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Abstract

High performance miniature heat pipes are developed for the cooling of high heat flux electronics using new capillary
structures made of a folded copper sheet fin. Using the folded sheet fin, capillary flow channels with fully and partially
opened grooves are made by electric-discharge-machining technique. It is easy to form the capillary grooves as dense as
desired through the present fabrication techniques. Heat pipes with two different capillary structures and different fill
amounts are tested in the horizontal orientation. Three heating modes of the evaporator are simulated by activating
different numbers of chip resistors. The heat pipe with partially opened groove wick performs better than that with fully
opened groove wick. The condenser heat transfer coefficient is higher by 120% or greater in the case of the former wick
type compared to the latter at an operating temperature of 110 °C. Heat fluxes higher than 140 W/cm? are achieved
using concentrated heating modes. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Advanced packages of high power electronics for the
US Air Force and space related programs require the
use of high performance heat transfer devices to remove
high heat flux heat from the power electronics. Heat
fluxes higher than 100 W/cm? are current projected
levels for the advanced power electronics whereas the
upper limit of the operating temperature of the power
electronics is set below 120 °C [1]. Passive cooling meth-
ods using heat pipes have garnered attention due to
continuous development in heat pipe theory and appli-
cation [2-4]. Miniature heat pipe (MHP) is one of the
promising heat transfer devices capable of dealing with
the high heat flux electronics cooling.

Plesch et al. [5] reported their test results of two
different 7 mm wide, 2 mm thick and 120 mm long
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MHPs. It was found that the heat pipe with longitudinal
grooves had a greater heat transport rate. The maximum
heat flux was 35 W/cm? and the temperature drop over
the heat pipe in this case was about 35 °C in the hori-
zontal orientation. Cao et al. tested two MHPs with
axial grooves [6]. The heat pipe shell as well as the
grooves were fabricated using electric-discharge-
machining (EDM) technology. The depth, width and
pitch of the groove for one of their heat pipes were 0.25
mm, 0.1 mm and 0.2 mm. The overall dimensions for the
heat pipe were 7 mm wide, 2mm thick and 80 mm long.
The maximum heat input and evaporator heat flux were
about 31 W and 20.6 W/cm? for the horizontal ar-
rangement. More recently, Faghri and Khrustalev [7]
reported that their copper-water MHP with axial rect-
angular microcapillary grooves could remove heat at
heat flux levels of 82 W/cm? from a heating area of
1.4 cm? and 150 W/cm? from a heating area of 0.7 cm?
in the horizontal orientation at an operating tempera-
ture of 90 °C. To provide a simple and low cost solution
to the manufacturing of microwick structures, Ponnap-
pan [8] investigated a new folded-screen wick, copper-
water MHP. It was indicated that on a small heating
area of 0.774 cm?, the MHP of this type could handle a
heat flux of 115 W/cm? at an operating temperature of
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Nomenclature

An heating area (m?)

A, cooling area (m?)

A, heating area of one chip resistor (m?)

B inner cross-section width (m)

By width of wick structure (m)

he condenser  heat  transfer  coefficient
(W/m? K)

he evaporator  heat transfer  coefficient
(W/m? K)

k thermal conductivity (W/m K)

L length (m)

ny number of active chip resistor heater

qe evaporator heat flux (W/m?)

0 total heat rate (W)

Obot heat rate through bottom cooler (W)
Oloss heat losses (W)
Oiop heat rate through top cooler (W)

ty heat pipe wall thickness (m)
T, heat pipe operating temperature (°C)
AT, average evaporator-to-condenser tempera-

ture difference (°C)

Subscripts

a adiabatic

C condenser
€ evaporator
i inner

m mean

90 °C and evaporator-to-adiabatic temperature differ-
ence of 37 °C [8]. By comparison of the published results
of MHPs [5-8], the MHP with microcapillary grooves
(0.2 mm wide by 0.42 mm deep) [7] was superior in the
heat transfer characteristics. In spite of the high per-
formance, the evaporator-to-condenser temperature dif-
ference of the MHP with microcapillary grooves reached
21 °C at 100 W or 64 W/cm? in the evaporator and this
indicates that at the high heat flux, the heat pipe internal
thermal resistance was high.

To decrease the internal thermal resistance of MHP
at high evaporator heat fluxes, Researchers at the Air
Force Research Laboratory (AFRL) have developed
high performance MHPs which contain new capillary
structures made of a folded copper sheet fin. Particu-
larly, a heat transfer enhancement method is developed
that deals with a notched folded sheet fin. The notches
appear only in the evaporator and condenser. The fins
are brazed onto either wide side of the MHP. The not-
ches (small slits) let the vapor escape from the groove
into the vapor core. As opposed to the notches, the fin
bridges (uncut part at the fin top) separating notches at
the top of the fin protect the returning liquid against the
interfacial shear stress of countercurrent two-phase flow
to some extent and consequently reduce the liquid flow
resistance. Meanwhile, the fin bridges in the condenser
serve as additional secondary heat transfer area and
contribute to the enhancement of condensation heat
transfer. For closed two-phase thermosyphons, the re-
duction of the interaction between the vapor and liquid
flows was achieved using a perforated tube flow sepa-
rator [9]. For the present MHP, the notched fin func-
tions as two-phase flow separator. The objective of the
present study is to compare thermal performances of
the heat pipes with new capillary structures and to verify
the heat transfer enhancement method, especially under
high heat fluxes.

2. Design of miniature heat pipes

The MHPs developed at AFRL have more flexible
capillary structures compared to the machined wicks
reported [5-7]. One basic configuration is a heat pipe
with capillary fins on its inner wall. One half-section of
the MHP fin wick assembly is shown in Fig. 1. The fin
wick assembly is made by brazing a folded sheet on the
wide side and making a full cut on the top of the fins
using EDM technology. Like conventional heat pipes,
the operation of a MHP is subject to performance
limitations. The type of performance limitation that
restricts the operation of a MHP is determined by
computing which limitation has the lowest value at a
given heat pipe operating temperature. Some perfor-
mance limitations of heat pipe depend on types of
capillary structures. One of the most commonly used
capillary structures is formed by axial grooves. It may be
noted that the present capillary fin wick heat pipe is
analogous to the traditional axially grooved heat pipe.

To enhance the capillary pressure, the groove width
must be small. However, to decrease the liquid pressure
drop in the wick, the groove width must be large. In
most cases, the heat flux travels radially through the

Wick for HP-A

Fig. 1. Capillary fins (fully opened grooves).
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Wick for HP-B

Fig. 2. Folded sheet fin (partially opened grooves) with notches
cut at its top in the evaporator and condenser.

capillary structure to evaporate the working fluid. For a
small radial temperature drop through the capillary
structure, the saturated capillary structure must be thin
in the radial direction and have a high thermal con-
ductivity. This consideration usually results in a small
cross-sectional area of the liquid flow, which conflicts
with the need for a small liquid pressure drop from the
condenser to the evaporator.

The performance of the axially grooved heat pipe
could be improved by decreasing the groove width and
pitch and increasing the groove depth to some extent.
This approach is more effective at low operating tem-
peratures, e.g., less than 100 °C for the water heat pipe.
Considering a constraint of machining cost, a 0.13 mm
wide by 0.64 mm deep groove is probably the narrowest
and deepest dimension that can be made in aluminum
[10]. To reduce the ratio of the groove width to groove
depth further, AFRL researchers have developed the
heat pipe with the capillary fins as shown in Fig. 1. Since
it is easy to make a very small groove width between two
consecutive fins of a folded sheet, a high pumping ability
of the capillary fin is achievable at low fabrication cost.

To further enhance the maximum performance and
thermal performance of the heat pipe, AFRL research-
ers have developed an enhanced folded copper sheet fin
structure with notches cut at the top of the fin in the
evaporator and condenser. Fig. 2 shows this type of the
fin. The fin bridges (uncut part) separating notches on
the top of the fin protect the return liquid against the
interfacial shear stress of countercurrent two-phase flow
to some extent. Meanwhile, the cut holes let the vapor
escape from the groove into the vapor core. The uncut
part of the folded fin in the heat pipe condenser serves as
additional secondary heat transfer area enhancing con-
densation heat transfer.

3. MHP fabrication details

The heat pipe with the fully opened capillary fins and
that with the partially opened folded fin are denoted as
HP-A and HP-B, respectively. The dimensions of the

capillary fin and the cross-sectional view of HP-A are
shown in Fig. 3. For HP-B, the similar folded sheet fin is
used but notch cuts at the top of the fin are made instead
of the full cut. The dimensions of the folded sheet fin
with notch cuts are shown in Fig. 4. The notch cuts are
evenly distributed along the heat pipe length and made
only in the evaporator and condenser sections. The geo-
metric parameters of the fin assemblies for HP-A and
HP-B are included in Table 1. Two similar assemblies
are required to build a heat pipe. In Table 1, the inner
cross-section refers to the cross-sectional area bounded
by the inner wall and the outer cross-section to the heat
pipe outer wall. The evaporator length is related with
three chip resistors on each side. The notch pitch is set
constant along the heat pipe length. The brazing tem-
perature for the assembly of heat pipe parts is 655 °C.

0,102 ===
0.203

0.89

0.203

I \_ ﬂ iA

Fig. 3. Dimensions of capillary fins (in mm).
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Fig. 4. Dimensions of notched folded sheet fin (in mm).
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Fin length/width (mm)

Fin height (mm)

101.6/9.76(B;)
0.89

Table 1

Design features and dimensions of wick assemblies for HP-A and HP-B
Parameters HP-A HP-B
Total MHP length (mm) 108 108
Inner cross-section (mm?) 10.26(B) x 3.91 10.26(B) x 3.91
Outer cross-section (mm?) 12.7 x 6.35 12.7 x 6.35
Lc((6 chips)/L,/L.) (mm) 18.5/50.6/32.5 18.5/50.6/32.5
Notch number in L. /L. Full cut 7/10

101.6/9.76(B;)
1.02/0.89(cut)

Fin thickness (mm) 0.1 0.1

Fin pitch (mm) 0.305 0.305
Fin number (one side) 32 32
Notch width/depth (mm) - 1.27/0.13
Notch pitch (mm) - 3.81

Fig. 5. Heat pipe assembly and its dimensions.

Fig. 5 shows a typical heat pipe assembly and its overall
dimensions. The assembly includes two copper angles
holding the capillary fins, two end caps, and one copper
tube for the filling of working fluid. The brazing material
is used at the junctions of the parts.

The brazed assembly of the heat pipes are baked at
150 °C, evacuated to a pressure of 3 x 10~¢ Torr for 24
h, and filled with distilled water. After the filling, the
copper tube is pinched and welded. The working fluid fill
amounts, measured at 25 °C, are 1.3 and 0.87 ml for
HP-A and 1.3 and 0.85 ml for HP-B. A ratio of the
working fluid fill amount to the volume of all the grooves
is referred to as fill ratio. The 0.87 ml fill amount for
HP-A corresponds to a fill ratio of 80% and the 0.85 ml
fill amount for HP-B corresponds to a fill ratio of 78%.

4. Experimental setup and procedure

Six chip resistors are mounted onto the wide side wall
to simulate the heat source of electronic components,
three on the top and three on the bottom of the heat
pipe. Fig. 6 shows three different heating modes indi-
cated by active chip resistors. Each chip resistor, with

12.55 mm long and 6.17 mm wide, has a contact heating
area of 4; = 0.774 cm?, and the shorter side is marked
in black as shown in Fig. 6. Mode 1 heater has only one
active chip resistor at the bottom. Mode 2 heater con-
sists of two active chip resistors in the middle. In mode 3
heater, all chip resistors are switched on.
Thermocouple locations on the heat pipe are shown
in Fig. 7. There are eight thermocouples at the top
surface, and eight at the bottom surface in the symmetric
positions in reference to the thermocouples above. Three

Chip resistor Epoxy Thermocouple

[ lel Jef W |

Intermediate plate
Mode 1
One chip resistor at the bottom is on

— EE—

Mode 2
Two middle chip resistors are on.

I E—
I I I

Mode 3
All six chip resistors are on.

Fig. 6. Evaporator heating modes.
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X Visible thermocouple
e Hidden thermocouple

Fig. 7. Thermocouple locations.

thermocouples are placed on the side-wall of the MHP.
Two intermediate plates with three slots are soldered
onto the evaporator and another two plates with two
slots are soldered onto the condenser to protect the ther-
mocouples against a contact with the heater or cooler.
The thickness of the intermediate plate is 0.8 mm. Six
thermocouples in the evaporator and four thermocou-
ples in the condenser are inserted into the thermocouple
slots and soldered onto the heat pipe wall. The slot
width is 0.51 mm and is sized to accommodate the ther-
mocouple wire of 0.08 mm in diameter and 0.3 mm in
bead diameter. Epoxy is filled in the thermocouple slots
to insulate the thermocouple from the chip heater and
from the cooler. The chip resistors are soldered onto the
top and bottom intermediate plates in the evaporator,
making the intermediate plate sandwiched between the
chip resistor and the heat pipe. Two coolers are clamped
onto the top and bottom intermediate plates in the
condenser.

Valve 1

The schematic of a MHP experimental setup is
shown in Fig. 8. A DC power supply unit is used to
provide DC power for the heaters. The chip resistors are
built in parallel and connected with switches so that the
chip resistors can selectively be turned on and off to
arrange different heating modes. Two coolers are em-
ployed in the heat pipe condenser. Inside the cooler,
there is a rectangular channel with plain fins mounted on
its contact side with the condenser. Two turbine flow
meters are used to measure the coolant flow rates
through the top and bottom coolers. The turbine flow
meter is operated with a signal conditioner. The coolant
flow rates are regulated by two valves in the upper and
lower flow channels. The flow rates through the top and
bottom coolers are set to be approximately equal.
The coolant temperatures at the inlet and outlet of the
coolers are measured using two type T probe thermo-
couples. The coolant temperature is regulated by a
constant temperature bath (cold bath) with 500 W ca-
pacity. A pressure transducer is installed at the coolant
channel to measure the coolant supply pressure that is
partially controlled by a bypass valve. The coolant flow
circulation is maintained by a water pump.

The operating temperature of the heat pipe, 7,, is
monitored by the thermocouple in the middle of the
adiabatic section. The operating temperature is adjusted
by regulating the coolant flow rate and the cold bath
temperature. The experimental parameters are listed as
follows:

60, 80, 90, 100, 110 °C
10-250 W
Horizontal operation

Operating temperature
Input power (W)
MHP orientation

The actual total heat rate through the heat pipe is
estimated by subtracting heat losses, Qjss, from the
input power. To measure the heat loss at various specific
heat pipe operating temperatures, a small electric power

- Thermocouples

Pressure ;

transducer || Tyrbing flowmeter
[ r——Cooler 1(top) d

—

Turbine flowmeter

Water pump
(0.25 L/s)

~=T— = Constant

Temperature—
e — Bath
Bypass valve

5°C-85°C

. . MHP . ‘
‘:1Cooler 2(bottom jﬁ /T—\i’:&':L

Thick film resistors

DC power supply

Y
DC Volts DC Amps =

Input power 0 - 300W

Fig. 8. Schematic of MHP experimental setup.
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load is applied to the chip resistor on the heat pipe with
coolers removed. The whole heat pipe is insulated. The
value of the applied electric power load is adjusted until
a specific operating temperature is reached. As a result,
the heat losses of 1.2, 2.15 and 2.90 W were measured
at the operating temperatures of 60, 90 and 110 °C. With
the tested heat losses at various operating temperatures,
the actual total heat rate is obtained as follows:

Q:IV_Qlossa (1)

where [ is the total electric current through the heaters
on the heat pipe and V is the voltage across the heaters.

For heat transfer analysis, average temperatures
in the evaporator, condenser and adiabatic section are
calculated. The average evaporator temperature is an
arithmetic average on temperatures indicated by the
thermocouples covered with the active chip resistors.
For mode 1, mode 2 and mode 3 heating configurations,
the average temperature respectively involves one ther-
mocouple, two thermocouples and six thermocouples.
The average adiabatic temperature involves two ther-
mocouples on the middle top and bottom surfaces of the
adiabatic section. The average condenser temperature
involves four thermocouples on the top and bottom
surfaces of the condenser.

5. Measurement uncertainty

The Hewlett Packard 3852A data acquisition system
is used to make all temperature measurements. This
device has a resolution of 0.02 °C. The data acquisition
unit and type T thermocouples (19 0.08 mm diameter
thermocouples and four probe type thermocouples) are
compared to a precision digital RTD with 0.03 °C rated
accuracy over the range of interest and the system ac-
curacy is found to be within 0.1 °C. In the steady state,
the wall thermocouples fluctuate within 0.2 °C. The ac-
curacy of the thermocouple locations is within 0.5 mm in
the heat pipe axial direction.

The actual total heat rate (Q) through the heat pipe is
estimated based on the measurement of heat losses of
the insulated heat pipe with coolers removed. The DC
power applied to the heat pipe is supplied by the Hewlett
Packard 6030A System Power Supply unit. The accu-
racy of the voltage is 0.035% + 145 mV and the accuracy
of the current is 0.02% + 25 mA. The overall uncertainty
of the heat rate through the heat pipe is predicted using
the standard Kline and McClintock approach to the
calculation of random uncertainty [11]. The same ap-
proach is taken for the calculation of other overall un-
certainties hereafter. For HP-A with 0.87 ml fill amount,
the predicted overall uncertainty of the heat rate is
shown in Fig. 9. The uncertainty of Q varied from 5.7%
at 10 W input power to 0.8% at 210 W input power. The

0.40
HP-A Qp & Q

top bot Q
Fill =0.87 ml )
0.35 Mode 2 heater: o [u}

T,=60°C-110°C Mode 3 heater: v

0.30 4

(2]
%0.257 8 v
3 8% v
< \4
5 020 §©8W% o .
>
£ @®@6868 v
@
S 015 09 v
8 [e]
o}
0.10 {

0.05

[m}
A =]
AaniR R R 1 AR R N R O A A
0.00 T T T T T T T T T

20 40 60 80 100 120 140 160 180 200 220

Input power (W)

Fig. 9. Uncertainties of the total heat rate through HP-A, the
heat rate through the top condenser (Q.p,) and the bottom
condenser (Qpor) vs. the input power.

uncertainty of Q for other MHPs varies only slightly
compared to the case of HP-A.

To compare the heat rate through the top cooler
(Qiop) and bottom cooler (Opo) at heat rates higher than
90 W, calorimetry is applied by measuring the flow rate
of the coolant and the coolant temperatures at the in-
let and outlet of the coolers. Two turbine flow meters
(OMEGA FP-541 flow sensor) working with signal con-
ditioners are used to measure the coolant flow rate.
The turbine flow meters are calibrated for water. The
uncertainty of the turbine flow meter is 0.5% of full
scale. The uncertainties of Oy, and Oy are predicted for
various operating conditions. Typically, the results for
HP-A are also shown in Fig. 9. The results are associ-
ated with mode 2 and mode 3 heaters and with the op-
erating temperatures of 60-110 °C. It is indicated that
the uncertainties of Oy, and Oy, decrease with an in-
crease in the input power and range between 14%
and 26% at the input power of 90-210 W. It should be
pointed out that the uncertainty of the heat rates could
be controlled by setting an appropriate flow rate range.
It is also indicated in Fig. 9 that the uncertainty of the
total heat rate predicted by measuring the heat losses is
much smaller than that of O, and Oy, estimated by
using the calorimetry. That is the reason why the mea-
surement of heat losses is used as the actual heat rate
through the heat pipe.

All of the experimental data such as the tempera-
tures, the input power and the coolant flow rates are
acquired 50 times in an interval of 1 min and the average
values on the 50 consecutive data are recorded after a
steady state is reached. The use of the mean values is
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Fig. 10. Uncertainties of the heat transfer coefficients for HP-A
in relation with the input power.

appropriate to reduce the effect of the fluctuation of the
tested parameters at high heat fluxes in the evaporator.

Overall uncertainties of the heat transfer coefficients
of evaporator and condenser are estimated. For HP-A
with 0.87 ml fill amount, the predicted overall uncer-
tainties for 4. and . are shown in Fig. 10. The highest
uncertainty for 4. and A. occurs at the lowest input
power. Given an input power, the uncertainties 4, and 4,
are the highest for mode 1 heater and the lowest for
mode 3 heater. This is because a different thermocouple
number is used for each heating mode. The uncertainty
decreases more noticeably for 4. than for 4. with an
increase in the input power. The variation of uncer-
tainties for different MHPs is less than 2% under the
same operating conditions.

6. Thermal performance results and discussion
6.1. Preferable fill amounts

First of all, the thermal performance test for the heat
pipes with various fill amounts is conducted for a few
operating temperatures to determine appropriate fill
amounts for the heat pipes with the two different types
of capillary structures. Then, more experiments at vari-
ous operating temperatures and heat rates are conducted
using the preferable fill amounts for HP-A and HP-B
and results for HP-A and HP-B are compared.

Fig. 11 shows the effect of working fluid fill amount
on the average temperatures in the evaporator and
condenser for HP-A with mode 3 heater. The operating
temperature is 90 °C. It is evident that the average

130

T,=90C
Mode 3 heater

120 4

110

100 - W
90 - W

80 -

70

Fill: 087ml 1.3ml

60
50 | D\D\D’-D\D ®Tem “Tom
YTom vT

40 4

Average temperature (°C)

" T oT
30 T T T T T T
20 40 60 80 100 120 140 160

Heat rate (W)

Fig. 11. Effect of fill amount on the average temperatures in the
evaporator and condenser vs. the heat rate for HP-A with mode
3 heater.

condenser temperature for the 1.3 ml fill amount is much
lower than that for the 0.87 ml. The average evaporator-
to-condenser temperature difference, AT, (AT = Tom—
T..m), is much smaller for the 0.87 ml than for the 1.3 ml.
The reason is that the capillary fin in the condenser is
submerged in the working fluid for the case of the 1.3 ml
fill amount. The excess liquid above the fin tip results in
a lower condensation heat transfer coefficient due to a
lower thermal conductivity of the liquid. The fill amount
of 0.87 ml is equivalent to a fill ratio of 80% that is
defined by the ratio of the working fluid volume to the
volume of all the grooves. Because of this result, the fill
amount of 0.87 ml or one close to it is used for the
capillary fin heat pipes.

6.2. Axial temperature profiles

Fig. 12(a), (b) and (c) show temperature profiles
along the top and bottom surfaces of HP-A with the
0.87 ml fill amount at 7, = 90 °C for mode 1, mode 2
and mode 3 heating configurations. The input heat rate
is varied from 60 to 250 W. In Fig. 12(a) for mode 1
heater, with an increase in the heat rate, the tempera-
tures on the bottom of the evaporator increase and the
temperatures in the condenser decrease. The peak tem-
perature at the second thermocouple location where the
chip resistor is active increases noticeably with increas-
ing the heat rate. At 110 W, the temperature differ-
ence between the peak temperature and the operating
temperature reaches 30 °C. In Fig. 12(b) for mode 2
heater, the evaporator temperatures on the top surface
are slightly higher than those on the bottom and the
condenser temperatures on the top surface are slightly
lower than those on the bottom at the input power level
of 60, 90 and 110 W. At 150 W, the peak temperature is
greater on the bottom surface than on the top and the
temperature difference between the peak temperature
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Fig. 12. Temperatures on the top and bottom surfaces of HP-A with 0.85 ml fill amount.

and the operating temperature is 22 °C. In Fig. 12(c) for
mode 3 heater, the temperature profiles on the top sur-
face are slightly different from those on the bottom at 60,
90 and 110 W. At 150 W, the temperatures on the bot-
tom surface of the evaporator are noticeably higher than
those on the top surface.

Fig. 13(a), (b) and (c) show temperature profiles
along the top and bottom surfaces of HP-B for mode 1,
mode 2 and mode 3 heating configurations. The working
fluid fill amount is 0.85 ml. The operating temperature is
90 °C. In Fig. 13(a), with an increase in the heat rate, the
temperatures on the bottom of the evaporator increase,
more significantly than on the top, and the temperatures
in the condenser decreases. The peak temperature is
related to the place of the active chip resistor. At 110 W,
the temperature difference between the peak temperature
and the operating temperature reaches 30 °C similar to
the case of HP-A (Fig. 12(a)). In Fig. 13(b) and (c), the
evaporator temperatures on the top surface are slightly
higher than those on the bottom and the condenser
temperatures on the top surface are slightly lower than
those on the bottom for the same input power level. In

Fig. 13(c), the highest temperature along the heat pipe
occurs at the first thermocouple location for the same
input power level.

6.3. Effect of condenser cooling rate

Fig. 14 shows a ratio of the heat rate through the top
cooler to that through the bottom cooler for HP-A with
the 0.87 ml fill amount. The heat rate ratio is presented
as function of the input power for the operating tem-
peratures of 80 °C and 110 °C and for mode 2 and mode
3 heaters. In most cases, the heat rate ratios for mode 2
and mode 3 heaters are approximately the same for the
same operating temperature. The operating temperature
does have an effect on the heat rate ratio. In the case of
mode 2 heater, the heat rate ratio decreases from 1.6 to
1.25 with the input power increased from 90 to 150 W at
80 °C and from 1.0 to 0.75 with the input power in-
creased from 80 to 160 W at 110 °C. The heat rate ratio
is greater at 80 °C than at 110 °C. This may be attrib-
uted to a coupled effect of the surface tension and
gravity on the curvature of liquid—vapor interface.
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Fig. 13. Temperatures on the top and bottom surfaces of HP-B with 0.85 ml fill amount.

6.4. Comparison of thermal performances between HP-A
and HP-B

To estimate the thermal performance of HP-A and
HP-B, the evaporator and condenser heat transfer co-
efficients are defined as follows:

30
HP-A 80°C 110°C
o5 | Fill = 0.87 ml Mode 2 heater: ~ © v
’ Mode 3 heater: e v

20 4
g 15 %
3

7 M

05 -

0.0

70 80 90 100 110 120 130 140 150 160 170 180
Input power (W)

Fig. 14. Ratio of the heat rate through the top cooler to that
through the bottom cooler for HP-A with 0.87 ml fill amount.

_ o

he N Ah(Te,i,m - T;am) ' (2)
_ 0

hc N Ac(Ta,m - Tc,i,m) ’ (3)

where the inner wall average temperatures of the evap-
orator and condenser are calculated as follows:

Oty
Teim:Temfiv 4
in=Ton — 2 @)
Oty
Tejm = Tcm7 5
=2, 5

where Q is the heat rate, 4, the heating surface area
dependent on the number of active chip resistor (4, =
nwd;), A. the cooling surface area (4. = 2L.B), t, the
heat pipe wall thickness, and &, is the thermal conduc-
tivity of the wall material (390 W/m K). The heat
transfer coefficients depend on the type of capillary
structure, the heat rate and operating temperature.

Fig. 15(a) shows the comparison of the heat transfer
coefficient of evaporator between HP-B and HP-A at the
operating temperatures of 60, 90 and 110 °C for mode 2
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Fig. 15. Comparison of the heat transfer coefficient of evaporator between HP-B and HP-A.

heater. The profiles of 4. for HP-B do not have the
noticeable crest while those for HP-A have it. The
maximum values of 4. for HP-A do not vary much with
the operating temperature and occurs at a higher heat
rate if the operating temperature is increased. At 60 °C,
most values of %, are higher for HP-A than for HP-B. At
110 °C, the values of 4. are higher for HP-B than for
HP-A. For the high heat rate, e.g., higher than 120 W,
the value of %, is or tends to be greater for HP-B than for
HP-A. Fig. 15(b) shows the comparison of the heat
transfer coefficient of evaporator between HP-A and
HP-B for mode 3 heater. It is clear that the evaporator
heat transfer coefficients are greater for HP-B than for
HP-A for the same operating temperature of 60, 90 and
110 °C. In the range of the tested heat rate, the increase
in &, for HP-B is varied upward from 17% to 95% in
comparison with HP-A. A larger increase occurring at
operating temperature of 110 °C. Fig. 16(a) shows the
comparison of the heat transfer coefficient of condenser
between HP-A and HP-B at 60, 90 and 110 °C for mode
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2 heater. It is evident that the condenser heat transfer
coefficients are greater for HP-B than for HP-A. The
heat transfer enhancement is more significant at 110 °C.
The value of /. for HP-B is increased by 123% or greater
at 110 °C in comparison with HP-A. Fig. 16(b) shows
the comparison of the heat transfer coefficient of con-
denser between HP-A and HP-B for mode 3 heater. Like
the case with mode 2 heater, the condenser heat transfer
coefficients are noticeably greater for HP-B than for HP-
A. At 110 °C, the value of 4. is enhanced by 120% or
greater. For HP-A, at heat rates greater than 28 W, the
value of & decreases slightly with an increase in the heat
rate. Given a heat rate, in most cases, an increase in the
operating temperature results in a slight increase in A,
for HP-A and a noticeable increase for HP-B. Most
condenser heat transfer coefficients for HP-A vary be-
tween 19000 and 35600 W/m? K while those for HP-B
vary between 40000 and 73000 W/m? K.

The fin bridges (the uncut part) existing at the top of
the folded sheet fin partially separate the liquid flow
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Fig. 16. Comparison of the heat transfer coefficient of condenser between HP-B and HP-A.
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Table 2
Comparison of the average temperatures between HP-A and HP-B for mode 2 heater at high ¢.
T, (°C) 60
0 (W) 125
ge (W/cm?) 80.4
Tem (°C) HP-A (0.87 ml) 90.67
HP-B (0.85 ml) 82.63
Tem (°C) HP-A (0.87 ml) 50.13
HP-B (0.85 ml) 54.36
AT (°C) HP-A (0.87 ml) 40.54
HP-B (0.85 ml) 28.27

80 90 100 110
172 198 219 244
111 127 141 157
122.2 136.9 139.8 152.4
114.5 119.6 126.6 126.4

67.68 76.69 84.93 93.90

73.58 83.51 92.22 102.9

54.53 60.24 54.83 58.51

40.95 36.09 34.4 23.52

from the vapor flow and reduce the average counter-
current flow shear stress at the liquid-vapor interface.
To some extent, this helps the evaporator be sufficiently
wetted by the liquid flowing back through the grooves.
At the high heat rate, the fin bridges protect the return
liquid against being torn from the capillary fin. The fin
bridges in the condenser serve as additional secondary
heat transfer surfaces and contribute to the enhance-
ment of condensation heat transfer. As a result, HP-B is
superior to HP-A in the thermal performance. At high
temperatures, part of the condensate on the upper fin
surface (on the top cooler side) may be drained down to
the fin bridges forming a liquid retention region due to
gravity. Meanwhile, liquid droplets under the liquid re-
tention region come off the fin and fall onto the bottom
surface. The rest of the condensate in the upper inverted
grooves flows back to the upper evaporator by the cap-
illary pumping head. With the condensate in part being
drained off, a portion of the upper fin surface is exposed
and the condensation heat transfer is improved. This
explains why the use of the folded sheet fin with notch
cuts brings about more significant enhancement of the
condensation heat transfer in HP-B at the higher oper-
ating temperature such as 110 °C.

The heat pipe thermal performance at high heat
fluxes greater than 100 W/cm? is investigated with mode
1 and mode 2 heaters. Table 2 shows the average tem-
peratures in the evaporator (7.,,) and condenser (7.,)
of HP-B and HP-A with mode 2 heater. The operating
temperature is varied from 60 to 110 °C. The average
condenser temperatures are greater for HP-B than for
HP-A at the same heat fluxes. This means that the
condenser heat transfer coefficient is still greater for HP-
B than for HP-A at the high heat fluxes. The average
temperatures of the evaporator are smaller for HP-B
than for HP-A, indicating that the evaporator heat
transfer coefficient is higher for HP-B than for HP-A. It
is a fact that the high heat flux brings about a larger
AT,.. The value of AT,. decreases with an increase in the
operating temperature. For HP-B, as an example, the
value of AT, reaches 36.09 °C at the operating tem-
perature of 90 °C and heat flux of 127 W/cm?, and
decreases to 34.4 °C at 100 °C, even at a higher heat flux
of 141 W/cm?.

Very high heat fluxes can be achieved using mode 1
heater. During the experiment with mode 1 heater, no
temperature excursion on the evaporator wall has been
found in the operating temperature range between 60
and 100 °C even if the heat flux is increased up to
283 W /cm? at 100 °C and to 158 W/cm? at 60 °C. This
means that the heat pipe is still operating in the quasi-
steady state. However, the peak evaporator temperature
has reached 170.4 °C for T, = 100 °C and 112.6 °C for
T, = 60 °C. Meanwhile, the average condenser tempera-
ture is 92.4 °C for T, = 100 °C and 55.1 °C for T, =
60 °C. Apparently, the heat pipe has lost its commonly
addressed advantages due to the high temperature dif-
ference between its peak evaporator temperature and
operating temperature though its maximum perfor-
mance has not been encountered. This feature pertains
to the spot heated heat pipe with a heating area as small
as 0.774 cm?. In this case, the temperature difference
between the peak temperature and operating tempera-
ture is a more critical parameter to evaluate the per-
formance of the heat pipe. The objective of developing
high performance heat pipes is to reduce their internal
thermal resistance at the high heat flux.

7. Conclusions

It is easy to make capillary grooves as narrow and
deep as desired through the present fabrication tech-
niques. The most efficient and promising capillary struc-
ture from the standpoint of heat transfer is the folded
copper sheet fins with notches cut in the evaporator and
condenser. Achievements of the present investigation are
concluded as follows.

The fill amount of 0.87 ml (80% fill ratio) or 0.85 ml
(78% fill ratio) results in a favorable thermal performance
for HP-A and HP-B. HP-B with the 0.85 ml fill amount
has exhibited the lowest evaporator-to-condenser tem-
perature difference and consequently the lowest internal
thermal resistance.

For HP-A, the condenser heat transfer coefficient,
h.. decreases slightly with an increase in the heat rate
in most cases. Given a heat rate, an increase in the
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operating temperature results in a slight increase in /..
Most condenser heat transfer coefficients vary between
19000 and 35600 W/m? K. In most cases, the evapo-
rator heat transfer coefficient, 4., has the maximum
value for HP-A at a given operating temperature. The
maximum value occurs at a higher heat rate with an
increase in the operating temperature.

For HP-B, the maximum value of 4. is not noticeable
for a given operating temperature. With mode 3 heater,
the increase in %, for HP-B is varied upward from 17%
to 95% compared with the case of HP-A. Most con-
denser heat transfer coefficients for HP-B vary between
40000 and 73000 W/m? K, much higher than those of
HP-A. The condensation heat transfer enhancement is
more significant at 110 °C. The increase in /4. by 120% or
greater for HP-B can be achieved at 110 °C in com-
parison with HP-A. In HP-B, the fin bridges (the uncut
part) existing at the top of the folded sheet fin partially
separate the liquid flow from the vapor flow and reduce
the average countercurrent flow shear stress at the lig-
uid—vapor interface. In addition, the fin bridges in the
condenser serve as additional secondary heat transfer
area. As a result, HP-B is superior to HP-A in the
thermal performance.

The ratio of the heat rate through the top side cooler
to that through the bottom side cooler of the condenser
decreases with an increase of the input power.

The heat pipe thermal performance at high heat
fluxes greater than 100 W /cm? is investigated with mode
1 and mode 2 heaters. It has been indicated that the heat
transfer coefficients of the evaporator and condenser are
still greater for HP-B than for HP-A at the high heat
fluxes. Very high heat fluxes are achieved using mode 1
heater with heating area of 0.774 cm?. During the ex-
periment with the mode 1 heater, no temperature ex-
cursion on the evaporator wall of the heat pipe has been
found in the operating temperature range between
60 and 100 °C even if the heat flux is increased up to
283 W/cm? at 100 °C and to 158 W/cm? at 60 °C.
However, the peak evaporator temperature has reached
170.4 °C for T, = 100 °C and 112.6 °C for T, = 60 °C.
Concerning this, the temperature difference between the
peak temperature and operating temperature is regarded
as a more critical parameter to evaluate the performance
of the heat pipe with a small heating area. The price for
the operation at the very high heat flux is a resultant
large evaporator-to-condenser temperature difference
across the heat pipe length.
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