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School of Energy and Power Engineering, Northeast Electric Power University, Jilin City, China

This paper introduces a novel micro-deep, triangle-grooved wick, and compares the
performance of the flat plate heat pipe (FPHP) with various types of wicks, including
foam metal copper wick, sintered copper powder wick, copper mesh wick, micro-deep
rectangle-grooved wick, and micro-deep triangle-grooved wick. Test results verified the
feasibility of the nanofluids applied to FPHP. Tested working fluids included deionized
water, Cu-water nanofluids, carbon-coated copper nanofluids and multi-walled carbon
nanotube (MWCNT) nanofluids. These nanofluids were applied on foam metal FPHP and
the results were compared. The results indicated that the metal foam wick is better
than the other heat pipe wicks, in the contrast experiment, when the heating power
is 100w, the thermal resistance is 0.1238°C/K. The thermal resistance of micro-deep
triangle-grooved wick FPHP is 15% lower than the micro-deep rectangle-grooved wick
FPHP; The optimal filled ratio of 40% can make flat heat pipe have good performance;
With the increase of mass fraction of nanofluid, the thermal resistance decreased first and
thenincreased, the best mass fraction is 0.5%, the thermal conductivity of carbon-coated
copper nanofluids FPHP is optimal, the average thermal resistance is 0.1369°C/K, and
is 17 and 9% lower than the multi-walled carbon nanofluids and copper FPHP, and is
46% lower than the deionized water FPHP; The gravitational stability of the heat pipe is
verified by the experiments.

Keywords: metal foam, nanofluids, capillary wick, flat heat pipe, thermal resistance

INTRODUCTION

Along with the continued demand for a rapid increase in electronic device cooling, heat dissipation
components have also gradually become more miniaturized. Heat pipes for these devices must
accommodate a small volume of working fluid. These pipes need to be lightweight and have high
heat efficiency (Zou et al., 2016). Most traditional heat pipes are tube types that rely on the capillary
structure of the wick to transport heat against gravity, thereby creating a driving force. The heat is
transferred through phase transformation, movement of working medium, and evaporation from
the adiabatic section to the condenser (Ghanbarpour et al., 2015). The shape of the flat heat pipe
(FPHP) makes it difficult for the FPHP to be in full contact with the heating element because the
contact thermal resistance is larger and because the heat pipe bending shape has a significant effect
on heat transfer performance. The working principle of FPHP is exactly the same as that of the
tubular heat pipe, except that the FPHP overcomes the contact problem because of the steam
and condensated liquid reverse flow that causes a carry limitation. Realizing long-distance high
efficiency heat transfer is difficult. When the work period is longer, the heat pipe size must be larger,
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causing it to lose the miniaturization advantage of heat transfer
elements (Littwin and Mccurley, 1981). At present, FPHP has got
more attention.

Sadeghinezhad et al. (2016) carried out to examine the
thermal performance of a sintered wick heat pipe using aqueous
graphene nanoplatelets (GNP) nanofluids. It is observed after the
experiments that the deposition of GNP creates a coating on the
sintered wick surfaces in the evaporator section, and this coating
layer increases the surface wettability, thereby enhancing the
thermal performance of the heat pipe, The maximum reduction
in the thermal resistance of a sintered wick heat pipe filled with
0.1 wt% of GNP is determined to be 48.4% compared with
distilled water.

Aly et al. (2016) reports the thermal performance of a
helically-micro-grooved heat pipe working with water-based
alumina nanofluid, water-based alumina nanofluid with the
volume concentration of Al,Os nanoparticles of 3.0% are
experimentally investigated. Results revealed that the thermal
performance of the heat pipe enhances with nanofluid compared
to DW, The evaporation and condensation heat transfer
coefficients increase as filling ratio increases, but thermal
resistance decreases when filling ratio increases.

Tharayil et al. (2016) investigate the heat transfer performance
of miniature loop heat pipe with graphene-water nanoflui. An
optimum filling ratio of 30% of the total volume of the heat pipe is
used in all the experiments. The experimental results indicate that
the nanofluids improve the thermal performance of the miniature
loop heat pipe and lower the evaporator interface temperature
compared to distilled water. And the results confirm suitability
of miniature loop heat pipe filled with graphene-water nanofluid
for cooling applications.

Mehrali et al. (2016) investigated grooved heat pipes using
aqueous nitrogen-doped graphene (NDG) nanofluids. The
results indicated that a 90° inclination angle corresponds to the
best thermal performance, and that the thermal performance of
the grooved heat pipe can be improved significantly by using
NDG nanofluids.

Tsai et al. (2013) conducted an investigation of standard flat
heat pipe spreader and concluded that the tilt angle should be
90°For maximum thermal resistance.

Hongchuan et al. (2015) proposed a new FPHP that used
sintered nano-scale copper powder with a conical capillary wick
used on a disc flat plate heat pipe. The steam escapes from large-
scale pores, which is then sucked up as liquid by small pores. This
novel wick improved the heat pipe heat transfer performance.
Mizuta et al. (Mizuta et al., 2015) studied a new form of flat
heat pipe using neutron radiography. This flat heat pipe has an
internal structure with multiple etched copper sheets stacked in a
specific way. Li et al. (2010) observed the working medium flow
condition inside a heat pipe by using infrared thermal imaging
method.

Lefevre et al. (2012) investigated a double wire mesh screen
wick FPHP and a micro grooved FPHP covered with screen
mesh. The working medium was methanol. After testing the
performance of these two kinds of FPHP by changing the
experiment conditions, they determined that nucleate boiling
caused the reduction in efficiency of the capillary structure with

double wire meshes at a certain angle. This case was only suitable
for low heat flux. The unfavorable tilted position is not possible
in micro-grooved FPHP.

Heat pipes are not confined to a single metal material. Hsieh
and Yang (2013) used a No. 250 double copper mesh for the
wick of FPHP and a copper and silicone rubber mixture for a
more flexible pipe wall to create a new kind of polymer-based
flat heat pipe capable of delivering a higher power of 12.67 W.
The increased power was attributed to the vertical plane bending
angle of 15°.

Li et al. (2010) used infrared thermal imaging method to
compare different fins according to their size and number, as
well as the Reynolds number of FPHPs with aluminum heat
sinks and vapor chamber heat sinks. The thermal resistance of
vapor chamber heat sink is reduced with the increase of Reynolds
number, and the impact strength decreases. The vapor chamber
heat sink outperformed the aluminum heat sink because the
base plate of the vapor chamber heat sink has a more uniform
heat distribution. Lower Reynolds number with appropriate fin
number can yield the best heat conduction in a vapor chamber
heat sink, and when the Reynolds number is high, thermal
conductivity improves as the number of fins increases.

Moraveji and Razvarz (2012) used Al;O3 (35nm) and water
as working fluid to test the thermal efficiency of a straight copper
tube and circular tube with a 1 mm sintered wick. They found
a 90° Curve in the circular heat pipe between the evaporator
and condenser sections. They also found that charging the
nanofluid in the circular heat pipe can significantly reduce wall
temperature, reduce thermal resistance, and improve thermal
efficiency when compared to conducting the test using only pure
water as the working fluid.

Kim et al. (2016) used alumina-acetone as a flat heat
pipe working medium, and compared the effect of three
different nanoparticle shapes (sphere, brick, and cylinder). The
thermal resistance of pure acetone FPHPs as working medium
failed to sustain the performance of FPHPs using the shaped
nanoparticles. Their improved performance was indicated by
a decreased thermal resistance of 33% for the sphere shaped
nanoparticles, 29% for the brick shaped nanoparticles and 16%
for the cylinder shaped nanoparticles as compared to the alumna-
acetone FPHP.

Wu et al. (2016) used the concentrations of 0.1, 0.2, and
0.3% of C60-ethanol nanofluids used in a flat-plate closed loop
pulsating heat pipe (FCLPHP). The results show that although
heat pipe performance improved, the heat load was reduced,
causing the FCLPHP to dry out. The final analysis indicated that
the heat load had a greater effect on thermal performance than
the C60 nanofluid concentration.

Saleh et al. (2013) used the synthesis of ZnO-ethylene glycol
nanofluids as a heat pipe working medium and found that an
increase in the concentration and crystallite particle size resulted
in a decrease in heat pipe surface temperature distribution and
thermal resistance.

Sarafraz and Hormozi (2014) used an ultrasonic homogenizer,
electromagnetic stirrer, and pH control system with constant
temperature hot bath in preparation for testing different
particle sizes in Al Oz-water-ethylene glycol and Al,O3-water-
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diethylene glycol nanofluids. Their experiments were carried out
using these working media operating in straight tubes. They
found that the heat transfer coefficient of the heat pipe increased
significantly.

The above studies show that FPHP is a primary concern in the
research of heat pipe, and that this study has significant research
value. Most domestic and foreign studies have focused on the
shape of the heat pipe and structure of the wick. Improvement
of the wick has also been a continual focus of study in heat pipe
technology.

The structure of the wick plays a decisive role in the
performance of heat pipe (Hassan and Harmand, 2015; Bhullar
etal., 2016a,b; Su et al., 2016; Zhou et al., 2016; Nazari et al., 2018;
Ozsoy and Corumlu, 2018). The metal foam is a metal substrate
containing a certain number of pores with a certain diameter size
that makes it porous. Used as a wick, this metal foam can improve
the heat transfer performance of spread and other equipment and
provide a new area for the heat pipe heat transfer enhancement
in the field of heat pipe machining (Su et al., 2016), some of the
most common types of wicks as groove type, copper screen, and
sintered copper powder wick are also studied (Zhou et al., 2016)
the working medium is also important to the FPHP.

Through the experiments, this paper studies the influence
of variety wire and medium of FPHP. Experiments under the
feasibility given conditions in this study indicated the effects
of the wire and working medium on the performance of the
heat pipe, which can provide a reference for heat pipe industrial
production and processing.

NANOFLUID PREPARATION AND
STABILITY ANALYSIS

Nanofluid Preparation

Experiments using Cu nanofluids, multi-walled carbon
(MWCNTs) nanofluids and carbon-coated copper water
nanofluids, deionized water as based, and sodium dodecyl
benzene sulfonate (SDBS) as dispersant were performed
(Wusiman et al., 2013).

The “two-step” method (Haddad et al., 2014) was used and
with a proportion of 1:1, the nanoparticles and dispersant were
combined. At this point in the experiment, the stability of the
nanofluids was the best (Hajian et al., 2012). The mass fractions
of the three kinds of nanofluids were configured to 0.1, 0.1, 0.2,
0.4, and 0.5%. Oscillation in the ultrasonic oscillation device was
performed for 60 min to obtain stable nanofluids. Table 1 is the
parameters of the selected nanoparticles.

Analysis of the Stability of Nanofluids
In the present experiment, transmittance was used to evaluate
the stability of three nanofluids. The transmittance was measured
with a visible spectrophotometer (Model 721-100, Shanghai
Quintessence Technology Instrument, Co., Ltd). This process is
repeated three to four times, and the measured results are shown
in Figure 1.

Figure 1 display that, as time increase, nanofluids gradually
precipitate, because the more uniform distribution of
nanofluids,the lower light transmittance we get. This nanofluids

TABLE 1 | The parameters of the nanoparticles.

Parameter Carbon coated MWCNTs Cu
copper
Average size 40nm Inner diameter 3-5 nm; 40nm
outer diameter 8-15
nm; length 3-12 pm
Purity 99.9% 99.9% 99.9%
Color Black Black Purplish-brown
Shape Sphere Tube Sphere

is difficult to deposit in the long term and is suitable for
subsequent experimentation and application.

EXPERIMENTAL DEVICE AND
EXPERIMENTAL METHOD

Experimental System

The experimental system depicted in Figure2 consists of a
heating control system, a data acquisition system, a heat radiation
system, and an experimental section. The heating zone, which is
20mm in diameter, is composed of a brass column with three
heating pipes of 100 W inserted below. The upper surface is used
to heat the center of the FPHP. K-type sheathed thermocouples,
1 mm in diameter, are used to measure and data acquisition, and
is directly connected to the data collector. Above the heating
zone are the pillars from the heating surface in distances of 5,
15, and 25 mm and two holes of 1 mm diameter, which will be
used to measure the temperature of the center line of pillars.
Two thermocouple measurements were averaged as the point
value of the temperature. A thermocouple is placed at the center
of the lower surface of the heat pipe to measure the maximum
temperature of the heat pipe. Eleven thermocouples were placed
within the radius of the heat pipe upper side with equal spacing,
as shown in Figure 3A 120 x 120 x 45mm aluminum heat
sink was placed on top of the heat pipe. The top of the heating
zone is equipped with 3W fans for forced convection heat
transfer.

Figure 3 shows the structure of the flat heat pipe and
the distribution of temperature measurement points. In
this experiment, to measure the surface temperature, the
thermocouple and surface of heat pipe are fixed by SatlonD-
3 and 606 catalysts. The thermocouple is in contact with
the temperature measurement point at the surface, thereby
reducing measurement error. Brass heating temperature is
measured at the point of contact with the thermocouple and
temperature measurement surface. Thermal grease was applied
to reduce thermocouple thermal contact resistance. Insulation
asbestos was placed around the heating element to insulate the
process and lessen heat loss to the point of being negligible.
Surface heating and cooling surfaces were evenly coated with
thermal paste and fixing and pressing to reduce thermal
contact resistance. Experimental data were collected by the
data logger and transferred to a computer for monitoring and
recording.
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FIGURE 1 | Stability of the nanofluids. (A) Carbon-Coated Copper. (B) Cu. (C)
MWCNTs.

Experiment Method

In this study, the working fluids included deionized water,
Cu-water nanofluids, MWCNTs-water nanofluids, and carbon-
coated copper-water nanofluids. Before the experiment, a
vacuum pump with pressure of up to 6 x 1072 Pa was used to

vacuum the flat heat pipe, then a syringe was used to pack the
amounts of liquid. Five kinds of filling ratio with values of 0%,
8%, 20%, 40%, 60% and 100% were used. The flat heat pipe placed
at angle 6 were 0, 30, 60, and 90°, and the level of placement of
the heat pipe was 0°. The heating power used is from 0-200 W.
When the temperature on the surface of the heat pipe near the
center in 10 min fluctuation was <0.5°C, the heat transfer can be
considered to have reached steady state.

The flat heat pipe working fluid flow was vapor-liquid two-
phase flow, thus, the steam that the working fluid vaporization
generated flowed to the condensing end of the heat pipe under
slight pressure differential, when the flat end of the heat pipe
is heated and evaporated. During the release of latent heat of
vaporization and condensation, the working fluid condensed
at the wick capillary returned from the condensing end to
the evaporating end and achieved transfer of heat from the
evaporating end to the condensing end. The normal operation
of the flat heat pipe consisted of evaporation of the liquid, flow
of steam, condensate, and steam condensate reflux composition.
The operation must satisfy the following formula:

Ape = Ap+ Apy + Apy (1)

Where Ap. is the driving force of the working fluid circulating
inside the heat pipe, which was used to overcome the vapor from
the evaporator side pressure drop to the condensing end in flow
Apy, the pressure drop of reflux liquid from the condensing end
to evaporating end Apy, and pressure drop because of gravity
Apg. The largest of the capillary force of the foam metal can be
obtained as (Peng Y. et al., 2013).

40 coso

Ape = Tﬂf (2)

where o is surface tension, « is a wetting angle, and d.g is the
effective aperture capillary force of the metal foam. In general,
the d.g is affected by the minimum diameter. In this experiment,
because of the additional shortening of the liquid return path,
the liquid reflux flow rate remained small and coupled with
smaller pore size. The liquid flow Reynolds number was also
small. The pressure drop of the liquid flow is calculated using
Darcy’s available (Hsieh et al., 2008):

o
App= —A 3
p= - Ax (©)
where p is the viscosity of the liquid, Ax is the fluid return path
length, and K is the metal foam permeability coefficient. The
literature shows that

2
sdp

E (4)

In equilibrium, the mass flow rate of the liquid evaporates and
the liquid supplements are the same

, 1opihg Ajgdy cosa 1

= = -NG 5
1 8 n AcAxdeg 8 )
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FIGURE 2 | Schematic of the experimental system. 1. Power supply; 2. Automatic voltage regulator; 3. Power meter; 4. Heating pipe; 5. Heating pillars; 6. Angle
adjustable test bed; 7. Fixtures; 8. Thermocouple; 9. Flat plate heat pipe; 10. Heat sink; 11. Cooling fan; 12. Data acquisition; 13. Computer. (A) Experimental system

W,
3

where N = %hfg is related with working fluid, called the working

Aledlzp cosa
Ae Axdeg

and heat pipe structure. A flat heat pipe filled with working fluid

should have high surface tension and latent heat of vaporization,
because the former can provide a large capillary force, whereas
the latter causes a certain amount of heat transfer fluid flow rate
that requires less liquid reflux to reduce resistance. Lesser viscous
liquid means higher quality of the working fluid.

The performance of the heat pipes can be produced by thermal
conductivity and heat resistance. The thermal conductivity and
heat resistance of the improved tablet wick was compared

medium quality factor. G = is related to the wick

to the copper metal substrate. The heat transfer performance
of the flat heat pipe was also analyzed. Flat plate heat pipe
thermal conductivity is axially thermal. This parameter can be
characterized through the temperature difference between the
upper and lower surfaces of the heat pipe. Equivalent thermal
resistance of heat conducting element is expressed as:

Tma.x - Tavg
Q

R= (6)

where T,y is the maximum surface temperature of the heat pipe
at the center of the lower surface temperature, Tayg is the average
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temperature on the higher surface of the heat pipe, and Q is the
lower surface of the heat pipe with heated copper cylinder heat
input. Heat flux density ¢ (W/m?) can be calculated using the
heat input. The heat flux formula is as follows:

== 7
=7 )
The use of heat insulation asbestos pillars resulted in minimal
heat, which can be ignored. However, to reduce the reading errors
of power matter as well as avoid cooling errors, heat flux can be
obtained by the Fourier equation (Ji et al., 2012):

q=kx o (8)
where, k is the thermal conductivity of copper. The copper used
in this experiment had a thermal conductivity of 401 W/(m-K).
Through four temperature measurement points on the higher
surface, the distribution of temperature on the surface on the
plate can be obtained. Uniformity of temperature distribution
reflects the average heat of the heat pipes. When the radial
temperature gradient of the heat pipe is reduced, the temperature
difference of the point on the surface is smaller, to that the surface
temperature distribution is very uniform, thereby improving
thermal uniformity.

The thermal resistance of the heat pipe is composed of
two parts, pure phase changes thermal resistance and thermal
resistance. To study the thermal conductivity of the filling heat
pipe, the pure thermal resistance of the heat pipe should be
measured when it is not filled. For comparison, the heat pipe and
aluminum plate used in the same test must have the same sizes.
After clamping fixtures, the power input heating tube is then
connected. The experiment begins with a heating power of 10-
200 W, and a power interval of 10 W. The temperature changes
after each increase in heating power. When the respective
measurement points are less than every 5min, 0.1°C is reached,
and is regarded as the steady state.

To enhance the precision of the experimental results, the
system errors were analyzed and measurement uncertainty
evaluated (Ghanbarpour et al., 2015). The uncertainty of the
system mainly comes from the uncertainty of machining error,
heat flux and thermal resistance. The computation formula of the
uncertainty is as follows:

A Ak 2 IAST\? [ ASx\?
() () (5) @
q kcopper 8T Sx

2
AR AST Ag\? AAN?
S G P S
Requ (Tmax = Ttop) min q A
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kcopper is the heat conductivity coefficient of copper, it is consult
from the standard property sheet, the uncertainty can be ignored,
The uncertainty of temperature is caused by the measurement
error of thermocouple, Machining error was 2%, Equation (9)
is used to calculate the uncertainty of heat flux; The thermal
resistance calculation formula shows that the uncertainty of
thermal resistance is depends on the temperature and heat
flux, the uncertainty of thermal resistance can be calculated
by Equation (10). The uncertainties and parameters of the
instruments used in the experiment are listed in Table 1 while
the uncertainty of the variables is presented in Table2 and
uncertainty of the experimental variables is shown in Table 3.

RESULTS AND ANALYSIS

Heat Balance Test of the Experimental

Period

Before the experiment, the heat balance of the experiment system
should be discussed by calculated the deviation between input
power Q and Qj, which Q is measured by power meter and
Q is calculated by the temperature nearby the surface of the
heating copper column. Heat balance deviation can be expressed
as follows (Zhao et al., 2016):

[Q— Q]

£= ———— (11)
0.5(Q+ Q1)

The heat balance deviation is got by computing and it is <5%,
thus the total power of the working medium can reach close to
the set power of 100 W. This shows that the thermal insulation
device performance is good, the heat loss of the experiment can
be ignored.

The Surface Temperature Distribution of
the Heat Pipe

Figure 4 shows the spread performance of four metal foam
FPHPs with different working mediums. The experiment shows
that when the heating power is set to 100 W, the heat pipe
started sufficiently and achieve a lower temperature, so choose

TABLE 2 | Instrument parameters and uncertainty.

Instruments name Model Accuracy
Data logger Agilent34972 0.1%
Electronic scales Shanghai Pu Chun-JE602 0.01g
K-type nickel thermocouple WRN-K-191 0.75%
Power meter TECMAN-TMOC 1.0%
Ultraviolet spectrophotometer Type-725 0.1%
Heat coefficient meter DRE-lI 1%~2%

TABLE 3 | Experimental variables and uncertainty.

Variable Uncertainty (%)
Machining error 2

Heat Flux 2.14
Thermal Resistance 7.42

the heating power of 100 W to contrast the surface temperature
distribution of FPHP. the mass fraction of all nanofluids is 0.5%,
and the charging rate is 40%. As shown in the figure, when the
heating power is 100 W, the maximum temperature difference
of carbon-coated copper-water nanofluids, Cu-water nanofluids,
MWCNT-water nanofluids and deionized water heat pipe on the
surface is respectively 1.2, 2.8, 3.3, and 4.1°C, the top temperature
of the copper plate is nonuniform distribution, the maximum
temperature difference can reach 10.4°C, the FPHP filled of
nanofluids is better than the deionized water heat pipe, and
the FPHP is better than the copper plate. The carbon-coated
copper-water nanofluids shows the best performance and has
the smoothest curve compared to others, the temperature of the
measurement points is low, Cu-water nanofluids heat pipe had
the second-best performance. Meanwhile, compared with the
previous two kinds of nanofluids, the spread performance of the
multi-walled carbon nanotube-water heat pipe was poor. And the
Cu nanofluids had larger fluid viscosity, and the viscosity had
larger effect on the flow resistance of heat pipe system. From
the surface temperature, the upper surface average temperature
of carbon-coated-water heat pipe is 70.3°C, is 4.3°C lower than
copper plate, that means the overall temperature of the heat pipe
is lower than copper plate of the same size, also account for
the cooling effect is better. Multi-walled carbon nanotubes-water
nanofluid had both advantages of two nanofluids, high thermal
conductivity and smaller viscosity of carbon nanotubes, and thus,
the carbon-coated copper nanofluids heat pipe had the lowest
thermal resistance.

Thermal Resistance Analysis

Many factors affect heat transfer, including liquid ratio, capillary
suction fluid wick structure and materials, heat pipe placed angle,
internal working medium, heating power, etc. (Chen et al., 2013).
Heat transfer performance evaluation was based on thermal
resistance of heat pipe. When the thermal resistance is smaller,
a better heat transfer performance can be obtained, and the main

—m— carbon-coated copper-water b=40% w=0.3%
90| —@— Cu-water
A-— MWCNTs-water
—wv— deionized water
copper plate
O
80+
2
=
IS —Y
53 _ w— /X/.\X\ s
£ e e
& 70l
60 1 1 1 1 1 1 1 1 1 1 1 1

-54 45 -36 -27 -18 -9 0 9 18 27 36 45

Distance/mm

FIGURE 4 | Surface temperature distributions of different medium FPHP.
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factors affecting it as well as the transient temperature can be
analyzed from the following several aspects.

(1) Effect on thermal resistance of the working medium

Figure 6 shows thermal resistance under different powers of
the four working mediums at 40% charging rate. The mass
fraction of the three kinds of nanofluids is 0.5%, and the wick
of the heat pipe is foam metal. As shown in Figure5, for
the four different working mediums, thermal resistance was
larger heating power is small. Thermal resistance of the flat
heat pipe decreased with the increase in heating power. This
result can be attributed to the working medium inside the flat
heat pipe producing heat absorption through the phase change
with the gradual increase in heating power. Relative to the
conduction and convection heat transfer, phase change heat
transfer has the advantages of smaller heat transfer temperature
difference and better heat transfer property. In addition, under
the same heating power, flat heat pipe filled with nanofluids
has smaller thermal resistance because the working medium
added nanoparticles. The nanoparticles increased the surface area
and thermal capacity, which in turn increased the coeflicient of
thermal conductivity of the working medium (Kumaresan et al.,
2014). The collision and interaction between particles, water,
water vapor, and metal surface, enhanced the heat transfer of the
heat pipe. The carbon-coated copper nanofluids were chosen as
the working medium, and the charging ratio is 40%. When the
heating power is at 150 W and the thermal resistance is 0.1°C/W,
the foam metal designs for the wick with nanofluids are chosen as
working medium of flat pipe and had good axial heat conduction.

(2) Effect on thermal resistance of the mass fraction of the
working medium

The heat transfer efficiency of carbon-coated copper is better
than that of other heat pipe working mediums. In this paper,
the mass fraction is studied by using carbon-coated copper-
water nanofluids heat pipe. Figure 6 shows the thermal resistance
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FIGURE 5 | Change of thermal resistance of different medium of the FPHP.

of different mass fractions of carbon-coated copper-wanter
nanofluids filled in foam metal FPHP. The heating power was
100 W, and the charging rate was 40%. With the increase of
the mass fraction, the thermal resistance of foam mental FPHF
is decreased first and then increased. In addition, the increase
rate of the thermal conducted performance was reduced with
the gradual increase of mass fraction. From the figure, the
thermal resistance of deionized water heat pipe is 0.1391°C/W.
The figure shows that the thermal resistance of carbon coated
copper-water nanofluids heat pipe with the mass fraction of
0.5% is 0.1121°C/W. The increase of the mass fraction of
the Nanoparticles caused high thermal efficiency, which could
significantly improve the performance of the heat pipe. However,
with the increase in mass fraction of the nanofluids, the
viscosity of the working medium inside the heat pipe increased
significantly and was averse to the heat transfer performance.
According to the stability experiments of nanofluids introduced
in section Introduction, precipitation will occur with the increase
in mass fraction of nanofluids. Hence, a specific working medium
concentration of nanoparticles that optimizes the heat transfer
property exists. In the experiments, the thermal resistance of 0.5%
of mass fraction minimum, when the mass fraction is 0.6%, heat
pipe thermal resistance increased, that indicated the best quality
score is between 0.5 and 0.6%.

(3) Effect on thermal resistance of the charging rate of working
medium

The last group of experimental results show that the carbon-
coated copper foam metal heat pipe has the lowest thermal
resistance, and hence, carbon-coated copper-water nanofluids
was chosen as working medium to discuss the effect of different
charging rates of filling ratio on heat resistance. The mass fraction
of carbon-coated copper nanofluids is 0.5%. Figure 7, under the
low heating power, the flat plate heat pipe of 20% charging
ratio has smaller thermal resistance than that of the other liquid
ratio, and as the heating power increases gradually, the thermal
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resistance of all charging ratio is reduced. That is because with
the heating power increasing, the boiling liquid film thickness
at phase interface inside the heat pipe will reduce gradually, and
the phase change thermal resistance will decrease until it reaches
a certain value. In this experiment, 40% liquid filling ratio of
the heat pipe shows good heat transfer effect during the high
heating power, and over a wide range of heating power, it has
maintained stable thermal resistance. When the heating power is
at 150 W, the heat pipe carried the heat flux density of around
47.77 kW/m?, and the heat pipe boil dry phenomenon did not
happen. When the heating power was adjusted from 150 W to
160 W, the measured temperature from the three thermocouples
inside the copper heating column reached more than 30°C in a
matter of seconds. This phenomenon shows that flat heat pipe
internal dry phenomenon has occurred, and the heat transfer is
deteriorating.

(4) Effect on thermal resistance of the tilt angle

Figure 8 shows the effect of the tilt angle of the carbon-coated
copper nanofluids FPHP with mass fraction of 0.5% and charging
rate of 40%. When the heating power is small and the inclination
angles are 60 and 90°, thermal resistance value slowly decreased
along with the increase in heating power. When the heat pipe is in
a horizontal position or the tilt angle is small, thermal resistance
rapidly decreased with the increase of heating power. When
the heating power is within the range of 40-100 W, the thermal
resistance of the flat plate heat pipe is at a minimum, whereas
when the FPHP is upright, the resistance increased. However,
with the further increase of the heating power, the heat resistance
of the four angle conditions of heat pipe gradually converged,
and when the heating power is nearly 150 W, the heat transfer
deterioration did not occur.

(5) Effect on thermal resistance of the wick structure

As a key part of the heat pipe, the wick has three main functions:
as a working medium flow channel, as a working medium of
the phase interface, and as provider of backflow capillary force
for the working medium. The effective pore radius of the wick
should be smaller to guarantee the backflow power of the working
medium. The wick should also have sufficient permeability to
reduce the pressure drop of the backflow (Li et al., 2016). Wick
thermal resistance should be smaller to reduce radial thermal
resistance.

The wick is an important part of heat pipe. The most
common wicks include screen, sintering, and groove type wicks.
The performance of the grooved structure applied to FPHP is
stable and does not require sintering. It can also conduct heat
dissipation through the fin in the steam chamber. The experiment
perfected and proposed a micro deep triangle-grooved wick,
which involved cutting the copper board through three directions
at an angle of 60°. The porosity of this kind of wick is larger,
leading to a tri-prism unit structure with smaller pore diameter.
The steam chamber increases the condensation area, which is
good for steam condensation. Porosity and capillary force are
increased by reducing the width of the pore and increasing
the quality of porosity. The edge of the micro prism of groove
structure with smaller angle has better infiltration of liquid than
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that of Right Angle. Figure 9 shows the improvement of micro
deep triangle-grooved wick and micro deep rectangle-grooved
wick structure.

The porosity of copper screen wick and sintered copper wick
can be calculated:

V,
f = P (12)
Viotal
Vpore = Viotal — Vcopper (13)

6 is the porosity of the wick, Vpore is the velocity of the internal
porosity of the wick, Viy, is the whole velocity of the wick.
Vpore = Viotal— Vcoppers the Vi is calculated by Equation (14):

1 T
Veopper = 57D + LII(D — 26)* — (D — 26 = 26)"]1 (14)
Among them, D is the external diameter of the FPHP, § is the

thickness of the wick, & is the thickness of the pipe, mcopper is the
mass of the wick.
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Micro deep rectangle-grooved wick

FIGURE 9 | Traditional and novel micro deep grooved wick. (A) Micro deep rectangle-grooved wick. (B) Micro deep triangle-grooved wick.

Micro deep triangle-grooved wick

TABLE 4 | The parameters of the sintering wick.

Parameter Copper mesh Foam metal Sintered copper

Porosity 50% 98% 70%

Hole density 200 meshes 90 ppi 140 m

(copper powder particle size)

Thickness 1.0mm 1.0mm 1.5mm

Material Copper Copper Copper powder

TABLE 5 | The parameters of the micro-deep grooved wick.

Parameter Micro-deep Micro-deep
rectangle-grooved triangle-grooved
wick (mm) wick

Pore width 0.2 0.15m

Minimum length 2.0 1.0mm

of micro prism

The thickness of 55 5.5mm

the groove

In this experiment, all the heat pipe is of the same size, and
the shape is disc, its diameter is 90 mm, the thickness of the plate
is 9 mm, the thickness of the tube wall on the top and lateral
is 2mm, the thickness of the lower tube wall is 1.5mm. The
diameter of copper tube connected with the pumping air hole is
3 mm, since the cut-off point is very close to the heat pipe, its
influence can be neglected. Several parameters of the wick as the
following Tables 4, 5:

Figure 10 shows the heat pipe using carbon-coated copper
nanofluids as working medium, which had a mass fraction
of 0.5%, and filling rate of 40% as applied to copper screen
wick, sintered copper wick, foam metal wick, and two kinds of
micro grooved wick of flat heat pipe. Under low heat input,
when the input power is 30 W, the micro deep rectangle-
grooved wick heat pipe had the lowest thermal resistance of
0.1897°C/W, and the micro deep rectangle-grooved wick heat
pipe had the second lowest thermal resistance of 0.1913°C/W.
The thermal resistance of the sintered copper heat pipe and
foam metal was lower than that of the copper mesh heat
pipe. When the heat input was increased, the change of heat

transfer performance of the micro deep rectangle-grooved wick
heat pipe was unobviously, the minimum thermal resistance is
0.1674°C/W. However, with the increase of heat flux density,
the thermal resistance of micro deep triangle-grooved wick is
only 0.1460°C/W, and it is obviously lower than the traditional
heat pipe. Relative to the structure of the three wicks with larger
cavity, the variations in thermal resistance of the sintered copper
wick heat pipe is smaller compared to others, and the heat
transfer performance of the foam metal and copper network
wick further increased, causing the thermal resistance of the
metal foam FPHP to be at the minimum. This result can
be attributed to the groove type heat pipe having upper and
lower connections of miniature frame column in its chamber;
the rib can conduct axial heat directly. Because of the smaller
internal cavity, the heat pipe can be used under low heat flux,
and can easily reach a stable state; however, it also brings
forward the boiling limit (Peng H. et al, 2013). The micro
deep triangle-grooved wick heat pipe increased the space inside
the heat pipe, had better porosity, and reduced the volume
of the frame column. Thus, the thermal performance under
low heat flow density is better than the traditional type. With
better porosity, the heat pipe could withstand higher heat flux,
and under low heat flux density, the heat pipe also had lower
thermal resistance. The nanofluids can achieve good results
in the appropriate aperture of the deep groove of the heat
pipe, which strengthened the heat exchange through the fins.
Relative to the cavity structure, the heat pipe with micro deep
grooved wick remained stable within a certain range of heat
flux. The size of the aperture of the bronze lotion wick was
larger, making the effective radius bigger and the capillary
force smaller, and causing the start-up temperature of heat pipe
demand to become higher. The heat transfer performance is
poor under low heat input. The sintered copper has a smaller
aperture, which can effectively provide better capillary force.
The small aperture will cause a blocking phenomenon when
the working medium used is colloid containing nanoparticles.
The small aperture will also lead to reduced permeability of
the working medium, which increased the backflow resistance.
Under high heat input, it cannot further enhance the heat
transfer effect. Nanofluids in metal foam wick with appropriate
aperture will not easily cause a blocking phenomenon, and can
provide good capillary force, which results in high permeability.
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Therefore, the FPHP of metal foam wick has good heat transfer
properties.

CONCLUSIONS

This paper studied the heat transfer characteristics of metal
foam wick and combined the 90 ppi of metal foam wick with
Cu, MWCNT and carbon nanometer copper nanoparticles, and
deionized water as working medium. Based on the experiment
analysis of the two aspects of spread performance and heat
transfer resistance, the following conclusions can be reached:
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NOMENCLATURE p, density (kg/m3)
Ae, Wick surface area of the evaporator (m2) 8, thickness of the wick
Al, Cross-sectional area of the wick perpendicular to the £, thickness of the tube wall
liquid flow direction (m2)
Subscripts
dp, Pore diameter of metallic foam (m)
1, liquid

deff, Effective pore diameter of the wick (m)

v, vapor phase
AP, Pressure drop (Pa)

¢, capillary
Ax, Distance for the liquid flow path (m)

eff, effective
Hfg, Latent heat of evaporation (J/kg)

g, gravity
K, Permeability (m2)

avg, average
N, Combined parameter for working liquid (W/m2)

max, maximum
G, Combined parameter for the porous wick

min, minimum

k, Thermal conductivity of copper (W/(m-K))
ppi, Number of pores per inch
p» Pressure (Pa)
g, Heat flux (W/m2)
q ', Evaporator heat flux (W/m2)
Q, Effective heating power (J)
R, Thermal resistance (K/W)
T, Temperature (K or °C)
U, Liquid surface velocity (m/s)
B, filling ratio
W, mass fraction

Greek symbols
a, wetting angle
&, Coeflicient of thermal equilibrium
0, porosity
0, liquid surface tension (N/m)

W, viscosity (kg/(m-s))

Frontiers in Energy Research | www.frontiersin.org 13 July 2018 | Volume 6 | Article 37


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

	Effect of the Wick and the Working Medium on the Thermal Resistance of FPHP
	Introduction
	Nanofluid Preparation and Stability Analysis
	Nanofluid Preparation
	Analysis of the Stability of Nanofluids

	Experimental Device and Experimental Method
	Experimental System
	Experiment Method

	Results and Analysis
	Heat Balance Test of the Experimental Period
	The Surface Temperature Distribution of the Heat Pipe
	Thermal Resistance Analysis

	Conclusions
	Author Contributions
	Acknowledgments
	References
	Nomenclature


