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Abstract

This paper utilizes numerical analysis method to determine the influence of non-condensation gas on the
thermal performance of a heat pipe. The temperature difference between the evaporation and condensation
sections of a single heat pipe and maximum heat capacity are the index of the thermal performance of a heat
pipe for a thermal module manufacturer. The thermal performance of a heat pipe with lower temperature
difference between the evaporation and condensation sections is better than that of higher temperature dif-
ference at the same input power. The results show that the maximum heat capacity reaches the highest point,
as the amount of the non-condensation gas of a heat pipe is the lowest value and the temperature difference
between evaporation and condensation sections is the smallest one. The temperature difference is under 1°C
while the percentage of the non-condensation gas is under 8 x 107%, and the heat pipe has the maximum

heat capacity.
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1. Introduction

The Thermal Management Control (TMC) is an impor-
tant issue for the development and research of electronic
device cooling technologies in the thermal module in-
dustry. A traditional cooler is fallible for a high power
density heat source unless a two-phase heat transfer de-
vice, such as a heat pipe, is used. In 1963, Grover poin-
ted out that a vacuum container generated lower amounts
of oxygen if a copper pipe has the capillarity wick inside
and fills the amount of pure water to treat as the working
fluid [1]. After being heated, water in the hot end of the
heat pipe evaporates as vapor that flows toward to the
cooling end. The vapor dissipates heat from the heat
source to the external environment and then condenses as
liquid. The water reflows back to the hot end again be-
cause of the capillary force of the wick structure, so it
completes the circulation of the heat exchange. Due to
the circulation, the heat pipe may appear to decrease the
temperature of the heat source under a minimal tempera-
ture difference, transfer the massive heat, and thereby
make application in the industry of an electronic thermal
module.

Due to the features of the heat pipe with high thermal
conductivity and gravity, the thermal resistance is very
low at appromaxiately 10™' °C/W-10"° °C/W [2-4]. Anti-
gravity is another characteristic of a heat pipe, resulting
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from the capillary force of the wick structure; the opti-
mum design of which can be obtained by using a nonli-
near programming approach [5,6]. In 1987, Peterson et al.
utilized the Maxwell and the Dul’nev method for the ex-
planation of effective thermal conductivity functions of
sintered powder thermal conductivity and the working
fluid of thermal conductivity and porosity [7]. In 1995,
Mohamed et al. [8] leaned the heat pipe, filled with wa-
ter and composed of copper, to investigate its transition
response. According to the different condensation rates
and the heat source power input, the author directly gau-
ged the axial temperature distributions of the integral heat
pipe. The experiment demonstrated that the azimuth is
insignificant to the time-constant influence. Each heat
pipe’s heat capacity of the test facility which corresponds
to the time-constant is different. A heat sink with embed-
ded heat pipe has adequate thermal performance and low
manufacturing cost implications in servers, PCs and no-
tebooks [9,10]. The embedded heat pipes result in high
effective thermal conductivity [11]. Gernert et al. used a
heat sink with embedded heat pipes composed of a 25.4
mm diameter heat pipe and an aluminum heat sink [12].
When the maximum heat flux was 285 W/cm?, the min-
imum total thermal resistance value was 0.225 °C /W.
Wang used an aluminum heat sink with embedded duo
and quad heat pipes of 6 mm in diameter each [13]. The
author carried 36% and 48% of the total dissipated heat
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away from the CPU while the total thermal resistance
was under 0.24 “C/W. And Wang [14] also described the
design, modeling, and test of a heat sink with embedded
L-shaped heat pipes and plate fins including a windows-
based computer program using an iterative superposition
method to predict the thermal performance. It is augmen-
ted with measured values for the heat pipe thermal resis-
tance, which was within 5% of the measured value. The
result of this work is a useful thermal management de-
vice along with a validated computer aided tool to facili-
tate rapid design. Therefore, the thermal performance of
a heat pipe must be considered by its influence factor on
the experiment, modifying its experimental parameters
again in order to obtain the optimal performance of the
heat pipe.

The first research using a set of the heat pipe with the
experimental test was done by employing a subset which
is compared with the numerical results and causes of the
deviation between the numerical solution and the experi-
mental data within an acceptable range [15]. According
to the parameters of the simulation analysis as the input
condition, the study considers other experimental results
to confirm the accuracy of the simulated results. Final
steps include revising the influence factor parameter, re-
peating the numerical analysis comparison, and finding
the optimal parameter of the heat pipe. In this paper, ap-
plying the procedure of CFD simulation analysis to the
thermal performance of the heat pipe can be adopted as a
design method to investigate the different types of heat
pipe and the optimum thermal performance of the ther-
mal module.

2. Content

2.1. Heat Pipe

2.1.1. Principle

The heat pipe may mainly be differentiated for the eva-
poration section, the adiabatic section, and the condensa-
tion section and be regarded as the passive component of
a self-sufficient vacuum closed system. The system which
includes the capillarity structure and the filling of work-
ing fluid usually needs to soak through the entire capil-
larity structure. The fundamental construction of the tra-
ditional heat pipe is shown in Figure 1. When the heat
pipe works, the evaporation section of the heat absorp-
tion occurs in the capillarity structure. The working fluid
gasifies as the vapor. The high temperature and pressure
vapor is produced at the condensation section after the
adiabatic section. The vapor releases heat and then con-
denses as the liquid. The working fluid in the condensa-
tion section is brought back to the evaporation section
because of the capillary force in the capillarity structure.
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Figure 1. The basic structure of convectional heat pipe [2].

The capillary force has a relation with the capillarity
structure, the viscosity, the surface tension, and the wet-
ting ability. However, the capillary force and the high va-
por pressure are the main driving force to make the cir-
culation in the heat pipe. The working fluid in the heat
pipe exists in the two-phase model of the vapor and lig-
uid. The interface of the vapor and liquid’s coexistence is
regarded as the saturated state. It is usually assumed that
the temperatures of the vapor and liquid are equal.

2.1.2. Feature

The heat pipe uses the working fluid with much latent
heat and transfers the massive heat from the heat source
under minimum temperature difference. Because the heat
pipe has certain characteristics, it has more potential than
the heat conduction device of a single-solid-phase. Firstly,
due to the latent heat of the working fluid, it has a higher
heat capacity and uniform temperature inside. Secondly,
the evaporation section and the condensation section be-
long to the independent individual component. Thirdly,
the thermal response time of the two-phase-flow current
system is faster than the heat transfer of the solid. Four-
thly, it does not have any moving components, so it is a
quiet, reliable and long-lasting operating device. Finally,
it has characteristics of smaller volume, lighter weight,
and higher usability.

2.1.3. Operating Limits
Although the heat pipe has good thermal performance for
lowering the temperature of the heat source, its operating
limitation is the key design issue called the critical heat
flux or the greatest heat capacity quantity. Generally
speaking, we should use the heat pipe under this limit of
the heat capacity curve. There are four operating limits
which are described as following.

Firstly, the capillary limit, which is also called the wa-
ter power limit, is used in the heat pipe of the low tem-
perature operation. Specific wick structure which provi-

ENG



378 J.-C. WANG

des for working fluid in circulation is limiting. It can pro-
vide the greatest capillary pressure which is defined as

AP o =27 > AP + AP, + AP, )
. r
where AP, .. is the maximum capillary pumping pres-

sure, o is surface tension (N/m), r, is effective cap-
illary radius (m), AR is the pressure drop of liquid flow
(Pa), AP, is the pressure drop of vapor flow (Pa), and
AP, is the pressure drop due to gravity (Pa).

Secondly, the sonic limit is that the speed of the vapor
flow increases when the heat source quantity of heat be-
comes larger. At the same time, the flow achieves the
maximum steam speed at the interface of the evaporation
and adiabatic sections. This phenomenon is similar to the
flux of the constant mass flow rate at conditions of shrin-
king and expanding in the nozzle neck. Therefore, the
speed of flow in this area is unable to arrive above the
speed of sound. This area is known for flow choking
phenomena to occur. If the heat pipe operates at the limi-
ted speed of sound, it will cause the remarkable axial
temperature to drop, decreasing the thermal performance
of the heat pipe.

Thirdly, the boiling limit often exists for the traditional
metal, wick structured heat pipe. If the flow rate in-
creases in the evaporation section, the working fluid be-
tween the wick and the wall contact surface will achieve
the saturated temperature of the vapor to produce boiling
bubbles. This kind of wick structure will hinder the va-
por bubbles to leave and have the vapor layer of the film
encapsulated. It causes large, thermal resistance resulting
in the high temperatures of the heat pipe.

Fourthly, the entrainment limit is that when the heat is
increased and the vapor’s speed of flow is higher than the
threshold value, forcing it to bear the shearing stress in
the liquid; vapor interface being larger than the surface
tension of the liquid in the wick structure. This phenome-
non will lead to the entrainment of the liquid, affecting
the flow back to the evaporation section.

Besides the above four limits, the choice of heat pipe
is also an important consideration. Usually the work en-
vironment can have high temperature or low temperature
conditions which will require a high temperature heat pi-
pe or a low temperature heat pipe, accordingly. After de-
ciding the operating environment, the material, internal
sintered body, and type of working fluid for the heat pipe
are determined. In order to prevent the heat pipe’s expi-
ration, the consideration of the selection is very impor-
tant. Tables 1-4 present the main points of the heat pipe
for the best working substance choice. From the tables,
choosing copper and water as the heat pipe’s sealed vessel
and working fluid is clearly appropriate.
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Table 1. Operating temperature of working fluid.

Melting Point Boling Point . Compatible

Types (°C; latm)  (°C; latm) Range (°C) Materials

Water 0 100 30~200 Cu, S[SJiS, Ni,

NH; —77.6 -33.2 —60~100 Al, S[,[',Tis’ Ni,
Methanol o8 64.7 10~130 C%SUS,Ni,

Fe, Si

Ethanol -1144 78.5 0~130 -
Acetone —93.1 56.3 0-120 Ab SUSSI Cu,

Table 2. Operating pressure of working fluid.

Operating

temperature e 100°c Types
0 2.5 Water
18 180 NH;
dP/dT 0 10 Methanol
0 5 Ethanol
1 16 Acetone

Table 3. Merit number of working fluid.

Operating . .
temperature e 100°C Types
0 5.2 Water
M x 10° 0.8 0.2 NH;
M = pony [ KW ] 0.4 0.6 Methanol
H m’
0.2 0.5 Ethanol
0.3 0.4 Acetone

Table 4. Capillary parameter of working fluid.

Operating . .
temperature 0c 100°C Types

7.6 5.8 Water
4.0 1.0 NH;

Cux 107

Cy=olp 3.0 2.5 Methanol

(m*/sec?)
3.0 2.5 Ethanol
35 2.5 Acetone

2.2. Numerical Software

2.2.1. Introduction

This research uses CFD commercial software for the
thermal and fluid analysis software “Thermal Desktop”
of American C & R Technologies Corporation [16]. Its
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core processing program Sinda/Fluint was developed by
the 1960s American outer-space planning program,
“Cinda Code”. The first edition was established in 1986
by NASA. In 1992, the formal edition was officially pu-
blished by C & R Corporation as the commercial version
software. In this software, Sinda was used to compute the
thermal resistances program; Fluint was designed to
compute the flow resistance program. In 1991, after
NASA officially adopted the heat flow analysis software
of C & R Corporation, it obtained vital confirmation re-
garding outer-space science and technology in applica-
tion. Sinda/Fluint also already had 40 years experience in
the application of the US aerospace field. The software
also once had the honor of receiving NASA’s contribu-
tion award in 1991. Therefore, the present coun- try and
organization in the world that participated in the NASA
corporate plan must use Sinda/Fluint to carry on the
thermal and fluid analysis design. After that, it would
receive the affirmation in the fields of the automobile in-
dustry, air conditioning industry, American military, and
aerospace industry.

2.2.2. Feature

This software utilizes the unique Finite Network Method
(FNM). After the thermal and fluid problem has expres-
sed its characteristics in a parallel network way, the com-
putation is started in an in-series network way. This me-
thod can quickly and precisely compute the heat flow
problem. The features of the software are as follows:

1) Sinda/Fluint is a set of the merit processing program
which combines finite element method (FEM) and finite
difference method (FDM). Unique FNM, which solves
the heat transfer and flowing problem by the so-called
equality solution law, quickly obtains the analysis exact
solution of the thermal and fluid problem.

2) Sinda/Fluint only needs to establish the model of the
thermal and fluid problem and can quickly and precisely
simulate the physical problems of heat conduction, heat
radiation, heat convection, two-phase flow, and refrigera-
tion at low temperatures.

3) Sinda/Fluint is the most powerful thermal and fluid
software in the field of design and analysis, and is often
used in mechanical components, such as elbow, pipe ace-
ssories, pumps, ventilators and so on, which are subject
to the parameters of the software. Unique FNM, which
analyzes the interior phenomenon of the complex two-
phase flow, is especially powerful and practical.

4) Sinda/Fluint is the smartest thermal and fluid design
software in the world today. The software commences
without requiring all parameters. Also, it can get the sys-
tem’s optimization from all parameters one designs. At
the same time, it carries on the reliable analysis in the
numerous variables assigned.
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From the above features of this software, the present
study uses the commercial software which is quite for-
midable. Furthermore, it calculates rapidly and precisely,
and because it is the analysis software of the thermal and
fluid project which NASA instigated, the results of the
simulation analysis have strong, practical values indeed.

2.3. Analysis Method

This research first selects a set of experimental data with
a power input of 3.3 W, a heat pipe effective thermal re-
sistance of 1.28 °C/W, and a non-condensation gas of
1.43 x 107" g [15]. The procedure of the simulation ana-
lysis is as follows:

The first step was to use AutoCAD software of TD
(Thermal Desktop) to draw the 3-D simulation model of
the heat pipe, illustrated in Figure 2. Its size for the outer
diameter is 3 mm, and the total length 200 mm. The se-
cond step was to utilize the attributions of the heat pipe
in TD and designate Figure 2 as the heat pipe model with
a wall thickness of 0.3 mm. The hypothesis grid element
is 200. The third step was to establish the heat pipe inter-
nal simulation parameter. The heat pipe material is cop-
per, the working fluid is the water, the heat transfer coef-
ficient of the evaporation section is 0.00864 W/mm’K,
the heat transfer coefficient of the condensation section
is 0.13264 W/mm?K, and the mass of the non-condensa-
tion gas is 1.43 x 107" g. Then, to select the first 50 mm
length of heat pipe is the heat source input, named eva-
poration section. The latter 50 mm length of heat pipe is
the choice region for the cooling jacket input, called the
condensation section, which sets the temperature at 33°C.
The fourth step was to set up the boundary and the stea-
dy-state condition. Lastly, was to carry on the solution
and post-process of the demonstra tion of the flow field.
After the first set of results from the simulation analysis
and experimental data, the heat source power input was

Figure 2. Single heat pipe model.
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changed to 5.0 W and 6.5 W to start the solution. Each
set of simulated time may obtain a precise analysis result
in several minutes.

3. Results and Discussions

In view of the temperature-measured point of the simple
heat pipe, the evaporation, adiabatic and condensation
sections have different positions. The positions of the
evaporation section were 16 mm and 32 mm, the posi-
tions of the adiabatic section were 83 mm and 116 mm
and the positions of the condensation section were 160
mm, 175 mm and 190 mm. As shown in Figure 3, the
temperature distributions of the simple heat pipe is at the
power input of 3.3 W. The temperature of the evapora-
tion section is between 42.4°C and 43.1°C, and of the
condensation section 41.3°C. When the power input is
3.3 W, the deviation between the simulation and the ex-
periment is 4.4% for the evaporation section, 3.4% for
the adiabatic section, and 3.1% for the condensation sec-
tion. Figure 4 illustrates the temperature curves of the
experiment and simulation at 3.3 W; the numerical re-
sults for the temperature of evaporation section are lower
than the experimental data by 1.9°C. The non-evapora-
tion section has been 1.8°C higher than the experimental
value. This is because of the issues with the numerical
simulation analysis in the parameter hypothesis differ-
ence, simulation heat source power input, cooling jacket’s
fixed temperature, and mass of non-condensation gas to
have an error with the actual value.

Figure 5 illustrates the temperature distributions of the
simple heat pipe at a power input of 5 W. The tempera-
ture of the evaporation section is between 47.2°C and
48.3°C, and the temperature of the condensation section
is 45.5°C. When the power input is 5 W, the deviation
between calculation and experiment is 3.55% for the eva-
poration section, 3.8% for the adiabatic section, and
3.4% for the condensation section. Figure 6 shows the
temperature curves of the simulation and the experiment
at 5 W. The numerical calculation is lower than the ex-
perimental value by 1.8°C, and the non-evaporation sec-
tion has a 1.7°C higher value than the experiment. From
these figures, the temperature profile tendency at a power
input of 3.3 W and 5 W is consistent with the numerical
result and the experimental data. This means that the nu-
merical result in this study is correct.

Figure 7 depicts the temperature distributions of the
single heat pipe at a power input of 6.5 W. The tempera-
ture of the evaporation section is between 51.4°C and
52.9°C. The temperature in the condensation section is
49.3°C. When the power input is 6.5 W, the average er-
ror of the numerical and experimental results is 5.8% for
the evaporation section, 6.7% for the adiabatic section,
and 2.1% for the condensation section. The error has rea-
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Figure 3. Heat pipe temperature of 3.3 Watt heater.
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Figure 4. Temperature curves vs. thermal couple position
for analysis and experiment of 3.3 Watt heater.

ched above 5% in the evaporation and adiabatic sections,
compared to 3.3 W and a 5 W, but the error of the con-
densation section is quite small. The entire deviation of
the slope is too large. This may have larger error meas-
urement possibility in the experiment [15]. Figure 8
shows the temperature curve of the numerical result and
the experiment data at 6.5 W. The numerical calculations
of the evaporation and non-evaporation sections are low-
er than the experimental values by 3.1°C and 2.5°C, re-
spectively. Comparing the temperature curve of the ex-
perimental data between Figures 5 and 6, the three tem-
peratures in the non-evaporation section have higher
values than in Figure 8, which caused the larger compu-
tational error. The reason is that the effect of the adiabatic
section in the experiment is invalid and the other reason
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Figure 6. Temperature curves vs. thermal couple position
for analysis and experiment of 5.0 Watt heater.

is that there is a difference between the mass of the non-
condensation gas in the experiment and the input values
of the parameters. This study suggests that the single heat
pipe at 6.5 W in the experiments should be tested again.
In comparison of non-condensation gas to the thermal
performance of the heat pipe, Figures 9-11 show the
temperature distributions under the different percentages.
When the non-condensation gas percentage is lower, the
difference between the evaporation section and the con-
densation section is smaller. As the non-condensation
gas percentage reaches as high as 0.01%, the mean tem-
perature difference at both sides will be 12°C higher.
When the percentage reduces to 0.0001%, the tempera-
ture difference between the evaporation and condensa-
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Figure 8. Temperature curves vs. thermal couple position
for analysis and experiment of 6.5 Watt heater.

tion sections is below 3°C. If the heat pipe interior does
not completely have non-condensation gas, the tempera-
ture difference will be smaller than 0.1°C. When the
temperature difference of the evaporation section and the
condensation section is reduced, the heat source tem-
perature is also decreased. Therefore, the interior non-
condensation gas in the heat pipe is smaller at the same
power input, the heat source temperature is lower, and
the thermal performance of the heat pipe is better. From
Figure 12, when the non-condensation gas percentage is
smaller than 0.00008%, the average temperature differ-
ence of both sides is already smaller than 1°C, and the
single heat pipe has reached its peak performance. At
this stage, the heat pipe has the largest heat transfer rate.
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4. Conclusions

This research utilizes CFD software to simulate the ther-
mal performance of a single heat pipe, and discusses the
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percentage of the non-condensation gas to influence the
system. From the results, the deviation of the numerical
result and the experimental data is below 6%. This means
that this paper, which reported using the Thermal Desk-
top heat flow analysis special-purpose software to obtain
the results, is sound. Therefore, when research and de-
velopment manufacturers investigate the single heat pipe
or the heat pipe module, these research results will be
useful for the heat pipe industry as well as for academic
reference.
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