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ABSTRACT

A heat pipe is a device which exhibits an extremely high effective
thermal conductivity by means of two-phase fluid flow with capillary circu-

lation.

The primary objective of the experimental program was to determine
a suitable method of control for the heat pipe and to establish suitable wick/

fluid configurations for the various temperature ranges of interest.

The primary objective of the prototype program was to provide
design, ccenstruction, testing for verification, and flight hardware speci-
fications of a heat pipe applicable to thermal contrei of a spacecraft or a
spacecraft subsystem. Thus, a thermal design improvement for space-
craft could be proposed; in addition, thermal resistances of heat pipes could

be derived.
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I. Introduction

A heat pipe is a device which exhibits an extremely high effective
thermal conductivity by means of two-phase fluid flow with capillary
circulation. 1In simplest form the device consists of a length of
tubing, sealed at both ends, containing an annular wick and a small
amount of working fluid. Heat enters one end of the pipe (the
evaporator section) and evaporates a portion of the fluid. The vapor
then flows to the opposite end of the pipe (the condenser section)
where it is condensed. The condensate is returned to the evaporator
by the capillary pumping action of the wick.

This study and development work on heat pipe application for
spacecraft thermal control was sponsored by the National Aeronautiics
and Space Administration-Office of Advanced Research and Technology
in accordance with APL/JHU letter TS-1343 dated 19 September 1966,
This letter was approved by NASA letter RNW dated 10 October 1966
addressad to the Laboratory.
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II. Objectives

The primary objective of the experimental program was to determine
a suitable method of control for the heat pipe and to establish suit-

able wick/fluid configurations for the various temperature ranges of
interest.

The primary objective of the prototype program was to provide
design, construction, testing for verification, and flight hardware
specifications of a heat pipe applicable to thermal control of a
spacecraft or a spacecraft subsystem. Thus a thermal design improve-
ment for spacecraft could be propoused. In addition thermal resist-
ances of heat pipes could be derived.
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11I. Description of Tests

A. Experimental Design

To accomplish the objectives, two heat pipes were fabricated
E and were subsequently instrumented. The heat pipes are of
E . stainless steel construction and are provided with valving to
f i facilitate vacuum pumping and fluid charging. Controllable
b resistance heating was utilized to bring heat into the system
while heat removal from the condenser will be accomplished by
means of a constant temperature bath. Appropriate temperature
. and pressure iastrumentation is provided to measure heat fluzes
and overall heat transfer coefficients. Insulation is provided
) over the evaporator and isothermal sections of the heat pipe to
: minimize heat losses to the atmosphere,

1. Control Techniques

i Various control techniques were investigated. These
can be categorized as follows:

- a. Regulation of vapor flow.

- b. Control of condenser parameters,

- c. Introduction of non-condensable gases.
Control of the pressure of the working fluid.

: E; Regulation of fluid flow through the wick,

% - Only the first three methods were investigated in detail.
Z é; Earlier work at the Applied Physics Laboratory has proved

é that heat pipe operation can bie effectively stopped by pro-

é ?f viding a complete wick discontinuity (item e); however, this
% - method may not be the most suitable for space applications,

kefer to appendices.
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2. Experiments

The following experiments were cond.icted:
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2. Experinents (cont'd.)

a. Vapor reguiation: The flow area will be pro-
gressively blocked near the condenser while holding
other variables constant. Curves will be obtained

showing the variation of average heat pipe temper-
ature with percent open area for given heat inputs
and constant condenser parameters.

b. Variation of condenser parameters: Condenser area
and temperature will be varied while holding other
parameters constant. A family of curves showing the
effects of each parameter on system performance will
be obtained.

¢. Injection of a non-condensable gas: The heat pipe

will be operated with measured amounts of a non-cou-
densable gas injected to determine the effect on
temperature.

d. Wick/fluid configurations: Different wicking
materials, such as stainless steel screen and porous
stainless steel, will be utilized wi‘h such working
fluids as ethyl alcohol, distilled water and freon.
Operation will be at high, as well as low, temperatures
to verify whether the performance is satisfactory.

B. Prototype Design

Figure 1 is a schematic diagram of the prototype arrangement.
As shown, the major items are the refrigeration unit, the cooling
tank, and the heat pipe assembly. An absolute pressure trans-
ducer, in conjunction with a wheatstone bLridge and voltmeter, is
used to measure vapor pressure. Copper-constantan thermocouples
sense temperatures on the outside of the heat pipe and at variocus
locations within the insulation. These temperatures were auto-
matically recorded by a 24-point recorder,
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The refrigeration unit{ is a constant flow device equipped
with two evaporators. The main evaporstor is loczted im the
cocling tank and serves 1o remove heat from the fluid therein.
An auxiliary evaporator is located within the cabinet of the
refrigeration unit. Temperature control is accomplished by
means of a sensing bulb and 2 bellows assembly. When the
terperature of the liquid reaches the control sett:ing, a
solenoid valve is energized, divertirpg the refrigerant from
the main to the auxiliary evaporator.

The cooling tank is filled with a mixture of water and
antifreeze. A specially-designed split seal fastens to the
condenser end of the heat pipe and to the wall of the tank to
maintain water-tight integrity. The tank is insulated on all
sides to reduce héat leakage.

At the evaporator end of the heat pipe assembly, a re-
sistive heating coil, wound on a hollow aluminum cylinder, is
used to supply h.at to the pipe. Power to the coil is fur-

nished by a DC power supply which has suitable controls to vary

the power as desired.
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Test Procedures

A. Experimental Design

(Refer to appendices)

B. Prototype Design

Calibration of the absolute pressure transducer was
accomplished prior to filling the heat pipe. Briefly, the
procedure was to evacuate the pipe with a vacuum pump and
balarce the wheatstone bridge. Next, the vacuum pump was
removed and the pressure was allowed to equalize with the
atmosphere. The voltage and atmosphere pressure were re-
corded and a linear relationship was assumed to hold. This
correlation was checked at several other pressures during
the normal course of atmosphere pressure variation.

After filling and sealing, the heat pipe was instrumented,
insulated, and the condenser end iuserted into and sealed to the
cooling tank. The refrigeration unit was energized and set to
a prescribed level. The heat input was then adjusted by means
of the power supply and the electrical input measured. Pressure
and temperatures were recorded until steady state conditions
were attained. The heat input level was then changed while
To verify that the data

were repeatable, certain runs were conducted again after an in-

holding all other parameters constant.

terval of a few days.
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V. Test Results
; A. Experimental Design
: (Refer to Appendices)
%Q B. Prototype Design
To correlate thc data, an overall heat transfer co-
§ efficient, U, is defined by:
- q = UAAT
- where AT = the difference between the meaxn
. wall temperature of the evaporator
f or condenser and the fluid
A = the heat transfer area
iy U is thus seen to include conduction as well as con-
¢ vective effects. A dimensionless heat transfer coefficieant,
i g%, is then calculated and correlated with a dimensionless
E heat flow, 3~, where:
3 : - q o
oL a, = SaTuD,
Co. Pr
oL and S = entropy

i 7 p = absolute viscosity

é ™ De = equivalent diameter

% : Pr = Prandtl number

% s Figures 2 and 3 show this correlation for the evaporator
N and condenser of the heat pipe tested. The curves are

typical of convective heat transfer data and substaantiate

2o yein

the choice of correlation.
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To calicvlate the thermal resistance 7t a given heat
flux, consider the analogy between the expression defining
U and Ohm's law:

q = UAAT
E
A

The emf, E, corresponds to AT and the thermal resistance
is thus R = éx. The thermal resistance of the isothermal
section of the heat pipe is negligible. Hence, the total
resistance of the heat pipe consists of the series resistances
of the evaporator and condenser:

(o4

For comparison, the thermal resistances of lengths of
pure copper bars of weight equal to that of the heat pipes
were calculated. The resistance of a thermal conductor is
given by:

L
R =rxx

where L is the length and K is the thermal conductivity.

At a heat flow of 100 BTU/hr., the relative resistances
of the heat pipes and copper bars are:

R
€4 = 27.6 for an 18" heat pipe

u = 58.2 for a 38" heat pipe

o

-lu»r
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To summarize, Figures 2 and 3 present data correlations in
dimensionless form. Using this data, the thermal resistances of the
two proposed GEOS-B heat pipes were calculated and compared to the
resistances of lengths of pure copper of equal weight. For a power
level of 100 BTU/hr., the thermal resistances of the copper baxs
were about 28 and 58 times that of the short (18") and long (38") heat
pipes, respectively.

LAY AR SV ey T ) ¢ B g vosk v
"

Figure 4 below indicates the prototype bench test setup and
relation of temperature measurements vs pipe length. The prototype
~ heat pipe performance is shown in Figure 5. Varying power heat in-
puts are shown on each curve.

. Fig. 4 PROTOTYPE BENCH TEST SETUP AND RELATION OF
TEMPERATURE MEASUREMENTS VS PIPE LENGTH
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Flight Hardware

Flight Har iware Performance Specification

1.0 Scope
This specification delineates the performance require-
ments, inspection and test procedures aad qualification
for flight of heat pipes for the spacecraft.

2.0 Applicability

Provisions of this specification shall apply to proto-
type and flight units in both the "instrumented" and
"non-instrumented"” configurations. 1In the "instrumented"
configuration the heat pipes are equipped with absolute
pressure transducers. In the ''non-instrumented" con-
figuration, the pressure transducers are removed, the
center tube crimped and welded and the protective cap
installed and welded to the boss. (See Figures 6 and

7.)

3.0 General Requirements

3.1 1Initial evacuation, filling and sealing of the
heat pipes shall be accomplished with a minimum
of air leakage into the pipes. The maximum per-
missible air volume for the heat pipes shall be
that volume which results in a partial pressure
due to air of 2 mmHg per inch of length at a
temperature of 70°F.

3.2 There shall be no additional leakage of air into
the heat pipes while in the instrumented configura-
tion.

3.3 The heat pipes shall be designed to orerate satis-
factorily throughout the useful life of the
satellite. A failure of one or hoth heat pipes,

- 17 -




o A S AL fr

transducer
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3.0 General Requirements (Cont‘d)

3.3 however, shall not be deleterious to satellite
performance,

4.0 Performancg

4.1 The heat pipes shall exhibit an effective thermal
conductivity of at least 2,200 BTU/hr ft °F over
an operating range of from O0°F to 130°F. The
effective thermal conductivity shall be calculated
using temperatures measured on the exterior of

the pipe. Temperatures measured at locations
closer than two inches from the end of the evapo-
rator sectior or from the beginning of the con-
denser section shall not be used

tion.

for this calcula-

4.2 The heat pipes shall transmit up to 30 watts of heat

0°F to 130°F at
the specified effective thermal coanductivity.

over a temperature range of from

5.0 Inspection and Test

5.1 Prior to evacuating, filling and sealing, the heat

pipes shall be subjected to pressure and leak tests.
The heat pipes shall withstand a pressure of 125
psig of dry nitrogen gas without leakage for a
period of 30 minutes. Following the pressure test,
the pipes shall be subject to a helium leak test.

There shall be no detectable leakage.

5.2 Bench testing of the pipes in the instrumented

configuration shall be accomplished after the
pressure and leak tests. The pipes shall meet
all requirements specified in Paragraphs 4.1 and

4.2.

- 19 -
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5.0 Inspection and Test (Cont'd)

5.3 Bench testing shall be accomplished by utilizing
equal areas for the condenser and evaporator.
Resistance heating shall be used for the evapora-
tion of fluid while a controlled temperature bath
will be used as a heat sink. The heat pipe shall
be appropriately insulated. Instrumentation shall
be provided to measure the temperature distributioa
along the outside of the heat pipe as well as
losses to the atmosphere. For each run the pover
level and the heat sink temperature shall be
maintained constant. When steady state conditions
are attained, the experimental parameters may be
changed and a new run began.

6.0 Qualification for Flight

8.1 After the completion of the tests specified in
Paragraphs 5.1 and 5.2, final crimping and sealing
shall be accomplished. The effective thermal
conductivity shall again be measured as per Para-
graph 4.1 at power levels up to 30 watts. A
degradation of effective thermal conductivity of

as much as 5% of the original value is permitted.

6.2 Vibratior tests shall be conducted cn the heat
pipes at the frequencies and amvnlitudes specified
in the Design Data Sheets. Following the comple-
tion of the vibration tests the effective thermal
conductivity shall again be measured. A degrada-
tion of 1/2% of the value as measured during the
tests of Paragraph 6.1 is permitted.

6.3 Thermal vacuum testing shall be accomplished with
the heat pipes installed in the satellite in a:-
cordance with the appiicable Design Data Sheets.

- 20 -
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VI. Flight Hardware (Cont'd)

B. Flight Hardware Design Example

Figure 8 presents an example of a spacecraft heat
pipe design assembly while Figure 9 shows a typical lay-
out for electronic package connection.
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VII. Summary and Conclusions

The test results for both the early experimentsl work and
prototype effort show excellent correlation as to performance
and control of a heat pipe design. Tiae data also clearly dem-
onstrates its proposed use to provide thermal control in a space-
craft application.
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2N EFFECTS OF CONDENSER PARAMETERS ON
- HEAT PIPE OPTIMIZATION
i. In most applications of heat pipes the maximum heat transport is ;
; T dependent upon liquid circulation due to capillary forces in the wick.l For :
E : ‘ a specific cepillary structure the local pressure difference must be
L |
c ot 2 0 cos 8
a8 p,(z) - py(z) s 22282 (1)
3
S vhere the equality would yield maximum heat transport. For® low Reynolds number
E ‘ Re, substituting the appropriate pressure drops,l’é Eq. (1) beccmes
] b 4 “v(!'e + LR w py(L + J‘e) Q 2 0 cos €
E + - =0, (2)
i .- mop rh A 211(1‘2 - re)p er® A Yo
£ - vy w vl e
N for rmximum heat transport. Here r, is equal to the inner radius of the heat
5 .. pire (rw) minus the thickness of .the wick; i.e., it is the inner radius of
Li the wick. Optimum values for . and r, can be obtained from Eq. (2), a1l
5 s other properties being fixed. The value of r_ that would maximize Q is
b " determined from &/arc = 0, where Q is defined by Eq. (2). This value when
resubstituted into Eq. (2) yields
. ia 2 2
= 2“\' uz(l'e"'l‘) wQ
. -Ocos ®=0 (3)
I 2 2 b, 2 2
Py P, T €L orv(rw-rv)cose
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It is clear that the maximizing of ¢ now requires the evaluation of BQ/BrV = 0.

T™his ccnstraint yields (r‘_/rw)z = 2/3 which when substituted into Eq. (3) will

yield
2ﬂr3)\0cosﬁ epvpl,1/2
VTR T ey )

Under steady state conditions, the heat Q transierred through the

. r

condenser may te densted by [k 7 D(Tv - To)/ in ;-9-] L where K,D,AT,L are the
v

effective conductivity, heat pipe diamecver, radial temperature drop from inside

to outside surfsce, and the condenser length respectively. This Q may also be
r
written as CL where C becomes (k " D A T/1n ;2) Substituting L = Q/C into
i

Eq. (4) leads to a quadratic in Q, which yields the solution

_(d 3 2 PP e 1/ 12,2172
Qoptimmn = [3 Cmr  Aocos 9(3 b B, W ) 3 c Le] -C te/a (5)

From Eq. (5), it is seen that the operation of the heat pipe, is constrained
chiefly by condenser parameters. Extensive experimental data obtained at the
Applied Physics Laboratory bears this out. Figure 1 shows the "heat pipe
regime"* temperaiLures as a fuuction of the condenser parameter C. The experi-

mental data is for +.Lc following heat vipe.

+*

That segment of the heat pipe over which the temperature crop cf the vapor is
small, of the order of 1-2°F. This aegment consequontly exhibits o« very high
thermal conductivity.

)

AL e L B0
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ancs VNI the oo v 1

(r" - rv) = 0.063 inches
e = 0.68
r v/rw = 0.815
r_ =3.25 x 107 inches
. Q = 30 watts
w =15
fluid = ethyl alcchol

- The optimum heat transport that could be achieved is 725 watts with 0.1 effective

conductivity, 60° contact angie, 1.5592 x 10"3 1b f/f't. surface tension and a
radial tempersture drop of 20° F across condenser surface. The condenser surface
area rg_quired is 5 square feet. The variation of condenser perameter C may be
achieveld by flooding, introduction of noncondensible gases, or manually varying
surface area. The reported data is achieved by flooding and varying surface
area, The effect of noncondensi}:le gases is similar although more dramatic.
The above comments are based on nonradiative type condensers. 1In
applications where the heat is radiated away from the exterior surface of the
condenser, an interesting situation may develop. We have given the name
"temperature choking" to this effect and offer the following explanation.
The equilibrium temperature of the vapor (and consequently the evaporator
section) for a given power dissipation is determined by the temperature of the
outer surface of the ccndenser. For radiative condensers the equilibrium

equation becomes

B
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FA c(Tg - T")

) =Lk D(Tv - TO)/I.n ro/rV (6)

Now, since the heat is removed from the outer surface by radiation, there is

no longer a strong boundary condition on the temperature (f the cuter surface

as there is in the case of a condenser bath. Consequently, th: outer tempera-

ture will adjust itself so that in equilibrium the heat radiaste? equals the

heat input., If the heat flow through the condenser is increased, the temperature
of the outer condenser surface must now increase to radiste away the extra heat;
and since the temperature difference across the composite condenser wall determines
the heat conducted through the wall, the temperature of the vapor core must increase
even more, Thus, the temperature response of the vapor to heat flow increases
should be quite different in this case from the case of & condenser bath, where
bath temperatures may te independently varied.

From a design viewpoint, this requires high C values in Eq. (5).
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Subscripts
a

c

Appendix é

condenser parameter, k T D(Tv - To),/ln rL/r‘,, BTU/hr ft

heat pipe diameter, ft
porosity of wick, (pf - ‘:mi)/;:.f
radiation shape factor

length of evaporator, ft

length of condenser, ft

Reynolds number, 2.31

pressure, lbf/sq. 2
heat flow, BTU/hr or watts
radius, ft

temperature, °F

velocity, ft/sec

axial heat pipe coordinate

constant, properiy of wick, due to the tortuocus path taken by fluid

flowing through the pores. Varies between 8-2C

contact angle of fluid, radians

latent heat of vaporization, BTU/ 1L

coefficient of viscosity, 1b, sec/ft2

lensity, Ib m/ft3

surface tension, 1b/ft

ambient
wick pore

fluid
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Subucripts {Cont'd)

L

liquid

v = vapor

v = wall, inside

0 = wall, outside
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NOMENCLATURE
A = Area of wick, ftz
C = Specific heat, BTU/1lb. °F
D = Diameter, ft2
g = gravity, ft/sec2
h = boiling heat transfer coefficient for wick = Q/A(TV-T')
K = thermal conductivity, BTU/ft. hr. °F
L = Length, ft.
Np. =  Pressure number
Pr =  Prandtl number = Cp/K
P =  pressure, lb/ft2
Q =  heat, BTU/hr.
Re =  Reynold number = pvD/p
r =  radius, ft.
St =  Stanton number = h/cw = @ PraprRec
T =  temperature, °F
v = Velocity, ft/sec
’ w - Nass flow rate = Q/Ac, lb/sec.
X - Axial direction of heat pipe

Q,T,w = Constants

¢ = Porosity of wick = (p, - 9'1)/9f

p =  Density, 1b/1td

g =  Viscosity, 1b/hr.ft.

A = Latent heat of vaporization, BTU/1lb.

Q
L

Surface tension, 1lb/ft.
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SUBSCRLPTS

wick fiber
liquid

pore in the wick
vapor

wall

wick
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Appendix B

INTRODUCTION

The requirements of cooling in the aspace environment
have led researchers to study various coolants and high thermal
conductivity devices. The heat pipe described in this note (Fig. 1)
is a self-contained device that exhibits a very high effective thermal
conductivity.1 It consists of a sealed tube with wick material in
contact with the internal heat transfer surface. The operation is
based'oﬁ the evaporation of a liquid in the evaporator section and
subsequent flow in the core towards a region of low pressure. In
the condenser, the liquid is condensed and flows back to the evaporator
through the wick by capillary pumping to continue the cycle. Under
steady state conditions the pressure in the evaporator section is
slightly less than the vapor pressure of the adjacent liquid, thereby
assuring continuing.evaporation. In the condenser section, the opposite
holds, assuring continuing condensation. Owing to this liquid-vapor
interface, the radius of curvature of meniscus in evaporator recedes,
and that in the condenser increases. In the condenser, especially if
there is excess fluid, the radius of meniscuz may be infinite

The transient behavior has not been studied extensively,
but it would seem that this phase will not present any great difficulty.
It is clear, bhowever, that there will be an upper limit to the heat
flow through the pipe, because liquid depletion rate in the evaporator

must exceed the recirculation rate by capillary pumping.
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DYNAKIC OPERATION

The heat pipe comprises two domains: The vapor core and
the fluid annulus (fluid flowing through the wick). The flow conditions
in these regions merit separate attention. The vapor flow in the core
is similar t¢ flow with injection or suction through a porous wall,
since a liquid and vapor are continually changing phase at the inter-
face. Cotter4 has explained the dynzmics of vapor flow and we largely
uee his explanation here.

Several different vapor flow regiwmes may be obtalned
based on the Reynolds number referred to the vapcr core diameter.
Yor Rev<< 1, the velocity profile is parabolic and flow is similar
to Poiseuille flow. The pressure decreases in the direction of flow
with a gradient larger than that of Poiseuille flow in evaporation
and smaller in condensation. Flow properties are obtained using
constant Rev; for almost all cases of present interest this is justified.
For Rev<<1, the velocity profile is no longer parabolic, but vapor
pressure s8till decrzases in flow direction, and the properties of flow
may still be obtiained as above.

For Rev = constart <<l the pressure 153

dp/dx = (8 pwv/ﬂor4) (1 + % Rev + ...l) (1)
Since this drop is8 small, che first term usually suffices for determin-
ing the pressure drop. It is appropriate to remark that the temperature
drop may be obtained using the Clausius-Clapeyron equazien.

The liquid flow through the annulus is quite different from
the core. The momentum equation for incompressible steady flow is:

P = pg + quv - pVAVv (2)

- B-7 -
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If an average velocity (v) is defined over an area of wick which
includes the solid structure, then the velocity within the pore is
(v)/¢, where ¢ 1is the wick porosity. Observing that the velocity
on the pore surface vanizhes and is of the order (v)/¢ within the
passage, the following approximations may be made:

pYVV —> p(v)z/ rcz, uvzv —> u (v)/ er? (3)
Since (v) is small, equation (2) becomes

Up = 0g + ¥y (4)
and the ratic of the two expressions in (3) yield a liquid Reynold
number based on (v). Although the last term is neglected in the
expression Ior the pressure drop, this Re‘ will be used in the
performance correlation; experiment shows that indeed Re‘<<1.
From equations (3) and (4) the pressure drop for a horizontal pipe
becores |

2

. - 2 _ 2
4p, uuQX/2w(rw r,%) per, L (5)

wvhere » is & constant depending upon the capillary structure. The
vapor pressure drop has also been computed from equation (1) consider-
ing only the first term and is
- , 4
Apv 4uQX/1prv L (6)
It is assumed that the region between the condensing and evapcrator

section is perfectly insulated and that Rev<<1.

- R-8 -
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Appendix B

CORRELATION AND EXPERIMENTAL RESULTS

As an extension to the above study, one can correlate the
heat transfer coefficients in the evaporator section and thereby cobtain
a rather good indication of the engineering performance.

Since the problem is essentially that of wick boiling and
condensing, in the evaporator and condenser, dimensionless analysis

applied to this problem yields

St = @Pr*Np’ReS (7)
where the properties for evaluating the numbers are that c¢f the fiuiqd.
The correlation by these relations and its subs=quent conparison with

pcol boiling heat transfer coerfficients show the desirability of wick

boiling at low Q and Ret

Experiments have bteen performad {0 show the temperature
distributicn, the bciling heat transfer coefficients, and the vapor
temperature and pressure drop. The experimental set vp consisted of
a % in. 0.D. stainleas steel pipe 24 to 36 in. long, with its
interior wall covered by a wick material (Fig. 1). The wick used
was a passivated, 100-mcsh stainless steel screen with porosity
varying from 0.65 to 0.94. Heat was added at the evaporator section
by resistance heating. The entire pipe was insulated using polyurethane
foam. The condenser section wate kept in an ice bath. Temperatures
were measured using 2 24-point Daystrom recorder during transient and
steady state operation.

Tha experiment was started by placing the tube in a vertical
position and boiling off water in order to evacuate the tube of air and

non-condensible gases. When there renained enough water to saturate

- B-9 -

e e e i e e |




PUCaL AL caia il

© e W ettt

TUTPT PRVt o5, a2 2755 0
v

the wick and a very small excess, the tube was sealed and placed in
g2 horizontal position. The heat input (700 to 6000 BTU/hr-ftz) vas

adjusted to a predetermined value and condenser temperature controlled.

The temperature of the vapcr inside the heat pipe was monitored using

a thermocouple eibedded in an axial wire.

The wick boiling heat transfer coefficient is h = Q/A(I;-Tw)

and the liquid uass flow rate is W = Q/Ae). Selecting 0.6 as the

exponent of the Prandtl number, to correspond to liquid heating litera-

ture, the dimensioniess correlation is obtained as
- st = 0.00051 Pr-® po™t 43 yp-? (8)

- The above correlation is compared to previous data and shown in Fig. 2.
) ’ It is clear from Fig. 2 and published pool bhoiling data2 that higher

C resiults are obtained at low hkeat fluxes and lower numbers at higher

neat fluxes. This leads tc the confirmation of the idea that wick

beiling is preferable at low heat fluxes. Presence of the wick

é material decreases turbulence near the surface, increases ihe effective
§ surface arca, and provides active sites for bubble formation, so that
: higher film coefficients at low heat flux are obtained compared to pool
boiling. The correlated equation (8) affords some insight into the
behavior of the heat pipe under varying conditions. Although the
results were obtoined for water, experimentation is continuilng to
determine applicability and performance of other working fluids.

The temperature distribution along the heat pipe is shown
itn Fig 3. The distribution is for steady state operation and
indicates high thermal conductivity in the axial direction. The

texperature difference of the varor and the pressure differentials

- - B-10 -
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were very small. Theoretical values obtained by using equations

from Cotter have sbovn this. It is clear that very small temperature
and pressure differences are required to supply the necessary driving
forces for successful operation and that their magnitudes are not

too important.

Pig. 4 is a plot of the heat pumped, in the axial direction
off course, versus the difference between the average evaporator
and céndenser temperature. This again gives us some appreciation for
the "effective thermal conductivity" that may be obtained.

Although the condenser section was held constant in oum:
experiments, later experimentation included its variation. T 2real
runaway occurred when large quantities of working fluid were trapped
in the condenser thereby tending to deplete the supply in the
evaporator section. The exact effect of other variables in thermal

runaway'has not yet been determined.

CONCLUSION

The foregoing resulté indicate the potential usefulness of

the heat pipe. However, a method for actively controlling the device
is needed. This work is being presently pursued at the Laboratory.
it is clear that the iype of wick and packing can be varied. The
quantity of working fluid is not too important, provided that the
entire wi.ck is8 properly wetted with a very little excess. The choice
of working fluid 1is dictated by temperaturc limitations and A. For  _

exanple, alcchol has low A but also a lower freezing point than water.
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The effect of other fluid properties may be deduced from equations
(8), (8) and (8). There iz no reason to believe that the pipe will
operate at any preferred temperatuvre although better efficiencies
are obtained at low heat fluxes. The temperature and pressure
differentials that act as driving forces are extremely small ag

compared to their aksolute magnitudeg of T and P.
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memo S1A-156-G6 to R. E. Fischell

(2) Anand, D. K., "Heat Pipe Inveetigatious,” memo S1A-170-66
to ¥. H. Guier

Experiments at saturation temperatures of 106°F and 170°F have
been previousiy report;ed.l The purpose of the present experiments is
to operate the heat pipe at 68°F and observe the effect of various control
techniques at this temperature. “%he working fluid is ethyl alcohol and
the heat pipe is identicel to that used in the previous experiments.

With appropriate selection of condenser parameters (area and
surface temperature) the steady state heat pipe opcration at 68°F is
shown in Figure 1. The effect of varying heat input (from 30 to 60 watts)
is shown in Figure 2. Note that the previous condenser parameters are
maintained.

Figure 3 depicts the temperature distributions for varying
condenser areas but a Iixed condenser swface temperature. Under these
conditions it 1is clear that the operating temperature becomes a direct
function of the available condenser surface area for ordinary conduction.

The effect of introducing a control in vapor core is shown in
Figure 4, The plot is for the valve in fully cpen position. It is clear
that there 1s a pressure drop at the valve and this results in two heat

pipe regimes operating at different temperatures. Note that the overall
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Fig. 1 HEAT PIPE OPERATING AT SATURATION TEMPERATURE OF 63° F
(30 WAYT3 AND 12 INCH CONDENSER)
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Fig. 2 EFFECY OF HEAT INPUT VARIATION O MEAY PIPE
WITH CONSTAMT CONDENSER AREA (127 INCH} AND
CONSTANT CONDENSER TEMPERATURE (54° F)
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operution is at a temperature higher then that shown in Pigure 1. This
is 80 in spite of the fact that the condenser paramcters are identicsal.
The temperature distribution of Figure 4 is transiant. The evaporator
temperature could be decreased if the ccordens=r surface temperature were
decreased drastically.

From these and previous 1nveatigationsl’2, it is conclwded
that the control of condencer parameters is the most desirable control

technique for 3atellite temperature control purposes.
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Subject: Heat Pipe Experiments 111

References: (1) Anand, D. K. and A. Z. Dybbs, "Heat Pipe
Experiments,'" memo S1A-156-66 to R. E. Fischell,
dated 27 June 1966.

(2) Anand, D. K and A. Z. Dybbs, “"weat Pipe
Experiment I1I,'" memo S1A-173-66 to R. E. Fischell,
dated 29 July 1966.

(3) Privaote discussion with D. K. Anand, A. Z. Dybbs,
R. E. Fischell, R. Harkness, and J. F. Smola

{4) Schlichting, H., Boundary Layer Theory, McGraw-
Hill Book Co., First Edition, pp. 18-21, 26-27,
1955.

Introduction

- Many different types of control devices and techniques
have Pgen tested in an effort to control the operation of the heat
pipe.’” Among these techniques was the interruption of vapor
ficw in the core of the heat pipe by use of mechanical valves
and disks with vari-us size holes. Becent%y a suggestion,
concerning the valving technique, was_made” that instead of cutting
off large portions of the vapor core,* heat pipe control might be
accomplished by only cutting off a small (20%) portion of_this
core. This proposal was made nn the pasis of experiments2 werformed
with a valve whose actuating mechanism was a long rod connected
to an inverted hemisphere as is shown in Figure 1. The purpose
of the present experiments was thus to investigate the possibility
of using small blockage of the vapor core of the heat pipe as a
means of heat pipe control.

Experimental Apparatus

The heat pipe used in taese experiments was of the
same type as previously emplcyed.lﬂ It consisted of a 42 in.
long, 3/4 in. 0.D. stainless steel tube with 6 layers of 1/100 in.
thick stainless steel mesh. The evaporator section of the heat
pipe was 6 in. long and a varisble condenser length of 12 in.

was used. Evaporation was achieved by resistance heating (30
watts) and condensation was accomplished by circulating cold water
~ver the condenser length.

- D-1 -
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Figure 2. Cross-sectional View of Heat Pipe with Various Size Disks
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Blockage 0% the vapor core of the heat pipe was
achieved by employing various disks with symmetric circular
holes. These disks were inserted at the entrance of the con-
denser section. The first disk (Figure 2a) blocked 80% of the
available vapor core and the second (Figure 2b) about 50% of
the core. The third case Jested was with no blockage. In all
cases the heat pipe working fluid was chemically pure ethyl
alcohol and the condenser length was 12 in. or 6 in.

Diécussion of Results

The results of vapor core blockage are shown in

Figure 3. In this diagram the average temperature of the heat

pipe regime--the length from the end of the evaporator to the
entrance of the condenser-~is plotted versus the percentage
open area of the vapor core. The plots seem to indicate that
at least for open areas greater than about 20%, there is an
insignificant effect on the operation of the heat pipe. This
result was anticipated by the author,3

It should be noted that the points at 20% open aria
vaper core were interpolated from past heat pipe experiments.
Althqugh these experiments were operated at higher saturation
temperatures, the previous results indiﬁated that there was no
perceptible difference in the operation” between the 20% open
vapor core and the 100% open area. Thus, the present interpo-
lation seems justifiable. :

The difference in the results presented here and
those of Ref. 2 for the valve can probably best be explained
as foliows: In the case of the valve the flow is in the direction
of the inverted hemisphere (see Figure 1). This would cause a
pressure drop similar to that observed for any type blunt body.4
Since the heat pipe operates on or near the saturation pressure
temperature curve the pressure drop would produce a corresponding
temperature drop and hence the possibility of two heat pipe
regimes as was obtained with the valve.

In conclusion one can say: That twe heat pipe
regimes are caused by the mechanisms necessary to operate a
valve and not the valve itself; that the valve opening must be
quite small before any type cf control can be accomplished; and
finally that if a mechanism for controlling a valve is introduced
in the vapor cone, extreme care must be exercised to control pressure
drops. ]
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SUBJECT: Heat Pipe Investigations

b
Experimental. datal’3" on sodium, ethyl alcohol, and distilled water

heat pipes have been previously reported, Theoretical investigations have
mostly dealt with either pressure gradients or wick boiling correlations.
Cotter'? has discussed multifluid and optimal heat pipes. The purpose of this
paper is to show theoretical surface temperatures and performance as a function
cf the heat pipe parameters. The comparison betwzen theoretical and experimen-
tal temperatures is very good. The operation of the heat pipe for satellite

applications is seen to be constrained chiefly by condenser parameters.

Optimum Conditions:

The total heat transport in a heat pipe may increase as long as the
capillary force can sustain the necessary circulation of the liquid in the
wick. Furthermore the pressure differences at the liquid - vapor interface
must be maintained in order to maintain a continual change of phase, For a
capillary structure of pore radius r o taving a liquid with contact angle 6,
the radius of the local meniscus is r c/<:os 0 and the local pressure difference
must be

pv(z) - p‘(z) <2 y cos B/rc (1)
vhere the equality would yield maximum heat transport. For the case of uniform

heat addition and removal, low radial Reynold number RR, the viscous effects
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predominate and the vapor pressure drop becomes that of Hagen Poiseuille flov

through a cylindrical pipe. Substituting the pressure dropsh Eq. (1) beccmes

l”"v("'e +1)Q + b“lue +1)Q 2y cos 8 0 (2)
L 2 2 2 - T -
e, T, A 2!1(1'w - rv) pyer, A c

for the requirement of maximum heat transport. If turbulence does occur, then

3 vapor pressure must be determined from the Blasius equation:

bp, = - 0.06%5 uf (=l 7/, (3)

2A ﬂrv

The cnget of turbrlence occurs when the Reynolds number based on axial flow
(Nz) exceeds 1,000. In the problem encountered here N, < 1,000 and the
assumption of Hagen Poiseullle flow becomes quite sdequate provided NR <«< 1.
Thaerefore, considering constant properties, the optimum value of r, from
£q. {2) becomes

IR e

tugld, + 1) Q "
¢ En(ri - ri) Py e YA cos 8

Thic substituted inte Bg. (2) yields

¢. ¢
g T 122 Qe-r*(coaﬁ—-o (5)
rv(rw - rv) v cos §

vhere ¢y = &uv(ﬁe + L)/m oy Ay e, = g, + L)/2m py e X
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. . l
Iz 18 clear that meximizing Q requires an optimum value for r;(rs - ri)
. . ) L 2
x, is fixed, for any given case, uhen-s;; (rv r,

by
that ri/rs = % . Substituting this and the expression for optimum s the
-

. Since
- rs) = 0 yields the constraint
maximum heat transport beccmes

n rs A Y cos 8
R =—31T7 1)

Py Py ]i
Hy Hg

(6)

-2
T3

If the operation of the heat pipe accurs at high NR’ the vapor pressure drop

%; has been shown to be7

3 dp, _ =y, ds,,

> dz - rh 4z

3 TPy

L;

L (1-4) @ :

: o

i e Y- : (7)
| v 8o r X

g‘ ‘- v ‘v

i vhere 8 = 1 for evaporation and ~E§ for cendensation.
n

Since Apv is net a function of the capllliary pore size it plays nc role in the

il N i a1
i

determination of optimum r_. Also since it is a function of rt (ss &p  for

g. Hagen Pbisevii%e flovw) the value or rifri is till 2/3. Therefore, substituting
1' Egs. (4,7), ; = 23, and p; from veference L into Eq. (1), the optimm Q
Tw
; becomes
2
- ppe Y cos® @ Py )
B Q = 3 rooA { ; N 3 } (8)
bﬂ&\L + ze) {r" - ”)
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This then represents the maximum heat transport achievable for any specific

case. It is, of course, a requirement thai appropriate cordenser areas be

available for the maximum axial transport to leave by ordinary conduction.
For steady state conditions, the heat transfer through the condenser

section must be

r
Q=2"Lk AT/in —> =c_ L (9)
e z-i 3

under the assumption of uniform surface temperature. The constant c_ is

3
defined by the above equaticn and ke is the effective thermal conductivity

Subctituting for L in Eq. (6)

w’t un

2
Q +c¢ leQ-

o, )
3 r3 A Y cos g[_ _“__.IL. _%_]i =0 ..

v v M2

or

Qoptimuntx={i‘crk\(cvsﬁ(-—«;—u—“-—"‘)i *226 —3—3- (10)
- s L

If Xy >> 1, Egs. (8) and (9} would yield cptimm conditions. Depending upon the
speciric probliem, constraints couid te imposed on the heat flow or physical

E paraneters, but often not on both.

The experimental temperst -re distribution reported3 was for a heat

pipe with the follicwing perameters: 5
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(rv - r ) = 0.063 inches
¢ = 0.68
r/r, = 0.815
3.25 x 10™3 inches

g ]
n

0
n

30 watts

b

15

Fiuid = Ethyl Alcochol

The cptimum heat transport that cculd be achieved is 725 watts with a condenser
area of 5 sq. ft., 0.1 effective conductivity, 60° contact angle, 1.5992 x 10'3
pound force per foot surface tension, and a temperature drop of 20° F It is
clear that limiting conditions of the heet pipe, in satellite applications,

may be primerily dve to condenser parameters.

Surface Temperaiure

An energy balsnce on a differential element of the heat pipe wall and

saturated wick under steady state conditions yields

N SR . ax + p_h {t - £} ax
e e o9z e "¢ oz Py Bt - %)

at .
- -t . {
or
k A .EEE. ~-{p.h_ + njt+{p & t +3p, h, t)=0
e ¢ a22 Po B ¥ Py 947 F PoBio % TP M ™y
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The temperature at x = J is tv and at x = L it ia tL‘ These Lemperatures

refer to evaporator and condenser temperatures and sre maintained ss constant.
Substituting the boundary conditions and noting that ti is the

vapor teupersture vhich is constant (C.75° F drop in a sodium pipe)’ in the

heat pipe regime, the temperature distribution becomes:

t = (tv - —Eé-) %—- [en(L-z) - e-m(L-z.)] +(tL - -E-é-) -%-[su - e'u] 4+ E

(12)
vhere:
P, B, t, + Py by Ty

Ea
kﬂ Ac

12- 1’oho"‘pih:l
l‘e Ac

and kelis the effe.ctim thermei conductivity between surfsce and vapor-liquid
interface, ho and h1 are outside and inside convective heat transfer coefficients,
P, and Py 8re outside and inside surface psrimeters, and Ac is the cross section-
al area through which conductive heat transfer occurs. For insulated surfaces

ho is very small and the parameter of interest becomes p, hilke Ac. This is
identical to that used for studying perfcrmsnces of extended lmx'faceasi.S For a
3/4" stainless oteel pive the surface temperature is shown as a function of
length with hi a8 parcmeter in Pigure 1. .It is clear that higher values of hi
tends to decresse the effective condenser area. A higher value of hi usually
implies higher heat inputs vhich means that as Q is varied appropriate variations

in the effective condenser area are desirable.
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Figure 2 shows & plot of the theoreticel and expsrimental ‘wmpentum3
profiles in the heat regime for a saturation tempersture of 106° F.

Both the optimum performance snd the temperature distribvution confirm
the opinion that the control of condenser parsmeters is apparently the kay to

controlling the oversll performance.

Rweiic lature
A area square feet
b constant

e porosity of wick

h heat tranafer coefficient of convection, BTU/hr sy. ft.
4 length, f£t.

L  length, ft.

N  Reyrold number = 2p rv/u

P perimeter, fit. -

P  pressure, l‘nf,/sq. 1t

Q@  heat flow, BTU/hr.

r redius, ft,

t  temperature °F

v velocity, ft/sec

4 axial heat pipe coordinate'

Y  surface tension, 1b f/rt

0 contact angle of fluid, radians

A latent heat of vaporization, BTU/Lb,
u  coefficient of viscosity, 1b, sec/f‘t:2

p  density, lpm/ 3.
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Subscripts

¢ wick pore ‘
c crosg-sectional area |
i inside
L liquid

) o) outside
R radial coordinate
v vapor
' wick
2 axial coordinate. ;
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SUBJECT: Two Fluid Control

REFERENCES: 1. Anand, D. K., and Dybbs, A., 81A-156-66, dated 27 June 1966
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2. "Mechanical Engineering," ASME, March 1966, page 71

Introduction

iy ki S

Tnree of the previous techniques reported,l for controlling the
heat pipe, involved a fixed amount of working fluid in the main heat
transfer loop. One technique required conderser flooding, but the fluid
always stayed within the main heat pipe. The technique to be discussed

here involves a small reservoir and a secondary fluid for control purposes.

The System
The system containing the heat pipe, isothermal enclosure, control

R T

fluid and reservoir is shown in Figure 1. It 1s a requirement that the P-T curve
of the working fluid be steeyer than that of the control fluid. The peint
; ‘ of intersection, the cross over tenperature To, represents tne temperature

E desired of the isothermal enclosure.2 This is shown in Figure 2.

Theory of Control . !

Assume that the temperature of the enclosure is TE. Then the
pressure of the fluid C will be P20 and this will be equal to the pressure
PO of the working fluid. The temperature of the working vapor is T2 (1deslly)

and its pressure is PéW’ assuming there is no super heat. The pressure differ-

- ence (P2w - Péc) represents the pressure necessary to drive the vapor to the

[T,
.
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condenser and enter the reservoir in liquid phase to repeat the cycle. Now
this cycle repeais until T2 decreases. As T2 decreases the triangle 'fed' also
moves towards To and the pressure difference (represented by e and f) decreases.
Essentially when the enclosure reachcs To, the triangle vanishes and there is
no pressure drop to sustain the flow. When this happens, the fluid meniscus in
the condenser will move until the condenser is completely full of the working
fluid. The heat cycle is now stopped.

The sbove explanation assumee that the temperature of C ard vaper is
equal. In reality C will lag the vapor temperature so that when vapor is at
T2 the control fluid will be at T2" Since the pressure corresponding to
T,y 18 P,n, the pressure drop becomes (P2w - 2C') which is greater than before.

Obviocusly this is desirable.

Below T., the control pressure is greater than vepor pressure and

the condenser stays flooded.

Comments

In comparing this to reference (1) it is clear that the above technique

is similar to condenser flooding.

; The above control however is slightly different from that reported in

reference (2).

PR

This was discussed with the author of reference {2) and he agrees.

It seems that the overall technique merits close attention. A number of

test have been conducted by lewis Research Center in order to substantiate
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It appears that expesrimentation has confirmed theoretically
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SUBJECST: XHenrt Piye Experiments
Introduction

The eperation of & heat pipe has been demonstrated before at

elevated temperaturea with sodium as the working fluid.l Later werk report-

ed, on the performance ¢f g heat pipe, pertsined to the use of distilled
water as the vorking fluid¢2 Hewever, for the pwrposes of using & heat pipe
for satellites, s working fluid having lover freezing points 1s desiravle,
The present work deals with heet pipes using =thyl alechol as the fluid.

The major effort was directed at analyzing variocus metheds to control the

heat gipe.

Control Technigues

The varicus technigues may be broedly classified into the following
categories:

i. Interruption of vapor-flow through the core
2. Interruption of fluid-flow through the ennuius
3. Control of condeunser parsweters
a. Variation of condenser area
b. Condenser flocding
L. Introduction of non-condensable gases
5.

Control of the pressure {thereby temperatye cof evaporation) of the
working Tluigd.
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The actnual mschanise msY invoive the use of on~ or more of the sbove techaiques.

Experimsni

=y

The heat pipes used for all the experiments consisted of 3/4" stein-

iess steel tube with § leyers of stainless steel wick, sach 1/100" thick. Hest

-

[ZERTIYITTY

was supplied by resistance hsating over 2" of the evaporator length, The sink

2

ey st o

consisted o an ice bath in which 4" of the pipe was immersed. In later experi- .
mentation a wick wes used te cool the condensing section.

The working fiuid was ethyl alcochol (Cgﬂﬁoﬂ) and encugh was introduced

MR RS R VoAb AL DR B by it W)

to completely saturate the wick with a little excess. A heat pipe is shown in

Figure 1.,
Interruption of vepor-flow was schieved by using three plugs of varying

L4

i openings. One plug hed no opening, theraby simulating a perfectly closed valve.

Interruption of fluid flc¢v 1is achieved by introducing a 2" discontinuity, :-
: in tne wick, located about 4" from the condenser section. The eftect of a wick -

Sy ey

discontinuity is negated by tilting the plpe by 3°. The tilt introduces a

gravitational term that insures the return of the liquid to the source even in

IR R T

the sbssnce of capiilary pumping.

The third technique is self explanatory. The non-condensable gas

LI R

method utilized air. The fifth technique will be described in detail in a

Separate memorsndun. .-
z Regulds .-
Figure 2 shows the steady state heat pipe regime with saturation v

temperature {ST) of 160°F. The surface (heat pipe) temperature drop #s about
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Angendix G

1 36 tACHES et

T
3/4 INCH
ICE BATH | \"‘C“ES ¢ LAYERS | sGURCE
WICK DISCONTINUITY (WHEN APPLICABLE) 1/100-INCH -WICK

INSULATED SECTION

Fiag. 1 HEAT PIPE WITH YARICUS MOGDIFICATIONS WHEN APPLICABLE

W
L
<
& . 180
2 W
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ow ® +-‘. —H—
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@& 160 L -
D -
2% ! ¢
x ¥ | o
gu i
s © 140 H
w 0 2 4 6 8 10 12 14 16 is
~

PIPE LENGTH (inchez)

Fig. 2 NORMAL HEAT PIPE REGIME WiTH NO CONTROL;
ETHYL ALCOHOL AS WORKING FLUID (SATURATION TEMPERATURE: 173° F)
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Figures 3 and |j show the effect of interrupting liyuid flow to the
evaporator. The dotted lines represent transient readings obtained ten minutes
after eliminatiry the 3% tils. Figure || was obtained at higher saturation
temperatures than Figure 3. It is clear that fluid interruption does indeed
choke the pipe.

The effect of vapor interruption is depicted in Figures 5,6, and 7.
Yeat pipe regime 15 cbtained with & plug having i/4" D hole. The choking effect
begins to prevail when the opening is 1/10". The decrease in area represents a
sufficient preessure drop to induce condensaiion during vapor passsge. The
pressure drop coupled with a lower plug temperature (due to rediation exchange)
tends to cause a heat pipe regime between the evaporator and plug section.
Figure 7 exhibits & heat pipe regime confined to the lengt.: between plug and
source. This plug has no hole. Steady state is 1ot achieved and the vapor
tends to superheat. The liguid collects in the condernsing section.

Figure 8 shows the heat pipe regime in steady state conditions. Excess
fluid 1is Introduced and this is driven towards and collects at the condenser
section thereby decreasing the effective area, Since the corndenser area is
ingufficient, all the heat cannot be transferred by ~rdinaery conduction
thereby decreasing the heat pipe effectiveness.

The non-condenseble gas (air) has a similar effect as fluid flocding.
This is shown in Figure 9,

The majority of the above experiments were conducted at or near
173°F ST and partial evacuation was achieved by boiling. Figure 10 shows that
hest pipe regime obtained at lower ST where air was evacuated by a vacuum pump.

Figure 11 simply illustrates "travel” up the p-T curve.
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u ’6 ® PIPE TILTED 3° AND 2 INCH GAP IN WICK LOCATED 2 INCHES FROM COLD END
5 m HORIZONTAL PIPE WITH 2 INCH GAP IN WICK LOCATED 2 INCHES FROM COLD END
= 80 ] l | | i i | |

0 2 4 [ 8 10 12 14 15 18

PIFE LENGTH (inches)
Fig. 3 COMPARISON OF TEMPERATURE DISTRIBUTION
WITH EFFECT OF DISCONTINUQUS WICK, 100°-- 140° F
190 I l

Ll . 3
B 1

1 T
@ PIPE TILTED 3° AND 2 INCH GAP IN ¥ICK LOCATED 2 INCHES i
FROM COLD END (STEADY STATE)
® HORIZONTAL PIPE WITH 2 INCH GAP IN WICK LOCATED 2 INCHES FROM COLD END

136 | i 1 1 1 1 |
b 2 4 6 8 10 12 14 16
PIPE LENGTH (inches)

TEMPERATURE ON SURFACE
OF HEAT PIPE (°F)

Fig. 4 COMPARISON OF TEMPERATURE DISTRIBUTION
WITH EFFECT OF DISCONTINUOUS WICK, 150°-190° F
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Fig. 5 INTERRUPTION OF VAPOR FLOW (PLUG WITH 1/4-INCH-DIAMETER HOLE)
190
< a
u —
2L
s8I e . |
¢ s
<
E T 150 l “~ —
E ?5 ® NORM;«L HEAT PIPE REGIME {NO CONTROL)
E @ HEAT PIPE WITH 1/10-INCH-DIAMETER PLUG =
ksl i | l |
1] 2 4 [ 8 10 12 14 16 i8

PIPE LENGTH (inches)
Fig. 6 INTERRUPTION OF VAPOR FLOW (PLUG WITH 1/10-INCH-DIAMETER HOLE)
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TEMPERATUKE ON SURFACE

TEMPERATURE ON SURFACE OF HEAT PIPE (°F)

OF HEAT PIPE (°F)
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130
® NORMAL HEAT PIPE REGIME (NO CONTROL)
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Fig. 7 INTERRUPTION OF VAPOR FLOW (PLUG WITH NO HOLE)
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© NORMAL HEAT PIPE REGIME (NO CONTROL) ®
8 HEAT PIPE FLOODED WITH ETHYL ALCOHOL
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Fig. 8 HEAT PIPE WITH EFFECTS OF FLUID FLOGDING

-G-17 -

e

ey




b 4 i St RN i)

T

i

LRI )

RLLLAF I ¢ 4 KM

v« et ssnants o IMERPAENEG R

D s,

The Johns Hopking University
APPLIED PRYSICS LARORATORY

Siver Spring, Marylend “\m{endix G
3 180 |
< L] [ ]
“- —
ST L.
z u 160 ——@—+—
oo _.!_._‘__'_‘
w Y
=
o :
X x 140
Wy,
a ‘c’a ©® NORMAL HEAT PIPE REGIME (NO CONTROL) ’ ]
E. 8 HEAT PIPE WITH INTRODUCTION OF AIR ™
T 20 | | l l
0 2 4 ) 8 10 12 i4 16 18
PIPE LENGTH (inches)
Fig. 9 HEAT PIPE WITH INTRODUCTION OF AIR
w 120
¥}
«
U
~ 160 — DG §
Zea © ¢ o
a
gr al = 9
T 80 I _.—FIT—T_‘_!!EL_
g % @® NORMAL HEAT PIPE REGIME WITH NO CONTROL (STEADY STATE)
x 8 START UP OF HEAT PIPE
W
- 60 i | I { | | |
0 2 4 6 8 10 12 14 16

PIPE LENGTH (inches)
Fig. 10 HEAT PIPE OPERATION AT LOW SATURATION TEMPERATURE (106°F)
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Comments

Generally the conirol techniques were satisfactory. The choking of
the pipe when the vapor regime was interrupted, with a plug having a 1/10" D
hole, suggests that valves with small openings can cause pressure drops and
consequently short circuiting. The effect of condenser parameter variation
was most satisfactory. Tnis technique comes closest to stopping the heat pipe.
Introduction of air as 8 non-condensable is an inferior technique owing to the
existence of water vapor which acts as an impurity if sufficient quantity is
introduced.

Since the piugs were aluminum and the heat pipe was stainless steel,
an electrolytic reaction would result with susteined heat pipe operation.

It is felt that the evaporstor and condenser walls must be of high
thermal.conductivity whereas the middle section need not be. High thermal
conductivity of the wirk is elso very desirable.

1: was noticed that a loosely packed wick can cause alcohol vapor
bubbles to be trapped b.tween pipe wall and wicks. This ceuses a region of
high temperature to travel up .o the evaporato: and collapse. There is however

no particular significance to this phenomena.
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Subject: Partial Analysis of the Heat Pipe

Reference: (a) APL/JHU M.mo SDO-1154 dtd 29 March 1965

In order to assist in the work on heat pipes and to allay
any lingering doubts regarding the certainty of operation of the

heat pipe at a predictable level in the orbital condition a simplified

analysis of one aspect is presented herein for consideration and
comment.

It appears probable that one of the major uncertainties
in the practical design of a heat pipe and also the principal source
of doubt coancerning the operation of the heat pipe in the so-called
"zero-g' environment of orbital motion is the nature of the capillary
flow in the device. Assume a capillary tube in static equilibrium

as depicted in Figure 1. The pressures acting on the liquid in the
tube are the capillary pressure, 4

cos 8§, the gas pressures Pl and

Pz, and the gravitational head, hs af,; using the following symbols:

T is the surface tension of the liquid

] is the angle of contact at the edge of the meniscus

betweer the liquid and the wall of the tube

D is the inside diameter of the tube

Pl and P2 are the gas or atmospheric pressures at the points noted

hs is the liquid head under static equiliibrium

a is the acceleration, gravitational or otherwise, against

which the tube is working

L is the density of the liquid
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Fig. 1

CAPILLARY TUBE IN STATIC EQUILIBRIUM
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With liquid-solid combinations wherein wetting occurs @
is less than 90°, as illustrated, and if the wetting is particularly
gocd, as in the case of watexr and glass, 6 >~ 0. Thus the static
pressure equilibrium of a selected case can be written

$E-h_a p, + (Py= Py) (1)

The capillary tube is capable, under appropriate con-
ditions, of delivering a sustained flow of liquid to some sort of
a removal process, such as evaporation at the meniscus as shown in
Figure 2. An '"appropriate condition" in the context of the heat
pipe is a value of h, less than h, . Assume that the sketch illus-

trates dynamic equilibrium, i.e., the flow rate and the evaporation
rate are equal. Because of the low velocity of flow and the large
lengtn-to-diameter ratio of the tube the viscous flow relationship
commonly attributed to Poiseuille is applicable
9p _ 128 y L V . (2)
nD g
where

op is the pressure drop in the liquid due to fluid flow

e -is the absolute viscosity of the liquid

L is the length of the tube

v is the volumetric flow rate

D is the inside diameter of the capillary tube, or the
‘equivalent tube diameter'" of a material which does not
actually have discrete, measurable tubes. It is assumed
that the actual or equivalent tube diameter is the same
for both capillary and Poiseuille considerations.

g is the gravitational coustant and is employed for con-
sistency of urnits

and

hf is the ligquid head under a flow condition

The dynamic equilibrium can be written in terms of pressures as

47 . v
v hf P, G + (Pl- P2) + 128 ﬁ LV (3)
nD g
- H-3 -
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It is apparent that the smaller the tube the greater is
the capillary pressure tending to produce flow; on the other hand,
the larger the tube the greater is the flow rate for a given avail=-
able pressure.

. ftemlin

In order to examine the counterplay of these contradictory
trends we shall hold all of the variables in the design constant
except tube diameter, D. Then we can substitute in Equation (3)

and rearrange, getting . ;

v - medt  [a -k (4)

128 L |D :

Differentiating with respect to D and setting d& = 0 we find that %
the maximum value of V occurs when dap :
D = gt (5)

Equation (5) is the basis for the designer to speciiy
the equivalent tube diameter which the capillary material should
bave for his application and equation (1) provides means for him to
determine experimentally (by observation of the static head) the
equivalent tube diameter of various materials in order to select one
meeting the requirement.

The other basic characteristic of the capillary material
is the number of equivalent tubes in a unit cross section of the
material. One way of making this determination might be to observe
the volume of flow during an interval of time through a relatively
short length (so that V would be large) with accelerated evaporation
induced at the discharge end as shown in Figure 2 and then to calcu-
late the number of multiples of V (from Equation 4) present. In the :
case 0of a very uniform material, such as porous ceramic or porous ;
sintered metal (but not wire mesh or woven materials) wherein ;
there are no voids or passages larger than the equivalent tube
diameter a simpler prccedure might be to apply a pressure differential
across a sample and, using Equation 2, determine the number of mul-

tiples of V.

Applying the foregoing reasoning tc a heat tube operating
at an input temperature of 20° C and using water as the workiang fluid
we employ the following physical constants and assumptions:

- H-5 -
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3
n

72.75 dynes/cm
g = 981 cm/sec2

g and O

QR
1

£ 1.0 gm/cm3

L
p = 0.01002 poise (gm/sec cm)

Since the heat input end is at 20° C, P
dynes/cmz.

1" 17,535 mm Hg or 23,400

We shall assume a temperature drop across the heat tube of 0.2° C,
which is probablv excessively large, but show later that this as-
sumption is not critical in the gravitational case.

Then

P, = 17.319 mm Hg or 23,100 dynes/cm?

For the application suggested in Reference (a) the geometry is ap-
proximately as illustrated in Figure 3, which is a marked-up version
of an earlier sketch employed in Reference {a). Althcugh we are
probably justified in designing for a desired flow rate to the mid-
point of the battery tube we shall employ both that tube length and
head and also the length and head to the top of the battery tube, the
latter for conservatism. Then

Case 1 and Case II

hf = 15,9 cm hf = 24.8 cm

L = 17.8 cm L = 26.6 cm

Since we are interested in both the performance of the
capillary under an environment of 1l g, e.g., in a laboratory thermal-
vacuum test chamber, and also under an environment of zero-g in orbit
we shall first solve equation (5) for each set of conditions, and
then equation (1) and (4). The results are tabulated below.

1l g environment* 0 g environment

D v h_ D v h_%*
cn ce/sec ch cm cc/sec ch
Case I .0137 2.52 X 1072 21.6 7275  3.78 X 10° .4
3 3

Case II .0088 4.5 X 10° 33.7 7275 2,53 X 10 .41

* iji.,e., working against 1 g

*% not applicable in O g, but the value quoted is for the optimum value

of D for 0 g as observed under 1 g.

- H-6 -

1

fommmonisn,
4 LY




0

TP A

ad

T Ve

T

LTl ftit

I

w'vrmm”

P L SRR TN

The Johns Hopkins University
- . APPLIED PHYSICS LABORATORY
Siiver Spring, Marylend

kY

IR EARIRIE LA T Het

Appendix H
el s a———

STORAGE

0 R

{e—— BATTERY TUBE

|
!
|
!
b
|
I
|
!
CELLS F=—-—-
I
!
!
r—

b Yy

ELECTRICAL
INSULATION "‘——-"

s e cme et - S — . " S —— e e mme e dd

P e e e e S — e d— A S — -t —— —

U W —

|
| h
i f
|

HEAT TUBE, S

HEAT FLOW

IN EITHER

DIRECTION

BASE PLATE

@,

ram pee

By Ly :

SPLIT FLANGE CLAMPING
PANCAKE END OF HEAT TUBE
L — TO BASE PLATE !

— } g

3

NOTE: WORKING FLUID AND CAPILLARY WICKING
WITHIN HEAT TUBE NOT SHOWN
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oo iy

I

[

- H-7 -

R AR




7

o+ 18 seorrmsmrmassvoren mevtmasnwinttil Bt TR

The lahas Masbiang Usiversity Appendix ,H
APPLIED PHYSICS LABORATORY _—

river Soring, Marylene

The radical effect of the presence or absence of a gravi-
tational or other force field is apparent. 1In performing these

calculations it is noted that k is composed of 4

hf ptaaoZXIO and
(Pl- PZ) =3 X 102. Thus the effect of a modesttemperature or pres-g

sure drop along the tube on the choice of D and ¢n the value of V

realized is slight in the gravitational case but must be a2llowed for
conservatively in the orbital case.

One might design a heat pipe to operate optimally against
1l g so as to permit operation of all other portions of the satellite
at the design point in ground testing. The Case I design employing

the 1 g choice of D would, in the 0 g environment, be capable of
V = 9.9 X 1072, Similarly, Case II would be capable cf V = 1.78 X 1072

in orbit. This course of action would have the advantage of grouad
checkout in the most adverse attitude, but with a substantial over-
design for orbital use. The only apparent justificztion would be
some stringent iimitation of a ground test set-~-up.

A more desirable procedure in the case of an orbital ap-
plication employing a straight pipe would be to design for 0 g and
to check the operation of the heat pipe in a horizontal position so
as to get effectively O g in the principal dimension.
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