Shang, F., et al.: Experimental Study on Novel Pulsating Heat Pipe Radiator ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 1B, pp. 449-462 449

EXPERIMENTAL STUDY ON NOVEL PULSATING
HEAT PIPE RADIATOR FOR HORIZONTAL
CPU COOLING UNDER DIFFERENT WIND SPEEDS

by

Fumin SHANG*®, Qingjing YANG *, Shilong FAN®,
Chaoyue LIU®, and Jianhong LIU*

aChangchun Institute of Technology, School of Energy and Power, China Changchun, China
®Jilin Engineering Research Center for Building Energy Supply and Indoor Environmental Control,
China Changchun, China

Original scientific paper
https://doi.org/10.2298/TSCI200729059S

Herein, a horizontal CPU cooler with a pulsating heat pipe for cooling desktop
computer was developed. In the experiment, an electric heating block was used to
heat a copper plate to simulate the heating process of CPU. The cooling system
consists of a cooling fan and a pulsating heat pipe cooler. The influence of cooling
wind speed and heat load on heat transfer performance, start-up performance,
and temperature uniformity of the pulsating heat pipe cooler was analyzed by con-
trolling variable method. The wind speed was set to be 0 m/s, 0.1 m/s, 0.3 m/s, 0.5
m/s, and 0.7 m/s, respectively. The contour plots were used to analyze the unifor-
mity of temperature distribution due to cooler. The results show that the start-up
of the pulsating heat pipe led to a decrease in temperature of CPU. As the cooling
wind speed increased, the start-up time of the pulsating heat pipe dropped, the
start-up temperature dropped, and its stability was also improved. The operation at
different cooling wind speeds also changed the start-up mode of the pulsating heat
pipe. The start-up performance was best at cooling wind speed of 0.3 m/s. The con-
tour plot for temperature showed that the temperature distribution of the pulsating
heat pipe cooler became more uniform with increased cooling wind speeds. There
was excellent temperature uniformity at the cooling wind speeds of 0.3 m/s and
0.7 m/s. When the cooling wind speed was 0.7 m/s, the minimum average thermal
resistance was 0.51 K/W.

Key words: pulsating heat pipe, CPU cooler, cooling wind speed,
temperature uniformity, heat transfer performance

Introduction

With the advent of the period of big data, the development of electronic components
to miniaturization and high integration, computing power, and integration of computers are
constantly improving. Meanwhile, also increased the CPU power consumption, and even will
reduce its service life [1, 2]. The most widespread means of cooling components of CPU, which
is one of the largest internal cooling components of PC, is a cooling device consisting of a
fan and a radiator to remove heat. The heat-flow of microprocessors will continue to rise, and
thermal management is still a tremendous challenge. Especially for some high power electronic
equipment, the heat-flow density of local hot spot is 1000 W/cm?[3, 4]. Under such a trend, the
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heat-flow level of some electronic equipment will reach 2500 W/cm? or higher in the future.
Therefore, with the improvement of PC performance, the heat dissipation must be effectively
improved. The development of excellent performance radiator is also a global research hot spot
(5, 6].

Heat pipe is a kind of passive radiator with stable operation and high heat transfer
efficiency. As an efficient heat transfer element, it is often selected for electronic heat dissipa-
tion. Extensive research has been performed in the field of heat pipe technology applied [7] to
CPU efficient heat dissipation by many scholars. Choi et al. [8], Vasiliev [9], Singh et al. [10],
Harmand et al. [11], and Rittidech et al. [12] demonstrate the potential applications of heat pipe
technology to improve the efficiency of data centres. As discussed by Kim et al. [13], heat pipe
for electronics applications was first introduced in personal desktop computers for CPU cool-
ing. The majority of modern computers deploy heat pipes for cooling of CPU, Reay et al. [14],
which is a promising means to meet the thermal management challenges in the future, Pastuk-
hov [15] and Xie et al. [16]. However, the traditional heat pipe is limited in the application of
CPU heat dissipation. It cannot contact with the plane heating element directly, which increases
the contact thermal resistance, and the compression deformation of the heat pipe affects the
operating parameters in the pipe.

In the 1990's, the pulsating heat pipe (PHP) proposed by Akachi [17] had better heat
transfer capability than a traditional heat pipe. The technology relies on the characteristics of
small size and surface tension heat the working medium in the pipe to oscillate continuously
under the thermal driving force in the tube. Hence, the transfer of heat is achieved between
the evaporating section and condensing section. It has good heat transfer performance and a
simple structure without a wick. The application of PHP to electronics heat dissipation is one
of the most potentially useful thermal management topics in the field of electronic equipment.
Compared with the traditional heat pipe, in PHP, direct contact with electronic components can
be achieved to reduce contact thermal resistance and can be bent optionally without affecting
the operating parameters. Improved cooling methods are highly valued for electronics [18-20].

In the research works for applications of PHP in CPU heat dissipation, Maydanik
et al. [21] proposed a compact cooler for electronics on the basis of PHP and studied the
influence of different working mediums on heat transfer performance of radiator. Yang et al.
[22] designed an aluminum plate closed-loop PHP radiator and conducted a comparative ex-
periment on the effect of different fill ratios of working fluid on the heat transfer performance
of the radiator. Rittidech et al. [23] made a compact CPU cooler with a closed-end oscillating
heat pipe and used it with a fan to conduct cooling experiments on the Pentium4 CPU. They
demonstrated the relationship between the heat transfer performance of the cooler and the
fan speed. With the increased fan speeds, the heat transfer performance increased. Hemadri
et al. [24] proposed a thermal radiator with embedded PHP and used infrared camera and
numerical simulations to study the effect of the change in inclination on its heat transfer per-
formance. Dang et al. [25] proposed a rack concept using PHP for cooling CPU and explored
the influence of cooling wind speeds on heat transfer performance of the cooler. With the
increase in cooling wind speed, the surface temperature of the CPU decreased. Also, the PHP
can be started up quickly to effectively cool electronic chip. Guowei et al. [26] conducted
an experimental study on a novel heat pipe cooler for vertical CPU cooling and analyzed the
influence of heat load, cooling wind speed, and other parameters on the heat transfer perfor-
mance and start-up performance of the cooler. They found that the radiator delivered stable
operation and fast starts. Although there are several studies on the application of PHP in CPU
heat dissipation, the concept of using PHP in CPU heat dissipation is still novel. These works
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have not explored in detail the effect of wind speed on the heat dissipation of PHP. Herein,
we have designed a novel PHP radiator for horizontal CPU cooling followed by a detailed
analysis.

The past research works have mainly focused on cooler types, different filling ratio,
working fluid, and so on. The study of the start-up performance and temperature uniformity of
the cooler is also critical [27, 28]. The PHP shows efficient heat transfer performance after start-
ing-up, which has been studied by many scholars. Qu et a/. [29] and Xu et al. [30] discussed the
start-up and steady thermal oscillation of a PHP. Guowei et al. [26] proposed that as the heating
power increases, the start-up and the stability performance of the PHP become better. Among
these, uneven distribution of CPU surface temperature also has a great impact on the CPU
performance. Herein, the experiments mainly studied the start-up performance of PHP coolers
at different cooling wind speeds. Also, the temperature uniformity of the cooler has been inves-
tigated using contour diagrams [31]. The heat transfer performance was also analysed in terms
of thermal resistance.

Experiment set-up
Experimental equipment

The experimental system, fig. 1, consisted of three parts, namely the heating, the cool-
ing, and the data acquisition system. The heating system consisted of transformers, an ammeter,
a voltmeter, a heating block, and a copper plate, as shown in fig. 1.
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Figure 1. Experiment system diagram

A 60 % 60 mm copper plate was heated by the heating block to simulate the heat load
from a CPU. The upper and lower sides of the copper plate were assembled together with heat-
ing block to form the main body of the heating system. Between the copper plate and heat sink,
the heating plate was coated with thermally conductive silicone to reduce the contact thermal
resistance. The heating block was insulated with insulating cotton reduce the heat loss. The
size of the heating block was the same as that of the copper plate. Its maximum heat load was
200 W, and heat load was varied by adjusting the transformer. The cooling system consist-
ed of a fan with variable frequency to enhance the convection cooling of the heat exchang-
er. The cooling wind speed was collected with the JTRO7B hot-wire anemometer with
+(0.3 m/s +0.4%) accuracy. The air duct, fig. 2 is a rectangular duct. The hot-wire anemometer
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is used to measure the wind speed at different positions in the same cross-section, and the aver-
age value is calculated as the wind speed in a certain state.

The data acquisition system adopted a K-type thermocouple (with the measurement
error is 4 °C, and he temperature range is 0~1300 °C.) for real-time monitoring of the wall
temperature data of the PHP cooler and data was collected using Agilent 34972A data collector
with 0.4% accuracy. The temperature data was transmitted to the computer for processing and
storage. The thermocouple used to measure the temperature of the heating block was installed
at the contact surface between the heating block and the heat sink (T1-T5). Two thermocouples
(T6, T7) were installed on the adiabatic section and two more were installed on the condensing
segment (T8, T9). The lay-out of the instrumented points is shown in fig. 3.
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Figure 2. The air duct Figure 3. The thermocouples’ locations

The PHP cooler was mainly composed of
the PHP, a cooling fin array which is the heat
sink, and a fan, as shown in fig. 4. The PHP con-
sisted of a copper tube with a length of 731 mm,
an inner diameter of 2 mm, and an outer diam-
eter of 4 mm, bent into pattern with two turns.
The outside of the heat pipe’s condenser section
was equipped with aluminum fins to increase its
heat dissipation area and cooling. The geometric
parameters of the PHP cooler are listed in tab. 1.

. A PHP have different start-up and oscillation
Figure 4. The structure a of characteristics with regards to different working
the PHP CPU cooler . . . . ..

fluids. Herein, the working fluid was deionized
water with a 50% filling ratio. While filling it with the working fluid, the fine copper welded
fluid-filled pipe was connected with the vacuum pump. After filling it with the working fluid
under high vacuum, the liquid was sealed into the copper tube.

80 mm

2T mm 9mm Fin

Table 1. Geometrical parameters of the cooler

Heat sink The structure of

Outer diameter [mm] | Inner diameter [mm] s ] RO [ptes]

Spacing of fins

4 2 60x60x9 80x21x0.2 2
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Experimental procedure

The influence of cooling wind speed on heat transfer characteristics of PHP cooler was
studied. As previously mentioned, it has been proved by a lot of previous studies [32-34], when
the liquid filling ratio of the PHP was 50%, the PHP has excellent heat transfer and start-up per-
formance characteristics. Therefore, the PHP cooler with a 50% liquid filling ratio was adopted.

For the experiment, the specific cooling wind speed was first set to 0 m/s and the heat
load was 5 W. In order to enable the PHP to fully operate in each group of working conditions,
after the heat pipe reached a steady-state, the input heat was gradually increased by 5 W per
step each time until the final heat load of 55 W was reached (when heating to 55 W, the evapo-
ration section temperature has exceeded 80 °C, the surface temperature at which the CPU can
safely operate should not exceed 80 °C, it is meaningless to continue to increase the power).
The experimental time for each group of input heat was 30 minutes. After the end of one set of
experiments, the PHP was allowed to cool to a steady-state in a room temperature environment
at 25 °C. Before the start of the next set of experiments, the PHP was shaken to distribute the
working fluid randomly in the tube to avoid the influence of the previous set of experiments.
Experiments were performed with the cooling wind speeds of 0 m/s, 0.1 m/s, 0.3 m/s, 0.5 m/s,
and 0.7 m/s. Among these, 0 m/s was taken as the base case condition for this experiment.

Results and discussion

Thermal resistance is a significant evaluation metric to measure the heat transfer ca-
pability of a PHP (the evaporation section was embedded in the heat sink, and will be using the
adiabatic section calculate the thermal resistance). The heat dissipation performance increased
with the decrease in thermal resistance. The equations of thermal resistance are:

T -T
R=—to— (1)
Qin
1 2
I,=-2>1, )
29
1 2
=22, (3)
1

where R is the operating thermal resistance, T, — the average temperature of the adiabatic sec-
tion, 7. — the average temperature of the condensation section, and 0, — the input power to the
heating block.

Based on the experimental method and the operational characteristics of the PHP, the
first large temperature oscillation in the evaporation section was defined as PHP start-up. The
start-up temperature is the instantaneous temperature of the evaporation section when the PHP
starts up, and the start-up time is the time lag from the beginning of the experiment to the start-
up of the PHP.

As the PHP cooler is in direct contact with the CPU, the temperature distribution of
the heated end impacts the temperature of the CPU chip. If there are excessive hot spots on
the surface of the CPU, the performance of the CPU would be reduced, or it can even lead to
damage. For the study of Aot spots phenomena, the temperature uniformity of the evaporation
section was used to study the temperature distribution during the operation of the PHP. Com-
bined with the analysis of contour plot, the temperature uniformity of the PHP CPU cooler is
explained.
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The uncertainty is divided into direct measurement and indirect measurement param-
eters. Among them, 7 is the uncertainty of direct measurement, Q and R are the uncertainties of
indirect measurement:

O0=UxI 4
The uncertainties of direct measurement and indirect measurement can be expressed [35]:

u:\/ufﬂtj (5)
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where u; is the system uncertainty and u, — the random uncertainty. Through analysis of the un-
certainty and the aforementioned definition, the uncertainty of the indirectly measured param-
eters such as Q and R were obtained. The voltage and current of power supply have accuracies
both of 0.5, and the uncertainty generated by temperature measurement can be calculated by
thermocouple precision. The maximum uncertainties of main parameters are presented in tab. 2.

Then:

Table 2. Maximum uncertainties of main parameters
Parameters T, T. 0 R
Uncertainty (+) 0.7% 0.7% 5.03% 5.64%

Effects of cooling wind speed on start-up time and temperature

The temperature measurement points T6 and T8 are the corresponding temperature
measuring points of the evaporation and condensed sections. Based on the temperature changes
of T6 and T8, the profile wall temperature changes are displayed in fig. 5. During the start-up
process, the working fluid in the evaporation section of the PHP starts to oscillate, but the tem-
perature oscillation in the condensation section is not clear. Therefore, the start-up performance
of the PHP was studied using the temperature oscillation data from the evaporation section.

The operation process of a PHP has different states. First, at low heat loads, the tem-
perature profile rises smoothly with the increasing heat input. Then, the working fluid begins
to oscillate, the temperature in the evaporation section drops suddenly, and the condensation
section’s temperature rises abruptly, and the PHP starts to start-up. Finally, after experiencing
the first temperature oscillation, the PHP entered its stable operation stage.

Figure 5 shows the wall temperature profile variation diagram of the PHP cooler start-
up process under different cooling wind speeds. In the figure, the cooling wind speed has an
important influence on operation mode of the PHP.

Figure 5(a) shows the wall temperature data plotted when the cooling wind speed was
0 m/s, the initial start-up period of the PHP was 6705 seconds, and the highest temperature was
80.9 °C. The cooler did not effectively ensure that the CPU was adequately cooled at this cool-
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ing wind speed, without increased forced convection. With increased heat load, the tempera-
ture in the evaporation section rose rapidly and heat accumulated. The temperature difference
between the cold and hot sections gradually dropped. The working fluid did not have enough
driving force to move itself, and the PHP had difficulty in starting and could not transfer heat
into the air effectively. Therefore, with a cooling wind speed of 0 m/s, cooler is not useful for
CPU heat dissipation. Figure 5(b) shows the wall temperature plot for the cooling wind speed
of 0.1 m/s. The start-up time at this cooling wind speed was 2649 seconds shorter than that
at 0 m/s, and the temperature was lower by 36.2 °C. The increase in cooling wind speed had
a significant impact on the start-up process of the PHP. Figure 5(c) shows the wall tempera-
ture plot for a cooling wind speed of 0.3 m/s. The PHP start-up time was now at its shortest
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and 5(e) show the wall temperature plot for as

the cooling wind speeds of 0.5 m/s and 0.7 m/s. The start-up time and temperature at different

cooling wind speeds are listed in fig. 6. As can be seen from fig. 6, with the increase in heat load,
the start-up temperature drops, and the PHP starts more easily.

Effects of cooling wind speed on the start-up mode

In figs. 5(a) and 5(b), the cooling wind speeds are 0 m/s and 0.3 m/s, respectively. It
can be seen from the PHP wall temperature profile that T6 and T8 start simultaneously. After
the PHP started working, the profile had a clear sustained oscillation, with a high oscillation
frequency and a small amplitude. When the cooling wind speed was low, the heat transfer
performance of the PHP improved with increased power, which is conductive to reaching the
stable oscillation phase of the PHP. After entering the stable oscillation stage, T6 and T8 could
still maintain the synchronous oscillation trend. The reason for this phenomenon is that with
continuous heat input and low cooling wind speeds, the pressure difference between the heat-
ed section and the cooled section of the same channel can be maintained consistent, and the
pressure difference between the adiabatic and condensation sections can be kept at about the
same value. Thus, T6 and T8 can see stable oscillations simultaneously. From figs. 5(c)-5(e),
the start-up mode of T6 and T8 was partial start, the start-up times were different, and T6 starts
before T8. After the PHP started up, instead of moving directly into the stable oscillation phase,
it saw an intermittent oscillation (the phenomenon of intermittent oscillation is the repeated
stop-start after the PHP is started-up, it is caused by uneven distribution of vapour and liquid
phase between adjacent channels and insufficient input heat load). Moreover, the oscillation fre-
quency was low and with a lager amplitude. When the cooling wind speeds are 0.3 m/s, 0.5 m/s,
and 0.7 m/s, respectively, the analysis shows that with increased cooling wind speeds, the input
heat load was insufficient and the vapour and liquid phase distribution between the adjacent
pipe-lines was uneven. The instability of the oscillation led to accumulation of heat in the evap-
oration section and failure of the PHP to rapidly transfer heat to the condensation section. When
the system was run at low cooling wind speed, the PHP had stable oscillations, which are reli-
able for stable and effective heat dissipation from a CPU. When operated at high cooling wind
speeds, intermittent oscillations could reduce the pressure in the hot section and help the con-
densing section reflux and prevent dryout in the evaporation section, but these lack persistence
and stability. Combined with the aforementioned analysis, changes in cooling wind speed can
change a PHP start-up characteristics.



Shang, F., et al.: Experimental Study on Novel Pulsating Heat Pipe Radiator ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 1B, pp. 449-462 457

Analysis of temperature uniformity

Figure 6 displays a contour plot of the temperature ratio, drawn according to the dis-
tance temperature measurement points at different positions of T1, T4, and T3, at different cool-
ing wind speeds. The horizontal axis is the distribution distance of T1, T4, and T5 temperature
measuring points. The T1 is located at 10 mm, T4 at 30 mm, and T5 at 50 mm. The vertical is
the heat load variation, and the contour value is the temperature. Figure 7 shows the wall tem-
perature profile for T6 and T8, for different cooling wind speeds. As the copper plate is square
and has symmetric structure, the temperature distribution of the three temperature measurement
points (T1, T4, and TS5, as shown in fig. 2.) on the centerline of the image was selected to study
the temperature uniformity of the PHP cooler.

For contour plot, the temperature of the measuring point on the horizontal axis varies
with the increase of the heat load on the vertical axis, different temperatures show different col-
ors on the graph. If the temperature of the three measuring points on the contour plot changes
along the horizontal axis under the same heat load and all are in the same color level, then the
temperature distribution of the three measuring points with different spacing is very uniform
and there is no hot spot. Therefore, the temperature uniformity of the evaporation section of
the PHP cooler is good. On the contrary, in the same heating load, the corresponding transverse
temperature change is not in the same color level, indicating that the fluctuating PHP evapo-
ration section under the heating power operation is unstable, temperature uniformity is poor.
Therefore, the temperature uniformity of t the PHP cooler can be explored through the tempera-
ture changes of the T1, T4, and T5 in the evaporation section.

As shown in fig. 7, the temperature increased with heat load. For the same heat load,
the temperature distribution of T1, T4, and T5 was extremely uniform, with a clear temperature
boundary distribution. Figure 7(a) shows the contour plot of the temperature at the cooling
wind speed of 0 m/s. There were irregular partial fluctuations in the temperature distribution
between 25 W and 30 W. In other words, there was a hot spot on the cooler. Figure 8(a) pres-
ents the wall temperature profile for T6 and T8, for a cooling wind speed of 0 m/s. Combined
with the results illustrated in fig. 8(a), it can be observed that the first large temperature jump
occurred in the condensation section during the stable oscillation phase. After this phenomenon
appeared, as the heat load increased, the amplitude of the temperature profile of T8 increases,
while the amplitude of the temperature profile of 75 did not change significantly. This is due
to the structure of the cooler. The ratio between the length of its cold and hot sections and the
length of the evaporation section was close to 1. Its heat dissipation capacity was weak in the
natural-convection environment without fan-forced air movement. With the increased input
heat, the flow resistance of the working fluid in the channel increased and the circulation of the
working fluid degraded, causing the temperature of the condensing section rise rapidly. Accord-
ing to aforementioned section Effect of cooling wind speed on start-up time and temperature the
heat transfer performance of the PHP cooler was the worst when the cooling wind speed was 0
m/s. With increased heat load, the temperature of T8 was higher than it was at T6, and no dryout
phenomenon occurred, indicating that the heat transfer limit of the PHP was extremely high.

Figures 7(b) and 8(b) show the distribution of the temperature contour plot and wall
temperature profile, respectively, at the cooling wind speed of 0.1 m/s. Figures 7(b) and 8(b)
were combined for analysis. As the heat load is 25~35 W, there are the same irregular partial
fluctuations as when the cooling wind speed is 0 m/s for the reason as before. Figures 7(d) and
8(d) show the distribution of the temperature contour plot and wall temperature profile with a
cooling wind speed of 0.5 m /s, respectively. When the cooling wind speed was 0.5 m /s, and
the heat load was 45~50 W, there were also /ot spots. Furthermore, the temperature range of 4ot
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spots was larger in fig. 7(b). It can be concluded from the analysis that the cooling wind speed
was too low to dissipate heat quickly. Figures 7(c) and 7(e) show the distribution of the tem-
perature contour plots at cooling wind speeds of 0.3 m/s and 0.9 m/s, respectively. In figs. 7(c)
and 7(e), there was no irregular partial temperature fluctuation. Therefore, when the cooling
wind speeds were 0.3 m/s and 0.7 m/s, the temperature distribution of PHP was more uniform.
Also, except at 0 m/s cooling wind speed, the phenomenon of a higher temperature at T8 than
at T6 did not occur in the four cooling wind speeds.

To summarize, temperature uniformity is reflected in the effect of the increase in evap-
oration section temperature from the heat load, resulting in a larger temperature difference in
the cold and hot sections and a deteriorating heat transfer environment. The variations of cool-
ing wind speed have a significant influence on the temperature uniformity of the PHP cooler.

Effects of cooling wind speed on heat transfer performance

Figure 9 shows the variation of thermal resistance with different cooling wind speeds.
As shown in the figure, the thermal resistance first increased and then decreased with increas-
ing heat loads. Also, when the initial heating power is 5 W, the higher the cooling wind speeds,
smaller is the thermal resistance. When the cooling wind speed is 0 m/s, the average thermal
resistance was at its maximum of 1.36 K/W. As 5~15 W heating load, the thermal resistance
increases, and when the heating load is 15~40 W, the thermal resistance begins to decrease
rapidly. When increased to 15 W, the thermal resistance decreased greatly, which was extreme-
ly destabilizing for the whole operational process. Figure 10 shows that when the heat load
increased to 40 W, the average temperature of the evaporation section was up to about 100 °C,
and it was meaningless to further increase the heat load. This is not conducive for the stable
operation of the PHP cooler, and the cooler could not work normally. When the cooling wind
speed was 0.7 m/s, the average thermal resistance was at its smallest value at 0.51 K/W.

Figure 10 shows the average temperature profile for the evaporation section vs. dif-
ferent cooling wind speeds. As the input heat load was increased to 55 W, the maximum aver-
age temperatures of the evaporation section corresponding to cooling wind speeds of 0.1 m/s,
0.3 m/s, 0.5 m/s, and 0.7 m/s were about 75 °C, 66 °C, 63 °C, and 53 °C, respectively. Generally,
the upper limit to the CPU operating temperature is 80 °C. When the temperature of the evapora-
tion section was less than 80 °C, it indicates that the PHP cooler played an effective role in heat
dissipation. In other words, the PHP cooler had a good heat transfer performance and could meet
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the cooling needs of high heat flux electronic chip. When the heat load was 55 W, the maximum
temperature reached was 107 °C, and the PHP still operated normally without any dryout.

Conclusions

e With the increase in heat load, the start-up time drops and the temperature is lower. With
the increase of wind speed, the PHP starts-up faster. When the cooling wind speed was
0.1 m/s, the start-up time was about 60% less than it was for 0 m/s cooling wind speed, and
the start-up temperature was about 55% lower than with 0.1 m/s cooling wind speed. When
the cooling wind speed was 0.3 m/s, the start-up time was at its shortest and the start-up
temperature was at its lowest, at only 34.0 °C. At this cooling wind speed, the start-up per-
formance was at its best.

® The cooling wind speed had a clear influence on the start-up mode of a PHP. At low cool-
ing wind speeds, with the increasing heat loads, the heat transfer performance of the PHP
improved, which is conducive for stable PHP oscillation phases. As running at high cooling
wind speeds, intermittent oscillation occurred in PHP operation. Intermittent oscillations
can reduce the pressure in the heating section, but this mode lacks stability.

e With increased cooling wind speeds, the temperature uniformity of PHP CPU coolers was
better. When the cooling wind speeds were 0.3 m/s and 0.7 m/s, the average temperature dis-
tribution of the cooler was uniform and there were no %ot spots. With cooling wind speeds
of 0 m/s, 0.1 m/s, and 0.5 m/s, the /ot spots appeared in the temperature distribution, poten-
tially affecting the heat transfer performance of the cooler.

® The thermal resistance first increased and then decreased with increased heat load. At the
same initial heat load, higher the cooling wind speed, smaller was the thermal resistance.
When the cooling wind speed was 0 m/s, the average thermal resistance was at its maximum
of 1.36 K/W. The sharp drop of thermal resistance is large and the operation is unstable and
the cooling effect was at its worst. When the cooling wind speed was 0.7 m /s, the average
thermal resistance was at its minimum at 0.51 K/W.
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Nomenclature

a — adiabatic section, [] T —temperature, [°C]

¢ — condensation section, [] U —voltage, [V]

I —current, [A] u —uncertainty, [—]

Q - effective heat input, [W] u, —random uncertainty, [—]
R — thermal resistance, [KW] u, — system uncertainty, [—]
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