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ABSTRACT: This paper is to study the heat transfer performance of the copper-water heat
pipe with screen wicks. Recently, the semiconductor capacity of an electronic unit becomes
larger, but its size becomes much smaller. As a result, a high- performance cooling system is
needed. Experimental variables are inclination angles, temperatures of cooling waters and the
mesh number of screen wicks. The distilled water was used as a working fluid. Based on the
experimental results, when the copper-water heat pipe of 6 mm diameter is used at the top
heat mode, the heat transfer performance of 100 mesh 2 layers heat pipe is better than that of
150 and 200 mesh. The thermal resistance of the two layers with the 100-mesh screen was
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0.7-08TC/W.
Nomenclature I’ : wick thermal conductivity [W/mT]
L.s : effective pipe length [m]
A, : vapor core cross-sectional area [m? L, . pipe length [ml}
A, : wick cross-sectional area [m’] N . screen mesh number
d . screen wire diameter [m] P, : maximum capillary pressure [Pal
d, : vapor core diameter [m] Pyn  : maximum pump pressure [Pa]
F;,  : liquid frictional coefficient [Pa/mW] Q c.max * heat flow rate [W]
F,  : vapor frictional coefficient [Pa/mW] 7c . capillary radius [m]
g : gravitational acceleration [m/sec?] i : inside radius of pipe [m]
h . heat transfer coefficient [W/m®C] 7o  : outside radius of pipe [m]
by : latent heat of vaporization [J/kgl Yy : vapor core radius [m]
K : permeability [m?* Re, : Reynolds number
keys effective thermal conductivity [W/mT] Rpyp : thermal resistance of heat pipe [TT/W]
k; ¢ liquid thermal conductivity [W/m*] Rk, . thermal resistance of pipe wall ['C/W]
kp : pipe thermal conductivity [W/mTC] R, : thermal resistance of pipe wick [C/W]
S : crimping factor

+ Corresponding author T, . temperature of condenser [TC]

Tel.: +82-42-860-3311; fax: +82-42-860-3133 Te  + temperature of evaporator [T]
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Greek symbols

! inclination angle

: viscosity [kg/m-sec]

& : porosity
01 . density of liquid [kg/m°]
0, : density of vapor [kg/m®]

1. Introduction

The heat pipe, a sealed slender tube, trans-
fers a large amount of heat by latent heat, in
which the working fluid is vaporized under low
temperature in vacuum, and operated with smail
temperature difference. Especially, since it is
easy to attach fins in the evaporator and the
condenser sections for the enlargement of heat
transfer surface area, efficiency of cooling sys-
tem and heat recovery technologies could be
highly effective. The heat pipe is very impor-
tant technology for cooling system of advanced
electronic equipment and semiconductor. In case
of notebook PC, the thermal dissipation power
has been increased dramatically with the pro-
cess speed of CPU increasing.

The process speed of CPU increased 450 MHz
in 1999, 800 MHz in 2000, 1.0 GHz in 2001, 1.5~
1.8GHz in 2002, and 2.0 GHz in 2003, and the
thermal dissipation power“) increased 20 W, 27
W, 30 W, 60~70 W, and 75.3 W, respectively. If
the development pace of CPU is remained con-
stant, the growth of cooling system may not
follow the speed. Therefore, it will cause that
the speed of the development of CPU is slowed.
Now several cooling methods are introduced
for solving this problem, and the composition
cooling system using heat pipe is remarked as
a suitable cooling way. Heat pipe of 3~4mm
diameter installed at CPU of Mobile PC, and
mini fan installed at condenser section cool the
system. The thermal dissipation power is re-
jected by using two heat pipes which are a
primary heat pipe from CPU to hinge and a

secondary heat pipe from hinge to the back of
LCD panel.?’

Heat pipes is used in various applications
such as composition heat pipe module cooling
device of flat type, semiconductor cooling in
subway vehicles and the outdoor PCS base
station transceiver system cooling.® The re-
turn of working fluid is affected by gravity or
capillary force of the wick in a heat pipe, so
the capillary limitation is the most influential
factor for maximum heat transfer among oper-
ation limits. It is influenced by pumping pres-
sure of capillary structure, friction loss of length
direction and inclination angle of heat pipe.

Gupta and Upadhya investigated heat trans-
fer performances such as limit power and ther-
mal resistance by screen mesh number and
screen mesh layers, and studied heat perfor-
mance among to inclination angle in 3, 4 and 5
mm diameter heat pipes.(‘” Since the small size
heat pipes, 3~6mm, are usually installed hori-
zontal mode than vertical mode, they have the
capillary structures such as wick. In this case,
the optimum working fluid was found by the
previous experiment.

Tested model was the heat pipe that charged
the optimum working fluid quantity determined
by previous expen'ment.(S) In this study, 6 mm
copper~water heat pipe with inserting screen
mesh wick for cooling electronic equipment is
fabricated, and compared heat transfer perfor—
mance according to various cooling water tem-
peratures, inclination angle, and screen wick
layers by the previous experiment.

2. Experimental apparatus and method

The heat pipe for cooling electronic equip-
ment usually has about 3~12.7mm diameter,
and it is applied to various parts such as cool-
ing of the semiconductor and the amplifier in
audio. In this study, we manufactured copper-
water heat pipe of diameter 6 mm with screen
mesh wick and tested it.
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Table 1 Experimental conditions
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Table 2 Working fluid quantity

Parameters Specification

Container

material Copper

pipe diameter 6 mm

total length 300 mm

length of evaporator zone 50 mm

length of adiabatic zone 100 mm

length of condenser zone 150 mm
Working fluid Distilled water
Inclination angle 0°, 3°, 6°

Cooling water temperature 20T, 30C, 40C

Working fluid
quantity (cc)
1.23
191
251
0.94
137
1.77
0.91
1.38
1.79

Mesh number Layer

100

150

200

W DN (W N =W DN =

The heat pipe is made of copper with an
effective length ( L) of 300 mm, an evaporator
section ( L, ) of 50 mm, an adiabatic section (L, )
of 100 mm, and a condenser section ( L.) of 150
mm. The ratio of condenser length to evapo-
rator length is 3 to 1.

Distilled water is used as the working fluid,
and its amount is determined by the previous
experiment. 140%, 120%, and 110% of working
fluid are injected into 1-layer, 2-layer, and
3-layer. Here, the porosity is expressed wick’s
pore volume over wick’'s whole volume. The
heat pipe performances are influenced by the
porosity which is affected the permeability of a
heat pipe.

Flowmeter

Table 1 shows the specification of the heat
pipe and experimental conditions used in this
study. Table 2 shows the quantity of the work-
ing fluid charged to the heat pipe.

Figure 1 is schematic of experimental appa-
ratus for the performances of heat pipe ele-
ment. Experimental apparatus consists of a heat
pipe and a inclination angle adjuster, data ac—
quisition unit, a power supply and constant
temperature bath.

Electricity is supplied to nichrome wire (4.5
£2/m), which
section, by the variable voltage adjuster. It is
insulated with the cerak wool ( £=0.075 W/mT)
and then with urethane foam in order to min-

is wrapped around evaporator

x : Location of thermocoup@

™, . Heating coil

Insulating material
=y &

Tilt angle adjustment—
{- l% Gate vaive

Variable temperature
water reservoir

E i — — N
Heat pipe
r 1 T
/—@d Pump Water jacket

G

v A
= Data acquisirion system
Heating and cooling coil Notebook
; PC
Stirring fan

Fig. 1 Experimental apparatus.
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imize heat loss. The temperature of vicinity
nichrome wire and the outside temperature are
measured to calculate heat loss. Once the adi-
abatic section is wrapped by insulation tape,
and it is connected to the inclination angle
adjuster made of insulation material of teflon.
Water in constant temperature bath (heating ca-
pacity: 750 W, cooling capacity: 250 W) is sup-
plied to the condenser section for sufficient
cooling. For cooling, the condenser section is
covered with a water jacket, which is a pyrex
tube of 150mm length and 15mm diameter,
and the tube is insulated with 10mm thick
urethane. Heating rate, surface temperatures at
each section, saturation temperature and inside
pressure are measured to investigate the char-
acteristic. In order to measure them, thermo-
couples are sticked to each section. In evap-
oration section eight thermocouples are arranged
at a 10mm interval. Four thermocouples are
also arranged at a 20 mm interval in adiabatic
section, and six thermocouples in condenser
section are arranged at a 30 mm interval. Data
from these thermocouples are collected in PC
through the data acquisition system (DBK board
42 channel, 10 Tech.). Moreover, heat transfer
rate at the condenser section is estimated by
the temperature difference between the inlet and
outlet of cooling water. Experiment is perform-
ed at the top heat mode and inclination angles
of 0°, 3° and 6° at horizon on 6 mm copper-

Liquid flow

water heat pipe.

The heat pipe for electronic equipment cool-
ing system is usually installed at inclination
angle of horizon or approximately within 10°.
Therefore experiment was performed to inves-
tigate on effect of inclination angle at interval
3° from 0° to 6° and the input heat load and
thermal resistance.

The experimental model is the heat pipe
injected 140%, 120% and 110% with 1, 2 and 3
layers screen mesh wick. Then, the input
power is gradually increased from 10 W to the
estimated capillary limitation power by 10W.
Experiment is stopped at about 110C on the
evaporator section. Although temperature does
not rise steeply, it is also stopped at dry-out
condition regardless of temperature.

3. Capillary limitation theory

Figure 2 shows the recirculation of working
fluid and heat flow in a heat pipe.(e) In this
figure L., L, and L, are length of condenser
section, adiabatic section, and evaporator sec-
tion, respectively. 7,, 7; and 7, are radius of
vapor region, inside radius of pipe, and outside
radius of pipe, respectively.

In general, if a heat pipe is operating in a
gravitational field, maximum effective pumping
pressure, maximum effective capillary pressure

Fig. 2 Schematic diagram of a heat pipe.
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and capillary limitation on the heat transport
rate can be expressed as:

P,, = P,,—p,gd,cos0—po,gLtsinfd (1)

P, = % @)
P
e ——

Qoms = F+F )Ly @
o om

Fi =R, o1 @

Ly =05L4L,+05L,) ®)
_ d%}

K= 122(1—¢)? ®)

€= 1——”%”1 %
_ (vaev)ﬂv

Fv B zrf.vAupvhfg (8)

where o is the surface tension at the liquid
vapor interface, 7. is the capillary radius, 4 is
the screen wire diameter, € is the wick po-
rosity, K is the wick permeability, L4 is the
effective heat pipe length, p,; is the liquid den-
sity, abd F, F, are the friction coefficient for
liquid flow and vapor flow, respectively.
Thermal resistance, Rpyp, is calculated divid-
ing average temperature difference in the evap-

orator and condenser section by @,.

T,— T,
RHP= ——gbin— (9)

where Q;, is the heat load input power (W)
minus heat loss.

The heat loss was calculated approximately
5~7% by measuring the temperature of insu-
lation outside surface.

The heat transfer coefficient 2 can be ex-
pressed by Eq. (10).

_ 1
b= R TRt Rt Rut Ry (10)
7t
Re=gp (11)
2
_ rlty
Rue = Gpe i (12)
by = kil (ki k) —(1—e)(k—k,)] (13)

[kt k) +(1— &) (ki— ko)l

where R, is the thermal resistance for the
heat pipe wall at evaporator, R, is the thermal
resistance of the wick at evaporator, k; and &,
are thermal conductivity of the liquid and the
wick, 7,, 7; and 7, are outside radius of heat
pipe, inside radius of heat pipe and vapor core
radius, respectively. L, is the length of evapo-
ration section, and ks is the effective thermal

conductivity of the liquid-wick material.

4. Results and discussions

4.1 Analytical results for the effect of mesh
Figure 3 shows the effect of mesh number

on the capillary limitation of a heat pipe by

using Egs. (1)~(8). For the vapor saturation
temperature, 40°C and inclination angle, 6°, the

80
—— 1-layer
70 o 2dayer
—— 3ayer
80
50 4
§ 40
§
g
a0 4
20
10 |
0 .
[ 50 100 150 200 250

Mesh number

Fig. 3 Capillary limitation of heat pipe with
mesh numbers (6 degree).



26 Ki~Ho Park, Ki-Woo Lee, Seung-Yong Noh, Seok-Ho RFRi, Seong-Yeon Yoo

32

A —e— 1-ayer
28 \ - 2layer
\ —e— Zlayer

24

20 1

Thermal resistance ("C/W)

0 50 100 150 200 250
Mesh number

Fig. 4 Thermal resistance of heat pipe with

mesh numbers (6 degree).

capillary limitation of 50 mesh wick heat pipe
was approximately 8~25W at 1, 2 and 3 lay~
ers. For the 100 mesh wick, capillary limitation
was calculated 13W, 37W and 53W at 1, 2
and 3 layers, respectively. For the 150 mesh
wick, capillary limitation was calculated 4.6 W,
145W and 251 W at 1, 2 and 3 layers, re-
spectively, and for the 200 mesh wick, capillary
limitation was calculated 8.0 W, 243 W and 415
W at 1, 2 and 3 layers, respectively. Therefore,
the 100 mesh wick has the better heat transfer
performances than the others.

The thermal resistance of heat pipe accord-
ing to mesh number is shown in Fig.4. For
the vapor saturation temperature of 40C and
inclination angle of 6° the thermal resistance
of 50 mesh wick heat pipe was 0.77C/W, 1.74
C/W and 3.06C/W at 1, 2 and 3 layers, re-
spectively. For the 100 mesh wick, the thermal
resistances of 1, 2 and 3 layers was calculated
0.35C/W, 0.75C/W and 1.19°C/W, respectively.
The resistance of 100 mesh was a little higher
than that of 150 and 200 mesh numbers.

Figure 5 shows the heat transfer coefficient
of heat pipe according to mesh number. For
the vapor saturation temperature of 40C and of
inclination angle of 6°, the heat transfer coef-
ficient of 100 mesh heat pipe was 104 kW/m’C,
52kW/m’C and 35kW/m’C at 1, 2 and 3 lay-
ers, respectively. Therefore, the heat transfer

h (W/im?°C)
g

Mesh number

Fig. 5 Heat transfer coefficient of heat pipe
with mesh numbers (6 degree).

coefficient of 100 mesh was lower than that of
150 and 200 mesh sizes.

42 Experimental results for thermal resi
—stance and limiting power

For the 200 mesh wick, 2-layer, the cooling
water temperature of 40°C and inclination angle
of 3°, the temperature distribution on the out-
side wall surface of heat pipe for input heat
load is shown in Fig.6. The temperature at the
end of evaporator section was lower than that
of middle section at input heat load of 28.8 W,
but the temperature at the end of evaporator
section was higher than that of middle section
at input heat load of 38.2 W.

When the temperature at the end of evapo-

6 mm, 200-mesh, 2-layer, 3°, 40°C
wl ; —o— 98W
-o— 19.0W

Temperature (°C)
8 3

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Position (mm)

Fig. 6 Wall temperature distribution (3 degree).
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Fig. 7 Variation of thermal resistance at 200
mesh, 2 layers.

rator section is approximately 100C input heat
load of 382 W, dry-out state is appeared at
this input heat load. So, it is seen that the
amount of working fluid is suitable at input
heat load of 30 W.

Figures 7 and 8 show thermal resistance at
2 and 3 layers of 200 mesh heat pipe according
to inclination angle, cooling water temperature.
As can be seen in figures, the thermal resis-
tance at the 2 layers heat pipe was the lower
than that of 3 layers. Comparing the difference
of thermal resistance according to input heat
load, case of 2 layers heat pipe has smaller
value than case of 3 layers.

In the 200 mesh screen wick heat pipe, 2 or
3 layers, the screen wick becomes thicker ac-

3.0

20 °C-0 degree
25
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POSUIRIAO®
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%
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0.5

0.0 T T \a
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Fig. 8 Variation of thermal resistance at 200
mesh, 3 layers.
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Fig. 9 Variation of limiting power.

cording to increasing of the layer of wick to 2
or 3 layers. This wick thickness also influ-
enced the working fluid quantity, the effective
thermal conductivity and the diameter of vapor
core to affect thermal resistance. The diameter
of vapor core influenced the vapor and liquid
frictional coefficient. Therefore, heat transfer
limiting power was affected vapor and liquid
frictional coefficient. Figure 9 shows the limi-
ting power at 200 mesh heat pipe with 2 layers
according to inclination angle and cooling wa-
ter temperature. As can be seen in Fig. 9, the
difference of limiting power was quite small
according to cooling water temperature. There-
fore, it is seen that the cooling water tempera-
ture have a little influences on the capillary

3.0

40 °C-0 degree
30 °C-0 degree
20 °C-0 degree
40 °C-3 degree
30 °C-3 degree
20 °C-3 degree
40 °C-6 degree
30 °C-6 degree
20 °C-6 degree

251

POSOENQACO

Thermal resistance ("C/W)
p b

0.5

0.0

Input power (W)

Fig. 10 Variation of thermal resistance at 100
mesh, 2 layers.
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limitation power.

Comparing the inclination angle 0° with 3°
and 6°, the limiting power decreased approxi—~
mately 30% due to the effect of maximum ef-
fective capillary pressure given Eq.(1). Com-
paring the tilt angle 3° with €°, the difference
of limiting power was quite small. So, it can
also be noticed that there is no difference of
the effective capillary pressure between incli-
nation angle 3° and 6°.

Figure 10 shows the thermal resistance of
100 mesh screen wick heat pipe with 2 layers.
Comparing the case of Fig. 10 with the case of
2 layers of 200 mesh in Fig.7, there is no dif-
ference of thermal resistance, but the limiting
power of 100 mesh was a little higher than the
case of 200 mesh. For the screen wick 2 layers,
inclination angle of 6° and cooling water tem-
perature of 40°C, thermal resistances according
to input heat load and mesh number are shown
in Fig.11l. For the 100 mesh heat pipe when
the input heat load were 98W, 382W and
51.9 W, thermal resistances were 0.77C/W, 0.83
T/W and 0.85C/W, respectively.

For the 150mesh wick, thermal resistance
was 1.07C/W at the input heat load of 366
W, and for the 200 mesh, thermal resistance
was 1.19C/W at the input heat load of 39.2
W. So, thermal resistance and limiting power
of heat pipe with 100 mesh were better than

30
® 100-mash
o 150-mesh
25 200-mesh
g o
i .
® ®
v v
T 1ol .
é . ’ o [ o & o
05
0.0 — T
0 10 20 30 40 50 0
input power (W)

Fig. 11 Variation of thermal resistance at 2
layers, 6 degree.

these of 150 and 200 mesh.

For the screen wick 3 layers, inclination angle
of 6° and cooling water temperature of 407,
Fig. 12 shows thermal resistances according to
input heat load and mesh number.

For the 200 mesh wick, thermal resistances
were 0.7C/W at 95W, 081C/W at the input
heat load of 285W. For the 150 mesh wick,
thermal resistance was 1.16C/W at the input
heat load of 9.7W, 093°C/W at 426 W. For the
100 mesh wick, thermal resistance was 1.0C/W
at the input heat load of 92W and 1.03C/W
at the input heat load of 47.6 W. So, thermal
resistance showed high in the order of 200
mesh, 150 mesh, 100 mesh. 200 mesh was topped
the list with the limiting power of 28.5W, fol-
lowed by 150 mesh of 42.6 W, 100 mesh placed
third with the limiting power of 47.6 W. For the
100 mesh wick, 2 layers heat pipe was shown
lower thermal resistance and higher limiting
power than 3 layers heat pipe.

For the 100 mesh wick, the experimental lim-
iting power was 1.5 times higher than the analy-
tical value. For the 150 and 200 mesh wick, the
experimental value was 2.5 times higher than
the analytical one. There is a wick thickness
difference hetween analytical model and experi-
mental model. Since the wick of experimental
model was thickened during the heat pipe man-
ufacturing, this result is supposed to influence

3.0
®  100-mesh
® 150-mesh
25 4 v 200-mesh
% 20
% 1
a ° .
1.0 * Ty [ ]
- v
0.5 4
0.0 T T r—
0 10 20 30 40 50

nput power(W)
Fig. 12 Variation of thermal resistance at 3
layers, 6 degree.
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to the limiting power. As the result of inves—
tigation, the 100 mesh wick heat pipe is sup-
posed to be best for electronic equipment cool-
ing system.

5. Conclusions

In this study, 6 mm copper-water heat pipe
with the mesh screen wick for small electronic
device cooling is fabricated. Heat transfer per—
formance is investigated analytically and ex-
perimentally according to layers of screen wick,
inclination angles of heat pipe, saturated vapor
temperature, and cooling water temperature. The
followings are results.

(1) Based on the simulation results, when
copper-water heat pipe of 6 mm diameter is
used at the top heat mode, the 100 mesh wick
heat pipe with 3 layers screen wick has the
better limiting power than the others.

(2) Based on the experimental results, when
copper-water heat pipe of 6 mm diameter is
used at the top heat mode, the heat transfer
performance of 100 mesh, 2 layer heat pipe is
better than that of 150 and 200 mesh.

(3) In case of the 200 mesh, 2 layer heat pipe,
there is no difference of the limiting power
between inclination angle 3° and 6° according
to cooling water temperature and inclination
angle. Comparing the case of the inclination
angle, 6° with the case of 0°, the limiting
power of inclination angle, 6° is reduced about

30% than that of inclination, 0°.
(4) Thermal resistance is 0.7~0.8C/W at the
two layers of the 100 mesh screen wick.
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