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Nomenclature
Rcl. = liquid/vapor interface radius of curvature,

evaporator
^max = liquid/vapor interface radius of curvature,

condenser
y = liquid surface tension
AP, = available capillary pressure difference
AP,, = condenser capillary pressure difference
AP( c = evaporator capillary pressure difference
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Introduction

P REVIOUS investigations have indicated that the primary
transport limit occurring in micro heat pipes is the cap-

illary pumping limit.1 This limit occurs when the available
capillary pressure difference between the evaporator and the
condenser regions is not sufficient to overcome the liquid and
vapor pressure drops. When the operating conditions of the
heat pipe are such that the summation of the pressure losses
associated with heat pipe operation exceed the available cap-
illary pressure difference, the working fluid of the heat pipe
will not be "pumped" from the condenser to the evaporator
and the wicking structure will dry out. At high heat flux val-
ues, a condition may be reached where such a small amount
of liquid exists in the evaporator that viscous forces in the
liquid flow channel become larger than the capillary pressure
difference and prohibit liquid from returning to the evapo-
rator region. This phenomena of dryout defines the capillary
wicking limit and is typically observed experimentally by either
a sudden increase in evaporator temperature or a distinct
decrease in effective thermal conductivity, as power input to
the evaporator is increased.

Available Capillary Pressure Difference
The equation of Young and Laplace may be used to define

the pressure difference between liquid and vapor phases at
an arbitrarily curved interface. In order to apply this equation
to the evaporator and condenser regions of a heat pipe, it
must be assumed that during steady-state operation, the liq-
uid-vapor interfaces are in a state of equilibrium with respect
to the radius of curvature. It must also be assumed that mass
depletion from the liquid phase in the evaporator and mass
injection into the liquid phase in the condenser do not affect
this equilibrium state. Historically, the equation of Young
and Laplace has been used to evaluate the difference in cap-
illary pressure between the evaporator and condenser regions
in order to determine the available capillary pumping pressure
for heat pipe operation as

AP = AP_ - AP, (1)

When a heat pipe of triangular cross section is properly
charged, a flooded condition will exist in the condenser region
and the liquid-vapor interface in the condenser region will
assume the shape of a hemisphere. Using a minimization of
free surface energy technique,2 the radius of curvature in this
region can be shown to be equal to the largest radius of
curvature that exists in the triangular cross section of the micro
heat pipe (i.e., an inscribed circle), as illustrated in Fig. 1.
For the etched micro heat pipes evaluated and tested in the
current investigation, this radius of curvature Rc c is equal to
30.96 /Jim, and the equation of Young and Laplace reduces
to3

APr r = 2y//?max - 2y/30.96 (2)

In the evaporator region, the liquid-vapor interface is ini-
tially assumed to be one dimensional (i.e., having only one
nonzero radius of curvature). This assumes first, no axial
variation in the radius of curvature in the evaporator, and
second, that the cross-sectional radius of curvature is the same
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Fig. 1 Cross section of the micro heat pipe
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for each of the three corners at any steady-state operating
condition (i.e., the gravitational body forces are neglected).
It was also assumed that the working fluid, methanol, com-
pletely wet the silicon surface, implying that the apparent
liquid-solid contact angle a was equal to zero. With these
assumptions, defining the radius of curvature of the liquid-
vapor interface in the evaporator defined the entire liquid
configuration in the evaporator.

To determine the maximum heat transport capacity of the
micro heat pipes, the radius of curvature of the liquid-vapor
interface in the evaporator was varied and the available cap-
illary pressure of the micro heat pipe was calculated. This
available capillary pressure was then compared with the cor-
responding of the pressure drops associated with the flow of
the liquid and vapor phases.

The pressure drop associated with the flow of the liquid
phase was calculated utilizing the analysis of Chi.4 Based on
the conclusions of Ivanovskii et al.5 and Bankston and Smith,6

the pressure drop associated with flow of the vapor phase was
calculated using a Poiseuille flow analysis. The hydrostatic
pressure drop associated with the horizontally oriented micro
heat pipes of the current investigation was calculated as the
product of the working fluid liquid density, the acceleration
due to gravity, and the hydraulic radius of the triangular cross
section.

As mentioned previously, the liquid/vapor interface was
assumed to exist with constant radii of curvature in both the
evaporator and condenser regions. The radius of curvature
of the liquid/vapor interface in the adiabatic region of the
micro heat pipe was assumed to increase linearly from that
assumed in the evaporator region to that which occurred in
the flooded condenser region, 30.96 ^m. In this manner the
flow areas of both the liquid and vapor phases were defined.
In order to accurately predict the pressure drop terms asso-
ciated with the flow of the liquid and vapor phases, the adi-
abatic region was divided into a number of finite volumes,
and the sum of the pressure drops associated with each of
these regions was used to approximate the total pressure drop
in the adiabatic section of the micro heat pipe. Each of the
finite volumes utilized liquid and vapor phase flow areas that
were representative of the actual flow area based on the as-
sumed linear distribution of the radius of curvature of the
liquid/vapor interface. The computer model used to investi-
gate the capillary limit of the etched micro heat pipes deter-
mined the physical properties of the working fluid based on
a single operating temperature. This operating temperature
is typically representative of the temperature in the adiabatic
region of the micro heat pipe. Initially, an investigation was
conducted to determine the optimal operating temperature
using methanol as the working fluid. To do this both the radius
of curvature of the liquid/vapor interface in the evaporator
region and the operating temperature were varied. Through
the analytical model, the optimal operating temperature of
the micro heat pipe using methanol as a working fluid was
calculated to be approximately 385 K, with a corresponding
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Fig. 2 Available capillary pressure and total pressure drop as a func-
tion of capillary radius.

maximum heat transport capacity of 0.9 mW. This operating
temperature was utilized in the subsequent portions of the
analytical investigation to determine the maximum perfor-
mance characteristics of the micro heat pipes.

Figure 2 illustrates the operating characteristics of the tri-
angular etched micro heat pipe as predicted by the analytical
model of the capillary limit. The solid line in Fig. 2 represents
the available capillary pressure difference, predicted by vary-
ing the radius of curvature of the liquid/vapor interface in the
evaporator region from zero to the maximum possible value
in the condenser.

Region 1 of Fig. 2 represents the "nonoperational" liquid/
vapor configurations for the micro heat pipe. In region 1, the
total pressure drop, i.e., the sum of the hydrostatic pressure
drop and the pressure drops associated with the flow of the
liquid and vapor phases, corresponding to the three greatest
input power levels (1.2, 0.9, and 0.5 mW) exceed the available
capillary pressure difference. However, as the evaporator cap-
illary radius increases, leading into region 3, only the greatest
value of input power (1.2 mW) continues to produce a pres-
sure drop in excess of the available capillary pressure differ-
ence of the micro heat pipe. This indicates that the input
power of 1.2 mW exceeds the capillary limit of the micro heat
pipe. The curve representing the total pressure drop associ-
ated with an input power of 0.9 mW intersects the curve
representing the available capillary pressure difference at a
point which corresponds to a radius of curvature in the evap-
orator region of approximately 13.7 /un. This, in effect, de-
fines the entire configuration of the liquid in the micro heat
pipe for that input power. For an input power of 0.5 mW
the evaporator radius of curvature required for operation is
approximately 20.5 /xm and for 0.2 mW is approximately
22.5 (Jim.

Region 2 of Fig. 2 represents operating parameters for which
the available capillary pressure difference exceeds the total
pressure drop associated with the two lower input power val-
ues (0.2 and 0.5 mW). Note, however, that these two curves
do again intersect the curve representing the available cap-
illary pressure difference in this region. In other words, there
are two possible configurations that satisfy the capillary pres-
sure "balance" of the micro heat pipe. The slope of the curves
representing total pressure drop in region 2 indicates, how-
ever, that the solutions in this region are unstable by nature,
and implies that the system will seek the more stable config-
uration that corresponds to the greater radius of curvature in
the evaporator region.

Using the information provided by the capillary limit anal-
ysis, the radius of curvature in the evaporator region of the
micro heat pipe was calculated for all input power values less
than the capillary limit. With the known radius of curvature
in the evaporator, adiabatic, and condenser regions, the op-
timal liquid charge could be predicted as a function of input
power. Figure 3 illustrates the resulting optimal liquid charge
as a function of input power. As shown, this liquid charge
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Fig. 3 Optimal liquid charge as a function of input power (T =
385 K).
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Table 1 Measured heat transport
at onset of dry out

% Liquid
charge

Measured heat
transport, mW

10
20
30
50

1.02
3.38
3.76
5.53

Input power = 2.00 W.
Predicted heat transport at onset of dryout
= 0.9 mW.
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Fig. 4 Observed effective thermal conductivity of the micro heat pipe
arrays.

varies from approximately 25% of the total micro heat pipe
volume at input power values approaching zero to approxi-
mately 16% at the capillary limit of the micro heat pipe.

Comparison with Experimental Results
To validate this analysis, an experimental investigation,

similar to one previously conducted by Peterson et al.,7 was
undertaken. An anisotropic etching process was used to pro-
duce a series of 59 parallel, triangular channels each 120 /mm
wide and 80 jam deep, in silicon wafers. Once fabricated, a
clear Pyrex® cover plate was bonded to the top surface of
each wafer using an uv bonding technique. These micro heat
pipe arrays were then evacuated and charged with varying
amounts of methanol and evaluated using an IR thermal im-
aging unit to measure the temperature gradients and maxi-
mum localized temperatures. From these data, an effective
thermal conductivity could be computed.

Figure 4 illustrates the experimental results for the four
different fluid charges evaluated, 50, 30, 20, and 10% charge
by volume, respectively. For comparison, the measured ther-
mal conductivity of the plain wafers are also shown as a func-
tion of heat flux. As illustrated, the experimental results con-
sistently indicated the gradual onset of dryout (indicated by
the slight decrease in effective thermal conductivity) over the
entire range of input power levels utilized in this investigation.

Considering the silicon and micro heat pipes as parallel
thermal resistances subjected to the input power from the
distributed heat source, the heat transported by each micro
heat pipe can be determined from the experimental results.
A heat flux value of 3.15 W/cm2, which corresponds to a total
heat input of 2.0 W, was the smallest input power value uti-
lized in the current investigation. If this input power is con-
sidered to be that which corresponds to the onset of dryout,
then dry out actually occurred at input power levels that were
four to six times those predicted by the analytical model as
illustrated in Table 1.

The difference between the predicted and measured cap-
illary limit in this investigation can be attributed to three
primary factors. First, the thermal and spatial resolution char-
acteristics of the thermal imaging system were not high enough
to observe and indicate the precise location and power level

at which dryout occurred. Although the system was capable
of detecting the temperature gradients, which were used to
calculate the effective thermal conductivity of the wafers, the
system was not capable of producing spatial resolution on the
scale of 1 /urn or less, which would be required in order to
observe the progressive dry out of an individual micro heat
pipe. Second, the analysis used to develop the model of the
capillary limit relied solely on the assumptions associated with
the mass and momentum transport characteristics of bulk fluids.
Previous investigations have shown that thin liquid films such
as those which exist in the evaporator section of micro heat
pipes have tremendously enhanced evaporative characteristics
when compared to the evaporative characteristics of bulk fluids.
Finally, the analytical model does not account for the actual
process of gradual dryout, wherein the wetted liquid front
progresses toward the condenser allowing heat pipe operation
to continue, though decreasing the effective heat pipe length.
One other factor may provide a partial explanation for this
difference, and this has to do with the initial charge. Excess
liquid in the system would tend to move the actual point of
dryout closer to the evaporator region of the heat pipe. This
would, in effect, allow partial operation of the heat pipe to
occur, increasing the effective thermal conductivity of the
wafer/heat pipe array composite. For this reason, identifica-
tion of the precise dryout heat flux and location will require
a significantly different experimental approach.8

Conclusions
An analytical model has been developed for a triangular-

shaped, etched micro heat pipe. This is the first analytical
micro heat pipe model to predict not only the capillary limit
of operation, but also the radius of curvature in the evaporator
section and the optimal value of liquid charge. The model
predicted optimal liquid prime values between 16-25% for
various power levels, and indicated that the optimal charge
value would not exceed 25%, even for input power levels near
zero. The experimental investigation utilized micro heat pipe
arrays that had liquid charge values ranging from 10 to 50%,
and indicated that the effective thermal conductivity of the
heat pipes continued to increase with increasing liquid charge.

To validate the analytical model, the predicted values of
maximum heat transport capacity were compared with ex-
perimental data at various liquid fill ratios. Although the model
correctly predicts the trends associated with the variations in
the fill ratio, there are significant differences in the predicted
and measured dryout level. Reasons for these differences have
been identified and include 1) the insufficient thermal and
spatial resolution characteristics of the thermal imaging sys-
tem utilized in the experimental investigation, 2) omission of
the thin film evaporative affects in the analysis, and 3) the
inability of the analytical model to account for the progression
of the wetted front during a gradual dryout process.
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Introduction

T HE inclusion of cesium reservoirs in thermionic con-
verters has played a vital role in the production of con-

verters that achieve optimum performance.1 Cesium vapor in
the interelectrode space of a thermionic converter reduces the
negative space charge effect on the emitter surface and the
work functions of the electrodes due to the adsorption of
cesium atoms on their surfaces.2 The dependence of the ce-
sium vapor pressure pcx on the liquid reservoir temperature
T, is given empirically as1

pcx = [(2.45 x 108)/V^]exp(-8910/r,), Torr (1)

for Tr in Kelvin. Because of the exponential dependence of
the cesium pressure on the liquid reservoir temperature, a
high degree of temperature control is necessary for the res-
ervoir to maintain a constant cesium pressure. As the liquid
reservoir temperature typically ranges from 525 to 625 K (—0.5
to 6 Torr), and the minimum temperature in the core of the
thermionic fuel element (TFE) of the advanced thermionic
initiative (ATI) reactor design is approximately 880 K, the
liquid reservoir would have to be located external to the core,
complicating the overall design of the power system with in-
tricate plumbing and valve arrangements.3

Due to the problems cited above, integral, solid sorption
reservoirs have been evaluated as an alternative to liquid
reservoirs for use in the ATI-TFE design. The potential ad-
vantages of such a reservoir are as follows:

1) The reservoir could be designed to operate at a tem-
perature intermediate to the emitter and collector tempera-
tures, thus eliminating the electronic hardware associated with
liquid reservoir heaters and temperature controllers.

2) Plumbing and other problems associated with the use of
liquid cesium could be eliminated.

3) Optimum cesium pressure could be maintained over a
wide range of emitter temperatures due to direct temperature
feedback from the converter. Harbaugh and Basiulis4 inves-
tigated the storage characteristics of molybdenum and tung-
sten reservoirs and tested the performance of these reservoirs

in actual converters. They demonstrated optimum converter
performance with the reservoirs above 973 K, and also found
that the cesium pressure in an adsorption reservoir is less
sensitive to changes in reservoir temperature than the cesium
pressure in a liquid reservoir. The metal reservoirs were ul-
timately found to be impractical because of their limited stor-
age capabilities and the variation of vapor pressure, at con-
stant temperature, due to loss of cesium.

Other investigators identified graphite as a potential sorp-
tion medium. The intercalation of cesium in graphite forms
compounds ranging from C8Cs to C60Cs. Salzano and Aronson5

characterized these compounds and measured the effect of
the graphite reservoir temperature on the cesium vapor pres-
sure. The compounds were found to supply cesium vapor at
pressures of 0.5-10 Torr via two-phase equilibrium reactions
at temperatures ranging from 700 to 1200 K. The cesium
pressure was determined to depend only on the graphite tem-
perature and the reservoir compound. Yates6 analytically de-
termined the response of a single thermionic cell with an
integral reservoir to changes in power input and load resis-
tance and found that sorption reservoirs made from the graph-
ite lamellar compounds provided the best overall response to
changes in converter operating conditions.

Thermophysical Characteristics
of the Cesium Reservoir

Variation of cesium vapor pressure with reservoir temper-
ature for both liquid and graphite reservoirs suggest, for the
reservoirs investigated, that the only applicable cesium-graph-
ite reservoir for direct conductive coupling, without an in-
sulation layer, is the 3C24Cs —» 2C36Cs + Cs(g) equilibrium
reaction.7 The experimental data for the cesium pressure from
this graphite reservoir was curve-fitted to generate informa-
tion for the relationship between pressure and temperature
of the graphite reservoir. Once the temperature distribution
of the emitter lead region was obtained, the temperature limits
of the cesium-graphite equilibrium reaction defined the ex-
treme positions for placement of the graphite reservoir in the
lead region. The reservoir could be positioned from 17 to 22
mm from the emitter-lead interface as shown in the schematic
in Fig. I.3

Analytical Procedure and Lead Region
Thermal Analysis

The nonfueled lead region has approximately 25 mm of
emitter substrate to allow a direct conduction path for heat
transfer from the hot, fueled region to the cesium-graphite
metal-matrix reservoir. The thermionic fuel element pin lo-
cated at the center of the reactor core receives the maximum
thermal input power at steady-state operation and is desig-
nated the peak power pin. The average power pin is located
between the center of the core and the outer surface.
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Fig. 1 Schematic of the ATI-TFE design for the location of the res-
ervoir.


