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ABSTRACT

The studies described in this report clarify the effects of some of the
limitations imposed by the laws of thermal similitude, and determine the
thermal modeling laws for a heat pipe.

Solutions were presented for the steady-state temperature distribution
and heat transfer in a radiating fin having temperature dependent thermal
conductivity. Using these solutions, modeling prediction errors were de-
termined for fin type prototype/model systems with dimensional distortions,
with material having temperature dependent thermal conductivity, and with
low prototype temperatures. These prediction discrepancies ranged from
very small errors to errors in heat transfer rate as high as 75% in a
severely distorted model,

The thermal modeling laws for a heat pipe were derived and experimentally
verified. It was observed that prototype thermal behavior could be predict-
ed, from model data, to within 10°F over the temperature range tested {140
to 330°F). Heat pipe failure due to capillary failure was also predictible
to within +10%.

A flexible heat pipe was also designed and experimentally tested. Per-

formance was not degraded under conditions of bending.
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SECTICN I

INTRODUCTION

To accurately predict the thermal behavior of a space
craft, it 1s desirable to test a full scale prototype inside
an environmental simulator. Proper environmental simulation
requires conditions of high vacuum, cold wall radiant energy
sinks, and solar, planet, and albedo radiation. Existing and
potential space craft exceed the capabilities of earth-bound
environmental simulators because of their large size, and this
creates a problem for the experimenter,

One solution to this problem has been thermal scale model-
ing, A thermal scale model can be defined as a modei different
in size (generally smaller) than its prototype, which under
suitable conditions will accurately predict the thermal behavior
of its prototype (1), For conduction-radiation coupled systems
it has been shown that the laws governing thermal scale modeling
will accurately predict thermal behavior between model and
prototype (2), Systems coupled by additional modes of heat
transfer require gdditional comnsideration,

The heat pipe couples all three modes of heat transfer;
that is, conduction, convection, and radiation., The usefulness
of a heat pipe stems from 1its ability to exhibit an extremely
high effective thermal conductivity, much greater in fact than
any known horogeneous material, The comparison of a heat pipe

to a homogeneous material is unfalry however, since a heat pipe



is not homogeneous throughout, A heat pipe consists of a closed
cylindrical container with a porous wick lining. Liquild satur-
ates the wick of a heat pipe and vapor occuples the remaining
volume. When heat is added to (or rejected from) the container,
liquid vaporizes where heat is added and vapor condenses where
heat 1s extracted, maintaining nearly constant temperature
througﬁout. The condensate is returned t¢ the evaporator by

the action of capillary forces in the wick,

The defining equations for heat pipe operatiomn form a
system of simultaneous differential equations, for which no
solution has been obtained., As suggested by Cosgrove (3), a
study of the thermal behavior of a heat pipe 1is of utmost
importance since there 1s nc procedure available for predicting
the heat pipe temperature at a given heat flux,

Because there 1s no solution available for these differen=
tial equations, and because heat pipe configurations will become
larger and more complex in future applicaticng, a thermal scale
modeling program was instituted for the purpose of providing a
method for predicting the performance characteristics of a heat
pipe from the experimental behavior of a dimensionally and
thermally similar (model) heat pipe.

The equations derived in this study are for two specific
modeling techniques: 1. a technique preserving materials
between model and prototype, and 2, a technique maintaining
the same heat flux in both meodel and prototype, The sgsimilarity

relations for the first modeling technique were verified by
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experiment and the similarity relations for the second modeling
technique are presented without experimental verification. The
model and prototype were tested in a high vacuum, cold wall
envircnment without simulated solar, planet, or albedo radia-

tion,

Incidental to this study, a separate invegtigation has sought to demon-
strate the feasibility of constructing and operating a flexible heat pipe.
This work was undertaken preliminary to the heat pipe modeling program and
served to provide initial guidance and experience in the technology of heat

pipes.



SECTION II
THERMAL SCALE MODELING OF A HEAT PIPE

1. SIMILARITY ANALYSIS

One procedure for obtaining the dimensionless groups used in
thermal scale modeling requires knowledge of the form of the differ-
ential equations describing the thermal behavior of the prototype.
Since the differential equations for heat transfer are well known,
the thermal behavior of the prototype can usually be described by a
set of simultaneous differential equations. A similar set of differ-
entlal equations must apply to both model and prototype. By non-
dimensionalizing the sets of differential equations, they become
identical and the dimensionless groups in these equations form the
basis for thermal scale modeling even though the differential equations
are not amenable to solution.

Figure 1 11lustrates the various mechanisms of heat and mass trans-
fer that occur in an active heat pipe. Heat 1s transferred radially
inward from the source by thermal conduction through the wall and wick
of the heat pipe. Liquid is vaporized im the wick and travels along
the axls of the heat pipe as condensation occurs on the inside surface
of the wick in the condenser. Heat is then transferred by conduction
through the wick and wall of the condenser and is finally rejected at
the surface of the condenser by radiation.

The heart of heat pipe operation is the wick, which provides the

capillary pumping action for returning the condensate to the evaporator.
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The process of transfering heat from the source to the
outer surface of the evaporator 1s, in general, ill-defined.
The thermal contact resistance, among other consideratioas,
can vary widely depending on the particular application. For
this reason, modeling parameters are not presented for the

evaporator section of the heat pipe.

The Modeling Equations

Since the thermal behavior of a heat pipe can be influenced
by a variety of conditions, it is important to list the majeor
restrictions and assumptions. They are:

(1) The rejected heat flux is constant over the outer

surface of the condenser,

(2) The wick is saturated with liquid, but there is
no excess liquid,

{3) There is negiigible resigtance to mass flow in the
heat pipe other than the resistance offered by the
wick,

(4) The effects of gravity are negligible,

(5) The thermal conductivity of the liquid saturated
wick (in the radial direction) may be represented
by a constant,

(6) Heat conduction im the wick and wall, in the axial
directieon, i1s negligible compared to heat conduction

in the radial direction.



{7) The Liqqid saturated wick and wall interface has
negligible resistance to heat transfer,

(8) Heat transfer inside the wick in the radial direc-
tion, by convection, is negligible compared to
conduction,

(9) The wick'pumping capability is limited by capillary

forces and not boiling characteristics,

The vital restriction on heat pipe performance is the
limited output of the capillary pump, This restriction indi-
cates that proper modeling of the wick is of utmost importance
for proper thermal scale modeling.

Since the effects of gravity may be neglected, the wick
offers the only resistance to mass flow from the condenser to
the evaporator, In addition, low flow rates and low velocities
encountered in capillary flow assure that the flow is laminar
and relatively free from inertia effects. For this situation
the empirical relationship knows as Darcy's law will apply (4).

Darcy's equation may be written as

.
m

dp £V (1

where %% is the pressure gradient in the ligquid in the direction

of flow, U is the liquid viscosity, Ps 1g the liquid density,
AT is the total cross~sectional area of the wick perpendicular
to the direction of flow, and ﬁf is the rate of mass transport

at any axial position (x) in the wick. The proportionality



constant in this equation, k is‘the specific permeability of
the wick, This permeability constant is a function of wick
geometry only, The reciprocal of k is known as the "wick
friction factor" and experimental values are available for a
variety of wicking materials (4,5).

Non~dimensionalizing Equation (1) results in the dimen-
slonless group

Luth

—_—) (2)
PTkpfAT

(

where L is a charactevristic length associated with the heat
pipe, and PT is the total capillary pumping pressure causing
flow through the wick, and‘&T is the total mass flow rate,
which is the flow rate at the evaporator-condenser interface,
The capillary pressure drop, or pumplng pressure, is

determined from the surface tension of the liquid (Gf) and
the evaporator mean radius of curvature (R) of the menisci.
The evaporator mean radius of curvature is the mean radius of
curvature of the liquid-vapor interfaces in the evaporator
section, The radius of curvature of a liquid-~vapor interface
located at the far end of the condenser (i.,e., the end away
from the evaporator) would be large, approaching infinity,
Simply stated, the wick should be flooded at the fgr end of

the condenser., Under these conditions the capillary pumping

pressuxe has been shown by Cosgrove et al. (3), to be

20,
P o= = (3)
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By substitution of equation (3) into (2) thera results

LRufﬁT

(o) (4)
ZcfkpfAT

Since the differential equation for the model is the
same as the differential equation for the prototype, the

dimensionless group (4) must have an identical numerical value

for both model and prototype. This means that

[ LRufﬁT ]
ZUfkpfAT m

LRufﬁT ]
[dekpfAT p

where the subscripts m and p have been used to designate model

and prototype characteristics, 1In order to simplify later equa-
tions, starred quantities will hereafter represent the model
to prototype ratio of that parameter (i,e., T* = Tm/Tp. q* =

qm/qp, etc.)., Equation (5) may then be written as
*
[——-————;R:fﬁi] = 1 (6)
£“Pgip
Next, the heat transfer equationas for the heat pipe will
be considered, Energy transport along the heat pipe 1is
accomplished by convection, and may be expressed as

q = ﬁl.rhfg (7

where q is the total heat transported per unit time and h is

fg
the latent heat of vaporization of the liquid percolating

through the heat pipe.



Energy 1s transported through the wick and wall of the
heat pipe by conduction., The energy equation for a series

composite tube of two layers is

21rLc('1‘v - To)
q = m =z (8)
1n erl . in 3/r2

Kl KZ

where Tv is the temperature of the vapor, To is the condenser
outer surface temperature, Lc is the condenser length, T, is
the inner radius of the wick, r, is the outer radius of the
wick, and ry is the radius of the outer condenser surface,
Kl and K2 are thermal conductivities of the llquid saturated
wick and pipe wall, respectively,

Energy transferred away from the heat pipe by radiation
to black surroundings at zero degrees Rankine may be expressed

a8

= BGOACT04 (9)

where € is the emittance of the condenser surface, Uo is the
Stefan-Boltzmann constant, and Ac is the outer surface atrea
of the condenser,

Since equations (7), (8) and (9) are of the same form

for the model and the prototype, there results.

In "2/x;  1n "3/x,
= 4
_<I_“L . [LC(TV - TO) ]m { K:_L K, ]p (10)
q - ¥ r
P (L (T, Ta)]p [1n eri . In "3/r,]
Kl K2 m

10



q (d b, )

m T fg'm
T - T}TTTJ%F' ' (11)

P T fg'p
and

4
qm (scoAcTo )m

. (12)
q 4

p (eg AT, )p

These equations are in a dimensilonless form and with further

simplifications the equations become

L (T, = T) *
- T - 1, (13)
In "2/~ In "3/
q(—— L+ X 2
1 2
dohe "
—-—a—-g— = 1, (14)
and
cEA T 4 *
: 2 - 1, (15)

These equations along with the dimensionless grouping derived

from the Darcy equation,

*

LRy

[Tk—H'“ -1, 6)
£°7LE°T

comprise the modeling equations for a heat pipe in & cold-wall,

high~vacuum environment,



Modeling Techniques

Two modeling techniques are presented in this thesis,

They are: (1) A model preserving materials, and (2) A model
maintaining the same heat flow per unit area,

For thermal scale modeling it is usually assumed that
certain of the following items are preserved from prototype
to model: Temperature at homologous points; umaterials at
homologous points; heat flux at homologous points; surface
finish at homologous points; and scale in each direction,

These items are not all mutually exclusive; and combinations

of them have been used successfully to make models oflrelafiVely
simple prototypes (1), 1In general, the only mutually exclusive
criterlia are temperature preservation and material preserva-
tion at homologous points.

The first modeling technique was chosen for experimental
validation because of its distinct advantage over other tech-
niques, Because the wicking material and working fluid are
the same 1In both model and prototype, the modeling equations
can be greatly simplified by virtue of thermophysical propecty
considerations,

The similafity relations for the second modeling technique

will be presented without experimental verification,

Material Preservation Model

The technique of material preservation will require that

the heat pipe wall, wick, and operating fluid be the same for
12



both model and prototype., The wick must also have the same
thermophysical properties of porosity, thermal conductivicty,
ete, Heat pipe length, outside diameter, wall thickness, and
wick thickness are assumed to be scaled according to the
factor L%,

The emitting surfaces of the prototype and model heat
pipes, as well as the surrounding wall of the test chamber,
wvere spraved with a flat black paint, The paint used was
“"velvet coating 101-C1l0," a product of Minnesota Mining and
Manufaecturing Company, which has been acclaimed to have high
uniform values for emittance and absorptance (11},

In accordance with the facts and assumptions presented,
the modeling equations can be greatly simplified for the case
of material preservation, In this regard, the following
characteristics will be cengidered invariant from prototype to
model: (1) the thermal conductivities of the wall and wick,

K. and K

1 2?
ability, k.

(2) the emittance, €, and (3) the specific perme-

The modeling equations become:

(T, = T) ,

( - 17 = 1, (16)

f.h

i S an

Lir 4 *

[——}" = 1, (18)
q

and

13 .



Ru_h
f T.%

(

and by rearranging terms and combining equations there results,

* * *
(1, = T,) = q /L (20)
1 e (@O hatht? (21)
and
= BT (22)

In Equation (22), the group —ifﬁziﬁ has been replaced by N,
a liquid parameter. At a specified saturation temperature, the
value of N is determined.

The radius of curvature of the liquid-vapor interface R is
a function of the local heat flux, the structure or pore size,
and the liquid=-vapor-solid interfacial freé energies, The
fact that R is a function of heat flux is easily visualized by
noting that increased heat transfer rates cause the liquid in
the evaporator to recede into the wick and assume a smaller
radius of curvature., This radius is also, of course, a
function of pore size. The interfacial free energies determine
the wetting characteristics of the wick-liquid combination,
and thereby also influence the radius of curvature,

For this modeling technique the liquid (water)} and wick
(200 mesh nickel wire screen with 67t1% porosity) are the

same for both model and prototype., This assurxes that the pore

14



size 1s the same for model and prototype, and in addition, it
provides increased confidence in reproducible wetting charac-
teristics since only this one wick-liquid combination is used,
The usual assumption made in regaxrd to the wetting character-
igstics is that they are invariant with liquid temperature, 1In
general this assumption 13 not true., llowever, over the modest
temperature deviations in this experiment work (i.,e., 100 F)
the assumption may be regarded as true, Experimental data to
substantiate this assumption are presented later in this section.

For proper modeling, wick pumping similarity is required,
This occurs when the value of the evaporator mean radius of
curvature is identical in model and prototype (since tempera-
ture and pore size effects are negligible as discussed above).
This definition of similarity 1s justified by considering the
capillary pumping parameter (%), defined by Kunz, which repre-
sents the ratio of the capillary forces to the friction
forces (5), Wick pumping siwmilarity means that this parameter
must be identical for model and prototype, and since the
specific permeability k is invariant for this modeling tech~
nique, it follows that the evaporator mean radius of curva-
ture R must be invariant,

By virtue of all the above considerations it is required
(for proper thermal scale modeling) that

R¥ = 1, (23)

By substitution into Equation (22), there results:
g% = N*Lx (24)

15



Equations (20), (21), and (24) are in a form suitable

for calculations and may be used to predict prototype thermal

behavior,

Heat Flux Preservation Model

For heat flux preservation the only quantities that are

2

identical for model and prototype are the heat flux (q/L")
and emittance (£), Combining and rearranging Bquations (6),

(13), (14), and (15) there results

*
(T_ =T
et . -1, (25)
in “2/r In *3/r
L——2 + ——5)
1 2
LR, *
and
*
(27)

(To) = 1,

No further reduction of these modeling equations may be made
wiﬁhéﬁf eonsideration of the specific materials involved.

IE is interesting to note that the skin temperature of
the condenser has been preserved by this modeling technique.
As a result, temperatures throughout the model and prototype

will be very nearly equal and the water parameter N will also

be approximately preserved,

16



Discussion of Assumptions

The assumptions, listed earlier in this section, will
be discussed in the same order as originally presented.

The first assumption concerning constant heat flux was
shown experimentally to be valid, Since the heat pipe
operated at nearly constant temperature over the surface of
the condenser (the maximum deviation was 9° F and occcurred
at the evaporator-condenser interface) the radiant energy
flux may then be assumed constant,

It is not apparent what shape the liquid-vapor interxface
will assume in the evaporator at high values of heat input,
For this reason, the second assumption 1is not strietly true,
Although the condenser section of the wick would be expected
to be saturated with liquid at all times, the evaporator liquid-
vapor interface will recede into the wick at high values of
heat input., A technique used by other investigators to mini-
mize this effect, is8 to make the evaporator section short
compared to the condenser section so that the axial pressure
drop in the liquid in the evaporator may be neglected (5).
This technlque was adopted, Also, the heat pipe was'charged
with 5% more liquid than needed to completely fill the wick.

Assumption 3 indicates that the vital limitation to mass
flow in the heat pipe 1s the capillary pump or wick, The
only two phenomena that would result in the breakdown of the
vaporization-condensation ¢ycle are vapor-blockage of the

wick and/or insufficient capillary forces to supply sufficient

17



condensate to the evaporator. A few exceptional c¢ircumstances
could be imagined that would limit mass flow, such as contam=-
ination or blockage of the vapor passage, but these were not
present in this study. To prevent vapor blockage of the wick
by film=boiling, the radial heat in-flux was held below

values normally assoclated with this phenomenon. Experimental
evidence that failure of the capillary pump was responsible
for limiting heat pipe operation is provided in the resuits.

By these considerations, assumptions 3 and 9 are considered
sound,

The effect of gravity was negligible because the heat
pipe was horizontally oriented and had small vertical dimen-
sions (i.e., 2 inches). This substantiates assumption 4,

The thermal conmductivity of a liquid saturated wick (the
subject of assumption 5) has been studied by Gorring (7). Over
the temperature range of this experimental investigation the
thermal conductivity of saturated liquid water varies from
0,380 to 0,396 Btu/(hr)(ft)(deg F) and the thermal conductivity
of nickel varies from 34,5 to 33,0 Btu/(hr)(ft)(deg F)., These
varlations are very small and the thermal conductivity of
both the liquid saturated wick and the wall of the container
were treated as constant,

Assumption 6 required negligible heat conduction in the
axial direction. From measured temperatures, the rate of
heat transfer by conduction across the evaporator-condenser

interface and radiated away from the condenser surface, was

18



found to be less than 1/2%Z of the total energy transferred by
the heat pipe,

To provide good interfacial conductance at the liquid-
wall, liquid-wick, and wick-wall interfaces, a fluid was
selected that wet both the wick and the shell of the heat
pipe, and the nickel wick was sintered to the wall of the
heat pipe,

Assumption 8 concerns heat transfer by convection in
the radial direction inside the wick., This heat transfer is
negligible because the liquid in the wick has a negligible
radial velocity due to the absence of a radial pressure
gradient,

Assumption 9 was discugsed with assumption 3,

19



2. EXPERIMENTAL STUDY

To verify the first modeling technique developed in
Section II, two heat pipes (one model and one prototype) were
fabricated from identical materials. The second modeling
technique, heat flux preservation, was not experimentally
investigated,

To corroborate the results of the theoretlical analysis,
two types of experiments were undertaken, The first involved
the construction of a high vacuum, cold wall chamber with
support equipment sufficient to measure the characteristics
indicative of thermal behavior. The second involved a separate
study of certain wick characteristics.

No attempt was made to drive either heat pipe to maximum
output while installed in the vacuum chamber. Excessive temper-
atures and, more importantly, excesgsive pressures prevented
this particular test, As a consequence, wick validation tests
(i.e., driving the wick to failure) were performed under more

suitable heat transfer conditions,

Heat Pipe Fabrication

One experimental prototype and one experimental model were
constructed for the purpose of providing reproducible and
reliable information about their operating c¢haracteristics.

The general configuration is 1llustrated in Figure 2.
20
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Both units were constructed from nickel pipe and nickel
screen wire, The shell of the modél and prototype heat pipes
were constructed from 3/4" and 1 1/2" IPS nickel pipe respec-
tively. By machining only one surface, the outer surface
éf the 3/4" IPS pipe, a dimensional scale factor L*¥ = Q.512
was established,

The porous wicks were formed by coiling 200 mesh nickel
screen wire into a continuous coil, This multilayer coil was
pressed against the inside wall of the nickel pipe and sintered
in a furnace with an ammonia atmosphere. A similar procedure
was used by Kunz (5).

The wick porosity (the total pore volume of the wick
divided by the total wick volume) was determined by calculating
the total volume of wire used in making the wicks and by measur-
ing the dimensions of the finished wick. The calculated porosities
of both wicks agreed, within 12, with the value experimentally
measured {(67.6%) by Kunz (5). This indicates that the wick
structures are indeed comparable.

The dimensions obtained during or after fabrication are
listed in Figure 2, Although the scaling factor was L% = 0.512,
not all the final dimensions were in this ratic., Some geometri-
cal distortion was introduced because of fabricational diffi-
culties. Because of these slight deviations from similarity
the modeling equations were altered to reflect dimensional

distortion.
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Heat Pipe Preparation

A 30 gage copper-constantan thermocouple was installed
inside the vapor cavity as illustrated in Figure 3. The heat
pipe was then connected to a vacuum pumping station, as shown
in Figure 4, and leak checked. No measurable leakage was found
through the model or the prototype at a pressure of 2 X 10“6,
torr.

Contaminants were driven from the cavity of the heat pipe
by a vacuum bake-out operation. While the pressure was main-

tained below 2 X 102

torr, the temperature of the heat pipe
was increased to 500¢F, At the conclusion of this degassing
operation, and without breaking the vacuum on the heat pipe
deionized, distilled, and degassed water was allowed to enter
the heat pipe in an amount sufficient to fill the wick with
ligquid and the vapor cavity with vapor.  The heat pipe tubula-
tion was pinched closed and rechecked for leakage through the
pinched tubulation. No leakage was detected from either heat

pipe at pressure levels as low as 2 X 10_6 torr, so the tubula~

tion was severed and permanently sealed with silver solder.
Instrumentation for Cold Wall, High Vacuum Tests

Twelve 30 gage copper-constantan thermocouples were welded
to the outer surfaces of the heat pipes as shown in Figure 3.
The thermocouples were located at homologous positions on model

and prototype.
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A thin coat of Sauereisen adhesive cement (manufactured
by the Sauereisen Cements Company) was applied to the evaporator
section of the heat pipes to isolate the metalic heat pipes
from the electrical heaters. Nichrome ribbon was wrapped tight-
ly over this adhesive cement and secured in place by additionmal
coatings of cement. The finished heater was wrapped with
several layers of aluminum foil to provide a radiation shield.
Electrical resistance heating was provided by the nichrome
ribbon. A regulated D.C. power supply was used to supply
electrical power, and the power input was determined by using
a voltmeter and ammeter as shown in Figure 5. A hand-balanced
millivolt potentiometer was used to measure thermocouple out-

put.

Cold Wall, High Vacuum Chamber

The test chamber for space cold wall, high vacuum 1is
illustrated in Figure 6,

A high vacuum o0il diffusing pumping station fitted with
an 18" bell jar was used to create a vacuum environment.
Pressures during all tests were observed to be less than
l x 10"'6 torr, as indicated by a hot filament ionization gage.
Another heat pipe leak check was obtained by measuring the
ultimate pressure of the vacuum system before and after heat
plpe installation. Again, n¢ measurable leakage was observed.

A liquid nitrogen cold wall ﬁas formed by coiling 3/8"

copper tubing around a 4'" diameter mandrel to an overall length
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of 14". The individual coils were secured to one another by
silver solder, so the resulting wall was optically dense in
the radial direction. The inner surface of the liquid nitro-
gen jacket; like the condenser surface of the heat pipe, was

sprayed with flat black paint.

Procedure for Cold Wall, High Vacuum Tests

With the heat pipe carefully installed inside the simula-
tion chamber, tests were started by activating the high vacuum
pumping station. Pressures were generally below 2 x 10-5 torr
in less than an hour. Thermocouples were monitored to assure
uniformity of output under conditions of thermal equilibrium
and no heat input, Liquid nitrogen was admitted to the cold
wall tubulation and allowed to flow until the entire coll was
at liquid nitrogen temperature. At the same time, power was
supplied to the test sample to prevent the liquid inside the
heat pipe from freezing.

While liquid nitrogen circulated conmtinuously through the
coil, the voltage drop across the heater was wvaried to obtain
the desired heat flux at which datawere to be taken. When
equilibrium conditions were achieved, that is, when temperatures
varied less than 0.8° F per hour, the input voltage and current
were recorded along with thermocouple outputs. Other recorded
measurements pertaining to the envirommental conditions were

the liquid nitrogen coil temperature and the vacuum system

pressure.

29



After recording all necessary data, the power input was
adjusted to another selected value and temperatures and times
were recorded at intervals until a new thermal equilibrium was

reached.

Wick Pumping Tests

To investigate the pumping capabilities of the wick, both

heat pipes were tested by a scheme illustrated in Figure 7.

The heat pipes were vertically oriented, working againmst
gravity (i.e., evaporator over condenser), with their condensers
submerged in a constant temperature water bath. For these
tests an adiabatic section was created by insulating the sur-
face of the heat pipe between the condenser and evaporator.

By varying the depth of immersion inte the water bath from test
to test, heat pipe fallure could be made to occur at various
internal vapor temperatures (i.e., the greatexr the depth of
immersion, the lower would be the corresponding vapor tempera-
ture at heat pipe failure).

In conducting this experimentation only four measured
variables were necessary: (1) the base (or root) temperature
measured on the surface of the heat pipe and next to the end
of the heater, (2) the vapor temperature, (3) the heat input,
and (4) the depth of condenser immersion. To obtain these
measurements the heat pipes were instrumented as shown in

Figure 8,
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Three 24 gage thermocouples were welded to the end of
the heat pipe adjacent to the last ?oil of the electrical
resistance heater. Two 24 gage thermocouples were inserted
into the wvapor cavity.

A sample heater assembly is illustrated in Figure 8. To
provide minimum thermal resistance between therresistance
heating element and the surface of the evaporator, the follow-
ing construction was used:

(1) A Thermal Compound Number 122, manufactured by
Wakefield Engineering, Inc., was smeared over the surface of
the evaporator to reduce the interfacial thermal contact
resistance,

(2) One thin sheet of mica (00,0006 of an inch thick) was
placed over the thermal compound and over-wrapped ﬁi;ﬁ}the
ni¢chrome :ibbo.n heating element.

¢3) The heater was covered with several more layers of
mica and then very tightly secured with wire.

The support equipment used for monitoring input and output
variables from the instrumented heat pipe are illustrated in
Figure 9. An A,C. power supply was used to provide electrical
resistance heating. The inductive losses were shown to be
immeasurably small (i.e., less than 1/2 of one per cent error)
by an AfC.-D.C.lcomparison test.

The thermocouple cutput was monitored on a hand-balanced
millivolt potentiometer and the power input was measured with

a wattmeter.
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Procedure for Wick Pumping Tests

To evaluate wick pumping characteristics, the heat pipe was
vertically oriented and the condenser end immersed in tap water
to a prescribed depth. The vat of tap water wasg continuously
supplied with new tap water serving to maintain constant
water level and water temperature,

A wick pumping test was accomplished by slowly increasing
the power input by increments until the heat pipe ceased to
function properly (i.e., high root temperatures caused by
insufficient liquid in the evaporator). The time allotted
between incremental input changes was one hour., This was more
than enough time to establish thermal equilibrium. After equi=-

librium was achieved, all necessary data were recorded.
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3. RESULIS

The test results for this study were accumulated from 14
experiments; including cold wall, high vacuum tests, wick
pumping tests, and replication tests., The regults provided
by the replication tests were used to check the consistency of
the test data., The Fahrenheit temperatures measured in the cold
wall, high.vacuum tests were reproducible to within 12 and the

tenperatures from the wick pumping tests to within 5%,

Cold Wall, High Vacuum Tests

Dimensional distortion was encountered in the fabrication
of test samples, Consequently, the modeling Equations (20),
(21), and (24) had to be altered to reflect the distortion,

The equations (which are developed in the appendix) become:

* - x_ 3
(T, = T) = q a,/(L)" , (28)
O R AT AP L (29)
and
* * % *

*
Note that the dimensionless area of the wick AT cannot be
*
treated as (L )2 sinca distortion was present in the wick,
The results of the space simulation tests are shown in

Figures 10 and 11, Model test data were scaled and used te
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predict the thermal behavior of the prototyée. This prediction
is represented by & smooth curve, Plotted points represent
the experimentally measured behavior.

The specific test regsults for the prototype and model
are given in Tables 1 and 2,

Excellent agreement was obtained between predicted and
actual prototype behavior, No predicted temperature was more
than 10°F in errof. Figures 10 and 11 illustrate this fact

and also call attention to experimental uncertainties,

Error Analysis for Cold Wall, High Vacuum Tests

The greatest source of error in these experiments was
caused by the transport of heat away from the heater by thermo-
couple wires and power leads, To bound these lead wire losses,
the following extremes were considered:

(1) Black lead wires radiating to 0°R and black surroundings,

{2) Leads with € = 0,5, radiating to room temperature
surroundings,

Figures 12 and 13 illustrate the extremes for lead wire
losses in the prototype and model heat pipes respectively, At
a given heater temperature, the distance between these bound=-
ing curves is a measure of uncertainty.

End losses by radiation were evaluated for both heat
pipes, Because of the well defined geometry and surface con-
ditions, the uncertainty in end lossesz was one order of magni-
tude smaller than the uncertainty in the lead wire losses,
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TABLE 1

Measured Prototype Behavior

Heat Condenser Temperature
input surface drop across
temperature the wall

(Btu/hr) ) Cry
90 144 3.2
108 171 3.7
120 187 4.0
133 204 4.3
147 222 4,7
163 238 5.0
179 254 5.6
206 280 6.4
224 292 6.7
248 313 7.7
271 330 8.4

Ihe average of four measured surface temperatures, none of which deviated
more than 3 ©OF from this average value.
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and was neglected. The magnitude of the end loss was not ne-
glected.

Other losses were insignificant compared to above losses.
Heat conduction down the wall was shown to be one of these
insignificant losses. Figs. 14 and 15 show the axial temper-
ature gradients in the walls of the heat pipes. Calculations
from these gradients indicate that even though as much as 5%
of the total heat input crossed the evaporator-condenser inter-
face, only a tenth of this amount was radiated from the con-
denser. The balance of this energy was transferred to the
wick and liquid. Overall, the axial conduction errors were less
than 1/2%. As discussed previously, the evaporator was not
modeled exactly and this resulted in evaporator temperature

profile differences as depicted in Figs. 14 and 15,
Wick Pumping Tests

Two types of information were provided by the wick pumping
experiments. First, the maximum pumping capabilities of the
wick were studied to establish similarity from model to proto-
type, and second, the variation of the minimum radius of cur-
vature with liquid temperature was investigated.

In these tests the heat pipes were driven to failure by
slowly increasing the heat input by increments until the pump-
ing capacity of the wick was exceeded. Evidence that limiting
heat fluxes were associated with failure of the wicks as cap-

illary pumps is provided in Figure 16. At the base of the
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heat pipe next to the heater, the temperature drop through

.the wall and wick exceeded 60°F only after failure had occurred.
This low degree of wall superheat indicates that until the
pumping capacity of the wick was exceeded, liquid was present

in the wick, and vapor blockage was not impeding heat transfer.
Also, heat transfer rates never exceeded 66,200 Btu/hr—ft2
which is lower than values normally associlated with film-
boiling.

An equation for determining the maximum rate at which
heat can be transferred by a heat pipe when it ig limited by
the capability of the wick to deliver adequate liquid flow
to the evaporator, has been derived from mass, energy, and
momentum considerations (3). The assumptions listed in
Section II are sufficient for this derivation. The expression

for maximum heat input is

o - 2kAEN : 2 prTg
ax (LT + La) Rmin

- 5e8, cos 0] , (31)
where AE is the area of the wick open to flow, LT is the total
heat pipe length, La is the length of the adiabatic section, €
is the angle at which the heat pipe 1s elevated, and g and

g are the local acceleration of gravity and the gravitational
constant respectively. All values in this equation are experi-

mentally known except R.m

in®
Figure 17 shows the results of the experimental determinatioms

of the minimum radius of curvature. Two experimental data
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points were obtained from teste on the pretotype.
Over the 250°F temperature range of experimentation, the
calculated values of Rmin varied as much as 20%, The experi-

mental uncertainties encountered in these experiments are too

large to predict Rm with any greater confidence. In this

in
regard, it must be said that no predictable variation in the
minimum radius of curvature was obtained over the temperature

range in‘question.

Error Analysis for Wick Pumping Tests

The largest single source of uncertainty 1in the wick vali-
dation tests was k, the specific permeability of the wick. The
value of k, and its bounded range of uncertainty, were deter-
mined by Kunz (5) for several kinds of materials, including
the materlal used in these tests,

Other possible uncertainties that contributed to the total

uncertainty in Rm are presented in Table 3. The combined

in

uncertainties limit the determination of Rmin to *9.5%.

Inmplications of the Study

Thermal scale modeling by the technique of material preser-
vation proved to be a very effective method for predicting
prototype behavior (i.e., at a set operating point the tempera-
ture, heat flux, and mass flux are predictable) over a wide

range of operating temperatures and/or heat inputs. Even
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TABLE III

Uncertainty Bound in the Petermination of Rmin

~Quantity Source Uncertainty
Qpnax measured £5.0%
k reference 5 9,82
AE measured x1,0%
LT measured *0,5%
La me asured £2,0%
N property (measured temperature) £5,0%
Pg property (measured temperatura) *0.7%
O property (measured temperature) +1.8%
Rmin calculated from above datal +9,5%
1

This uncertainty is obtained from the square root of the sum

of the uncertainties squared for the parameters in Equation(31),
each uncertainty weighted by the appropriate partial derivative of

Equation (31),.
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though instrumentation loading errors were an appreciable
part of the total heat input, their value could be bounded
such that the quality of the results were acceptable,

The effectiveness of this modeling technique was demon-
strated, in a cold wall, high vacuum environment, to a maxi-
mum heat pilpe operating temperature of 400°F (the correspond-
ing saturation pressure is over 230 psig), Tests were not
performed above this temperature because of structural consid-
erations,

Wicking tests were performed under more suitable heat
transfer conditions to see if the model heat pipe was capable
of predicting the maximum heat transfer capacity for the proto=-
type heat pipe, Because of rather large experimental uncer-

tainties in the minimum radius of curvature Rm the model

in’
cannot be guaranteed to predict prototype maximum heat flux
closer than 210Z, This uncertainty in the maximum predicted
heat flux is directly traceable to the uncertainty in the mini-
mum radius of curvature through consideration of Equation (22),
A second modeling technique was proposed 1a Section 1II
specifying the preservation of heat flux, The meost desirable
feature of this modeling technique is that temperatures are
approximately preserved, This favorable characteristic, how-
ever, is accompanied by several drawbacks,
ﬁaterial preservation i3 excluded by the gecond techanique,

This means that at least one of the three materials that go

inteo making a heat pipe must be different from model to
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prototype. Most probably all three materials would have to be
changed; the wick, liquid, and wall. Even by changing all
three materials, there is no guarantee that the model will pre-
dict prototype behavior over a wide range of operating temper-
atures, since liquid properties-can vary greatly with temper-
ature.

Future circumstances might require this modeling technique
which preserves heat flux and temperature; however, before the
similarity relations from this report are used, they should be

verified by experiment.



SECTION IV
SUMMARY OF RESULTS

The following results were obtained from an investigation of the
operating characteristics of heat pipes:

1. The similarity relations for the material preservation model-
ing technique were derived and then corrcborated by experimental measure-
ment8. It was obeerved that prototype thermal behavior could be predicted
to within 10°F over the temperature range tested (140 to 330°F).

2. A separate wicking experiment indicated that model testing could
predict prototype failure, that is failure of the capillary action in the
wick, to within +10% of the total heat input to the prototype. It should
be emphasized that capillary failure was investigated in these experiments
and not failure due to boiling characteristics and/or vapor blockage.

3. It was also observed in the wicking tests that Rmin’ the radius
of curvature of the liquid~vapor interface in the evaporator under condi-
tions of maximum heat input, had no predictable variation with vapor
temperature over the span 100 to 350°F. The experimental uncertainty in

predicting the value of Rm n is +9.5% over this temperature range.

i
4, Since the similarity relations for the heat flux preservation
modeling technique were not verified by experiment, this method cannot be
recommended for immediate use. Furthermore, it is doubtful that this
method will ever be widely used because of the difficulties in matching
material properties from model to prototype. The one major attribute of

this modeling technique is that temperatures are preserved from model to

prototype.
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APPENDIX A
Differential Equations for a Heat Pipe

The differential equations describing heat pipe performance
have héen developed based on mass, momentum, and energy bal-
ances (3). The nine assumptions and restriction listed in
Section II are sufficlent for the development of these equa-
tions. Figure 18 {llustrates the mechanisms of mass transfer
that occur in a heat pipe.

A mass balance at any axial coordinate x requires that
he(x) = mg(x) (A-1)

Because of uniform input and output heat flux, the condensation

and evaporation rates become

dﬁf pgvsAc
at 0 < x < Lc: i Lc = C1 (A-2)
and
_ dnm p v, A
at Le < x < 0: Ix Le C2 (A-3)

where Cl and 02 are constants, vs‘and v, represent suction
and injection velocities, respectively, for vapor leaving
and entering the vapor flow stream,

From the conservation of energy there results

d.
£ .
hf dx + Q/Lc mghg/Lc ’ (A_[;)
= £g AT 4 (A-5)
9 o'c’o ? -
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and

27L (T - T )
q = - c_ v 0 ] (A=6)
1("2/x,) ln(r3/r2)
+

X K,

The momentum equation for liquid flow in the wick is of

the form

T
1 ff 1 d . 2
(= - = In (mf ) . | (A-7)

d

2c —

£ X k 2
dx "R pfAT pfgcAT

In a heat pipe, the pressure drop around the liquid=-vapor

flow circuit must be zero, that is,

AP, + APz + AP, + AP, = O, (A-8)

1 3

where

AP, = pressure rise, liquid to vapor, in evaporator,
AP, = pressure drop in vapor, evaporator to condenser,

AP, = pressure drop, vapor to liquid, in condenser,
and

AP& = pressure drop in the wick,

The pressure rise AP. results from the caplllary forces

1

in the wick and can be written as
AP = _'ﬁ"'- » (A""g)

The pressure drop in the vapor ﬁPZ is obtained by solving

the Navier~Stokes equations for porous pipe flow with uniferm
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suction and injection.

2
Ju u 1l 3P 2
U = F Y o W o _— + v [.._.
ax T pg ax g arz
v v 1l 3P Bzv
Um— + vV = e = 4 v |
ox ar pg r g 8x2
and
' 3(ru) | 3 rv)
9% + ar 0

where u and v are velocities in the x and r directions,

tively, and vg

is the kinematic viscosity of the vapor.

These equations are

1 3u
r 9r
32v . &

2 T
or

boundary conditions for these equations are

at v = 0:

at r = r

1

1

at x =

and

at x = I, 1

and =L < x < 01
e

and 0 < x < L ¢
o4

o

o

Q2
™

= vy = 0

{A=-10)

(A=-11)

(A-12)

respec=-

The -

The pressure drop in a condensing vapor has been derived

using kinetic theory (9).

AP3 =

where Rv i1s the

]

/s
(2R T )% dnh
vV g

< dx !

zas constant, Tv
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ls the wvapor temperature,

The resulting equation Is

(A-13)

and



« i35 the magss transfer accommodaticon ccefficient.

The pressure drop in the wick APA 1s obtained by solving

Darcy's equation,

TP
dp £¢ (A-14)

Equations (A-1) through (A-14) describe the thermal

behavior of a heat pipe,
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APPENDIX B

Dimensional Distortion

Because of fabricational difficulties the ratio of the
wick thickness dimension, model to prototype, was measured

and found te be

*
(r2 - rl) = 0,430 , (B-1)
instead of the prescribed value
*
L = 0-5120 (B-Z)

The modeling Equations (28), (29), and (30), presented in
Section II, were altered to reflect this 6% distortion in the
wick thickness dimension.

The wick thickness does neot enter inte the derivation
of Equation (29), and consequently this equation has not been
altered from 1its original form, Equation (21).

Equation (30) was derived by combining Equations (6) and
(14)., There results

LRu.q *

[ ' I = 1. (3‘3)
cfkpf#ngT

* *
Simplifying this expression by the assumption that R = k = ]
o,.p.h

and the definition that N = ——2 L8 | j¢ becomes

3Lt _ -3 (B-4)



which is the same as Equation (30) in Section II.

Heat transfer by conduction through the wall and wick of
the heat pipe is also influenced, as shown in Equation (28),
by changes in wick thickness, This effect is not easily
traced through the modeling equations because of the series
coupling of the wall and the wick in the heat transfer equa-
tions, An approximation was used to compensate for the dis-
tortion in wick thickness,

The wick thermal resistance to heat transfer by conduction,
in the radial direction, was calculated by a method suggested
by Gorring (7). For both the meodel and prototype, the wick
thermal resistance to heat transfer was found to be at least
90% of the combined resistance offered by the wick and wall in
geries, For this reason, the correction for wick distortion
was applied to both the wick and the wall of the heat pipe,
even though the wall had no dimensional distortioen,

In predicting (Tv - To)*, the error introduced by the
above approximation should be of the order 0.6% (i.e,, 10%
of 6Z).

To derive Equation (28), the distortion in the thermal
resistance to heat transfer was considered., The equation for

thermal resistance can be expressed as

(B=5)

where Z 3is the total thermal resisgstance to heat transfer by

conduction in the radial direction, and A, and A, are the

&2 1 2



mean areas of the wick and wall, ,respectively, taken at right
angles to the distortion of heat flow,

Without distortion it can be shown that
1

] = e (B-6)
L

With disteortion in the dimensions of the wall and wick of the

model heat pipe the equation becomes

(r,-z a1 (L™)? . (r3-r2)AT*/<L*)2]

[ KlA1 K2A2 m

Z - » (B"?)
(r,-r;) (ry-t,)

[ + ]
K14y Koy '@

* *
where AT /(L )2 18 indicative of how much distortion is present

in the model wick thickness. Simplifying there results
* * *
2 - a1’ (8-8)

This is the thermal resistance term used in Equation (28).
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APPENDIX C
A FLEXIBLE HEAT PIPE

The variety of cross sectional shapes employed in heat pipe con-
struction has been limited only by the imagination of the designers.
The most common shape to be used has been the hollow circular cylinder,
primarily because of its construction convenience. It has been suffi-
clent for many applications to fabricate fhe heat pipe with a straight
axial cenﬁerline, i.e., without curves. Katzoff (8) suggested the use
of a continuous curved heat pipe as a thermal control device for space
vehicles, and this concept was later tested successfully (11). It was
not until November, 1968, to the author's best knowledge, which was af-
ter completion of the experimental program reported herein, that the
first published suggestion appeared to construct a flexible heat pipe
which could accommodate bends and absorb vibration (12). No experimen-—
tal data were furnished to substantiate this suggestion; however, re-
ference was made to a patent disclosure dated May 2, 1967.

Conducted entirely independently of the work of Feldman and Whiting
(12), this investigation has sought to demonstrate the feasibility of
constructing and eperating a flexible heat pipe which would be.capable of
being re-shaped or bent after its assembly without disturbing the heat
transfer characteristics of the device. The deaired objective was
accomplished with & water-filled heat pipe having a fiberglass wick.
The flexlble portion of the unit was an adiabatic transition section be-

tween the heat input and removal sections, and, to minimize the effects of
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testing in a standard gravity enviromment, it was decided to confine

bending of the heat pipe tc the horizontal plane,

1. EXPERIMENTAL APPARATUS

Metal tubing was employed in the heat transfer regions and the
flexible capability was gained by using a tﬁick wall plastic tubing.

The heat pipe evaporator sectlon was constructed from an 11" piece
of l%" diameter copper tubing (i.d. = 1.025"). A double thickness of
teflon film tape was wrapped around the copper tubing and secured with
epoxy cement to provide electrical insulatlon between the heating coil and

the evaporator itself., WNext, the heating coll was formed by spiral
wrapping a length of Chromel~A heating ribbon (.250" x .010") arcund the
evaporator tubing in such a2 manner as to give maximum coverage by the
ribbon. To secure the heating element, a generous layer of high tempera-
ture epoxy was applied over the entire assembly. Finally, a narrow strip
of 3/8" bakelite with two terminal lugs attached was cemented to the
evaporator to provide electrical power connections, as show in Figure 18.

For the condenser section, copper tubing (l%“ c.d.) was cut to a
length of.9%“. Around this tubing, an eight-inch length of 3" o.d. copper
tubing was fabricated into a concentric tube heat exchanger. Circular
brass plates were used to close the annulus between the copper tubes, and
inlet and outlet tubes of 5/8" copper were attached radially as shown in
Figure 19.

Several materials were ﬁonsidered for ugse as the flexible tubing
which joined the evaporator and condenser sections. It was desired that

TeflonR be used; however, the only flexible TeflonR tubing which was
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NOTE: Siiver solder all metal joints.

-%" o.d. Copper Tubing (fill line)

Thermocouple
epoxy “mp N Hose Clamp
Brass Mixing Boffles ",
70 ing . 17i.d. 'l'"m'lR
- Copper End Cap Tubing
IL" o0.d. Copper Tubin
[ s PP 9 Fiberglass
Wick

| Syl gy’ o dyalegdiaginlgeiin] i ] i YNGR =
e - - — - kS

e e = el T

ZNlchrome
3" o0.d. Copper Tubing Spring
Thermocouple, epoxy seal
%"x 3" Copper ‘Tubing, 2 ea.
| » In
po_| 83 4
4 "
9 |

Al 4

Figure 20, Condenser Details.



| available did not have a straight, smooth inner surface, but rather an
accordion type wall structure. Polyvinylchloride (PVC) tubing was also
considered but tests proved that toc much distortion of the circular
cross section occurred during bending. Therefore, the B44-3 formulation
TygonR tubing was chosen as a suitable material., This plastic tubing with
its excellent elastic characteristic was stretched over the ends of the
evaporator and condenser sections with a 3/4" overlap and secured by hose
clamps to form the outer envelope of the heat pipe.
As a wick material, woven fiberglass matting was chosen for the test
, apparatus; Preparation of the wick included cutting a 24" x 38" section
of matting, washing it in a mild éetergent solution, and thoroughly rinsing
the material. After drying, the fiberglass was carefully wrapped around
a 3/4" steel mandrel on which a nichrome wire spring had been previously
coiled, Monofilament nylon cord was wrapped gpposite the spring to tem-
porarily secure the fiberglaas which now was approximately 8 layers or i/8"
'thick.- The mandrel, spring, and fiberglass assembly was then inserted
through the condenser until the leading end of the wick reacﬁed the outer
end of the evaporatox section. Next, the tension in the nichrome spring |
" was released, allowing it to exert a uniform cutward pressure on the

fiberglass and thus served to insure firm contact at the container-wick

' interface. With the spring tension relieved, the mandrel was withdrawn,

" The spring and fiberglass were then trimmed to the same length as the heat
- pipe envelope:

To seal the heat pipe‘container after the wick had been inserted,
-external copper end caps were affixed by a soft soldering technique. The

l%” size end cap was used on the evaporatot; and on the condenser, a 7/8"
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nominal external cap was expanded slightly, reversed and then soldered
into place.

Figure 20 indicates schematically the assembly of auxiliary equipment
which was used while testing the flexible heat pipe.

To supply power to and accurately control the resistance heater
input, a varilable auto-transformer was connected to a 115 volt a.c. line.
The auto-transformer output was supplied to the heater through a 3 KVA
step~down transformer which reduced the voltage by a 4:1 ratio.

As indicated by Figure 20, tap water was circulated through the con-
centric tube condenser to remove heat from the heat pipe. Included in
the system to Insure more accuracy and reproducibility were a water
softener and a fine particle.filter. A variable area flowmeter was also
uged to provide a visual indication of fluctuations in the coclant flaw
rate. Flow rate contrel was maintianed by means of a metering needle
valve.

Instrumentation of the heat apparatus included current and voltage
meters, connected as shown in Figure 20, whose readings were used to
determine the electrical power input to the heating coil. The evaporator
temperature was measured with six copper-constantan thermocouples which
were embedded between the colls of heating ribbon at the locations shown
in Figure 21. Figure 21 also indicates the positions of ten other Cu-Cn
thermocouples which indicated the temperatures along or near the heat pipe.
At the condense;, a thermocouple was placed in both the 1nlet and outlet
tube flow streams to record the temperature differential of the coolant.

The ambient air temperature and the barometric pressure were also recorded.
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2. EXPERIMENTAL PROCEDURE

In preparing the heat pipe for operation, it was necessary to evacuate
the contaimment wvessel and dry the wick for several hours to insure removal
of entrapped air and other gasses. This outgassing procedure was accomplished
by connecting the heat pipe to. a high-vacuum diffusion pump with 1/4" copper
tubing. A Pirani gage was used to leak test the apparatus, and no changes
in the vapor pressure were noted when the joints and welds were painted with
acetone. Diaphragm type vacuum valves were included to close the vacuum
line and also the fill line after the heat pipe had been charged with 200 ml
of distilled, deionized water. This volume of water was calculated to be
the amount required to saturate the wick and provide a 20% excess. After
adding the fluid and discomnecting the heat pipe from the vacuum pump,
preliminary testing was initiated.

Before switching on the power supply to the resistance heater, a
check of all thermocouples was made to insure that the emf output of each
was the same for the room temperature heat pipe. The startup routine was
then initiated. The power supply was adjusted to 9.0 amps, resulting in a
voltage drop across the heating coil of 17,3 wvolts. Ceoolant flowing through
the condenser was adjusted to about 4 lbs. of water per minute, and the
evaporator temperature rise was observed on a millivolt-type recorder.
During all tests, the startup procedure was performed with the heat pipe in
the straightline configuration, i.e., position #1 in Figure 22,

Preliminary testing of the heat pipe revealed that a gradual tempera-
ture rise was experienced in the evaporator for any given heat input. This
condition was attributed to a gradually increasing vapor pressure caused by

the outgassing of the heat pipe material., (Application of a sealing
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compound and additional testing with acetone produced no evidence of a leak
in the containment vessél.) It was then decided that the objective could
best be accomplished by providing an initial condition of operation which
could be repeated prior to the start of each test. The condition chosen
for initial reference was the level of minimum vapor pressure, and lowest
evaporator temperature, inside the heat pipe with a given load. Thus, the
valve on the heat pipe fill line was opened momentarily to a vacuum system
to remove the non-condensable gases, During and after this removal of

| gases, the decreasing evaporator temperature was observed for 3-4 minutes.
This gas removal technique was repeated continuously until no further
reduction in the evaporator temperature was noted,

Each test of the flexible heat pipe was officlally started 2.67 hrs.
after the time the lowest evaporator temperature had been reached. During
the course of each test, all thermocouple emf's were measured with a
millivolt potentiometer. Evaporator current and voltage readings were
recorded, and coolant flowrate was measured by using the stopwatch and
mass balance technique. The room temperature, as well as all data
mentioned above, were recorded every 30 minutes throughout each test.

At the start of each test, the heat pipe was positioned in its
straight line configuration. After 0.75 hrs. had elapsed, the heat pipe
curvature was changed to one of the positions shown in Figure 2Z. After
1.5 hrs. in the curved position, the heat pipe was returned to its original

shape for approximately 1.0 hr. at which time the test was terminated.

3. RESULTS

Operation of the flexible heat pipe at a constant heat input

indicated the existence of a transient temperature condition. This
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condition was probably caused by the outgassing of the TygonR tubing and
the fiberglass wickrwhich caused an internal pressure increase. A minute
leak in the container is another possibility; however, previously mentioned
leak detection methods failed to show a leak, and application of a sealing
compound to the joints and welds failed to check the gradual temperature
rise.

Because of the transient temperature, 1t was necessary to establish
a reference for the operating heat pipe while in the 0° curvature position.
With the heat input constant, 155.7 watts, the average evaporator tempera-
ture rise for two tests was found to be approximately 1.9°F/hr. 1In Figure
23, the average evaporator temperature change data have been plotted versus
time for the two w = 0° tests, were w represents the angle of curvature.
These data were consldered to be representative of the operation of the
flexible heat pipe while in the straight line configuration, and were used
as a reference for the comparison of results obtained from tests of the
other heat plpe positions.

Figures 24, 25, 26, and 27 indicate the results from tests of the 45°,
90°, 135°, and 180° configurations respectively. As can be seen, very
favorable comparisons were obtained with the w = 0° reference curve which
is shown by a dashed line in each figure. In a few instances, the average
evaporator temperature differential had a tendency to remain almost
constant after a configuration change was accomplished. This has been
interpreted as an indication that the capillaries in the wick material were
slightly changed by bending, but that this change was subsequently removed
when the heat pilpe was returned to the straight line configuration.

Although slight differences in the average evaporator temperature
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" increase were obtained, the maximum deviation from the 0° reference curve
was less than 20F, Likewise, in the establishment of the 0° reference,

the maximum difference of a particular point from the curve was aiso about
2 F. In general, it was determined that continued testing of the straight
line configuration would produce results which displayed at least as much
deviation from the referemce curve as that wﬁich was found during the
curved configuration tests. it ia therefore reasonable to conclude that
bending the flexible heat pipe in a horizﬁntal plane does not have a
significant effect on the ability to function as an efficient heat transfer
device.

Several other characteristics of this flexible heat pipe also deserve 
mention. These traits include the evaporator temperature changes which |
were experienced due to changes in the input power, the maximum amount of
heat which could be transported by the device,‘and the conditions which
caused thermal runaway.

Two tests were made to establish the evaporator temperatures for .
various levels of heat input. Preliminary preparations for each test were
the same as previously mentioned and each test was conducted over the same
time frame.

For the first test, the power to the resistance heater was reduced
from 155.7 watts to 70.2 watts approximately 20 minutes prior to t=0 hr.
At t=0 hr., data were recorded and the power input was increased to 94.5
watts. Data were taken subsequently at half hour intervals, and upon |
completion of the readings for each interval, the current to the heater
was incremented by 1.0 amps to a maximum value of 12.0 amps. Results are

phown by the solid iine in Figure 28,

&1



"tnduj Jemod4 snsieA aunipiadwa] JojpiodpAal ‘g2 94nbi4

(844DM) LNdNI H3IMOJ

Q0% ooz Q0! 0
j d] T - T Jﬂoo_
m
<
-
~oz! &
X
>
—
O
o 1
~ orl -
m
=
v
m
)
2
091 ¢
J X
m
"o
2
-2 08l
1 | ' | 1 0032

82



Thé second trial was conducted in the same manner as the first except -
that the power input to the heater was varied in decreasing increments from
the maximum value to the minimum. As the dashed line in Figure 28
indicates, the results obtained were slightly different from the first
trial. This can be accounted by the fact that the outgassing rates of the
" heat pipe materials varied with the temperature and pressure inside the heat
~ pipe. It is estimated that an average value of the two curves in Figure 28
would be the most accurate indication of the heat pipe's actual performance
characteristic,

The maximum heat transfer capability of the test apparatus was not
tested, as such, but it was evident that sustained operation at power |
levels above 280 watts could be detrimental to the device. Evaporator
temperatures in excess of 190°F were obtained, and it was felt that further
temperature increases would only serve to advance the risk of rupture in
‘the flexible tubing.

Thermal runaway in the heat pipe did not occcur during the comparative
tests which were described above. During the preliminary tests, however,
it was noted that changes in curvature when operating the heat pipe at
temperatures in the 170-190°F range would sometimes cause an excessive
tempbrary temperature increase at specific points, usually TC 1 and IC 5.
In most instances, the wick was able to recover and supply sufficient
working fluid to the evaporator before thermal runéway occurred. Several
times, however, the amount of fiuid pumped into the evaporator was so
limited that almost all of the input thermal energy had to be absorhed'by
the wick and the copper tubing. This necessarily caused a very rapid

increase in the evaporator temperature, or thermal runaway.
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It was also noted during the preliminary experimentation that thermal
runaway was mere likely to occur when the heat input to the device was
increased in large steps. For example, changing the power input to the
heater from 156 watts to 278 watts would probably cause a runaway condi-
tion; increasing the power by smaller iIncrements at regular intervals, as
described previously, did not cause the heat pipe temperature control to be
lost,

The ﬁalidity of the results presented above was necessarily dependent
upon the numbef and magnitude of the errors which were encountered.
Detailed analysis has shown the possible sources of error to be, primariiy,
fluctuations in the input power to the resistance heater, heat loseses
through the insulatibn and heater cableg, and the varying effects of
bending upon the wick structure.
| Although the amount of power input was closely attended, fluctuations
in line voltage supplied to the experimental area did occur. When these
fluctuations were noted, the auto-transfocrmer was adjusted accordingly.

The variance in the current supplied to the resistance heater was estimated
to be +0.2 amps, thus making the maximum difference in power input
approximately +2%. It should be pointed out, however, that these fluctua-
tions, when they occurred, were always of short duration (iess than 10 -
minutes), and the deviation from the total power input for each test was
probably much less than the +2% instantaneocus difference.

Heat losses from the assembly were estimated for conduction of heat
through the insulating‘matefial, along the thermocouple wires and through.
the hegter.power cables. Losses through the insulation around tﬁe

evaporator and the flexible section were estimated to be 6 BIU/hr. and

th



8 BTU/hr. respectively. At the condenser, the gain of heat from the
amblent alr was estimated to be approximately 2 BTU/hr. Thus, the net

loss of heat through the insulation was about 12 BTU/hr., or 2% of the

heat input. Conduction of heat along the thermocouple wires was considered
negligible; however, it was estimated that 2 BTU/hr. was conducted away by
the heater cables.

Inside the heat pipe, a situation probably developed in the wick to
cause a slight difference between the recorded temperatures and the actual
temperature of the circulating fluid. Repeated bending and unbending of
the heat pipe probably caused the wick to pull away from the wall in the
evaporator and condenser sections. This condition would increase the
resistance to the transfer of heat in both sections and would be character-
ized in the evaporator by areas of slightly elevated temperature.
Examination of the data revealed the probable existence of such a situation

at thermocouples 1 and 5 during several of the tests.
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