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Abstract

This study focuses on the numerical validation of a two-dimensional model of a heat pipe's temperature profile under transient
conditions. The model was constructed from copper, and the finite difference method was employed as the numerical solver. The study
recorded the temperature distribution at the pipe wall in the evaporator, adiabatic and condenser sections, with a focus on the initial
temperatures of the evaporator section. The temperatures at the pipe wall were compared with the numerical computation solutions.
The results showed an agreement between the experimental and numerical temperature profiles with percentage error between 4.463
and 5.900 %.
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Nomenclature Greek letter
Cy specific heat (J/kg*k) p density (kg/m?q)
L length (m)
R radius (m) Sub-script
T temperature (°C) a adiabatic
k thermal conductivity (W/m*k) c condenser
r length along r direction (m) e evaporator
t time (s) i inlet
y length along y direction (m) w wall

1. Introduction

Heat pipes are passive heat transfer devices that can efficiently recover waste heat from a system without requiring external energy
input [1]. Heat pipes have found applications in various fields such as electronic and electrical packaging, production tools, engines,
solar energy systems and heat exchangers [2-4], and related industries [5-8]. Heat pipes possess two working states, which are transient
or transition [9-14], and steady state [9-17]. As the heat pipes transition from one state to another, their temperature increases [18-20].
Once they reach a steady state, where the final temperature remains constant, maximum heat transfer can be achieved. To design and
construct a heat pipe with maximum heat transfer, it is crucial to accurately predict the time required for the heat pipe to reach a steady
state during the heating up process [21, 22]. The prediction can be performed via mathematical models [2, 23-29], which are accurate
and reliable. These models are typically developed with computer software [2, 16, 17, 29]. For instance, Huang and Chen [11] presented
a numerical model for heat pipes using the lattice Boltzmann method. Their results demonstrated that the numerical outputs were in
good agreement with the literature model, indicating their model's validity. Another noteworthy study was conducted by Siriwan et al.
in 2017, who presented a numerical model and experimental validation for a helical oscillating heat pipe (HOHP) [16, 17]. Additionally,
Zhang et al. investigated the use of a CO2 loop thermosyphon for free cooling of data centers using both experimental and numerical
approaches [28]. To achieve high-performance thermal equipment design, a continuous improvement of numerical methods for heat
transfer in microfluidics has been pursued [30-34]. Example applications include natural convection [35, 36] and cavity flow with heat
transfer problems [37]. Additionally, the finite element method is a popular approach [38-40], although it can be computationally
intensive.

To design heat pipes, various shapes have been considered, including a single loop pulsating heat pipe for which thermal
performance was investigated by Patel and Kumar [41]. The thermal characteristics of a flat plate pulsating heat pipe were presented
by Li and Li [42], a loop heat pipe with rectangular evaporator was validated by Yang et al. [43], and additionally, the thermal
performance of a flat heat pipe (HTFHP) with applied high temperature conditions was investigated by Xu et al. [44]. To enhance the
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design methodology of heat pipes, the incorporation of an effective analytical tool is crucial. While both numerical and experimental
approaches offer promising methods, they need to be validated for reliability and accuracy before implementation.

The aim of this work is to validate the temperature profile in the two-dimensional transient model, in order to establish a baseline
for the heat pipe design procedure. The concept of the temperature distribution was proposed by Faghri [1]. Experiments were
conducted using a copper mesh wick heat pipe and temperature distribution was illustrated as a function of time. The validation results
of the model were investigated while a finite difference method was used to compute a numerical simulation. The numerical and
experimental results of all three zones of the heat pipe and their temperature profiles were compared and discussed. The times consumed
to achieve a steady-state between numerical and experimental data were compared.

2. Conceptual framework
2.1 Two-Dimensional model heat pipe governing equation

The proposed model was formulated based on thermophysical properties; the wall properties were constant throughout the
operation [1].

The heat pipe model of this study is illustrated in Figure 1. The model was constructed with three sections, comprising an evaporator

section, an adiabatic section and a condenser section. The governing equation of the two-dimensional heat conduction is given by
equation (1) [1].

or 19 or 92T

P Gy = kw3 (r5) + k (57) @)
where p,, is the density of the pipe wall, C,,, is the specific heat of the pipe wall, and k,, is the thermal conductivity of the pipe wall.

In the method used for the analysis, the temperature at the wall was separated into three time zones. The initial state (t = 0) was
that in which the temperature was applied at the evaporator outer skin. In the second zone the temperature was rising at the pipe wall.
The system eventually achieved a steady state. The temperature input was stored in the pipe wall, so the wall temperature increased
with time. An amount of heat is transferred to the condenser section with a gradual and increasing rate, such that the condenser
temperature equals that of temperature input; this is referred to as the steady state. The initial temperature of the evaporator wall is
given by equation (2).
t=0, T=T, @

where T; is the uniform initial condition temperature.
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Figure 1 Coordinate system

For the experimental setup, the temperature of the evaporator section was kept constant while the adiabatic section was insulated,
and heat was removed at the condenser section by cooling water. All of the three boundary zone conditions can be written as equation

(3).
T, =70,80,90°C 0<y<L,
oT
== Le<y<Le+Lg ©)
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The flow rate at the condenser is assumed to be laminar. At the wall-wick, the heat transfer is neglected. Thus,

=0atr=R;forally

a_T
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2.2 The finite difference technique

The finite difference technique was used to solve for the boundary conditions and the governing equations [1]. The approximation
scheme was applied with a five-point second-order central difference approximation [16, 17]. Following this method, the four inner
points were used to compute the boundary grid. The Forward Time Center Space method (FTCS) was applied to compute the governing
equations. These equations are presented as parabolic equations in which the coefficients are constant. Then, the FTCS makes the
governing equation into non-linear equations. According to this scheme, at time t in every node, the temperature is established. At time
t + At for each node, the temperature is calculated using the values of neighboring nodes at time t. The marching procedure was
continued until reaching a steady-state temperature. The time step was estimated using consistency criteria. The solution procedure
was carefully designed. At the initial state, the time required for the temperature to obtain steady state was computed by capturing the
development of the temperature distribution at the evaporator wall. After the wall temperature started rising from the initial value, it
can be said that the temperature had reached the transient temperature.

2.3 Numerical setup and grid independence check

The time step was computed following the model grid size, so when the number of grids increased, it would reduce the time step.
In this case, the time step was set as 10- sec. The grid independence test was computed and validated. The results were the percentage
change at the steady state from device sections, including the evaporator, adiabatic and condenser sections. The results of the grid
independence test included 5 x 12 and 10 x 24 grid points (radial and axial, respectively). The outer wall temperature at the evaporator
section was set as 60°C and was validated as shown in Table 1. In both models, the error at the steady-state was less than 1%. The 10
x 24 grid size consumed more computation time than the 5 x 12 grid size. Therefore, the 5 x 12 grid size was used in this study. In this
model, the dimensions were 2 x 10-* meters in the radial axis for the pipe wall while in the axial direction the dimension was 2 x 107
meters.

Table 1 Grid independence check

Heat pipe section 5x12 10x24 Change (%)
Evaporator 77.4937 77.4498 0.057
Adiabatic 49.2191 49.2070 0.025
Condenser 20.0888 20.0901 0.006

2.4 Experimental setup

The heat pipe in this study was constructed of copper and sealed at both the ends with copper caps. The geometry of the pipe is
270 mm long, 12.7 millimeter outer-diameter and a 1.4-millimeter wall thickness. The working fluid was water. The material properties
of the heat pipe are given in Table 2 and the set-up of the laboratory experiment is shown in Figure 2. The evaporator and condenser
sections were hot and cool respectively and temperatures were maintained by water cooling in acrylic boxes [45] of 150 x 150 x 150
mm (width x length x height). Both boxes were covered with Aeroflex insulation. The adiabatic section was also insulated with
Aeroflex. The water flow in the hot and the cool water jackets were measured by a flow meter, while the cool water jacket was insulated.
Both the hot and cool water inputs must have a constant initial temperature. They are controlled using a heater with temperature control
at the hot section and a cool bath at the cool section (details in Figure 2). Seven thermocouples (type K) were attached to the outside
wall of the heat pipe at all sections, and temperature data were collected using a data logger. All thermocouples were calibrated against
any variation in the room temperature.

Table 2 The geometry specifications of heat pipe and material properties.

Model geometry Copper
Pipe outer diameter (Do) 12.7x10°m
Pipe inner diameter (D) 11.3x10°m
Pipe length (L) 0.27m
Evaporator section length (Le) 0.11m
Adiabatic section length (La) 0.05m
Condenser section length (Lc) 0.11m
Thermal conductivity kw 401 w/m K
Density pw 8933 kg/m?

Specific heat capacity Cp, w 385 J/kg K
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Figure 2 The experimental set-up

Based on the experimental device mentioned above, this study was limited to assessing the performance of the laboratory device.
The testing process begins at the initial state (t=0); the heater was turned on to input the temperature using water in the hot water jacket
and the water then flowed to the evaporator section. At the same time, the cooling water flowed to the condenser section. The outer
wall temperatures and the water inlet and outlet temperatures were recorded at intervals of 2 sec. The cool water flow rate was carefully
measured during each time interval. The heat recovery from the condenser was measured by means of the water inlet and outlet
temperatures until it reached a steady state. The input of the outer wall temperature of the evaporator section were 70, 80 and 90°C and
a temperature input at the outer wall of the condenser section of 20 °C was used for the experiments. The percentage error between the
numerical and experimental temperature profiles is computed following equation (4)

Tg—Tn

Yerror = abs(T) x 100 4)

where
T is the temperature profile resulting from the experiment and
Ty is the temperature profile resulting from numerical computation.

The temperature profiles from both numerical simulations and experimental data are presented. In the steady state, the percentage
errors from both methods are discussed in the next section.

3. Results and discussion

In this section, both numerical and experimental temperature profile results of the heat pipe are compared. The three case studies
involved temperatures of 70, 80 and 90 °C of the evaporator section.

3.1 Evaporator section temperature 70°C

The comparative temperature profiles of numerical and experimental results of the 70°C evaporator heat pipe are shown in Figure
3. All of the evaporator, adiabatic and condenser temperature profiles are presented. As seen in the figure, the profile comes to steady
state at 1322 and 1400 seconds for experimental and numerical results respectively. The details are presented in Appendix Table Al,
with the steady state point indicated in bold. For the experimental result, the evaporator section experienced a linearly increasing
temperature and then was constant at a steady state temperature of 65.6 °C, while the numerical result given an absolute horizontal
parabola profile and was constant at a steady state temperature of 70 °C following the boundary condition setup. The adiabatic section
profiles of both simulation and experimental results were similar to the evaporator section, while the steady state temperatures were 45
and 42.4 °C respectively. For the condenser section, both model and experiment had the same profile at around 20 °C at the final state.
At the final state, the percentage error at the steady state temperature of all three sections was 6.7%, 6.1% and 0.5% for evaporator,
adiabatic and condenser section respectively.
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Figure 3 Temperature profiles of heat pipe wall comparison for Te = 70°C.
3.2 Evaporator section temperature of 80°C

The second case study compared temperature profiles between numerical and experimental results of the 80°C evaporator heat pipe
(shown in Figure 4). As with the 70°C evaporator heat pipe results described above, all of the evaporator, adiabatic and condenser
temperature profiles are presented. It is seen from the figure that the temperature profile came to a steady state in 1718 and 1800
seconds for experiment and numerical results respectively. The details are presented in Appendix Table A2 with the steady state point
indicated in bold. Numerical and experimental results had related temperature profiles. In contrast at the steady state, the simulation
result achieved a final temperature value of 80 °C, while the experimental result gave a value of 74.7 °C. As with the evaporator
temperature profile described above, the temperature profile of the adiabatic section in both simulation and experimental results
behaved similarly, while the steady state temperatures were 50 and 47.0 °C respectively. For the condenser section, both model and
experiment had the same profile at around 20 °C at the final state. At the final state, the percentage errors at steady state temperature
of all three sections were 7.2%, 6.4% and 1.0% for evaporator, adiabatic and condenser section respectively.
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Figure 4 Temperature profile comparisons of heat pipe wall for Te = 80°C
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3.3 Evaporator section temperature of 90°C

The last case study presents the comparative temperature profile results of the 90°C evaporator heat pipe (shown in Figure 5). The
increasing temperature profile behavior was similar to that of the 80°C profile. However, the temperature profile came to a steady state
at 2106 and 2200 seconds for experiment and numerical results respectively. The details are presented in Appendix Table A3 with the
steady state point indicated in bold. At the steady state, the simulation result was similar to the experimental result, with a final
temperature value around 90 °C. The temperature profiles of the adiabatic section, in both simulation and experimental results, were
similar to the steady state temperatures of 55 and 52.9 °C respectively. For the condenser section, both model and experimental results
had the same profile at around 20 °C at the final state. At the final state, the percentage error at steady state temperature of all three
sections was 1.6%, 4.0% and 0.5% for evaporator, adiabatic and condenser section respectively.
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Figure 5 Temperature profiles of heat pipe wall for Te = 90°C

Finally, the total time consumption is presented in Table 3 for all case studies. The results from the experimental and the two-
dimensional model are summarized and compared. All the experimental cases show that the time required to arrive at the steady state
was less than the numerical result, with percentage errors of 5.9%, 4.773% and 4.463% for the cases of evaporator temperature of 70,
80 and 90 °C respectively. At steady state, in all case studies, it was observed that in the evaporator section, the final temperature for
the experimental results did not reach the final temperature indicated by the numerical results. This discrepancy can be attributed to
the intrinsic limitations of the laboratory setup, which could not control external factors such as surrounding temperature, humidity and
atmospheric pressure. These external factors can influence the working fluid in the test section, where water is used as an intermediary
to transfer heat from the source to the heat pipe wall (evaporator section). It is possible that heat was lost due to the latent heat of
evaporation of the water. Consequently, the temperature profile trend in the experimental results consistently exhibited lower values
than the numerical results for all cases at 70, 80 and 90 °C.

Table 3 Transient response of the heat pipe

Total time consumed (second)

Evaporator Temperature (°C) Experimental Numerical Error (%)
1322 1400 5.900
80 1718 1800 4.773
90 2106 2200 4.463

The second investigation consists of a comparison with previous work. Traditional research on the temperature profiles of a spiral
heat pipe has been presented by Siriwan et al. [17]. The temperature profiles are presented for the numerical results of the 80°C
evaporator case (Figure 6). Following Figure 6, it is seen that the temperature profile of the present work had a sharper increasing slope
than the spiral case in the rising region, and was then constant at final temperatures of 80 and 73.5 for the present work and the spiral
case respectively. The results conform with the loop heat pipe experimental results presented by Hashimoto et al. [46], who presented
a comparison between numerical and experimental results for the loop heat pipe in an electric vehicle battery. The results confirm that
the numerical behavior agrees with the experimental behavior, with a difference in temperature of approximately 0.06 — 0.09 °C/min.
Also, Abela et al. [47] presented an experimental analysis and transient numerical simulation of a large diameter pulsating heat pipe in
microgravity conditions. The result showed that for simulations run for different power levels, the results were comparable with the
experimental data, showing that the model can predict the device behavior. Both related works [46, 47] used operating temperatures of
about 20 to 100 °C, confirming that a numerical study is more popular at the present time, and the validation case studies are reliable
and acceptable.
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Figure 6 A comparison of temperature profiles in the adiabatic section of this study and Siriwan et al. [17]
4. Conclusions

The temperature profile of a heat pipe was investigated, using both numerical and experimental results, which were compared and
discussed. Three case studies using 70, 80 and 90°C evaporator temperatures were analyzed. Numerical solutions were compared with
experimental results.

e The experimental results required less time to reach steady state than did the numerical results.

e The precision of the numerical outcomes was evaluated in three different sections of the heat pipe, the evaporator, adiabatic

and condenser sections. The results reveal that the margin of error for the evaporator section was within the range of 1.6% to
7.2%, while for the adiabatic section, the error was between 4.0% and 6.4%. For all input temperatures studied (70, 80 and
90°), the condenser section error was less than 1.0%. In addition, the numerical findings indicated higher values compared to
all computation results as presented in Figures 3 to 5.

The second investigation compared existing research (Siriwan et al. [17]) and found that the straight pipe was more effective than
the spiral pipe at the region of the time domain as shown in Figure 6.

This research serves as the foundation for improving heat pipe technology. Further studies will focus on exploring various shapes
and sizes to enhance heat pipe performance, including high-temperature heat pipes which are often used for cooling reactor devices
[48-50]. The methods used to improve the performance of high-temperature heat pipes will be similar to those of general heat pipes.
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Appendix

Table Al Temperature profile results from numerical and laboratory experiments with T; = 70 °C

Temperature [°C]

Time

[s] Numerical results Laboratory results
Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser

0 25.0000 25.0000 25.0000 25.0 25.0 25.0
100 34.9038 29.4017 23.8996 30.3 29.1 24.1
200 43.3055 33.1358 22.9661 35.0 29.8 23.0
300 49.5556 35.9136 22.2716 38.6 31.0 22.2
400 54.3343 38.0375 21.7406 41.8 327 215
500 57.9956 39.6647 21.3338 45.0 343 20.9
600 60.8011 40.9116 21.0221 48.1 36.6 20.1
700 62.9510 41.8671 20.7832 51.2 379 20.1
800 64.5984 42.5993 20.6002 54.3 38.8 20.1
900 65.8608 43.1604 20.4599 574 40.0 20.1
1000 66.8282 43.5903 20.3524 60.4 413 20.1
1100 67.7695 43.9198 20.2701 62.6 42.3 20.0
1200 68.5728 44.3657 20.1215 64.4 42.3 20.1
1300 69.4063 44.6275 20.0931 65.8 42.3 20.0
1400 70.0000 45.0000 20.0000 65.8 424 20.1
1500 70.0000 45.0000 20.0000 65.8 42.3 20.1
1600 70.0000 45.0000 20.0000 65.7 42.3 20.0
1700 70.0000 45.0000 20.0000 65.7 42.3 20.0
1800 70.0000 45.0000 20.0000 65.6 424 20.1

Table A2 Temperature profile results from numerical and laboratory experiments with T; = 80 °C

Temperature [°C]

TEQ ¢ Numerical results Laboratory results
Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser
0 25.0000 25.0000 25.0000 25.0 25.0 25.0
100 37.1047 30.5021 23.8996 329 27.8 243
200 47.3734 35.1697 22.9661 454 30.0 233
300 55.0125 38.6420 22.2716 51.6 315 229
400 60.8530 41.2968 21.7406 55.6 33.2 224
500 65.3279 43.3309 21.3338 58.4 37.7 218
600 68.7569 44.8895 21.0221 61.1 39.7 213
700 71.3845 46.0839 20.7832 62.7 41.3 20.2
800 73.3980 46.9991 20.6002 64.2 41.8 20.0
900 74.9410 47.7005 20.4599 65.6 43.2 19.9
1000 76.1233 48.2379 20.3524 66.7 44.6 20.1
1100 77.0293 48.6497 20.2701 68.0 449 19.9
1200 77.7236 48.9653 20.2070 69.9 46.5 20.1
1300 78.2556 49.2071 20.1586 70.9 47.0 20.0
1400 78.6633 49.3924 20.1215 71.9 47.0 20.0
1500 78.9757 49.5344 20.0931 73.0 47.1 20.1
1600 79.3985 49.7905 20.0419 73.6 47.1 20.0
1700 79.7293 49.8770 20.0246 74.5 47.1 20.0
1800 80.0000 50.0000 20.0000 75.5 47.0 20.1
1900 80.0000 50.0000 20.0000 75.5 47.0 20.0
2000 80.0000 50.0000 20.0000 75.5 46.9 20.1
2100 80.0000 50.0000 20.0000 75.5 47.0 20.0
2200 80.0000 50.0000 20.0000 75.5 47.0 19.9

2300 80.0000 50.0000 20.0000 75.5 47.0 20.3
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Table A3 Temperature profile results from numerical and laboratory experiments with T; = 90 °C

Temperature [°C]

TEQ]W Numerical results Laboratory results
Evaporator Adiabatic Condenser Evaporator Adiabatic Condenser
0 25.0000 25.0000 25.0000 25.0 25.0 25.0
100 33.4002 25.9529 24.5091 32.7 26.9 24.3
200 42.3466 28.1742 23.5141 38.9 27.6 233
300 50.3440 30.2445 22.6962 44.0 285 229
400 57.2727 32.7927 22.0664 48.8 29.3 224
500 63.0000 35.0734 21.5836 53.7 29.9 218
600 68.0000 37.0817 21.2137 58.3 30.8 213
700 72.5000 38.8425 20.9302 63.0 317 20.2
800 76.0000 40.3845 20.7129 67.5 328 20.0
900 78.9000 41.7344 20.5465 71.8 33.9 19.9
1000 81.1000 429161 20.4189 74.9 35.0 20.1
1100 82.8000 43.9505 20.3212 77.2 36.8 19.9
1200 83.9000 44.8560 20.2462 78.9 375 20.1
1300 84.8000 45.6486 20.1889 80.0 388 20.0
1400 85.5000 46.3424 20.1449 81.0 394 20.0
1500 86.4000 46.9497 20.1112 82.0 40.0 20.1
1600 87.0000 47.4813 20.0853 83.9 41.1 20.0
1700 87.7000 47.9467 20.0656 84.6 41.9 20.0
1800 88.2000 48.3541 20.0504 85.2 42.0 20.1
1900 88.5000 48.7106 20.0388 86.6 43.2 20.0
2000 89.1000 49.0228 20.0299 88.4 43.7 20.1
2100 89.6000 49.2960 20.0167 88.0 43.9 20.0
2200 90.0000 49.5352 20.0044 88.3 44.0 19.9
2300 90.0000 50.0000 20.0000 88.4 44.0 20.1
2400 90.0000 50.0000 20.0000 88.5 44.0 20.1

2500 90.0000 50.0000 20.0000 88.6 44.0 20.1




