JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 11, No. 2, April-June 1997

Experiments and Analyses of Flat Miniature Heat Pipes

Y. Cao* and M. Gao¥
Florida International University, Miami, Florida 33199
and
J. E. Beami and B. Donovan§
U.S. Air Force Wright Laboratory, Wright- Patterson Air Force Base, Ohio 45433

Two flat copper-water axially grooved miniature heat pipes are fabricated employing the electric-
discharge-machining (EDM) wire-cutting method. Because of the advantage of the EDM method, axial
grooves are provided around the entire interior perimeters of the miniature heat pipes. The two miniature
heat pipes are tested under different heat inputs, cooling temperatures, and orientations. The maximum
heat transfer rate for the heat pipes tested is about 40 W, and the maximum heat flux achieved is about
20 W/cm? based on the outer surface of the evaporator. The effective thermal conductance of the heat
pipe is on the order of 40 times that of copper based on the external cross-sectional area of the miniature
heat pipe. If the effective thermal conductance is evaluated based on the interior cross-sectional area of
the heat pipe, it can be 100 times higher than the thermal conductivity of copper. Analyses for heat-pipe
limitations are also performed based on certain analytical relations. It is found that the capillary limit is
the dominant heat transfer limitation for the miniature heat pipes tested in this paper. To improve the
accuracy of the analytical model, the hydraulic radius in the capillary limit is corrected using the exact
two-dimensional solutions found in the literature, and the expression for the friction factor that takes
into account the shear stress at the liquid/vapor interface is adopted. The analytical results based on these

modifications are compared with corresponding experimental results with good agreement.

Nomenclature
A = cross-sectional area, m’
D, = groove depth, m
D), = hydraulic diameter of the liquid groove, m
D ., = hydraulic diameter of vapor space, m
F = frictional coefficient
f = skin-friction coefficient
H = height, m
hs,, = latent heat of evaporation, J/kg
K = permeability of the wick structure, m’
K' = ratio of specific heats, ¢,/c,,
k = thermal conductivity, W/m-K
k.. = effective thermal conductivity of the wick structure,
W/m-K
L = length of the heat pipe, m
N = number of grooves
P = pressure, N/m’
[0 = heat transfer rate, W
R, = radius of vapor bubble, m
R, = gas constant, J/kg-K
Roen = radius of the liquid- vapor meniscus, m
Re,;, = hydraulic liquid Reynolds number
Re,, = hydraulic vapor Reynolds number
r = capillary radius of the wick pores, m
s = spacing, m
T = temperature, K
t, = height of the curved top of fin, m
W, w = width, m
o = dynamic viscosity, kg/m-s
v = kinematic viscosity, m/s
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p = density, kg/m’

o = surface tension, N/m

S = porosity of the wick structure
Subscripts

a = adiabatic section

b = boiling heat transfer limit

c = condenser or coolant

ca = capillary

crit = critical

cu = copper

e = evaporation section

eff = effective

ent = entrainment heat transfer limit
g = groove, m

[ = liquid phase

s = solid phase

son = sonic heat transfer limit

v = vapor

Introduction

HERMAL management is one of the most critical tech-

nologies for electronic products and directly influences
their cost, reliability, and performance. As power electronic
devices become progressively smaller, while at the same time
reliability issues drive down the parts required, each device is
forced to handle more power. Consequently, the heat flux in
electronic devices becomes increasingly higher, which makes
heat dissipation difficult. To minimize the maximum junction
temperature, a high thermal-conductive path is required. Mi-
cro/miniature heat pipes can be used to augment the thermal
conductive path and spread the heat over a much larger surface
area to reduce the high heat flux to a much smaller and man-
ageable level.

The concept of the micro-heat pipe was first proposed by
Cotter' with the application background of electronic cooling.
Traditionally, if the hydraulic diameter of a heat pipe is on the
order of 1 mm, it is referred to as a miniature heat pipe. For
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a heat pipe with a hydraulic diameter on the order of 10 pm,
it is considered to be a micro-heat pipe. A comprehensive re-
view of micro-/miniature heat pipes and their limitations was
given by Cao et al.” Detailed descriptions and modeling for
micro-/miniature heat pipes can also be found in Faghri® and
Khrustalev and Faghri.* Although micro-heat pipes have the
advantages of being fabricated in extremely small sizes and
the potential to be directly fabricated into silicon wafers, high
heat-flux transportation is difficult to achieve because of the
various heat transfer limitations. Miniature heat pipes, on the
other hand, have the characteristics of conventional heat pipes
and are capable of handling very high heat fluxes.

Babin et al.’ tested a trapezoidal water heat pipe with a
cross-sectional area of 1 mm” and a length of 57 mm. The
maximum heat transfer rate was about 0.5 W. Wu and Peter-
son® tested a flat heat pipe with a cross section of 1 X 2 mm
and a length of 60 mm, with water as the working fluid. A
maximum heat transport rate of 1.3 W was obtained, which
corresponds to a heat flux of 5 W/cm® Plesch et al.” tested
two types of flat miniature heat pipes having overall dimen-
sions of 7 (width) X 2 (thickness) X 120 (length) mm, with
water as the working fluid. The first type of heat pipe has two
arteries that are formed by the spars of an inserted frame and
the wall of the casing. The transverse grooves were provided
to allow the transverse transport of liquid working fluid in the
heating and cooling zones. The second type, however, has lon-
gitudinal grooves over its entire length. For the first type, a
maximum heat transport rate of about 16.5 W was obtained in
a horizontal arrangement, with a wall temperature drop over
the heat-pipe length of about 25°C. For the second type, the
maximum heat transport rate was nearly 70 W with a temper-
ature drop of about 35°C. It is clear from the large heat trans-
port rate obtained by Plesch et al.” that small axial grooves are
very effective in increasing the heat transfer capacity. Although
they may be replaced by other wick structures such as sintered
powders or screen wicks, the axial grooves have the advan-
tages of eliminating the problems of low thermal conductivity
and low permeability encountered in the screen wicks or sin-
tered metal powder wicks. More importantly, axially grooved
heat pipes feature integral structures for the shell and wick of
the heat pipe. The objective of the present study is to develop
axially grooved miniature heat pipes that have a large heat
transport capacity and high effective thermal conductance.
Two miniature heat pipes, with axial grooves provided around
the entire perimeter, are fabricated, filled, and tested under dif-
ferent working conditions. Analytical predictions on heat trans-
fer limitations are also made for the heat pipes.

Fabrication and Filling Procedures
of the Miniature Heat Pipe

Two miniature heat pipe shells with axial grooves were fab-
ricated by the electric-discharge-machining (EDM) wire-cut-
ting method, which is a precise, noncontact machining tech-
nique. Any conductive material can be effectively machined to
a high precision with a tolerance of *£0.0001 in., depending
on the processing environment and the operator’s skills. A min-
imum kerf width of 0.004 in. (less than that for the slow-speed
wire EDM) and burr-free shells can be obtained using this
method. Miniature heat pipes with various external shapes and
axial grooves can be fabricated for a different application.
Therefore, this method is very useful for studying the heat
transfer characteristics of miniature heat pipes. The configu-
rations and dimensions of the two miniature heat pipes fabri-
cated are shown in Fig. 1 in terms of the overall dimensions
and the cross-sectional dimensions. Because the miniature heat
pipe has a very small interior space, filling the heat pipe pre-
sents one of the greatest challenges. In this study, an injection-
charging method was used for the filling purpose. The filling
assembly is schematically shown in Fig. 2, which includes a
tubular adapter and a vacuum system. An electrical heater and
five thermocouples were attached along the heat-pipe length.
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Fig. 1 Samples of miniature heat pipes: a) overall dimensions
and b) cross section dimensions in millimeters.
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Fig.2 Working fluid filling system: 1, vacuum pump; 2, diffusion
pump; 3, cooling fan; 4, valve; 5, syringe; 6, adapter; 7, vise grip;
8, heat pipe; 9, low-vacuum gauge; and 10, high-vacuum gauge.

A filling tube (tempered oxygen-free copper with a 1/16 in.
0.d.) was attached to the end-cap of the miniature heat pipe.
The heat pipe was evacuated at its designed working temper-
ature to a pressure of 8 X 107" torr (1077 torr could be
achieved if the evacuation process was held for 24 h for the
elimination of gas molecules on the inside grooved wall). After
the desired vacuum condition was achieved, the valve next to
the filling tube on the vacuum hose was closed, and an amount
of water was injected into the heat pipe through the vacuum
hose using a scaled syringe. Excessive working fluid was
needed because some working fluid could stick to the inner
walls of the hose and tube adapter. The heat pipe was then
heated to over 100°C until the axial temperature distribution
became uniform. It was then sealed by pinching the filling tube
off and soldering the end. It should be pointed out that an
accurate control of the working fluid charge was impossible
through this method because of the large surface areas of the
vacuum hose and adapter, compared to the internal surface
area of the miniature heat pipe itself. However, it was believed
that, when the heat pipe was heated up and the axial temper-
atures became uniform, the excessive fluid was swept out of
the heat pipe by the vapor flow, leaving an appropriate amount
of working fluid in the heat-pipe wick structure.

Experimental Apparatus

The experimental apparatus for miniature heat-pipe testing
is shown schematically in Fig. 3 and consists of a constant
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Fig. 3 Schematic of test apparatus: 1, computer; 2, scanning
thermocouple thermometer; 3, electrical heater; 4, heat pipe; 5,
thermal insulation; 6, cooling jacket; 7, thermocouples; 8, angu-
lometer; and 9, constant temperature circulator.

temperature circulator, a transformer, a scanning thermocouple
thermometer, and a computer. Stainless-steel wires, 0.1-mm-
diam, were wound around the evaporator section to supply
heat to the heat pipe. Between the heater and the heat-pipe
surface was a layer of 0.05-mm Kapton electric insulation.
Both the evaporator and adiabatic sections were thermally in-
sulated with asbestos paper. The power input Q to the heater
was controlled through a variable transformer and measured
with a digital multimeter. The heat loss from the insulation
surface to the ambient was determined by evaluating the tem-
perature difference and the heat transfer coefficient of natural
convection between the insulated outer surface and ambient.
Within the test range the maximum heat loss was less than 0.3
W and was therefore negligible. For heat pipe no. 1, the evap-
orator and condenser lengths were 19 and 20 mm, respectively.
For heat pipe no. 2, both evaporator and condenser lengths
were 10 mm. The condenser section of the heat pipe was
placed in a water-cooling jacket that was connected to a con-
stant temperature circulator. The circulator could be set at any
desired temperature and flow rate. Five type-K (NiCr-NiAl)
precision fine-wire thermocouples, 0.127-mm-diam, were in-
stalled along the heat-pipe length to measure the surface tem-
perature distribution. To secure the contact between the heat
pipe and the thermocouples, the thermocouples were soldered
onto the heat-pipe wall. The thermocouples were located, re-
spectively, at 3, 28, 41, 70, and 80 mm from the endcap of
the evaporator section for miniature heat pipe No. 1. For heat
pipe No. 2, the thermocouples were located at 3, 13, 40, 73,
and 78 mm from the evaporator end-cap. The temperature data
were taken using the 12-channel scanning thermocouple ther-
mometer and were transferred to the computer through the
serial port. The thermometer features the field calibration for
each channel to eliminate the error of the thermocouple probes
and the system for precise measurement. When the steady state
of the heat pipe was achieved during the testing process, the
average value of 10 readings was recorded as the final ex-
perimental result to further reduce the error. Within the test
range, the error was less than 1%, for temperature measure-
ment, and 2% for power measurement. The test procedures
include changing the power inputs to the heat pipe and the
temperature of cooling water.

Results

Figures 4-8 present some representative testing results for
heat pipe no. 1 in terms of temperature distribution along the
heat pipe length and the ratio of the heat-pipe effective thermal
conductance to copper thermal conductivity. The effective
thermal conductance of the heat pipe was calculated by K =
QL/[A(T, — T,)], where A is the cross-sectional area of the
heat pipe, and 7, and T, are temperatures at the evaporator and
condenser end-caps. The copper thermal conductivity in the
figures is taken to be 380 W/m-K. The experiments were un-
dertaken at different coolant temperatures 7. through the ad-
justment of the coolant bath temperature. At each cooling tem-

perature, the power input to the heat pipe was gradually in-
creased from a lower level to a higher level until the temper-
ature drop across the heat-pipe length reached about 20-25°C.
It should be pointed out that the heat pipe was still able to
work steadily at this range of temperature drops. However, it
was believed that the dryout at the evaporator end-cap had
occurred and the surface of evaporation had shifted toward the
middle section of the heat pipe. Also, the effective thermal
conductance of the heat pipe had decreased to a fairly low
level. Therefore, it was determined that the heat transfer limit
had been reached when the temperature drop exceeded 20-
25°C, and the experiment testing was terminated. The experi-
mental results show that the heat transfer limit is largely de-
pendent on the working temperature level. The heat transfer
limit was increased from about 20 W at a coolant temperature
of 70°C to 31 W at the coolant temperature of 90°C, which
corresponds to a heat flux of about 14 W/cm®, based on the
evaporator surface area. The increase in the heat-pipe capacity
as the working temperature increases is attributable to the de-
crease in liquid viscosity, which subsequently reduces the flow
resistance and increases the heat transfer limitation. For the
experimental results shown in Fig. 4, it was obvious that the
heat transfer limitation had not been reached. The testing at
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Fig. 4 Experimental results of heat pipe no. 1 for coolant tem-
perature of 95°C.
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Fig. 5 Experimental results of heat pipe no. 1 for coolant tem-
perature of 90°C.
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this coolant temperature was terminated because of the large
evaporation rate of the cooling water in the circulating bath at
this elevated temperature. The effective thermal conductance
of the heat pipe was presented based on both external cross-
sectional area, A, and the cross-sectional area of the vapor
space A, The thickness of the heat-pipe shell was deliberately
made larger for the consideration of heat-pipe sealing and
strength. To more accurately judge the performance of the heat
pipe, the effects of the shell may be excluded. As can be seen
from the figures, the ratio of the heat-pipe effective thermal
conductance to copper thermal conductivity is on the order of
100, based on the vapor space cross-sectional area, compared
to 40-50 based on the external cross-sectional area. Figure 9
shows the experimental results at the coolant temperature of
90°C when the heat pipe was placed in a vertical orientation.
The heat transfer was significantly enhanced because of the
reflux working conditions in the heat pipe. Even at a heat input
of 45 W, the heat pipe still worked normally.

Figures 10-13 present testing results for heat pipe no. 2 at
different coolant temperatures and heat inputs. The evaporator
and condenser lengths for this heat pipe were both 10 mm,
which were much shorter than those of heat pipe no. 1. The
heat flux at the evaporator was about 20.6 W/cm” based on the
evaporator surface area, at a power input of 24.8 W and cool-
ant temperature of 90°C for the testing results pre-
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Fig. 6 Experimental results of heat pipe no. 1 for coolant tem-
perature of 80°C.
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Fig. 7 Experimental results of heat pipe no. 1 for coolant tem-
perature of 70°C.
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Fig. 8 Experimental results of heat pipe no. 1 for coolant tem-
perature of 60°C.
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Fig. 9 Experimental results of heat pipe no. 1 in vertical ar-
rangement.

sented in Fig. 10. The temperature drop at the evaporator was
much steeper compared to that of heat pipe no. 1 because of
this higher heat flux. The temperature readings of thermocou-
ple no. 4 in the condenser section were abnormally low and
were always closed to the coolant temperature. It was believed
that the thermocouple was somehow exposed to the coolant,
and the temperature reading at that point was disregarded when
evaluating the heat-pipe performance.

Analyses of the Heat Transfer Limitations

The analyses of the heat transfer limitations for miniature
heat pipes are based on some analytical relations from Faghri,’
with some important modifications. The most important heat
transfer limitations for the present miniature heat-pipe appli-
cations are capillary, boiling, entrainment, and sonic limita-
tions. The capillary limit can be evaluated using the following
equation:

20/ s

=T (1)
“ (Fi t FLey

Q

where rqy is the effective pore radius of the wick structure. For
the present axial grooves, 7. is equal to the groove width w,,
and L.y is the effective length of the heat pipe, which is equal
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Fig. 10 Experimental results of heat pipe no. 2 for coolant tem-
perature of 90°C.
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Fig. 11 Experimental results of heat pipe no. 2 for coolant tem-
perature of 80°C.

to L, + 0.5(L, + L.). The liquid and vapor frictional coeffi-
cients are defined, respectively, as the following:

o

Fj=———
! A Khy,

(2)

_ (fRewite -
YT 2@R i/l,hpzthﬁv

where A,, is the cross-sectional area of the wick structure. For
the axially grooved wick structure

K = D12~h§ (4)
- z(fRel,h)

where s can be evaluated by s = w,/s,. The hydraulic diameter
for the vapor flow space D,, = 2R,;, and that of the axially
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Fig. 12 Experimental results of heat pipe no. 2 for coolant tem-
perature of 70°C.

grooved wick structure Dy, can be evaluated, respectively, by
the following relations:

Doy =2t /(t,+ w.) (%)
D, =4Dw /2D, + w,) (6)

The expression for fRe,;, can be found in Faghri® for the pres-
ent noncircular vapor flow space:

fRe,, = 24(1 — 1.355a + 1.947a” — 1.701a°

+ 0.956a" — 0.254a”) )]

where o = w,/t,, when w,< t,or « =t J/w,, when w,> 1,

For fRey;, the relation from Schneider and Devos® is used
to take into account the shear stress in the liquid at the inter-
face caused by the liquid/vapor frictional interaction. The same
equation was used by Khrustalev et al.” in their numerical
modeling on axially grooved heat pipes, with good agreement
between their numerical results and experimental data in the
literature:

Nw
67D,

x {1 — 1.971 exp [—WH) 8)

where ¢, is the height of the curved top of the fin, which is
zero in the present case. (fRen)o corresponds to the case with
no liquid- vapor interaction, which can be evaluated using the
following relation:

(fRew)o = 8(D, — 1,)° {W— [1 + M}

fRel,h = (fRel,h)O <1 + (fRev,h) %’

4 W,

1 32w, a0, — 1]\
* <3 T w0, - [ W, D} )

The boiling limitation can be evaluated based on the relation
from Cao and Faghri.'” The critical superheat for the boiling
in the wick structure is

R.T?, 2 1 1
AT, =~ ¢y [1 +—‘T<———>
g P, \R, R ven

20p,
+ — (10)
pvap/:|



CAO ET AL. 163

130 ‘ ; ‘
—0—Q=48W —8—Q=10.75W
120 —— Q=18.00W —>¢— QfZ7.60W I
.\ —%—Q=3232W —e—Q=38.00W
510 & {To=90°C,VerticaI
100 1
=
90 T A
80 !

0 20 60 80

40
Z (mm)

—&— Based on At
——Based on Av

g o ’Aqt:j‘]n:gwc,vmm T
2 30 ATy
*——o— &
0
0 10 20 40

30
QW)

Fig. 13 Experimental results of heat pipe no. 2 in vertical ar-
rangement.
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Fig. 14 Comparison of analytical predictions and experimental
data for the heat transfer limit.

The boiling limitation associated with the critical superheat is
therefore

0, =2w,+ t)Lk,(AT./D,) (11)

The effective thermal conductivity of the wick structure in the
previous equation can be estimated using the following equation™

(s, — wkik,D, + wk,[0.185(s, — wk, + D k]
5,[0.185(s, — Wk, + D k)]

kye= (12)

The entrainment heat transfer limitation can be calculated by
the equation’

Qer\t = A z}l_ﬂv(a-pzjzwg)o.s (1 3)

where A, is the cross-sectional area of the heat-pipe vapor
space. Finally, the sonic limitation can be evaluated by the
equation’

, 0.5
K'R.T, } (1)

on = A P
Qson poth. |:2(K’ + 1)

where po and T, are the vapor density and temperature at the
evaporator end-cap.

The various potential heat transfer limitations presented ear-
lier were evaluated for the two miniature heat pipes. It was
found that the actual heat transfer limit was always the capil-
lary limit for these two heat pipes. The capillary limits pre-
dicted by Eqgs. (1-9) are compared with the corresponding
experimental data in Fig. 14. The operating temperature 7', in

the figure is the temperature at the adiabatic section of the heat
pipe. The agreement between the analytical and experimental
results is excellent for heat pipe no. 1. The agreement for heat
pipe no. 2, however, is less favorable, especially at a higher
operating temperature. Such discrepancy may be caused by the
uncertainty in the groove dimensions of the heat pipe. Heat
pipe no. 2 was cleaned using a relatively strong acid solution.
It was believed that the groove width was somehow increased
because of this cleaning process. It is also important to note
that the formulation of the capillary limitation is based on the
concept of the hydraulic diameter. Because the vapor flow in
the heat pipe is laminar, a large percent error may be involved
for a rectangular cross section of vapor space having a large
slenderness ratio. To improve the accuracy of the analytical
prediction, the hydraulic diameter for the rectangular vapor
space in Eq. (5) was corrected in this paper using the exact
two-dimensional relations from White."

Conclusions

Two flat miniature heat pipes were fabricated employing the
EDM wire-cutting method. The fabricated miniature heat pipes
have been tested under various working conditions. The testing
results indicated that the heat pipes worked very well at rela-
tively high power inputs. The maximum heat input and heat
flux at the evaporator were about 31 W and 20.6 W/cm®, re-
spectively, for the horizontal arrangement. The effective ther-
mal conductance of the heat pipe was on the order of 40 times
that of copper based on the external cross-sectional area of the
miniature heat pipe.

Heat transfer limitations were predicted for the two minia-
ture heat pipes by employing some analytical relations. The
analytical results agreed very well with experimental results
for heat pipe no. 1. The agreement was less satisfactory for
heat pipe no. 2 because of the uncertainties in wick structure
dimensions. To improve the accuracy of the analytical predic-
tion, it is very important that the hydraulic radius in the cap-
illary limit be corrected using the exact two-dimensional so-
lutions, and the expression for the friction factor that takes into
account the shear stress at the liquid/vapor interface be
adopted. It should be pointed out that the dimensions of the
two miniature heat pipes tested in this paper are not optimal.
Research work is continuing for the optimization of the heat-
pipe design in an effort to further increase the heat transfer
capacity of the miniature heat pipe.
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