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Analysis of Wire-Bonded Micro Heat Pipe Arrays

Y. X. Wang¤ and G. P. Peterson†

Rensselaer Polytechnic Institute, Troy, New York 12180

Flat micro heat pipes utilizing arrays of parallel metal wires sandwiched between two thin metal sheets were
conceptualized, modeled, and analyzed. An experimental facility was fabricated and experimental tests were
conducted to verify the concept, as well as to validatethe proposed model.The modeling results were then compared
with the results of the experimental investigation. In the analytical portion of the investigation, a one-dimensional
steady-stateanalyticalmodel,which incorporatedthe effects of the liquid–vaporphase interactionandthe variation
in the cross-sectional area,was developedto predict the heat transfer performanceand optimumdesign parameters.
The mass distribution, optimum charge, and maximum heat transport capacity were all obtained by solving the
one-dimensionalgoverningequationsnumerically.The results indicated that the maximumheat transport capacity
increased with increases in wire diameter and that the overall value was proportional to the square of the wire
diameter. The wire diameter was also found to affect the optimum operating temperature within the overall
operating temperature range of the working � uid. In addition to determining the effect of the wire diameter, the
numerical model provided a mechanism by which the effects of the wire spacing and evaporator heat � ux could
be determined. The results indicated that the maximum heat transport capacity increased with increases in the
wire spacing and that there exists an optimal con� guration that yields the maximum heat transport capacity. The
optimum charge volume was shown to decrease rapidly with increases in the evaporator heat � ux. The results
of the analytical model were compared with experimental results available in the literature and indicated good
agreement between the predicted and measured maximum heat transport capacity for these types of wire-bonded
� at heat pipes.

Nomenclature
Ac;l = liquid-phase cross-sectionalarea, m2

Ac;v = vapor-phase cross-sectionalarea, m2

Ai = liquid–vapor interface cross-sectionalarea, m2

Al;w = liquid–wall contact area, m2

Av;w = vapor–wall contact area, m2

C p = speci� c heat capacity, J/kg K
Dh;l = hydraulic diameter of liquid, m
Dh;v = hydraulic diameter of vapor, m
dw = wire diameter, m
fl = liquid friction factor
fv = vapor friction factor
g = gravity acceleration,m/s2

H = height of the triangle, m
h f g = latent heat of vaporization,J/kg
kl = thermal conductivityof liquid, W/K ¢ m
kv = thermal conductivityof vapor, W/K ¢ m
L c = length of condenser section, m
L e = length of evaporator section, m
L t = total length of the micro heat pipe, m
M = mass, kg
m l = liquid mass � ow rate, kg/s
mv = vapor mass � ow rate, kg/s
P = pressure, Pa
Pc = capillary pressure, Pa
Pl = liquid pressure, Pa
Pv = vapor pressure, Pa
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Pv;0 = reference pressure, Pa
pi;l = liquid–vapor interfacial perimeter, m
pi;v = vapor–liquid interfacial perimeter, m
pl = liquid wetted perimeter, m
pv = vapor wetted perimeter, m
Q = heat transport, W
Qmax = maximum heat transport capacity, W
qa = heat � ux in adiabatic section, W/m2

qc = maximum heat transport capacity, W/m2

qe = maximum heat transport capacity, W/m2

q 00 = heat � ux per unit area, W/m2

Re = Reynolds number
Rw = radius of wire, m
rm = radius of liquid meniscus, m
T = temperature, ±C
Tl = liquid temperature, ±C
Tope = operation temperature, ±C
Tv = vapor temperature, ±C
Tv;0 = reference temperature,±C
ul = liquid velocity in x direction, m/s
uv = vapor velocity in x direction, m/s
V = volume, m3

Vc = control volume, m3

vi;l = liquid velocity at interface, m/s
vi;v = vapor velocity at interface, m/s
w = width of the single heat pipe, m
® = contact angle, grade
¯1 = half-angle of contact arc of liquid with wire, grade
¯2 = half-angle of liquid curvature, grade
µ = inclination angle, deg
¹l = liquid viscosity, N ¢ s/m2

¹v = vapor viscosity, N ¢ s/m2

ºl = liquid dynamic viscosity, m2/s
ºv = vapor dynamic viscosity, m2/s
» = dimensionlessgeometry parameter
½l = liquid density, kg/m3

½v = vapor density, kg/m3

¾ = surface tension, N/m
¿ = shear stress, N/m2

9 = dimensionlessshape factor

346



WANG AND PETERSON 347

Subscripts

a = adiabatic
c = condenser
cap = capillary
e = evaporator
l = liquid phase
m = meniscus
max = maximum
min = minimum
v = vapor phase

Introduction

F LAT plate heatpipeshavebeenof interestfor some time, but the
recent advancesin microscale� at plate heat pipeshave resulted

in a series of devices that could have wide-ranging applications in
the areas of spacecraft thermal control and the thermal control of
electronic equipment. The sheer size and weight, when combined
with the ability to fabricate these devices in basically any shape
and with limited � exibility, have made micro heat pipes a viable
candidate for use in � exible and lightweight radiators or as heat
spreaders in laptop computers. In the present investigation, a � ex-
ible, lightweight, wire-bonded micro heat pipe has been proposed,
fabricated,and investigatedexperimentally.To betterunderstandthe
operating characteristics and the heat transport limitations, and to
optimize the physical characteristics,a theoretical analysis of these
micro heat pipes was conducted.

A microheatpipe is typicallya wickless,noncircularchannelwith
a channel radius approximatelythe same as the characteristicradius
of the liquidmeniscus.1 Since1984,severalstudieshavebeenunder-
taken to better understand the effect of continued size reductionsof
micro heat pipes, determine the effective thermal conductivity, and
examine the transient operational characteristics and performance
limitations. These studies included a combined steady-state analyt-
ical and experimental investigation of a heat pipe approximately
1 mm2 in cross-sectional area,1 a transient numerical investigation
of a similar device,2 and an evaluationof individualmicro heat pipes
etched or cut into silicon wafers.3

In one of the � rst analytical investigations of these devices,
Peterson4;5 developed a steady-state model for trapezoidal micro
heat pipes to predict the maximum heat transport capacity using
the conventionalsteady-statemodeling techniquesoutlinedby Chi.6

Somewhat later, a transient three-dimensionalnumericalmodel was
developedby Petersonand Mallik7 to determinethe potentialadvan-
tages of constructingan array of very small heat pipes as an integral
part of semiconductor chips. Because of the high effective thermal
conductivity, this array of heat pipes functions as a highly ef� cient
heat spreader.Modeling results indicated that signi� cant reductions
in the maximum chip temperature, thermal gradients, and localized
heat � uxes could be attained through the incorporationof this array
of micro heat pipes. Concurrently,Khrustalevand Fagri8 developed
a one-dimensionalmodeldescribingthe � uid � ow andheatand mass
transfer in a microscale heat pipe with rectangular grooves to pre-
dict the capillarylimitation and the point at which bubble incipience

Table 1 Con� gurations for the studied � at wire-bonded micro heat pipes

Prototype Case 1 Case 2 Case 3a Case 4a Case 5a Case 6

Material Aluminum Aluminum Aluminum Aluminum Aluminum Aluminum
Working � uid Acetone Acetone Acetone Acetone Acetone Acetone
Total dimension, mm 152.4 £ 152.4 152.4£ 152.4 152.4£ 152.4 152.4£ 152.4 152.4£ 152.4 152.4£ 152.4
Thickness of sheet, mm 0.406 0.406 0.406 0.406 0.406 0.406
Diameter of wire, mm 0.330 0.406 0.635 0.813 1.016 1.270
Number of wires 108 96 77 84 73 59
w, mm 1.40 1.6 2.0 1.8 2.1 2.60
Evaporator size, mm 25.4 25.4 25.4 25.4 25.4 25.4
Adiabatic section, mm 93.0 93.0 93.0 93.0 93.0 93.0
Condenser size, mm 34.0 34.0 34.0 34.0 34.0 34.0
Charging volume, ml N/A N/A 1.8 2.9 4.3 N/A
Thermocouples N/A N/A 18 18 18 N/A

aMicro heat pipe arrays fabricated and tested.

occurs. This model demonstrated reasonably good agreement with
the limited experimental data of Plesch et al.9

Longtin et al.10 investigated micro heat pipes with triangular
grooves, using the one-dimensionalmodel to predict the limitation
of the heat pipe. This model, however, was limited to a determina-
tion of the � ow conditions in the evaporator and adiabatic sections
and neglected the effect and impact of the condenser section. Al-
though this model may be applicable for situations with relatively
short condenser sections, it is clearly not valid for the applications
with very long condenser sections, similar to those of interest here.
In addition,determinationof the initial radiusof the liquidmeniscus
in the evaporatorwas not clear in this model, and the physicalmean-
ing of the method by which the maximum heat transport capacity
was determined was not clear.

Peterson and Ma11 studied the maximum heat transport capacity
and liquid pressuredrop in triangulargroovesbased on the capillary
limit. The uniformheat � ux assumption in the evaporatoremployed
in this model, although simplifying the problem, resulted in small
errors that were compoundedby the assumptionof a constantradius
of the curvature in the evaporator section.

Although a number of theoretical investigations have been con-
ducted to predict the limitationof the micro heat pipes and operating
characteristics, there is no general method that can be used for mi-
cro heat pipes with large variations in the size of the evaporatorand
condenser sections. The objective of this investigation is threefold:
� rst, to develop an analytical model that can be used to predict the
capillary limitation of the wire-bonded micro heat pipe; second, to
determine the optimum operatingcharacteristicsand design param-
eters; and third, to determinethe effect of variationsin the geometric
parameters on the maximum heat transport capacity.

Theoretical Analysis
Figure 1 illustrates the overall size and geometric con� guration

of the wire-bondedmicro heat pipe array presented here. The sharp
corner regionsformedbetween the wires and the sheets as illustrated
in Fig. 1b are used as liquid arteries to pump the working � uid from
the condenser section to the evaporator section. The vapor � ows
through the axial channels formed between the individualwires. To
examine the effects of geometric parameters on the heat transfer
performance,six micro heat pipes with differentwire diametersand
wire spacings were investigated in the current study. The physical
speci� cations are listed in Table 1. In all six con� gurations,acetone
was used as the working � uid.

Although micro heat pipes are very ef� cient heat transfer de-
vices, they are subject to a numberof heat transfer limitations.These
limitations determine the maximum heat transport capacity that a
particular heat pipe can achieve under certain operating conditions.
The type of limitation that restricts the operation of a heat pipe is
determined by which limitation has the lowest value at a speci� c
heat pipe working temperature. Among the possible limitations on
maximum axial heat transfer rates are the continuum � ow limit, the
frozen startup limit, the viscous limit, the sonic limit, the entrain-
ment limit, the capillary limit, the condenser limit, and the boiling
limit. Limitations to heat transportprimarily arise from the inability
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a) Micro heat pipe array b) Micro channel in the array

Fig. 1 Flat wire-bonded micro heat pipe.

of the wick to return the condensate to the evaporator and from
the thermodynamic barriers encountered in the � ow of the vapor.
Among these limitations, the capillary limitation is dominant in low
to moderate temperature heat pipes similar to those of interest in
the present study.4;5;12 As a result, the following analytical model
focuses on the capillary limitation.

Fluid Flow in Microchannel

The cross sectionof the micro heat pipe formedby two thin sheets
and two parallel wires is shown in detail in Fig. 1b. During steady-
state operation, evaporation in the evaporator and condensation in
the condenser cause the working � uid to recede into the corners of
the evaporator and � ood the condenser section. The combination
of these two phenomena generates the necessary capillary pressure
to pump the working � uid from the condenser to the evaporator.
Hence, the interfacial radius of curvature, which is directly related
to the pressuredifferencebetween the liquid and vapor phase by the
Laplace–Young equation

Pv.x/ ¡ Pl .x/ D ¾=rm .x/ (1)

is of critical importance. This relationship can be expressed in dif-
ferential form with respect to the axial position x as

dPv

dx
¡ dPl

dx
D ¡ ¾

r 2
m

drm

dx
(2)

Because of the viscous frictionof the vapor � ow, the vapor pressure
will vary from the evaporator to the condenser and will result in a
temperature variation due to the saturated vapor � ow. Based on the
Clausius–Clapeyron equation, this vapor temperature variation can
be expressed as

Tv D
Tv;0

1 ¡ .RgTv;0=h f g/ .Pv=Pv;0/
(3)

Mass Conservation

The two-phase � ow and heat transferoccurring in the microchan-
nels are governed by mass, momentum, and energy conservation.

During steady-state operation, the time rate of change of mass in
both the liquid and vapor control volume is zero. The mass conser-
vation equation for the liquid and vapor can be expressed as

d Pm l

dx
¡ ½l vi;l pi;l D 0 (4)

d Pmv

dx
¡ ½vvi;v pi;v D 0 (5)

The interfacialperimetersdependon the geometryof thewick struc-
ture, and the interfacial velocities can be obtained from the energy
conservationequations.

Momentum Conservation

Conservation of linear momentum in the liquid control volume
consistsof severalparts, including the differencebetween the in� ow
and out� ow momentum in the control volume, the body force term,
that is, gravity, and surface forces (normal and tangential compo-
nents). When these terms are combined, the momentum equation
for the liquid yields

¡
µ

Pm l
dul

dx
C ul

d Pm l

dx

¶
¡ Ac;l

dPl

dx
C pi;l ¿i;l

C pw;l ¿w;l ¡ g½l Ac;l sin µ D 0 (6)

where Pml D ½lu l Ac;l .
Similarly, the momentum conservationequation for vapor phase

yields

Pmv

duv

dx
C uv

d Pmv

dx
C Ac;v

dPv

dx
C pi;v¿i;v

C pw;v¿w;v C g½v Ac;v sin µ D 0 (7)

where Pmv D ½vuv Ac;v .
To compute the shear stresses,both the liquid and vapor � ows are

assumed to be fully developedduct � ow, which is justi� ed because
of the small convective terms and the small changes in the liquid
and vapor cross-sectionalareas with respect to x .
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Energy Conservation

Heat is transported through phase change in the heat pipe, and
the thermal resistanceof the phase change is very small when com-
pared with the conduction resistance of the liquid phase and metal
case material along the length of the heat pipe. Because the liquid
� lm is so thin, and the Reynolds numbers are so low, convection
and viscous dissipation in the liquid may be neglected. Basically,
any energy input into the control volume manifests itself through
either vaporization or condensation at the interface. As a result,
conservationof energy for the liquid can be expressed as

vi;l D 2q 00w

½l pi;l h f g

(8)

where q 00 is the heat � ux added in the evaporatorregion or removed
in the condenser region.

When the heat addition and removal are assumed to occur uni-
formly from the evaporator and condenser sections, respectively,
and it is assumed that there is no heat loss in the adiabatic section,
the interfacial velocity can be shown to be

vi;l D

8
>>>><

>>>>:

2q 00
e w

½l pi;l h f g
evaporator section

0 adiabatic section
2q 00

c w

½l pi;l h f g
condenser section (9)

Similarly, the energy conversation equation for the vapor phase
is given as follows:

vi;v D

8
>>>><

>>>>:

2q 00
e w

½v pi;vh f g
evaporator section

0 adiabatic section
2q 00

c w

½v pi;vh f g
condenser section (10)

To solve Eqs. (2) and (4–7) with the appropriate boundary con-
ditions, the cross-sectionalareas of the liquid and vapor phases and
the solid– liquid and liquid–vapor interfacial perimeters must all be
known.

Based on the geometry of the cross section of the micro heat
pipe as shown in Fig. 2, the liquid distribution pro� le in the mi-
crochannel formed between the two wires and the sheets depends
on the diameter of the wire and the properties of the working � uid.
For capillary � ow at very low Reynolds numbers, the free surface
will have a nearly constant radius of curvature,dependentprimarily
on the geometric shape of the liquid � ow passage. Therefore, the
liquid–vapor interface pro� le can be assumed to be a section of the
roundcircle.The relationshipof the wire diameter,meniscus radius,

Fig. 2 Geometry of the liquid meniscus in the microchannel.

and contact angle can be determined from the geometry of the � ow
passage as

¯1 C ¯2 C ® D ¼=2 (11)

Rw sin2 ¯1 D rm cos ¯1 sin ¯2 (12)

where ¯1 the half-angleof the wire wall liquid and ¯2 the half-angle
of the meniscus curvature.The solutions of Eqs. (11) and (12) were
determined as

¯1 D a tan
±±

.1=2Rw/

n
¡rm sin ® C

£
.rm sin a/2 C 4Rwrm cos ®

¤ 1
2

o²²

(13)

¯2 D ¼=2 ¡ ® ¡ a tan
±±

.1=2Rw /

n
¡rm sin® C

£
.rm sina/2

C 4Rwrm cos ®
¤ 1

2

o²²
(14)

The perimeter of the liquid–vapor interface, the liquid–solid con-
tact line, and the liquid cross-sectionalarea can be expressed as

pl D 2Rw .¯1 C tan ¯1/ (15)

pv D 2.w C ¼ Rw/ C 8.rm¯2 ¡ Rw tan ¯1 ¡ Rw¯1/ (16)

pi;l D pi;v D 8rm ¯2 (17)

The liquid � ow cross-sectionalarea and vapor � ow cross-sectional
area can be expressed as

Ac;l D 2Rwrm sin¯1 sin ¯2 ¡ R2
w.¯1 ¡ sin ¯1 cos ¯2/

¡ r 2
m.¯2 ¡ sin¯2 cos¯2/ (18)

Ac;v D Rw.2w ¡ ¼ Rw/ ¡ 4Ac;l (19)

The hydraulic diameter of the liquid and vapor � ow areas can then
be found to be

Dh;v D 4Ac;v=pv (20)

Dh;l D 4Ac;l=pl (21)

Liquid and Vapor Friction Factors

To solve the momentum equation, the liquid and vapor friction
factors must be determined. The interfacial stresses in Eqs. (6) and
(7) can be expressed by either the vapor or liquid friction factor as

¿v;i D fvi
1
2
½vu2

v
(22)

¿l;i D fli
1
2 ½l u2

l (23)

When it is assumed that there is no slip at the interface,

¿v;i D ¿l;i (24)

Because of the existence of counter� ow, the interaction between
the liquid and vapor � ow grows nonlinearly with increases in ve-
locity. This effect is especially large in open longitudinal grooved
capillary structures and can lead to dif� culty in starting up the heat
pipe for heat removal in the evaporationzone without thermal isola-
tion of the remaining parts of the heat pipe.13 The interfacial stress
coef� cient for various groove shapes depends on the properties of
the working � uid, the velocity difference of the liquid and vapor,
and the geometric shape of the wick structure. Ma et al.14 investi-
gated the liquid–vapor interface interactionin triangulargrooves.A
dimensionless vapor–liquid interface � ow number was introduced
to characterize the effect of the vapor � ow on the liquid � ow. How-
ever, it is very dif� cult to determine the average surface velocity
of the liquid, and, thus, this value is not normally utilized directly,
except for special cases.



350 WANG AND PETERSON

However, employing the experimental results and combining the
shape factor, the liquid friction factor for any triangular groove can
be approximated as

fl Reh;l D . fl Reh;l /0

¡
1 C 0:0002Reh;v

¡
1
2

C »
¢¢

(25)

where Reh;v is the Reynolds number of the vapor phase and
. fl Reh;l /0 is the friction factor of the liquid phase when there is
no vapor � ow effect. From the data provided by Shah and Bhatti,15

a general correlation can be obtained and expressed as

. fl Reh;l/0 D 12:0.1 C 0:5162» ¡ 0:8018» 2 C 0:4177» 3/ (26)

where the shape factor is de� ned as

» D W=2H (27)

W and H are the width and height of the triangle, respectively.
The sharp corner formed between the thin metal sheets and the

wires is an irregular triangle,and the frictionfactor can be estimated
using a technique proposed by Bejan16:

. fl Reh;l /wire D Ã. fl Reh;l / (28)

where Ã is a shape factor for this irregular � gure, de� ned as

Ã D 8[1 C sin.¯1=2/]2

sin ¯1

Ac;l

p2
l

(29)

This shape factor is used to correct the liquid friction factor in this
case.

Because of the evaporation occurring in the evaporator and the
condenser regions, the shape of the cross section varies all along the
longitudinal axis of the heat pipe, as does the vapor velocity. For
this reason, the vapor friction factor is dif� cult to express explicitly.
At the end of the condenser, the cross section is almost a circle,
and in the middle region of the heat pipe it can be more closely
approximated by a rectangle. For both regions, the friction factor
can be approximated using the approach developed by Bejan.16

Boundary Conditions

Equations (2) and (5–8) constitutea set of � ve � rst-order,nonlin-
ear, coupled ordinary differential equations in � ve unknowns: rm ,
uv , ul , Pv , and Pl . Boundary conditionsare needed at only one point
for the solution to proceed; thus, the set of equations represents an
initial value problem. The solution begins from the end of the con-
denser and proceeds to the evaporatorsection.The initial conditions
for the adiabatic section equationsare taken from the solutionof the
condenser at the condenser–adiabatic interface. The adiabatic and
evaporator interface transition is handled in a similar manner.

The boundary conditions used at the end of condenser, x D L t ,
are

ul D uv D 0 (30)

rm D rm ;max (31)

Pv D Psat.Tv/ (32)

Pl D Pv ¡ ¾=rm ;max (33)

Here, Pv is taken to be the saturation pressure of the vapor at Tv .
The maximum meniscus radius occurs at the end of the condenser
farthest from the evaporator.When the � lm condensatemeets at the
midpoint of the wire, the meniscus reaches a maximum value that
can be expressed as

rm ;max D Rw=.cos ® ¡ sin ®/ (34)

It is clear that themaximummeniscus radiusdependsprimarilyon
the diameterof the wire and increasesproportionallywith increasing
wire diameter, as shown in Fig. 3a. The contact angle of the liquid
on the case wall also has a signi� cant effect.As shown in Fig. 3b, the

a)

b)

Fig. 3 Effect of a) the wire diameter and b) the contact angle on the
maximum meniscus radius.

maximum meniscus radius increases with increasingcontact angle.
When the contact angle is less than 20 deg, the in� uence is very
small, but as the contact angle increases, the velocity increases to
a point where, when the contact angle reaches a value greater than
35 deg, the maximum meniscus increases sharply.

To � nd the maximum heat transport capacity, the minimum
meniscus radius must be determined. Because the exact evapora-
tion process of the liquid in the microchannel at the maximum heat
� ux is not clear, it is dif� cult to determine precisely the minimum
meniscus radius in the evaporator. Several authors1;17;18 have es-
timated the minimum meniscus radius in a particular micro heat
pipe based on different approaches; however, no general method
for computing this value has been developed. Here, it is assumed
that, when the heat input in the evaporator section is larger than the
maximum capillaryheat transport capacity,dry out will occur in the
evaporator section of the micro heat pipe.

When it is assumed that the maximum heat power added to the
evaporatorsection is Qmax , at anypointwhere the heat pipe is operat-
ing properly,and right up to the point just before dry out, the amount
of liquid vaporized will be equal to the amount of liquid pumped
into the control volume. The amount of working � uid � owing into
the control volume can be shown to be

4Vc½l h f g D .Qmax=2wL e/2w dz (35)

where Vc is the volume of one corner, which, from the geometry
shown in Fig. 2, can be expressed as

Vc D
©
2Rwrm sin ¯1 sin ¯2 ¡ R2

w .¯1 ¡ sin ¯1 cos ¯1/

¡ r 2
m.¯2 ¡ sin¯2 cos¯2/

ª
dz (36)
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a)

b)

Fig. 4 Effect of a) the wire diameter and b) the contact angle on the
minimum meniscus radius.

When Eq. (36) is substituted into Eq. (35), and then rearranged, the
minimum meniscus radius can be expressed as

2Rwrm sin ¯1 sin ¯2 ¡ R2
w.¯1 ¡ sin ¯1 cos ¯1/

¡ r 2
m.¯2 ¡ sin ¯2 cos¯2/ D Qmax=4Le½l h f g (37)

The minimum radius of the meniscus can be obtained from the
energy balance, Eq. (37). It can be shown that the minimum radius
of curvature depends on the heat � ux, the geometric shape of the
grooves, and the properties of working � uid. The effect of contact
angle,wire diameter, and heat � ux on the minimummeniscus radius
of the curvatures is illustrated in Figs. 4a and 4b. When the contact
angle increases, the maximum heat � ux (maximum heat transport
capacity) decreases. Note that Eq. (37) is used only to determine
the minimum radius of curvature that corresponds to the maximum
heat transport for a special micro heat pipe with given conditions.

Numerical Treatment

The � ve � rst-order differential equations (2) and (4–7) and the
associated boundary conditions described by Eqs. (30–33) can be
solved numerically for the � ve unknowns, rm , uv , u l , Pv , and Pl ,
using a fourth-order Runge–Kutta method. In the case of a con-
denser exposed to a radiation environment,neither the heat � ux nor
the temperature is constant. The heat � ux depends on the outside
surface temperatureof the heat pipe. It is impossibleto knowthe ini-
tial temperature or pressure at the end of the condenser. Therefore,
an initial temperature must be assumed and then the corresponding
pressure,velocity, liquid pro� le, and heat transfer coef� cient calcu-
lated.The total radiationpower must then be compared to the power
input in the evaporator section and the process iterated.

Fig. 5 Experimental facility: 1, micro heat pipe; 2, electric � lm
heaters; 3, cooling plates; 4, Lexan support plate; 5, adjustable feet;
and 6, insulation.

Experimental Investigation
To verify the wire-bonded micro-heat-pipe concept and validate

the proposed numerical model, several aluminum–acetone wire-
bonded micro heat pipe arrays were fabricatedand evaluatedexper-
imentally. The physical con� guration and the charging quantity for
eachof themicroheatpipearraystestedarepresentedin Table 1,and
the experimental system is shown in Fig. 5. The system was com-
posed of the micro heat pipe array, two electrical resistance � lm
heaters, two cooling plates, an adjustable Lexan® plate, a power
supply and measurement unit, a cooling bath, and a temperature
measuring and data acquisition system. The operating temperature
was controlled in a range of 20–80±C to within an uncertainty of
§0.71±C. The micro heat pipe array was divided into three distinct
regions, the evaporator section, the adiabatic section, and the con-
denser section. Heat was added uniformly to the evaporator section
and removed from the condenser section by cold plates. A cooling
� uid was passed through the cold plates, and the heat was removed
by forced convection. The power input and the temperature distri-
butions on the outer surface of the micro heat pipe were measured
to � nd the maximum heat transport capacity and effective thermal
conductivity.To identify the effect of the geometryof the grooveson
the maximum capillary transport capacity, several heat-pipe arrays
with different wire diameters and channel widths were fabricated
and tested.

Two electric � lm heaters were attached to the two sides of the
evaporator. The length of the heaters was 152.4 mm, and the width
was 25.4 mm. Power generated by the heaters was controlledby an
autotransformer and measured by a power measuring system. The
two cold plates thatwere constructedfrom aluminum2024 (240 mm
long and 34.0 mm wide) were attached to the outside surfacesof the
condensersectionof the micro-heat-pipearray.Cooling � uid � owed
through the cold plates and removed the heat by forced convection.
To enhance the thermal contact, a thin layer of silicone heat sink
compound (Dow Corning 340) was placed between the cold plate
and the micro heat pipe array. The cooling bath was set to the re-
quired temperature and held at a constant temperature throughout
the tests. The temperature variation of the cooling � uid was held to
within §1±C. The micro heat pipe arrays were placed on a Lexan
plate that could be adjusted to keep the array in a horizontalposition
or at the required angle. In the horizontal position, the effect of the
force of gravity could be eliminated.

To monitor the temperaturevariationalong the heat-pipearray, 24
thermocouples were attached to the surface of the micro heat pipe
array and directly connected to an Hewlett–Packard Co. HP3497A
data acquisition system controlledby a personal computer. In addi-
tion, two thermocoupleswere placedon the outer surface of the cold
plate to monitor the cooling � uid temperatureand ensure a constant
condenser temperature.

Before each test, the system was allowed to equilibrate for ap-
proximately 1 h. The power supply was then turned on and the
power incremented.At this point in the tests, it took approximately
20–30 min to reach steady state. The temperaturedistributionalong
the heat pipe was recorded when the measured temperaturesdid not
vary by more than §0.5±C in a 10-min period. The power input was
then incrementally increased until dryout occurred. When dryout
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was ultimately reached, as determined by the rapid increase in the
temperatures at the end of the evaporator, the temperature differ-
ence between the evaporator and condenser increased quickly. The
power input at this pointwas assumed to be themaximumheat trans-
port capacity of the heat pipe at this operating temperature. When
the cooling temperature was changed and the same procedures de-
scribed followed, the maximum heat transport capacity at various
operating temperatures was obtained.

For all of the tests, the measured heat loss was less than 9.6% of
the power input to the evaporator by the heater. The uncertainty of
the measured power input was approximately 0.58 W.

Results and Discussion
Six different micro heat pipes with different wire diameters and

wire separation distances were evaluated experimentally to deter-
mine the effects of these parameters on performance. During the
tests and analysis, the micro heat pipe arrays were separated into
three clearlydistinct regions.Heat was added uniformlyto the evap-
orator section by a thin-� lm heater over a length of 25.4 mm and
removed from the condenserby cold plates attachedto the outer sur-
face over a lengthof 34.0 mm. The adiabaticsection was assumed to
be perfectly insulated (i.e., no heat loss in this section), and the total
length was 152.4 mm. The physicalcon� gurationsof the micro heat
pipes investigated are listed in Table 1. To compare the theoretical
predictions with the experimental results, the analytical model was
modi� ed slightly to conform more accurately to the experimental
situation. Because the amount of working � uid strongly affects the
maximum heat transport capacity and, as shown later, the distribu-
tion of the working � uid varies with the operating conditions, the
predictedmaximum heat transport capacity is based on an optimum
� uid charge, and the physical properties of the working � uid, ace-
tone, were determined as a function of the operating temperature.

Pressure Distributions

In the operationof these devices,vapor � ows from the evaporator
to the condenseras a result of the temperaturegradient and resulting
pressure difference. As the vapor moves in the axial direction, the
pressure decreases due to the viscous friction. The liquid returns
from the condenser section to the evaporator section due to the
capillarypressure,but also experiencesa decreaseas it moves in the
axial direction, due to the frictional force. These trends are clearly
illustrated in Fig. 6, which presents the axial pressure distribution
for a micro heat pipe array with a wire diameter of 1.016 mm. As
shown, the liquid pressure decreases very rapidly as the input heat
� ux increasesdue to the velocity increaseand liquid cross-sectional
areadecrease.The vaporpressure,althoughexperiencingsomeaxial
decrease,demonstratesmuch less variation in total pressuredrop as
the evaporatorheat � ux is varied.

Fig. 6 Pressure distributions in the micro heat pipe with dw =
1.016 mm.

As discussed earlier, the difference in the curvature of the liquid
meniscusbetweentheevaporatorandcondenserprovidesthedriving
force behind the liquid transport. As shown in Fig. 7, the meniscus
radius varies, both as a function of the axial position and also as a
function of the evaporator heat � ux. This variation in the curvature
of the liquid meniscusdecreasescontinuouslyfrom the condenserto
the evaporatordue to the capillarypressurerequiredto overcomethe
pressure drop caused by friction. With increases in the evaporator
heat � ux, the meniscus radius at the end of the evaporatordecreases
continuously and � nally reaches a minimum value when the heat
transport reaches a maximum.

Mass Distributions

Unlike large-scale heat pipes, micro heat pipes typically do not
have a wick structure but rather use the sharp corners or grooves as
liquid arteries. Therefore, it is dif� cult to estimate the precise quan-
tity of the working � uid required for proper operation. The charge
volume of the micro heat pipe depends on the mass distribution of
the liquid in the microchannels,and the associated liquid mass dis-
tributiondependson the geometryof the channel, the heat transport,
and the properties of the working � uid. The liquid meniscus radius
changes continuouslyfrom the evaporator to the condenser, and the
cross-sectional area of the liquid strongly depends on the liquid
meniscus radius and the evaporator heat � ux, as shown in Fig. 7.
The cross-sectionalarea of the liquid phase decreases from the con-
denser to the evaporator, and the liquid distribution in the channel
decreases with increasing power input, as illustrated in Fig. 8. This

Fig. 7 Variation of the liquid meniscus in the microchannel of the
micro heat pipe with dw = 1.016 mm.

Fig. 8 Liquid distribution in the micro heat pipe with variations in the
heat � ux.
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implies that the amount of working � uid required for proper opera-
tion of the micro heat pipe array varies.The ideal operatingstate of a
heat pipe is to haveno extraworking � uid in the condensersectionto
block the effective condenser length. The optimum charging quan-
tity can be determined by integrating the mass distribution in the
channel from the end of the evaporation to the end of the condenser.

The optimal charging volume obtained from the model is pre-
sented in Fig. 9 as a function of the heat � ux. As shown, the opti-

Fig. 9 Optimum charging volume for the micro heat pipes.

a)

b)

c)

d)

Fig. 10 Temperature variations on the micro heat pipe with a) dw = 0.635 mm, b) dw = 0.813 mm, c) dw = 1.016 mm, and d) uncharged.

mum charge decreaseswith increasingheat � ux, and, for micro heat
pipes with a wire diameter of 1.016 and 0.813 mm, the optimum
charge is between 18.6 and 36.0% and 17.0 and 31.9% of the total
volume of the channel, respectively.This corresponds to the charg-
ing volume used in the experimental tests. Because it is dif� cult to
charge the heat pipe with the exact optimum volume, these devices
are typically slightly overcharged.

Maximum Heat Transport Capacity

The maximum heat transport capacity of the micro heat pipe is
reached when the capillary force created by the variation in the
meniscus radii is equal to or less than the sum of the liquid and va-
por frictionalforces. In the experimentaltests, this phenomenonwas
determinedby recording the temperature variationon the surface of
the micro heat pipe.As shown in Fig. 10, the temperaturesat the end
of the evaporator and the operating temperature (average adiabatic
temperature) increased proportionally to the power input, and the
operating temperaturesrapidly approachedthe evaporator tempera-
ture. At the point where the temperature at the end of the evaporator
increasedsharply, dry out began,and the heat input at this point was
assumed to be the maximum transport capacity corresponding to
the operating temperature.The maximum heat transport capacityat
various operating temperatures could be obtained by changing the
cooling temperature in the condenser section.

The operating temperature, wire diameter, and the distance be-
tween the wires all have a signi� cant effect on the maximum heat
transport capacity.The effect of operating temperatureon the micro
heat pipes is presented in Fig. 11. As illustrated, the predicted max-
imum heat transport capacity increases with increases in operating
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Fig. 11 Predicted maximum heat transport capacities.

Fig. 12 Variation of the maximum heat transport capacity with wire
diameters.

temperature. When the operating temperature increases to a prede-
termined value, the heat transport capacity reaches a maximum and
then decreases slowly. This implies that there exists an optimum
operating temperature at which point the heat transport will reach
a maximum value. Furthermore, this optimum operating tempera-
ture increases with increases in wire diameter, that is, the optimum
operating temperature is 50±C for dw D 0:33 mm and about 70±C
for dw D 0:635 mm. This phenomenon is caused by the differing
effects of temperature on the working � uid properties, most im-
portant on the viscosity and surface tension. At a lower average
temperature, increases in temperature have a much greater effect on
the viscosity than on the surface tension. However, at higher oper-
ating temperatures, the effect of temperature on the surface tension
is more signi� cant.

Optimum Design Parameters

In addition to the operating temperature, both the wire diame-
ter and the wire spacing can dramatically affect the maximum heat
transportcapacity.As shown in Fig. 12, the maximum heat transport
capacity increases rapidly with increases in wire diameter. Analysis
of the modeling results indicates that the maximum heat transport
capacity is nearly proportional to the square of the wire diameter
and has a value of only 0.0183 W for the micro heat pipe with a
wire diameter of 0.33 mm. The estimated maximum heat transport
capacity for this array is only 1.98 W. As observed in the prelimi-
nary experimental tests, this micro heat pipe array did not function
properly for the range of test conditions evaluated here. Destructive

a)

b)

Fig. 13 Effect of space distance on the maximum heat transport ca-
pacity of a) single micro heat pipes and b) micro heat pipe radiators.

evaluation of the array after testing indicated that the sharp cor-
ner regions, which normally serve as the liquid arteries, were � lled
with the brazing material during the fabrication process, limiting
the capillarypumping capacityavailableand, as a result, decreasing
the heat transport capacity.

The space between the two wires has a signi� cant effect on the
maximum heat transport capacity of micro heat pipes, because
the cross-sectional area and the hydraulic diameter of the � ow
varies with the variation of the separation distance. As illustrated
in Fig. 13a, the maximum heat transport capacity increases rapidly
with increases in the width of the individual micro heat pipe, for
example, the separation distance, due to the reduction in the vis-
cous pressure drop. However, once the separation distance reaches
a certain point, the rate of increase of the maximum heat transport
capacitybegins to decreaseand levels off at a nearly constantvalue.
Further increases in the separation distance only decrease the pres-
sure drop of the vapor phase and do not have any additional affect
on the pressure drop in the liquid phase.

For the � at-platemicro heat pipe arrays, the overallheat transport
capacitydependson the combinedmaximumheat transportcapacity
of a seriesof individualheat pipes and, hence,on the total numberof
micro heat pipes. Increasing the distance between wires, although
increasing the transport capacity of an individual heat pipe, may
reduce the total transport capacity of the array due to a decrease
in the number of the micro heat pipes in the array. This implies
that there is an optimum distance at which point the maximum
heat transport capacity of the array reaches maximum value. This
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Fig. 14 Comparison of the predicted and measured maximum heat
transport capacity.

relationshipis illustratedin Fig. 13b, for micro heat pipe arrayswith
wire diameters of 1.016, 0.813, and 0.635 mm, where the optimum
distancebetween the two wires is 2.5, 2.0, and 1.6 mm, respectively,
or approximately 2.5 times the wire diameter.

Comparison of Measured and Predicted Performance

The predicted maximum heat transport capacities are compared
with experimental results for the three micro heat pipes with wire
diametersof 1.016,0.813, and 0.635 mm. This comparisonis shown
in Fig. 14.As illustrated,thepredictedvaluesare slightlyhigherthan
the experimental values. The systematic overestimationmay result
from the partial � lling of the sharp corners of the liquid arteries
by the brazing material or the improper charging of the heat pipe
array.The effect of the brazingmaterial is more signi� cant for micro
heat pipes with smaller diameters.The maximum deviation is about
20.4% and occurs at the lowest operating temperature for the array
with the smallest wire diameter. Overall, the analytical results are
in very good agreementwith the experimental results. The variation
that does occur could be the result of a slight � lling of the sharp
corner regions of the grooves that occurred during the fabrication
process, or due to variations in the charge volume from the optimal
value.

Conclusions
The heattransferperformanceofwire-bondedaluminum–acetone

micro heat pipe arrays has been investigated both analytically and
experimentally.The mass distribution, the optimum chargingquan-
tity, the maximum heat transport capacity, and the effect of the wire
diameter and the separation distance of the wires on the maximum
heat transport capacity were evaluated. It was found that maximum
heat transport capacity increaseswith increases in the wire diameter
and is proportionalto the squareof the wire diameter.The maximum
heat transport capacity also increases with increases in the operat-
ing temperature to a maximum value and then decreases within the
operating temperature range of the working � uid. There exists an
optimum operating temperature at which the maximum heat trans-
port capacity reaches a maximum value. This optimum operating
temperature increases with the increase in wire diameter.

Increasingthe width of the micro heat pipe, for example, the sep-
aration distance, can increase the maximum heat transport capacity
of single micro heat pipe. However, at some point, this improve-
ment is overshadowed by the decrease in the number of heat pipes
in the array, and the maximum heat transport capacity of the entire
array becomes limited, implying that the maximum heat transport
capacity of the � at micro heat pipe array depends not only on the
maximum heat transport capacity of a single micro heat pipe, but

also on the total number of the micro heat pipes in the array. In
the current study, the optimum distance between two wires for mi-
cro heat pipes with wire diameters of 1.016, 0.813, and 0.635 mm
were 2.5, 2.0, and 1.6 mm, respectively,or approximately2.5 times
the wire diameter. From the mass distribution of the liquid in the
microchannel, the optimum charging volume was determined. This
optimum charging volume decreased with increasing heat � ux.

To validate the analyticalmodel, the predicted results were com-
pared with the experimental results. The relatively good agreement
between the predicted and measured results validates the modeling
and con� rms that it can be used to accurately predict performance
and optimize the design to achieve the maximum heat transport
capacity for a given application.
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