electric
driven clean heating equipment. Coal-fired power plants still dominate the electricity market in
Southeast Asia, supplying around 30% of the total demand [1]. Heat pump is an energy-saving
device that uses high-level energy to flow heat from low-level heat source to high-level heat
source. Its main function is to convert low-level heat energy that cannot be directly used into
high-level heat energy that can be used. Heat pump can not only save energy, but also achieve
the effect of environmental protection. Because it does not use combustion mode, it can greatly
reduce urban air pollution. Ministry of Environmental Protection has been pointed out that in
the process of project implementation, the air source heat pump is the mainstream alternative
products [2]. Heat pump has the advantages of energy saving, environmental protection and
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convenience. In 2009, the European Commission issued a renewable energy directive, which
defined air thermal energy as energy in ambient air and incorporated it into the category of
renewable energy [3]. For the air source heat pump, heat is absorbed from the air and the water
is heated to 40~45 °C, and then the hot water is dissipated indoors through the heat dissipation
end, such as fan coil, radiator, etc. The capacity of main kind domestic room heating air source
heat pump are 3 HP or 5 HP. Actual operation test results show that, the heating COP can reach
to 1.8 at outdoor temperature —20 °C and the average heating COP is about 2.2~2.6 at outdoor
temperature —12 °C.

In the early 1940’s, some scholars put forward the theory of heat pipe. After the 1980°s,
the heat pipe technology continued to mature, the cost was reduced, and the heat pipe technol-
ogy gradually entered different production fields [4]. Heat pipe is an efficient two-phase heat
transfer device, which has much better heat transfer performance than conventional heat trans-
fer equipment. The air source heat pump is driven by the air source, and the heat pipe radiator
is used as the heat dissipation end, so a new heating device can integrate the advantages of the
two equipment. The heat pipe is used at the evaporation end of the heat pump, which can en-
hance the heat absorption capacity at the low temperature end [5]. Zhang et al. [6] applied heat
pipe to solar heat exchanger, and the results show that the coefficient of performance is 1.5~4
times higher than that of traditional heat exchanger. It is used to give full play to the advantages
of heat pipe heat uniformity at the condensation end, the comfort degree can be also improved,
and it is more suitable for floor heating. Researchers provided heat to the room through the
composite floor of heat pipe, they used the low temperature heat pipe wall radiation radiator as
the heating end, the indoor heating temperature could be 2-3 °C lower than the convection
heating temperature, and the energy saving is about 25% [7-9]. Peng et al. studied and proved
the thermal comfort and indoor temperature distribution of the combined system by the method
of combining experiment and simulation, but the operation characteristics of the system were
not monitored and studied in detail [10].

Condensation heat transfer characterized by phase change is widely used in building
air conditioning and electronic equipment cooling. The research of condensation heat transfer
mostly focuses on the condensation heat transfer inside the tube and the bead condensation
outside the tube [11-13]. The thickness distribution of liquid film is the most important factor
affecting the condensation heat transfer. Nusselt (1916) deduced the theoretical analysis solu-
tion of film condensation heat transfer on vertical flat wall, and the research on heat transfer of
film condensation on outer layer of tube tended to be mature [14]. Nusselt's theoretical model
has been well applied in heat transfer analysis of large diameter horizontal smooth tube bundle
[15]. Based on the assumption that the steam and liquid-flow in the heat pipe is a steady in-
compressible laminar flow with constant boundary conditions, a simplified heat pipe model was
established. The pressure distribution and theoretical heat transfer limit of the steam and liquid
in the heat pipe were predicted. Therefore, a relatively complete heat management theory was
proposed for the first time. Jiao et al. [16] established a mathematical model to study the influ-
ence of liquid filling rate on the heat transfer characteristics of gravity heat pipe and proposed
the range of liquid filling rate to keep the stable and effective operation of gravity heat pipe.
Tsai et al. [17] studied the influence of bending angle, liquid filling rate and shape of heat pipe
on heat transfer performance. Zhan et al. [18] used numerical simulation method to study the
boiling condensation process in gravity heat pipe and the influence of inclination angle and
heating power on its heat transfer performance. Solanki and Kumar [19] studied the condensa-
tion heat transfer of R134a in a horizontal tube with annular flow. Qian et al. [20] proposed a
composite substrate-heat pipe fin radiator for cooling power devices. The substrate of the
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radiator has good temperature uniformity. The results show that the flow resistance and energy
loss of vapor will increase if the vapor core thickness is too small. Different structures of wicks
mainly affect the steam flow characteristics through the difference in the width of the steam
channel. The smaller the vapor core thickness is, the more easily it is affected by the bending
radius and bending angle of the bending section [21]. The thermal resistance of the heat pipe
decreases with the increase of the liquid filling rate or heating power. In a certain range, the
thermal resistance of the heat pipe decreases with the increase of the inner diameter, and in-
creases first and then decreases with the increase of the condensation section length, but the
length of the condensation section should not be too small, which will lead to poor gas-liquid
circulation [22].

A novel compact heat pipe/heat pump system was introduced in paper [23], the heat
pump condenser was directly coupled with the heat pipe radiator, which reduced the charge of
the working medium of the heat pump, the heat transfer temperature difference was reduced,
and started faster and had better regulation. In another paper [24], the design method of the new
system was introduced in detail and an experimental new system was developed. In this paper,
the heat transfer mechanism of the heat pump directly driven heat pipe system was analyzed
and studied by the method of combining numerical calculation and experimental research. The
physical and mathematical models of condensation heat transfer in heat pipe were established,
and the heat transfer process was calculated. The distribution law and heat transfer characteris-
tics of condensation film in heat pipe were analyzed. The experimental device of the system
was built, and the key parameters in the calculation model were corrected combined with the
experimental data. The research is expected to provide a reference for the design of new do-
mestic heating device.

Methodology

Systern description

Figure 1 shows the diagram of the heat pipe radiator directly driven by heat pump
heating system. The device consists of a compressor with rated power of 1.5 HP and four pieces
of heat pipe radiators connected in series. The high temperature and high pressure refrigerant
vapor discharged from the compressor first enters into #1 heat pipe radiator and then #2, #3,
and #4 heat pipe radiator in turn, where the heat is released in the condensing tube bundle and
transferred to the heat pipe group. The heat is supplied to the room through the heat pipe group.
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Figure 1. Heat pipe radiator directly driven by
heat pump heating system
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The working fluid of the heat pump completely condenses and becomes liquid with a certain
degree of sub-cooling after leaving the radiator.

The working principle of the heat pipe radiator directly driven by heat pump system is
as: the inside of the heat pipe is pumped into a vacuum state by a vacuum pump, and then the
second working medium is charged into it. At the initial moment, the working medium is in the
liquid form at the bottom of the lower header. The heat of the heat pump system is transferred to
the heat pipe working medium in the lower header through the condensing coil, and when the heat
increases the temperature of the working medium to the evaporation temperature, the liquid will
evaporate into vapour. At the same time, the steam comes into contact with the bare wall, an
adhesive layer is formed. The rapid condensation process makes it form a multi-molecular liquid

film and heat is released. The heat is transferred to 1310
the room through thermal radiation and convec-  __ P! Zao
tive heat transfer. Then it flows back to the lower TF '

header under the action of gravity.

The structure parameters of the heat pipe
radiator is shown in fig. 2.(a) and the structure of
the lower collection tube is shown in fig. 2.(b).
The heat pump condenser is inserted into the bot-
tom of the heat pipe radiator. The inlet and outlet
pipes extend from both sides of the lower header
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and are isolated and welded as _a\_/vhole. The con- 1 ﬂ__ —_rt_i—__rLf_f_—;_“T}_ 1) i
densing tube bundle, as the driving heat source, = =
is immersed in the working medium R134a of the Outiet et

heat pipe. Multiple Heat pipe radiators connected
in series can realize the heating of multiple
rooms. The structure and quantity of the heat
pipe radiator can be flexibly designed, and a sin-
gle heat pipe radiator can be made with different
height and width. The heat pipe radiator in the
research has a height of 800 mm and a width of
1310 mm. The condensing tube bundle is of an Figure 2. Heat pipe radiator structure diagram;
outer diameter of 9.52 mm and a wall thickness gﬁﬁ;‘gggg;?Zg?ggiegagf(b) structure of
of 2mm. the lower collection tube

During operation, the working liquid in the
heat pipe evaporates to the inner wall and con-
denses to form a liquid film after heat dissipation. The thickness of the liquid film is related to
the internal temperature and external temperature. Therefore, the amount of working fluid re-
quired to participate in the working cycle must also be related to the working conditions.

(b)

Calculation of heat transfer process of heat pipe

Figure 3 shows the theoretical model of film condensation. The refrigerant vapour
discharged from the compressor of the heat pump enters into the condensing tube bundles, and
the heat is dissipated through the heat pipe radiator. The heat transfer in the condenser is mainly
latent heat, so the design method aims at the heat transfer calculation of phase change process.
Based on that, the shape of the heat pipe radiator and the geometric dimension of the inner tube
bundle will be determined.

Based on Nusselt's theory, there are some basic hypothesis [25], which includes:
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— The pure vapor condenses into a laminar liquid film on the wall, and the physical properties
are constant.

— Ignoring shear force and there is no temperature gradient at the vapor liquid film interface,
that is ts = tsa s shown in fig. 3.

— Condensation heat passes through the liquid film in a thermally conductive manner.

— Ignoring liquid film sub-cooling.

— Ignoring the thermal resistance of the heat pipe wall, that is t = tr.
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Figure 3. Theoretical model of film condensation

The momentum equation of condensate film can be simplified as:

u g
T _Z(p— 1
8yz 77| (pl IOV) ( )
where u [ms] is the velocity of the condensate film, g [ms?] — the gravitational acceleration,
n [Pa-s] — the liquid dynamic viscosity, pi [kgm=] — the density of saturated liquid, and py
[kgm~2] — the density of saturated vapour.
Integral twice and use boundary conditions:
(@) The non-slip boundary conditions at the wall are as:

y=0, u=0, t=t, 2

where ty, [°C] is the wall temperature of heat pipe.
(b) Velocity gradient and temperature of gas liquid interface:

y:5’ %:O' tfi:tsat (3)

where 0 [m] is the liquid film thickness, ts [°C] — the liquid film temperature at gas-liquid in-
terface, and tsa: [°C] — the saturated gas temperature.
Velocity distribution function in condensate film:

u(y)= AA2)E [i—i[iﬂ @

77, s 2\s
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Calculation of liquid film velocity on inner wall of heat pipe:

g(pl _pv)6 (5)
yJ

where C is the parameter related to the arrangement of condensing tube bundles.
The condensate flow rate at the position x of the inner wall of the vertical pipe with
the inner diameter, d, is obtained:

u. =C

ndgp, (o - p,)5°

1GRLA ©
m

where My [kgs™] is the condensate flow rate at local position x, = — the circular constant, and d

[m] — the inner diameter of the heat pipe.
The increment of liquid film mass-flow rate in the microelement section of dy is:

3nd -p,)0%ds
:C T gpl(pl pv) (7)
m

The latent heat of vaporization released by the condensate is equal to the heat conduc-
tion through the liquid film with thickness of o:

3rod -p,)o%ds -
r gpl (pl pv) — ﬂ'l tsat5tw T[ddX (8)
m

where r [kJkg] is the latent heat and 4 [Wm K] — the liquid thermal conductivity.
By integrating the previous equation with separated variables, it is noticed that when
x =0, 0 =0, the liquid film thickness at any x position on the pipe wall can be obtained:

_ 4/1|77| (tsat _tw)x :|1/4 9
o [3Cgp. (pi=pu)r ©)

The latent heat released at the vapor-liquid interface is transferred to the cold surface
by means of heat conduction through the thick 6 liquid film:

O = hx (tsat _tw ) = ﬂ“l % (10)

where gy is the heat flux at local position x, as shown is fig. 3.
The local condensation heat transfer coefficient are as:

M, =ndopu, =C

dm

X

rdM, =C

_A

h,= 5. (11)
[3cap(o-p)r T

hx - I: 477I (tsat _tw ) X :| (12)

If the condensation temperature difference is constant, the average heat transfer coef-
ficient of the liquid film on the inner wall of the whole heat pipe with height can be obtained
as:

3 4
h= 0.943[3(:9/11 P (p| _pv)r:| (13)

m (tsat _tw) L
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where 4 [Wm~K™] is the liquid thermal conductivity, » [Pa-s] — the liquid dynamic viscosity,
tsat [°C] — the saturated gas temperature, tw [°C] — the wall temperature of heat pipe, pi [kgm2]
— the density of saturated liquid, py [kgm—=] — the density of saturated vapour, r [kJkg] — the
gasification latent heat, and L [m]- the length of tube.

The physical parameters in the equations are determined by the arithmetic mean tem-
perature of the boundary-layer liquid film, except that the latent heat of vaporization and vapor
density are determined by the saturation temperature, tm = (tsa + tw)/2.

Modification of the model

Figure 4 shows a photo of the whole heat pump system, including the outdoor unit
and indoor units. The specifications of the experimental system were listed in tab. 1. A her-
metic-type compressor with a nominal capacity of 1.2 kW designed for R22 was installed, and
was driven by a DC variable frequency electric motor, whose frequency varied between 0~120
Hz. There was one temperature sensor set on the liquid refrigerant tube, which was the position
before expansion valve.

(a)

(b)
Figure 4. Photo of experimental bench; (a) outdoor unit and (b) heat pipe radiators

When the compressor was in operation, its speed was controlled by the set value of
this temperature point. When the measured value was lower than the set value, the compressor
speed increased. When the measured value was higher than the set value, the compressor would
continue to run for three minutes and then stop.

Table 1. Specifications of the new heat pump system

Parameters Values/details
Compressor
Compressor type Rolling piston
Input power [kW] 0-1.5
Refrigerant R22
EEV
Model | CAREL E2V
Outdoor heat exchanger
Type Copper tube/aluminum fin
Rated capacity [kW]
Number 1
Indoor heat exchanger
Type Heat pipe
Rated capacity [kW] 1.2
Number 4
Refrigerant R134a
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The parameters to be monitored in the experiment include room temperature, troom,
outdoor temperature, tout, aluminum tube surface temperature, t;, refrigerant mass-flow rate of
the heat pump, M, compressor input power, P, etc. The sensors locations are shown in tab. 2.

Table 2. Sensors locations of the new heat pump system

Parameters Location
troom Room
tout Outdoor
I Surface of heat pipes
M Outlet line of heat pipes
P Compressor input power wire

The total heat transfer capacity of heat pipe radiator is calculated by working fluid
flow of heat pump system. Through the experiment of the system, the actual heating capacity
of the system can be measured, and then the heating capacity distributed to the single heat pipe
radiator can be obtained by the temperature difference method:

Q=M(h,—h) (14)

where M [kgs] is the mass-flow rate of the heat pump system and hy, h, [kJkg™] are inlet and
outlet enthalpy of condenser, respectively.
Heating COP:

CoP =< (15)

u|O

where P [kW] is the compressor power input.
The uncertainty of indirect measurement data can be obtained by the uncertainty of
transfer formula and direct measurement value. If:

y=f(X1,X2,X3,---Xn) (16)
Therefore, the uncertainty transfer formula of indirect measurement y is as [26]:
2 of . o ). of ),
= — — vt | — 17
u?(y) (@Ju (x1)+[axzju (x,)+ +[axnju (X,) 17)
u(y)=yu?(y) (18)

The uncertainty of the test results is caused by the measurement errors of the test
instruments. According to the accuracy of the selected measuring instruments and the analysis
of the uncertainty formula, it can be concluded that the test error of the heating capacity of the
test system is 2.1%, and the corresponding test error of the heating COP is 3.4%.

Under the condition of indoor temperature, toom Was 20 °C, and outdoor temperature
tourwas —6 °C, the experimental results of temperature distribution along the height of heat pipes
is shown in tab.3. From tab. 3, it can be seen that the bottom temperature of #1 and #2 heat
pipes is relatively high, gradually decreasing with height, but increasing again at 800 mm. This
is due to the influence of the high exhaust temperature in the front section of the heat pump
condensation. In the height direction of the heat pipe, the thickness of the condensate film
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increases, the thermal resistance increases, and the temperature decreases. At the top, due to the
thinnest film thickness, the heat transfer is strongest, resulting in an increase in temperature.
However, due to #4 being located at the end of the heat pump, the bottom temperature of #4 is
relatively low. Due to the influence of liquid film thickness, the temperature gradually increases
along the height direction. This is also consistent with the variation law of local surface heat
transfer coefficient in fig. 8.

Table 3. Temperature distribution along the height of heat pipes

L [mm] #1 [°C] #2 [°C] #3 [°C] #4 [°C]
0 36.12 35.99 33.40 32.78
200 36.16 35.87 34.84 34.42
400 35.55 35.16 35.00 35.69
600 35.62 35.94 36.84 3631
800 37.29 36.79 36.82 36.08
C 0.13 0.14 0.13 0.14

The total heat is equal to the sum of the single heat dissipation of four indoor units,
the heat dissipation of a single heat sink is a function of the difference between the surface
temperature of heat pipe radiator and the indoor air temperature. The experimental results can
be used to fit the empirical formula:

1.189

1.16 4

Qkw]

1.144

Q="f (Ati)z f (t:_troom)' Q,=f (Atz): f (tfz _troom)

(19)

Q=f (At3): f (tf_z_tmom) Q=T (At4): f (th _troom)

Q:Q1+Q2+Q3+Q4 (20)

where ., &, T, T, [°C] are average surface
temperatures of #1, #2, #3, and #4 heat pipe ra-
diators, respectively, trom [°C] — the room tem-
perature, in fig. 5, and At is average value of Aty,

Aty, Atz, and Ata.

As shown in fig. 5. and tab. 4, the deviation
between the experimental results and the calcu-
lated results is less than 1%, and the models in-
tend to match the accuracy of the requirements.
. . ‘ . Then, the heat dissipation of each heat pipe radi-

Ny ea  es s s ws s ator can be determined according to the surface

veel temperature and room temperature.

Figure 5. Relationship between temperature Parameter C of eq. (5), which means the
difference, At, and heat dissipation, Q empirical parameter of the combination of heat-
ing surface and liquid of heat pipe radiator, is de-

termined by the following methods: the heat dissipation of a single heat pipe radiator, the satu-
rated temperature of R134a in the tube and the wall temperature of the tube are obtained through
experiments. Assuming the temperature of the outer wall of the tube, the temperature of the
inner wall of the tube is calculated through the heat transfer process equation of the tube wall.
Then, according to the temperature value of the inner wall of the tube and the empirical formula
of the heat transfer process, the average surface heat transfer coefficient of the condensate film

1.124

1.104

Q=0.0325 At" %
1.084

1.06 4
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on the inner wall of the tube is calculated. If the error is larger than the experimental value, the
temperature of the outer wall of the tube is assumed again until the error of the value meets the
requirements. Finally, the value of C is determined.

Table 4. Comparison of calculated and experimental result

No. #1 #2 #3 #4

Calculated result, O [kW] 1.16 1.13 1.10 1.05

Experimental result, O [kW] 1.16 1.14 1.09 1.06
Deviation 0% +0.88% -0.91% +0.95%

The heating performance of this new heat pump, internal heat transfer and flow of the
heat pipes were studied by the method of experiment and theoretical calculation. The system
performance mainly adopted the experimental method, and the internal flow process of heat
pipes adopted the results of theoretical calculation and experimental results, as shown in fig. 6.

Results and analysis

Theoretical calculation Experimental method
egs. (1)-(13) egs. (14)-(17)
System performance T T

The variation of heating capacity, Q, and
heating COP under different outdoor tempera-
ture is shown in fig. 7. It can be seen from fig. 6
that at the outdoor temperature of —12.6 °C, the
heating COP could still reach to 3.14; at the out-
door temperature of 6.2 °C, the heating COP et vt squaton coupld
could reach to 6.30. The energy efficiency coef- with experimental data
ficient of the system is quite high. The main rea- i [
son is that the use of heat pipe with high heat
transfer coefficient reduces the temperate differ-
ence between the condensation temperature of
the heat pump and the ambient temperature o oK
gl’eaﬂy, igures 7 o 12

T
Parameter C can be
determined

Figure 6. Relationship between research

Heat transfer and flow characteristics of methods and conclusions

internal medium

The variation of local liquid film thickness and local heat transfer coefficient with heat
pipe height is shown in fig. 8. The indoor temperature, toom Was 20 °C, and outdoor temperature
tour Was —6 °C. It could be seen that the thickness of the local liquid film, dx, on the inner wall
of the heat pipe decreased with the increase of the heat pipe height, and the local heat transfer
coefficient, hy, increased with the increase of heat pipe height. From fig. 8 we can see that when
the heat pipe height is 0.4 m, Jx is 0.1026 mm and hy is 763.29 W/m?K, when the heat pipe
height is 0.8 m and 1.2 m, &« is 0.0914 mm and 0.0730 mm, hyis 851.2 W/m?K and 1049.18
W/m?2K, respectively. When the heat pipe height reaches 1.4 m, the top of the heat pipe, dx is
only 0.0594 mm, however hy reaches up to 1268.72 W/m?K.The reason is that, when the gas in
the heat pipe contacted with the inner surface of the pipe, it condenses into liquid, and the
thickness of the liquid film is gradually superimposed with the decrease of the height, so that
the closer to the lower header, the bigger the thickness of the liquid film. The bigger the thick-
ness of the liquid film, the bigger the heat transfer resistance between the steam and the inner
wall of the tube was.
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Figure 7. Heating performance under different Figure 8. Variation of local liquid film thickness
outdoor temperature and local heat transfer coefficient with height

The variation of average liquid film thickness, ¢, and average heat transfer coefficient,
h, with indoor temperature is shown in fig. 9. It could be seen that the average thickness of the
liquid film on the inner wall of the heat pipe decreased with the increase of the indoor temper-
ature, and the average heat transfer coefficient increased with the increase of the indoor tem-
perature. From fig. 9 we can see that when the indoor temperature troom is 18 °C, ¢ is 0.1068
mm and h is 699.36 W/m?K, when troom is 20 °C and 22 °C, § is 0.1009 mm and 0.0938 mm, h
is 736.03 W/m?K and 787.17 W/m?K. When the indoor temperature troom is 26 °C, J is only
0.0712 mm and h is 1024.99 W/m?K. The reason is that with the gradual increase of the indoor
temperature, the surface temperature of the heat pipe radiator increased, and the evaporation
condensation mass-flow rate of the working medium in the heat pipe radiator increased, which
led to the increase of the downward flow velocity of the condensate film, thus increased the
thickness of the liquid film and the heat transfer coefficient increased.
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Figure 9. Variation of average liquid film Figure 10. Variation of working fluid
thickness and average heat transfer coefficient mass distribution with height

with indoor temperature

As the system working, the working fluid adheres to the inner wall of the heat pipe,
its charging amount would affect the heat exchange performance. Thus, the calculation of work-
ing medium flow and working fluid charge amount in the heat pipe is very important. Figure 10
shows the variation of working fluid R134a mass distribution with heat pipe height with indoor tem-
perature 20 °C and outdoor temperature —6 °C. The gas mass is, mg, the liquid mass is, m;. With the
increase of the height of heat pipe radiator, the gas-liquid mass ratio of the working fluid decreased
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gradually, and the variation gradient decreased gradually. When the heat pipe height is 0.8 m, the gas
mass mgq is 0.202 kg, the liquid mass m; is 0.071 kg and the gas-liquid mass ratio mg/m; is 2.86. When the
heat pipe height is 1.0 m, mg is 0.353 kg, m is 0.093 kg and the gas-liquid mass ratio mg/my is 2.72, when
the heat pipe height is 1.4 m, mq is 0.354 kg, my is 0.141 kg and the gas-liquid mass ratio mg/m; is 2.52.
This is because the heat source was at the lower header of the heat pipe radiator, the evaporated vapour
moved upward from the bottom end of the heat pipe, continuously condensed along the inner wall of the
heat pipe, and then flowed downward along the wall under the action of gravity. With the condensation
process of the steam, the thickness of the liquid film gradually increased, and the proportion of the con-
densate mass increased gradually. The gas-liquid mass ratio of working fluid increased linearly with the
increase of heat pipe height.

Figure 11 shows the variation of work-
ing fluid mass distribution with heat pipe internal
diameter with indoor temperature 20 °C and out-
door temperature —6 °C. With the increase of the
heat pipe internal diameter, the gas-liquid mass  °¢
ratio of the working fluid increased gradually.  ©51
When the heat pipe internal diameter is 0.22 mm, o4
the gas mass mq is 0.1566 kg, the liquid massm; o3 -
is 0.0622 kg and the gas-liquid mass ratio mg/m; 45 - i
is 2.52. when the heat pipe internal diameter is | | [J ‘

T 1 D 1
14

0.9 1 re
0.8 4

0.7 1

m [kl

mg /m

0.30 mm, mg is 0.2912 kg, m; is 0.0848 kg and
the gas-liquid mass ratio mg/m is 3.43. when the
heat pipe internal diameter is 0.46 mm, mg is
06846 kg, m; is 0.1300 kg and the gas-liquid mass Figure_ 11._ Variatior_l of working fluid mass with
ratio mg/m reaches up to 5.27. That is because the 163t Pipe internal diameter

heat source was located at the lower header of the

heat pipe radiator, the evaporated vapour moved upward from the bottom end of the heat pipe,
continuously condensed along the inner wall of the heat pipe, and then flowed downward along
the wall under the action of gravity. With the continuous condensation of the vapor, the thick-
ness of the liquid film increased gradually, and the proportion of the condensate mass increased,
too. The gas-liquid mass ratio of working fluid increased linearly with the increase of inner
diameter of heat pipe.

d; (mm]

Discussion

The coil of the condenser was immersed in the working fluid of the lower header of
the heat pipe, the heat was transferred through evaporation. The filling amount of heat pipe
working fluid should not be too much, within the working condition, it was only to ensure that
the condensing coil was always immersed in the working fluid of the heat pipe.

Figure 12. shows the variation of the minimum charge of working fluid with room
temperature under the condition of outdoor temperature —6 °C.The minimum filling quantity of
working fluid was the sum of the working fluid mass in the lower header of radiator, the con-
densate film mass and the vapor mass on the inner wall of radiator. The minimum charge of
working fluid decreased with the increase of room temperature, for this system shown as fig.
12, it should be 1.78 kg to 1.81 kg. The reason was as follows: the minimum filling quantity of
working medium in heat pipe radiator was mainly affected by the condensate quality. With the
increase of heating capacity, the room temperature increased, and the mass-flow rate of the
working fluid evaporation condensation in the heat pipe radiator increased, which led to the
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increase of the downward flow velocity of the condensate film. Thus, the thickness of the film
decreased and the mass of the condensate decreased.
1.839

1.817

mmin [kg]

1.799

1.777

1.75 * * * * * * )
14 15 16 17 18 19 20 21 22 23 24 25 26
troom [UCJ

Figure 12. Variation of minimum refrigerant charge with
room temperature

Filling ratio of the working fluid has a predominant effect on the heat transfer charac-
teristics of a two-phase closed heat pipes. A comprehensive model is developed to investigate
the effect of filling ratio on the steady-state heat transfer performance of a vertical heat pipe
radiator. Compared with other numerical simulations and theoretical calculations of heat trans-
fer in heat pipes, the heat transfer laws are basically consistent [16, 27].

Conclusions

In this paper, the evaporation and condensation heat transfer process in heat pipe ra-
diator is studied, and the key parameters in the empirical heat transfer formula are derived based
on the experimental data. The distribution of condensate film thickness and heat transfer coef-
ficient in height direction in heat pipe radiator is analysed and finally the minimum filling quan-
tity of working fluid was gained.

o The thickness of the liquid film gradually accumulates along the height direction of the heat
pipe, it changes from the bottom of 0.1110 mm to the top of 0.0594 mm. The influence of
indoor temperature on the heat transfer of the working fluid in the condensation process
from gas to liquid also changes from the bottom of 649.59 W/m?K to the top of 1024.99
W/m?K.

e With the increase of the height of the heat pipe radiator, the gas-liquid mass ratio of the
working fluid decreases from 4.7 to 2.52, and the variation gradient becomes smaller; with
the increase of the inner diameter of the heat pipe, the gas-liquid mass ratio increases linearly
from 1.60 to 5.27. From the perspective of economy, the diameter of heat pipe can be further
reduced and the height of heat pipe can be increased without affecting the indoor heat dis-
sipation.

e The minimum charge of working fluid decreases with the increase of room temperature. In
this research, it was predicted to be 1.78 kg to 1.81 kg. The newly type of heat pump even
at the outdoor temperature of —12.6 °C, the heating COP could still reach to 3.14.

Acknowledgment

This project was funded by Science and Technology Project of Hebei Education De-
partment (Grant No. ZD2022116), Hebei Provincial Graduate Student Innovation Ability



Niu, J., et al.: Research on Fluid Heat Transfer Characteristics of ...

3630 THERMAL SCIENCE: Year 2024, Vol. 28, No. 5A, pp. 3617-3631

Training Project (Grant No. CXZZSS2023161), the Doctoral Research Initiation Fund Pro-
ject of Hebei University of Architecture (Grant No. B-202303).

Declaration of Interest Statement

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Nomenclature
C — parameter related to the arrangement of r — gasification latent heat of
condensing tube bundles R134a, [kkg™]
d — inner diameter, [m] t — temperature, [°C]
h — average condensation heat transfer tr — heat pipes surface temperature, [°C]
coefficient [Wm—2K] tsat — R134a saturation temperature, [°C]
hx — local condensation heat transfer tout — outdoor temperature, [°C]
coefficient, [Wm—2K1] troom  — room temperature, [°C]
h1 — inlet enthalpy of condenser, [kJkg] tw — wall temperature of heat pipe, [°C]
h2 — outlet enthalpy of condenser, [kkg?] u — velocity, [ms™]
L — length of tube, [m]
M — refrigerant mass-flow rate of Greek symbols
the heat pump, [kgs ] 1) — average liquid film thickness, [mm]
Mx — condensate flow rate at the position x Ox — local liquid film thickness, [mm]
of the inner wall of 7 — liquid viscosity of R134a, [Pa-s]
the vertical pipe, [kgs™] A — thermal conductivity of
Mg — gas mass, [kg] aluminum tube, [Wm1K1]
m — liquid mass, [kg] Al — liquid thermal conductivity of
P — compressor power input, [KW] R134a, [WmK1]
Q — heating capacity, [kW] Pl — liquid density of R134a, [kgm]
PV — density of R134a saturated gas, [kgm~3]
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