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An analytical investigation was conducted to determine the potential advantages of incorporating very small
(100 gm) “micro” heat pipes directly into semiconductor devices. As a result of this investigation, a transient
numerical model capable of predicting the thermal behavior of these micro heat pipes during startup or variation
in the evaporator thermal load was developed. This numerical model was used to identify, evaluate, and better
understand the phenomena that govern the transient behavior of micro heat pipes as a function of the physical
shape, the properties of the vworking fluid, and the principal dimensions. The modeling results were compared with
the steady-state results from an earlier experimental investigation and were shown to accurately predict the steady
state dry out limit for two different test pipes. Using the verified numerical model, the parameters that affect the
axial heat transport capacity were evaluated. The results of this evaluation indicate that in micro heat pipes reverse
liquid flow occurs in the liquid arteries diring startup and/or rapid transients. In addition, the wetting angle was
found to be one of the most important factors contributing to the transport capacity.

Nomenclature

= cross-sectional area
= specific heat

= distance

= evaporation

= molecular weight
= mass flow rate

= pressure

= heat transfer

= heat transfer rate
= universal gas constant
= radius of curvature
= temperature

= time

= velocity

= wetted perimeter

= length or distance
= distance

= dimensionless parameter (see Fig. 2)
= wetting angle

= latent heat

= viscosity

= density

= surface tension
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Subscripts

= adiabatic

= boundary

= capillary, curvature
= diagonal

= evaporator

= evaporation-condensation
= friction

= hydraulic

= liquid

= momentum, mean
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0 = outer

p  =pipe

s = solid

v = vapor, viscous

Introduction

ECAUSE of the high heat fluxes associated with power

transistors, LSI and VLSI circuits, and avionics packages,
it is necessary to develop new methods for removing heat
from modern electronic devices. A recent review of thermal
control techniques in electronic components and devices'
included a proposal for using very small heat pipes embedded
in individual silicon or gallium arsenide chips to eliminate
localized hot spots. This concept, which was first introduced
by Cotter,? involves the use of small heat pipes of triangular
cross section, approximately 100 um on a side, to distribute
the heat more uniformly throughout the semiconductor

. devices and thereby lower the junction temperatures and

improve the device reliability. Several alternative applications
exist, including providing active cooling to the condenser
portion of these heat pipes to allow heat gererated within the
chip to be completely removed. Because these heat pipes
would typically be on the order of 100-200 um, they are
referred to as “micro” heat pipes. Although the original
concept proposed by Cotter? involved the use of anisotropic
etchants to form the heat pipe channels, alternative construc-
tion -techniques have been developed® and several test pipes
with diameters on the order of 100 um have been constructed
and tested. ‘

In the original presentation of Cotter, a micro heat pipe
was defined as “a heat pipe€ so small that the mean curvature
of the vapor-liquid interface is necessarily comparable in
magnitude to the reciproeal of the hydraulic radius of the
total flow channel.” This definition was later refined by Babin
et al.* and expressed mathematically to define a micro heat
pipe as one that satisfies the condition

(1

where r, is the capillary radius of the heat pipe and r, is the
hydraulic radius of the flow channel. In practical terms, a
micro heat pipe is a wickless, noncircular channel with an
approximate diameter of 100—1000 ym and a length of about
10-100 mm.

Babin et al.* investigated the steady-state behavior of sev-
eral micro heat pipes with outer dimensions of 1 x 1 mm and

rofr, =1
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CASE MATERIAL: COPPER OR SILVER
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Fig. 1 Trapezoidal micro heat pipe.

lengths of approximately 57 mm. As illustrated in Fig. 1, the
internal shape of these devices is a concave trapezoid with
tapered triangular channels in each of the four corners. Be-
cause of the small radius of curvature within these channels,
the corner regions serve as liquid arteries, producing high
capillary pressure that promote flow of the liquid from the
condenser to the evaporator. Using the conventional total
pressure drop method outlined by Chi® and Dunn and Reay,®
Babin et al. developed an analytical model capable of predict-
ing the steady-state transport limitations. The results of this
model, which were verified experimentally, indicated that
during steady-state operation, the capillary limit was the
predominant one and occurred well below the viscous, boil-
ing, entrainment, and sonic limits.

Although the heat pipes investigated by Babin et al. are not
small enough to be fabricated as an integral part of semicon-
ductor devices, the fundamental behavior is similar to that
occurring in the smaller versions, ones with cross-sectional
dimensions of 100—-200 um and smaller, provided that these
dimensions do not restrict free molecular flow. To better
understand the effects of variations in the geometry, the
liquid-solid wetting angle, the amount of working fluid, and
continued size reductions, a transient model capable of pre-
dicting the behavior of these heat pipes during startup or
variations in the thermal load was developed.

Analytical Model

The high thermal conductivity of heat pipes is the result of
the evaporation and condensation process occurring within
the heat pipe. For this reason, determination of the evapora-
tion and condensation rate of the liquid plays a key role in
evaluating the thermal characteristics and heat transport limi-
tations of these heat pipes. In the present model, an expres-
sion for the free molecular flow mass flux of evaporation j,
presented by Collier’ and later used by Colwell and Chang,?
was employed. This relationship is

. M 0.5

When P, is greater than P,, j is positive and the liquid
evaporates. When P is less than P,, j is negative and the
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vapor condenses. In the development of the numerical model
presented here, the evaporation-condensation rate was as-
sumed to be proportional to the liquid-vapor interface area in
each section of the heat pipe, i.c.,

Amitee =] Ao = jWeAx 3

where AA,. is the evaporation-condensation surface area in
one section, W, the perimeter of the liquid-vapor interface,
and Ax the section length.

For a given latent heat A, the rate of the heat released or
absorbed in any section can be determined from

AQc. =4 Am, (4)
For a heat pipe to operate properly, the capillary pressure

must be sufficient to overcome the difference of the liquid and
vapor pressures,.or

Pvl=Pv_Pl=a/rc (5)
where r, is the radius of curvature of the liquid-vapor inter-

face. Since both P,; and r, are functions of the axial position,
the derivative of the above equation yields

= g
Expressing this over a finite interval yields
AP, =(—0[r})Ar, (7N
where
AP, =AP; +AP,, +AP,+ AP, (8)

The pressure changes are those due to the liquid and vapor
friction and the momentum changes are those occurring in
any one section along the heat pipe.

Based on the momentum equation, the pressure drops due
to friction for laminar flow can be expressed as

AP, = (2u AxV)/r} (9)
where r, is the hydraulic radius, and V is the velocity of the
flow that is equal to a function of the mass flow rate, the
density, and the area.

The total pressure drop due to the momentum change can
be expressed as

AP, =(V A +m AV + Am AV) /4 (10)
The energy equation used in this model can be written as
Qin=Qout+Qr (11)

Qr = J\plAICPl A-T'l dx + ‘[vavCPvATv dx
+fPsAsts AT, dx (12)

Cp1, Cp,, and Cp, are the heat capacities of the liquid, vapor,
and solid boundaries, respectively, and AT is the correspond-
ing temperature change.

The continuity equation can be written as

jvav dx + Jp,A, dx = const = fluid charge (13)
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and the total volume inside the heat pipe can be defined and
expressed, respectively, as

vol = vol, + vol, (14a)
A=A4,+ 4, (14b)

As is the case for larger heat pipes, micro heat pipes consist
of three basic sections, an evaporator and a condenser, sepa-
rated by an adiabatic section. Each section has a different set
of boundary conditions and as a result has been treated
independently.

Evaporator Region

The single boundary condition used in the evaporator
section is the time dependent heat flux. For a specific input
heat flux, the saturation pressure at a given location can be
obtained by using a combination of the mass flux expression
given in Eq. (2) and the energy conservation equation given in
Eq. (12). Assuming that a temperature change at the
boundary yields a corresponding temperature change of the
liquid, and neglecting the temperature gradient in the liquid
(the liquid-vapor interface is only a small percentage of the
total interface area), these equations take the following form:

P, = (M/27rRT,q)eT/2 AxW ) + P (15)
g, = (Cpp;4; Ax AT}) /At (16)
4y = (CrapyA, Ax AT,)/At an

oo = e+ 41 + s (18)

Since T, is a function of P, Eqs. (15-18) are coupled and
can be solved using an iterative method with relaxation to
obtain values for T}, ¢.., ¢;, and ¢,. Because the difference
between the boundary and liquid temperatures AT, is propor-
tional to the input heat flux, the boundary temperature can be
obtained by adding AT, to T;.

* Adiabatic Region

In the adiabatic section, the latent heat absorbed by evapo-
ration and given up by condensation is equal to the sensible
heat absorbed or rejected by the liquid and/or the heat pipe
case. The governing equations for each element in this section
can therefore be expressed as

oo = AW AXIM [(2nRT)]V¥(P, — P,) (19)
Gy = (Cpips 4, AT, Ax) At (20)
gs = (Cpeps4; AT, Ax)/At (2D

Jeet 1+ 4, =0 (22)

By assuming no temperature drop at the liquid/case
boundary, i.e., T, = T,, Eqgs. (19-22) can also be solved using
an iterative technique to obtain q.., §;, §,, and AT,.

Condenser Region
In the condenser region, the boundary temperature of the

heat pipe was assumed to be constant, resulting in governing
equations similar to those used in the adiabatic section,

Joc = AWeo AX[M [(27RT,)]*(P, — P,) (23)
G: = (Cpp;4; AT, Ax) [Ar (24)

s CPspsAs ATb Ax
qs = Al (25)
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qec + ql + qs = qout (26)

Although in normal operation the condenser boundary tem-
perature would vary with the input power, in a controlled
laboratory experiment this condition is easily obtained by
controlling the temperature and/or flow rate of the condenser
coolant.

General Assembly

Because the evaporation-condensation rate is extremely
sensitive to changes in the vapor pressure, a predictor-correc-
tor treatment was applied to obtain a stable solution. Initially,
the evaporation rate was assumed to be equal to the conden-
sation rate, and the vapor pressure was calculated. This vapor
pressure was then used to compute the change in the mass of
vapor and, hence, the difference between evaporation and
condensation. The original assumption of equal evaporation
and condensation rates was then checked and the values
updated. Preliminary tests indicated that the solution was
stable regardless of the time step size used. In comparison,
prior to using this predictor-corrector treatment, the solution
vibrated with increasing magnitude for time step sizes below
0.01 ms.

The solution procedure consisted of initializing the vari-
ables and arrays and by iteration, computing the boundary,
liquid, and vapor temperatures along with the evaporation
and condensation rates, the pressure drops, and the flow rates
for each section. The resulting radii of curvature for the
liquid-vapor interface was then computed and the liquid-va-
por mass flow rate corrected using the resulting vapor pres-
sure.

Because both the steady state and transient performance of
the heat pipe are strongly dependent upon the physical ge-
ometry, it was necessary to accurately describe the geometry
mathematically. For the heat pipes considered in this investi-
gation, the liquid cross-sectional area of a single channel was
defined in terms of the geometry, shown in Fig. 2, as

A =xy —ri(y —siny) — (¥)@B - sinf)  (27)

Once this had been done, it was necessary to determine the
wetting angle 6 where
8 =cos (o, — 0.)/0,] (28)

Although some information was available in the literature on
the surface tension between the case, copper or silver, and the

Xor¥o) '

Fig. 2 Cross-sectional shape of the modeled heat pipe.
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working fluid, water, only limited information on the surface
tension between the solid and the vapor o,, and the liquid and
the vapor o, was available. For this reason, an experimental
investigation was conducted to determine the wetting angle.

Determination of the Wetting Angle

An acrylic chamber with internal dimensions of approxi-
mately 2.54 x 2.54 x 8 cm was constructed. The front and
back walls of the chamber were transparent, whereas the left
and right sides were made of copper and silver, respectively.
The chamber was filled with approximately 10 cm? of distilled
water through a fill port located in the top and evacuated for
approximately 5 min to eliminate noncondensible gases. After
filling, the fill port was closed and sealed. By tilting the
chamber until the liquid at the interface formed a flat surface,
the wetting angle could be measured. The results of these
experimental tests indicated wetting angles of 55 and 45 deg
for copper and silver, respectively. Although heat pipes are
normally baked out in a hard vacuum prior to charging,
which effectively removes most adsorbed species and results in
a lower contact angle than normally obtained without the
bake out procedure, the values given above compare favor-
ably with those of other investigators.

Results and Discussion
To verify the numerical model, the physical dimensions of
the heat pipe tested by Babin et al,* an outer diameter of
1 mm, inner diameter of 0.6 mm, and a diagonal of 1.0 mm
along with evaporator and condenser lengths of 12.7 mm
each, were used as inputs to the numerical model. Compari-
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Fig. 3 Comparison of the maximum heat transport capacity of a
trapezoidal micro heat pipe as a function of the operating temperature
(silver, 0.0032 g charge).
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Fig. 4 Comparison of the maximum heat transport of a trapezoidal
micro heat pipe as a function of the operating temperature (copper,
0.0032 g charge).
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Fig. 6 Steady-state liquid cross-sectional area as predicted by the
transient model.

sons of the experimentally determined maximum heat transfer
capacity and the steady-state capillary limit as predicted by
the transient numerical model were then made for two test
pipes. One heat pipe was constructed of copper and the other
of silver, and both used ultrapure water as the working fluid.

Figures 3 and 4 illustrate the results of these comparisons.
As shown, the transient model predicts the maximum steady-
state heat transport capacity prior to the termination of dry
out to within +5% for the silver test pipe and +10% for a
majority of the experimental data obtained for the copper test
pipe. It should be noted that, although the experimental tests
were conducted in a vacuum, when the condenser temperature
was greater than the ambient temperature, a small amount of
power was required to maintain a uniform temperature along
the pipe. Therefore, to determine the amount of heat trans-
ferred through the test pipe, shown on the ordinate in Figs. 3
and 4, this initial power was subtracted from the measured
power input.

Once it had been demonstrated that the transient model
could be used to accurately predict the steady-state heat-
transfer limit, the model was used to determine the signifi-
cance of the various parameters that govern the transient
operation of micro heat pipes. Figure 5 compares the liquid
cross-sectional area with the liquid-vapor interfacial pressure
drop for wetting angles for both 0 and 45 deg. As illustrated,
the maximum liquid cross-sectional area for a wetting angle
of 45 deg is 0.218 mm?, much larger than the 0.116 mm? for a
wetting angle of 0 deg.

In Fig. 6, the difference between the minimum liquid area in
the evaporator and the maximum liquid area in the condenser
is shown to be significantly greater for the 45 deg wetting
angle than for the case of the 0 deg wetting angle given the
same axial heat flux. Also, near dry out, the frictional pres-
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sure drop in the evaporator is- much larger for the 45 deg
wetting angle than for the 0 deg case as illustrated in Fig. 7.
As a result, it is apparent that changes in the wetting angle
cause large differences in the liquid pressure drop and hence
the required. capillary pumping pressure.

The relationships described above do not necessarily mean
that large wetting angles will result in a larger maximum heat
transport capacity, since the heat transport capacity is also
dependent upon the liquid charge within the heat pipe. Using
a fill charge of 0.32 mg and a 31°C condenser temperature, a
maximum heat transport capacity of 0.11 W was predicted for
a 45 deg wetting angle as compared to 0.12W for a 0deg
wetting angle. Although the maximum heat transport capacity
was similar, the limiting condition for the 45 deg wetting
angle was dry out, whereas for the 0 deg wetting angle, the
limiting condition resulted from condenser flooding.

In ‘addition to affecting the pressure drops, the transient
analysis indicated that the time required for the heat pipe to
reach steady-state was longer for larger wetting angles. Once
a heat input of 0.1 W had been reached, a total of 80s was
required for the heat pipe to reach steady state for wetting
angles of 45 deg whereas only 30 s were required for a wetting
angle of 0 deg. Because of the geometrical shape of the heat
pipe, a phenomena referred to as an inverted meniscus was
predicted to occur at wetting angles greater than 45 deg for
liquid contact close to the midpoint of each side. This phe-
nomena can best be described as a change in the shape of the
liquid-vapor interface from one which is convex to one which
is concave. From the above analysis, it is apparent that the
wetting angle is one of the key parameters in the determina-
tion of the optimum charge and the heat transport capacity of
the heat pipe.

The steady-state temperature profile, as predicted by the
transient model, is illustrated in Fig. 8 for an input power of
0.1 W and a wetting angle of 45 deg. As shown, the liquid,
vapor, and boundary temperatures are all the same at the left
end of the pipe. This point represents the highest temperature
within the pipe. From this maximum temperature, the vapor
temperature decreases slightly in the evaporator region and
then remains essentially constant throughout the adiabatic
and condenser regions. The boundary and liquid temperatures
decrease somewhat more rapidly in the evaporator region and
continue to decrease in both the adiabatic and condenser
regions. The two large gradients occurring at the exit to the
evaporator and the entrance to the condenser are the result of
longitudinal step size used in the model.

The transient numerical model indicates that the vapor
temperature variations are proportional to the heat input and
that without dry out or flooding, the conductivity of the heat
pipe is independent of time. In contrast, a fairly long period
of time is required for the other thermal hydraulic parameters
to reach their steady-state values. The time required for the
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Fig. 7 Steady-state liquid and vapor pressure as a function of position
as predicted by the transient model.
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Fig. 10 Liquid cross-sectional area as a function of time and the axial
position.

case to reach steady state ranges from 30 to 80 s after full heat
input, depending on the wetting angle. The smaller the wet-
ting angle and the higher the temperature, the shorter the time
required.

Figures 9 and 10 illustrate the changes in the liquid mass
flow rate and liquid cross-sectional area as a function of time,
respectively, for a power level of 0.1 W and a wetting angle of
45 deg. It is significant to note that during the time immedi-
ately after the application of the heat to the evaporator, the
liquid and vapor flow in the evaporator are both in the same
direction. This reverse liquid flow is the result of an imbalance
in the total pressure drop. The evaporation rate does not
provide an adequate change in the liquid-vapor interfacial
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Fig. 11 Liquid and vapor pressure as a function of time and the axial
position.

curvature to compensate for the total density changes result-
ing from the associated temperature change. Once the heat
input reaches full load, the reverse liquid flow disappears, and
the liquid mass flow rate gradually increases until it reaches a
steady-state condition in which the liquid mass flow rate is
equal to the vapor mass flow rate in any given section. This is
more apparent in Fig. 11, which compares the pressure for a
power level of 0.1 W and a wetting angle of 45deg, as a
function of axial position, for 10s after startup and for
steadystate. As illustrated, 10 s after startup the pressure of
both the liquid and vapor are higher in the evaporator and
gradually decrease with position, promoting flow away from
the evaporator. At steady state, the liquid pressure is much
lower in the evaporator and increases dramatically with posi-
tion, promoting return flow back to the evaporator.

Finally, it is important to note that the pressure drops due
to friction are much larger than for the pressure drop due to
the vapor momentum change or the pressure drop due to the
liquid momentum change.

Conclusions

A numerical model was developed and shown to accurately
predict the steady-state transport limit of two previously
tested micro heat pipes. The model was then used to evaluate
the various parameters that govern micro heat pipe operation.
The results of the modeling effort indicate that unlike tradi-
tional heat pipes, reverse liquid flow occurs in the liquid
channels during startup and that the wetting angle is one of
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the most important factors contributing to the transport
capacity and behavior of these types of heat pipes.

As mentioned, an earlier steady-state experimental investi-
gation verified the operation of the trapezoidal micro heat
pipe, and when compared with the analytical model, verified
the trends predicted by the transient model at steady state.
Although additional work is required to refine the model, this
transient model can be used to accurately assess the effects of
variations in the physical geometry, the amount or type of
working fluid, and the power levels.

Although the transient numerical model has been shown to
predict the steady-state performance limitations and opera-
tional characteristics with a reasonable degree of accuracy, no
experimental data on the transient operational characteristics
have been obtained. In addition, several factors that signifi-
cantly affect both the steady state and transient behavior
require continued study, including a determination of the
effect of variations in the cross-sectional shape; the effect of
variations in the amount of working fluid; and determination
of just how small these devices can be and still continue to
function.
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