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Fig. 6 Comparison of theoretical and observed wake lengths.

prcaches pool film boiling, in which vapor is removed from
the wake by a Taylor instability mode. The potential flow
theory does not account for this behavior; thus, only data at
Fr>5 were retained in Fig. 6.

In our opinion, the scatter in the data is largely caused by
the competing effects of buoyancy and inertia. Systematic
uncertainty due to pressure sensor and recording errors was
estimated at ±5%, much less than the scatter inherent in the
data. Limitations on liquid velocity would not allow data to be
obtained in the Fr> 10 range.

The theory is not very accurate near the end of the wake
because of the artificiality of the wake closure model. Taking
this into account, the WL predictions shown in Fig. 6 exhibit
reasonable conformity with experiment. However, the data
are scattered; they cluster about the line of perfect agreement
with a variance of 10%. Data for Fr> 10 are needed for more
conclusive evidence of the applicability of the model, but
could not be obtained with our apparatus.

WT at the point of separation could not be measured
because the heater mounts obscured the end view of the
heater. However, an "effective" WTobs was calculated based
on the A/? required to predict WLobs. A comparison of this
value to WTth calculated from the measured Ap showed that
WT is less sensitive to pwk than is WL and is predicted by the
theory quite well. This is so because the theory is more ac-
curate near the trailing edge of the cylinder.

Conclusions
The conclusions that have been reached in this study are:
1) Film boiling wakes are not substantially different than

cavitation wakes. However, for prediction, the proper Os and
pwk must be known.

2 The re-entrant jet theory predicts film boiling wake
behavior reasonably well.

3) Wake shapes computed from the theory agree
qualitatively with observations of subcooled flow film boiling
wakes. The theory predicts that WL and WT are reduced as
subcooling in the liquid is increased at a given liquid velocity,
which agrees with prior observations.
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Determination of the Cross-Sectional
Temperature Distribution and Boiling

Limitation of a Heat Pipe

G.P. Peterson*
Texas A&M University, College Station, Texas

P RESENTLY, the primary means for rejecting heat from
orbiting spacecraft is through a space radiator system

composed of a series of single-phase fluid loops. Because this
system uses a mechanically pumped coolant circuit, it is one
whose long-mission reliability is low due to failure resulting
from penetration by a single meteroid. The reliability of the
system can be increased, but this results in a large increase in
total weight. Hence, there is need for the development of a
long-life heat rejection system suitable for long-term, high-
power missions.

One solution to this problem is to develop a large modular
radiator system that can be assembled during orbit from a
number of standard components. This "space-constructible"
radiator system would fulfill the needs and demands of large
long-lived heat rejection systems by allowing the radiators to
be built up for any desired heat load capacity. The planned
system consists of individual heat pipes with radiator fins at-
tached. These heat pipes would form the radiator and would
be "plugged in" to contact heat exchangers designed to carry
heat from the habitation module to the radiator through a cen-
tralized fluid loop.
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A key component of this concept is a high-capacity heat
pipe such as the one developed by Grumman Aerospace Cor-
poration.1 This improved high-performance heat pipe is
shown in Fig. 1 and has two large axial channels, one for
vapor flow and another for liquid flow. These two channels
are separated by a small monogroove slot that, due to the
small characteristic radius, results in the liquid being pumped
from the liquid channel to the circumferential grooves in the
vapor channel, where it is evaporated. The separation of the li-
quid and vapor flows reduces the viscous shear force between
the liquid and vapor and, hence, increases the overall
transport capacity.

This heat pipe is currently being considered for large or-
biting space platforms; previous analytical investigations2

have been conducted to determine the operational char-
acteristics and transport limitations. The results from these in-
vestigations have been correlated with the results of a series of
experimental investigations,1'3 and have proved to be
reasonably accurate up to that point where the input heat flux
limitation is reached and nucleate boiling begins.

In this particular heat pipe, boiling spreads very rapidly
since a bubble in any one of the individual circumferential
grooves effectively seals off that groove and results in a
localized hot spot, causing boiling to occur in the adjacent cir-
cumferential grooves. The result is a very rapid reduction in
the heat pipe performance. In addition to boiling in the cir-
cumferential grooves, previous experimental data seemed to
indicate that bubbles forming in the monogroove slot were in-
hibiting the flow of liquid and contributing to premature
limitations on the transport capacity.

vection coefficient, Be the environmental temperature, and Sc
the convection boundaries.4

Using this analysis technique, the cross-sectional tem-
perature distribution was calculated. Once this had been ac-
complished, lines of constant temperature were established for
various adverse tilts and input power levels. These lines of
constant temperature were then used to determine the point at
which boiling was most likely to occur, as well as the location
and extent of dry out.

Initially, a three-dimensional model was formulated. How-
ever, during the development of the model, it became ap-
parent that a two-dimensional heat-transfer model with linear,
steady-state conditions would be adequate, assuming that the
cross-sectional shape of the heat pipe was constant and that
the temperature and pressure variations along the longitudinal
axis of the evaporator section of the heat pipe were small over
the anticipated operating range.

It Is apparent from the geometry that the assumption of
constant cross-sectional shape is valid and the temperature
variation along the evaporator section of the heat pipe can be
found by neglecting the frictional effects and applying the
energy conservation principle. This yields

-=1+-

or

r,(0)=T,+-

(4)

(5)

Analysis
A two-step approach was used to investigate this boiling

phenomenon. First, a two-dimensional, steady-state, finite-
element analysis was performed4 to determine the cross-
sectional temperature distribution and the extent to which
boiling was present in the circumferential grooves and the
monogroove slot. Second, experimental tests were conducted
to provide data for verifying the model.

In the analysis, the monogroove heat pipe cross section was
divided into 38 rectangular elements with 188 individual nodal
points. The heat pipe was assumed to be operating under
steady-state conditions with three types of boundary condi-
tions: heat flux addition across the top surface of the fin, con-
vection on the inside of the liquid channel, vapor channel, and
monogroove slot, and insulation on the remaining surfaces.

The finite-element governing equations for the heat pipe can
be written as

Circumferential
grooves

Vapor
channel

Monogroove
slot

Liquid
channel

Thermocouples

Fig. 1 Monogroove heat pipe and thermocouple locations.

(1)

where Kk is the conductivity matrix, Ke the convection matrix,
Qe the nodal point heat flux input vector, and 0 the
temperature vector. The convection matrix Kc and the convec-
tion boundary conditions Q are treated as extra conductivity
and heat flux loading terms and are added to Kk and Q,
respectively. These two values can be found for an element m
as

Sc(m)
) fjS(m)TfjS(m) (2)

(3)

where Hs is the surface temperature shape function, h the con-
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Fig. 2 Comparison of predicted and measured temperature, top
thermocouple.
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Fig. 4 Comparison of predicted and measured temperature, bottom
thermocouple.

where TV(Q) is the vapor temperature at that point where the
vapor velocity is zero (i.e., one end of the evaporator), Tv
(max) the vapor temperature at that point where the vapor
velocity is a maximum (i.e., the other end of the evaporator),
and Cp the specific heat at constant pressure. From Eq. (5),
the total temperature drop in the evaporator section ATe is

AT; = 7;(max)-7;(0) =Jl
2Cn

(6)

In the operating range of this particular heat pipe, the vapor
velocity is very small, approximately 1 m/s; however, Cp has a
value three orders of magnitude greater, which results in a
temperature gradient that is quite small. In order for the
temperature gradient to be significant, the vapor velocity
needs to be an order of magnitude greater, in which case the
heat pipe would be approaching the sonic limitation.

Test Procedure
In order to verify the accuracy of the modeling technique,

an experimental investigation was conducted using a 3.05 m
section of the heat pipe. The fin on the test section was 5.7 cm
wide, the vapor channel and liquid channel diameters were
1.524 and 1.016 cm, respectively, and the monogroove slot
was 0.254 mm wide and 1.24 mm deep. Five thermocouples
were located approximately 10 cm from the condenser end of
the evaporator, equally spaced along the outer sidewall of the
heat pipe, as shown in Fig. 1. Heat was applied to the
evaporator section using an electric resistance heater and a
simple electrical measurement was used to determine the input
power. Heat removal was accomplished using a single-phase
liquid coolant circuit.

The tests were conducted using a computerized data acquisi-
tion and logging system to gather and compile the various
measurements. The data acquisition system consisted of a
Hewlett-Packard 87 computer as the system controller, a
Fluke 2190A digital thermometer (acting with a Fluke 2300A
20 channel scanner and a Fluke 1120A IEEE-488 translator) as
the thermocouple interface, two Hewlett-Packard 3438A
digital multimeters to measure the heater voltage and current,
and a third 3438A to measure the flowmeter signal voltage
from an orifice plate flowmeter in the coolant circuit. Once
the instrumentation had been installed and tested, the heat

pipe and coolant system were wrapped in fiberglass insulation
to minimize heat loss to the surroundings.

The test procedure used was as follows. The input power
was increased in 100 W increments, from zero to the point
where a rapid rise in the temperature of the thermocouples
located on the top fin of the evaporator was observed. It was
through this rapid temperature rise that the onset of dryout
was detected. This procedure was followed at adverse tilts,
which varied in 2.5 mm increments from 0 to 1.5 cm, and
resulted in a total of 222 instrumented performance tests. At
each test point, the system was allowed to reach thermal
equilibrium, at which time a series of three data records were
taken at 10 min intervals.

Results and Conclusions
Upon completion of the experimental tests, the tem-

peratures recorded by each of the thermocouples on the outer
surface of the heat pipe were compared with the modeling
predictions. Figures 2-4 illustrate the relationship between the
predicted cross-sectional temperature distribution as deter-
mined from the computer model and the temperature mea-
sured during the experimental tests for the top, middle, and
lower thermocouples. Additional correlations were made for
the others, but are not presented here. As illustrated, a slight
decrease in the accuracy of the modeling predictions occurs as
the distance from the upper fin increased and there appears to
be a slight shift to the right in the point at which the modeling
predictions and the experimental results intersect. The overall
accuracy, however, was quite good and was within 1.7 °C or
2.8%.

Once it had been demonstrated that the computer model ac-
curately predicted the cross-sectional temperature distribu-
tion, additional analyses were conducted and the associated
thermal maps were developed for various power levels to
determine if boiling was occurring in the monogroove slot.
These analyses indicated that bubble formation in the
monogroove slot would not occur until approximately 75% of
the circumferential groove area had reached dryout, con-
tradicting the original assumption that boiling in the
monogroove slot was prematurely limiting the heat pipe. In
addition to determining that monogroove boiling was not a
problem, the computer model was capable of accurately
predicting the location and magnitude of the circumferential
dryout condition as a function of the input heat flux.

In summary, a computer model has been developed and
verified that is capable of determining the cross-sectional
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temperature distribution within the heat pipe. This model can
provide information that can be used to determine the
susceptibility of the monogroove heat pipe to boiling, along
with the location and magnitude of that boiling.
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