
General Disclaimer 

One or more of the Following Statements may affect this Document 

 

 This document has been reproduced from the best copy furnished by the 

organizational source. It is being released in the interest of making available as 

much information as possible. 

 

 This document may contain data, which exceeds the sheet parameters. It was 

furnished in this condition by the organizational source and is the best copy 

available. 

 

 This document may contain tone-on-tone or color graphs, charts and/or pictures, 

which have been reproduced in black and white. 

 

 This document is paginated as submitted by the original source. 

 

 Portions of this document are not fully legible due to the historical nature of some 

of the material. However, it is the best reproduction available from the original 

submission. 

 

 

 

 

 

 

 

Produced by the NASA Center for Aerospace Information (CASI) 



i,

10

"

 
FIF
OIL

dr

61111 
k .' , f11 -,/ 	 .

FINAL REPORT

CIRCUMFERENTIAL( HEAT PIPE SYSTEMS

—# OR LARGE STRUCTURES

0, W. Clausen, B. D. Marcus, W'. E. Piske, IZ. C. Turner

Contract No. NAS 9-102991

December 1970

(ACCESSION NUMBERY	 ITHRUI

(PAGES)	 (COOK)C , I I q
(NASA CR OR TMX OR AD NUMBER) 	 (CATEGORY)

Prepared for

National Aeronautics and Space Administration

Manned Spacecraft Center

Houston, Texas



.11

I I ­', 4 ' ."	 ! '.

ACKNOWLEDGEMENTS

The combined efforts of man) , people ear.ornpassing a wide range

of te-.1inical and manufacturing disciplines ,were require(I to bring this

program to its conclusion. The authors would likes, to gratefully acknow-

ledge the work of all people involved, I)otb directly and iii 
an advisory

rolo.- We would like to specifically acknowledge the extra efforts o!

R. S. Boehnlein, D. Safford and W. If. Darr, in the fabrication of the

heat pipe systems, of G. D. Perry in the structural design activity, and

of C. Salts, D. J. Brooks and T. J. Fraker in the processing and pre-

Urninary testing of the pipes.

Specia-1 thanks go to G. L. Fleischman for	 analytical predictions

of the performance of the pipes and to R. L. 	 who coordinated the

packaging and shipping phase of the program,,

We would like to express appreciation for the leadership and guidance

provided by R. C. Anderson and J. T. Be-vans on this program, and the

physical as well as moral support contributed by R. L. Harnmel throughout

this effort. -	 I



10

n I

ABSTRACT

Application of heat pipe- systems to rnrannl spacecraft requires

nonsiderable development study, particularly in the areas of fabrication
and testing, of large scale heat pipe c*ystems- This report describes a
program for the design and fabrication of two full scale 50-foot cirr.um-
ferential heat. pipes (ono water and one an-u-nonia) for test with the Sub -

systcm- s Test Bed (STB) in the NASA/MSO, Charnber A The rnial Vacuo';n
Test Facility. Conventional heat pipe technology was applied to the
problems of large scale systems, and manufacturing techniquQs (e,
modular n ation) were devoloped to permit their fabrication. Thermal
vacuum testing was directed toward an investigation, of steady-state and
transient response characteristics, and to explore potential problems
associated with diffusion freezeout and start-up.

The n-ilajorareas of accomplish rent on this program were:

The use of modularization concepts to fabricate
large scale heat pipes was demonstrated,

Two 50-foot circumferential systoms, one with
water as the working fluid, and one with ammonia,
were fabricated and operated as heat pipes in air,
ambient (laboratory) environment. Closure
difficulties required removal of fluid from the
ammonia heat pipe prior to thermal vacuum
testing.

• Steady-state operation of the water heat pipe
system under simulated space conditions was
demonstrated.

9 Valuable data were obtained on the diffusion
f reezeout phenomena of large heat pipes in a
space environment. Start-up from a frozen
state was successfully affected using auxiliary
heaters.

Planned study of the use of an inert gas for frozen start-up of the ammonia
heat pips was not achieved due to failure of the ammonia pipe. Data col-
lected for the water heat pipe system indicated the concept is feasible.

0_9
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I. INTRODUCTJON

Heat pip(: technology has progressed to a point of practical applica-

tion to the thormal problems of unmanned spacecraft. This is an.1ply

demonstrated by a nuix)bcr of flight, exporin'le,11ts	 AD.'S-E,

0SO-PAK) and by upcoming plans for namerous othor flight systerns.

.E'x-tansion of this tc, ,hnology to manned spacecraft, on the other hand,

will requiro coA.siderable developmont study, particularly 41 terms of

the physical size of the heat pipes involved. Potential prograizis which

might benefit from heat pipes typically require units wbich are substan-

tially longer thaii those for unmanneki systems. While theoretical. or

phenornenological advances may not lie necessary to accomplish this

cxtensit>n, it is obvious that demands on existing technology are more

,;cvere, Of particular concern are i) the pumping requirements for the

Iliermal loads and physical lengths involved; Z) the potential freezing

problem during prolonged eclipse and the attendant problem of restart;

and 3) the fabrication technology necessary to mantifacture heat pipes

of great lengths.

The primary objective of the program repox:,ed here was to design

and fabricate two full scale 50--foot circumferential heat pipe systems

for test with the Subsystem Test Bed (STB) 
in 

the NASA/MSC Chamber A

Thermal 'Vacuum Test Facility. Specifically, the effort was directed to

the 1011OWiDg goals-,

• Extend conventional heat pipe technology to the
problems of large scale system applications,

• Develop manufacturing techniques (e. g. , modu-
larization) to permit fabr-ication of large systems.,

• Investigate steady-state and transient dynamic
response of large heat pipes under simulated
spacecraft conditions, and

• Dcplore potential freezeout problems and the
introduction of a noncondensible gas to effect
start-up of very large heat pipes from a
frozen state.

The units, shown in Figure f- i in- Thermal Verification Testing, were

01^	 designed to operate with water as the working fluid in one and amrfionlia

as the working fluid in the other.
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The time schedule for this program was oxtremely short; three
moxitb.s were available for design, fabrication, proliminary testing and
delivery of the units to NASAIMSC. Consequently it was necessary to
short-cut many ;Jesign ./rranufacturing activitles without verification at

thet subscale Ievel, a situation which undoubtedly contributed to numerous

fabrication and testing difficulties, In particular;, after experiencing

several p.-oblems with the operation and finally closure of the an.-imonia

heat pipe system, it was decided to remove the aii " tonia charge prior to

shipment to NASA/MSC and replace with methanol. For the edification

of the reader, the test data and rationale leading tip to this as well as all.

major program decisions are documented in detail in this report.
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2 . HEAT PIPE SYS TE M DESIGN

The heat pipe systems designed and .fabricated under this program
must be considered developmental units in that they reprosented one of the
first major attacks on the problems associated with large scale heat pipes.
The design activities, t:hereforo, were primarily directed toward the per-
foraraance of the heat pipes themselves with prop o rtionally less co n cern
for auxiliary functions.	 There was, for exai-nple, no effort undertaken
to build a "flight weight" system or to provide extensive quality assurance/
quality control beyond that necessary in ordinary research and develop-
nient programs.	 This program was also severely constrained by the
schedule; only seven. weeks were allocated for final design and fabrication
efforts, and .five weeks for processing, filling,- and performance verifi-
cation testing.	 Little time was available for resolving unanticipated
developmental problems.	 It was necessary, therefore, to manufacture
the systems as much as possible from existing technology and materials
in order to sati s fy these schedule commitme nts. i

2.1 REQUIREMENTS
{

An overall diameter of 183 inches was selected for the heat pipe F
systems to coincide with the outer diameter of the STB. 	 This resulted
in, a heat- pipe 57 5 inches (48 feet) long.	 The diameter of the individual t

pipes was chosen to be approximately 1/2 inch as a reasonable tradeoff`
between weight, heat flux and fabrication restrictions. 	 A support stand
was also required to physically and thermally separate the heat pipe sys-
tems from each other and from the STB.

The design heat load for the heat pipe section was 'one sun" (130
watts/ft2 ) perpendicular to the axis of hoop; a fin was attached to each
pipe for absorption and rejection of thermal energy. 	 In airy real applica-
tion, the system described would be one of a number of pipes spaced along #
the longitudinal axis of the spacecraft and joined by a thermally conducting
fin.	 A fin was, therefore, necessary on each heat pipe system for _realis-
tic testing.	 However, since the primary concern of this program involved
heat pipes, no attempt was made to establish an "optimum" weight fin

I^
geometry.

1 2-i
._	 -
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Since manned missions are of primary concern, an operating tem-
perature of appro.,.-irnately 70 0 F was selected.	 For ari isothermal cylinder
in space sunlit on one side on)-y, and negjectiiig earthshine and albedo, a
simple eneigy bal,.xnce gives

0*	
S as
TT 

whe re
J

T	 absolute temperature, 0 R

S	 solar constant, 442 Btu/hr-ft2
-8	 2	 o R 4a	 Stephan Boltzi -nann constar t,	 J,713 x tO	 Btu/ hr-ft

asolar absorptivitys
4E	 total hemispheral emissivity

-This expression assumes that the 'hoop' is perfectly insulated on the inter

nal surfaces.

Calculation shows that if

4	 S	 442	 2	 0i, o-T	 W.8 Btu/hr-ft	 T	 760 Es	 n	 n
Also,	 if

4	 0126. 9,	 T	 6z Fs
and if

i	 4 0
A	 0--T	 154. 8,	 T	 89 Fs

Therefore, fora /c of 1.0 +0. 1, the heat pipe system operating tempera-s
ture would be bounded between, 62 and 89°F, with a nominal value of 760F.

The power requirement of the hezat pipe sy6tems can be determined
from  the following equation

4Eo-T	 (2)QR	 A
whe re

Q	 total radiated energy, Btu/hrR
A	 total heat rejection area, ft

2-2
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For a heat- rejection area of 2300 in 2 (based on a four -inch wide fin which
is 575 inches long) and c . = 0.-?,6

Q R = 0. 26 x 2300 x 0. 287 = 172 watts

11alf of this energy is rejected directly from the sunlit side and the rernain-
ing 86 watts must be transported by the heat pipe to the shadow side. This
requirement, discussed in greater detail in ensuing sections of this report-,
cannot be accomplished by utilizing conventional wicking systerns. In
order to transfer this power with a level heat pipe system, an arterial
wick structure was necessary, coupled with modularization techniques.

2.2 DESIGN CONSIDERATIONS

I General

The function of any heat pipe is to transport thermal energy from a
source to a sink with a minimum of intervening thermal resistance. The
design requirements for heat pipes on large structures can be illustrated
by two examples:

• Th,e heat pipe is made integral with the vehicle skin and
is continuous. Such a pipe will equalize the circumfer-
ential temperature by transporting the energy absorbed
on the sun side of the vehicle to the shaded side; e. g.
effectively "spinning" the vehicle thermally. This appli-
cation requires any section of the pipe to act both as a
collector and dispenser of thermal energy depending on
the vehicle orientation.

• Limited regions at each end of the pipe act as a source
or sink with or without an intervening adiabatic section.
This ' type of pipe would be used to connect a cold plate
for electronic equipment to a radiator on the vehicle
skin (the cold plate and radiator could also be heat pipes
in a cascaded system).

In both of these examples an important aspect is the requirement fora
heat pipe of unrestricted length. once long heat pipes (over 40 feet) have
becorne state-of-the-art, other refinements can be c,onsidered; e. g.
cascading, constant temperature control, thermal switching, etc. The
concern of this prcglram was the first example above.

2-3
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t. i	 Modular Tcchni,qLie

The practicality of utilizing sn-iall heat pipes for functional space-

craft applications has already been established. 	 However, the inanufac-

turing tecluiiques and processes used for these smaller devices did not

readily lend themselves to large scale heat pipe structures of the type for
use on manned space stations.	 Consequently, the problem-is associatedA,

with inanuf a etu ring, assembling and processing large scale heat pipe

stru.-tures had not been fully explored. 	 If large scale heat pipes are to

be used witli efficiency in the future, a modular approach to their rnanu-

facture must be developed. 	 Once the problems associated with modular

construction have been solved, there will be no limit to the size or geome-

try that can be manufactured. 	 These "building blocks" can be used to

custoinize a particular beat pipe application of any magnitude.	 Of course,

as discussed later, there are practical limits to the hydrodynamic purnp-

iiig distances which can be considered.

2. 1, 2	 Arterial Design

11 large heat pipes are,to become a practical reality, the . designs
A;

1,11LISt depart from "conventional" type capillary structure 5.	 For distances

rnuch over a few feet, the viscous drag factor becomes larger than the

available capillary pressure head. 	 It is true that the viscoas drag in the

licluid can be reduced by increasing the pipe diameter and u ,Ang thicker

wicks.	 However, from a practical point of view, the thermal resistance

between the source or sink through the liquid-wick interface may become
c.Kcessive causing large temperature drops. 	 Also, the system weight

increases substantially.	 If the liquid viscous drag can be greatly decreased

without adding to the temperature differential and weight, a practical heat
pipe of high performance can be realized. 	 One method for accomplishing

this is known as the artery technique.	 il igure 2-1 shows four ways in

which internal arteries can be introduced without greatly increasing the

source-sink temperature differentials.	 The arrows denote the areas for

absorbing and extracting the thermal energy.

2-4
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In the first three methods, the arteries are located so as to mini-
('11- )

mite the therrnal resistance through the fluid-wick combination. Typo A,
with a pedestal,-n-iounted internal artery is an attractive approach in that
it does not restrict the heat input zone. However, the state-of-the-art of
heat pipe n,-)anufacturing at the onset of t his pvograrn did not permit the
joining of this type of artery in a rrwdular manner 'because of its irregular
cross section, Developing the necessary ManURICtUring skills during the
course of the program was not possible because of the severe schedule
and financial constraints. In type B, the wick is of cylindrical geometry
and the arteries are formed by using an irregularly shaped tube. This,
too, has disadvantages in that the heat pipe must be a pressure vessel.
Thus, to maintain this geometry under pressure, the wall thickness must
be increas,ed, resulting in a weight penalty. The best, pressure vessel is
a -simple cylinder, which suggests types C or D configuration. These are
annular aritery approaches which not only have an inherent artery by virtue
of their geornetry, but are excellent pressure vessels and, because of
their purely cylindrical geometry, readily lend themselves to the joining
of module interfaces.	 The coiJiguration shown as type D has a number of
manufacturing advantages, namely that fabrication and joining is signifi-
cantly simplified over the other configurations and that careful control
over the arterial thickness (5) is possible through the use of spacer wires
welded to t2h,e inside of the tube.	 The major disadvantage to type D is the
relatively thick liquid layer through which heat input and heat rejection
must take place,	 This drawback is particularly seriou vo in the case of a
high power density heat input where large AT's across the liquid interface
in the, evaporator can cause boiling internal to the liquid artery with resul-
tant :failure  of the pipe.	 Configuration D, however, is attractive for low
power deris,.fty applications such as for this program, provided the pipe/

i tj

141it

vapor AT in the evaporator can be maintained below that which would 14

induce nucleate boiling. 	 This approach was selected for the heat pipe
designs on this program, the decision being heavily influenced by the time
available for developing manufacturing techniques.

2-6
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In all. arterial heat pipes, the fine pores 
of 

the wick, (e. g. , fine mesh
screen) provide the capillary pressure head required to pump the working
fluid while the artery provides, a. low resistance longitudinal liquid flow
path. Consequently, it is necessary that the artery be sealed over its
entire envelope to prevent any openings or holes that are larger than the
pores of the wick material. In other words, the available purnping lioad
is determined by the largest opening in the wick. Careful control. of nianu-
facturing processes is required to insure fliat no openings larger than the
wick pore size are allowed in the artery. This is of particular concern
when joining the multiple heat pipe modulos.

Care must also be exercised to assure that the spacing between the
artery wick and the pipe wall is carefully controlled. If, this spack'i,g is not
controlled, i) the thermal resistance innreases over portions of the tube
and, under high enough loads, boiling can occur within the artery and
2) the pipe inay not prime (as discussed later). Boiling in the artery , not
only leads to unstable heat pipe operation, but can ultimately cause a
cessation of operation if the liquid return path is interrupted by the asso-
ciated vapor lock.

Another aspect of arterial heat pipe design is the need for testing
under one-g conditions. It is true that the artery, once filled with liquid.,
will remain full under expulsive forces (e, g. , gravity, vibration, etc.
up to the maxin-lurn capillary head producible by the wick. However,
should it be partially or fully depletbd of liquid, it is necessary to design
for automatic refill; i.e. , the artery should be self - p rimin g . This is	 i

a trivial matter under zero-g conditions, but it requires considerable
attention in a one-g field.

2. 2. 1. 3 Steady State Operation

From a steady state operational point of view, there are two prin-
cipal effects of large scale heat pipes. First, the increased flow length
causes significant pressure drops in both the liquid and vapor flow, which
act to decrease the rnaximum heat transfer capacity of the pipe. Second,
the increased pressure loss in the vapor transport phase manifests itself

.$P	 as an increase in the overall heat pipe temperature drop. The arterial
wick structures previously discussed decrease the liquid flow losses

2-7
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cons ideraWy. Such wicking; systems have been successfully proven in the

past. The fabrication of such wicks in vary long; heat pipes of nnodular type

construction did, howuver, represent a major extension of previous

technology.

The second farfor, the tendency to increr- se the vapor pressure loss,

can be ovc!rcorne by either increasini , the vapor flov., area (I. e. , pipe
diameter) or by choosing; a working; fluid such that this :;lope of the vapor

pressure curve (dp/dt) is very large at the desired operating, ter»l,crature.

F'rcrrr a sysler -Tr weight point of view, the latter is the preferable approo li

and .%-as selected for this prog;rarn.

Z. 2. 1. •1 Tran.,.ient Operation and ;hart TJ frc,tn a Frozen State

Transient operation of heat 1. pes poses entirely different problem.:

then those re).tted to steady state.	 One of tyre snore serious of these is the-

ability of the meat pipe to restart from a fr(,,..en state.	 The danger in such
a startup is that the evaporator section can become depicted of working;

fluid before the fluid in the condenser is completely melted. 	 Fluid cannot
return to the evaporator, 	 leading; to a Tryout failure mode.	 This prohlen)

is further al g;ravated as the heat pipe length is increa;red because of the 0
need to melt larger quantities of iror.en working; fluid. 	 One approach to
solving; this prohlein,	 which has met with some success, 	 is to introduce

a quantity of noncondensible gas into the pipe to establish rrrinmium pres-
sures level.	 The presence of this gas causes a diffusion barrier to oppose

the vapor corning; froin the evaporator during startup,	 causing; it to c ►-)ndense
in cluse proxir»ity to the heat source.	 As the evaporator temperature
rises,	 tho vapor pressure of the fluid increases and compresses the
noncondensible gas, 	 resulting; in a continually increasing, "effective" heat
pipe length.	 At operating temperature (and pressure), this gas should be
c0111pi-essed into a very small portion of the pipe, 	 causing; a minor loss of
performance.	 Althuug;h this technique has been demonstrated on ;mall
heat piper (15 feet and less), 	 there was a major c	 tern as to whe'l lrer it
IWOUld v:ork successfully on the heat pipe systems developed on this pro-
grarn.	 First of all,	 to start very large pipes such as these, 	 the	 i nount of
noncondensible gas becomes appreciable.	 Theoretically,	 the gas inventory
111uat be such that,	 under frozen conditions, 	 J ts partial pressure is greater
than the vapor pressure. of the working; fluid at its rnelting point. 	 This
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requir vnient sug l ,vsts the choice of a working; fluid such as a>>iiijotli: ►
has a very high ratio of vapor presssure bctwocr ► operational condition.,;

(;: 128 psla at 70°h) and its molting, point ( 0. 9 ),r,ra at - 108 .• 1• • ) in order

that the gas be o 1 0111pretised to an acceptably small volunre \0 1t11 the

is ,ruder load.

Aside; f-oi-ii :y (,me loss of condenser ;trc • a, a large gas blocked zone

can lead to a heat }ripe failure mode which might arc Called "diffusion

frevz, out." Vapor continually diffuse:, into the noncondensible gas blocked

region and condenses. Normally, 1he condensate is simply pumped back

to tilt. active lone by tile: wick and tAcady-state operation continuum. If,

however, part of the g;a:, blocked rune falls below the freezing, point of the

fluid, the vapor diffusing; into this region freezes a ► rd i:: last to the systc in.

Eventually, this process can deplete the evaporator of working; fluid and 	
c

the heat pipe fails. 'Phis phenomenon will he discussed in more det til in

Sectic,n 4.4. l.. L. By minimizing the ultimate gas blocked Iong,th, it is

possible to avoid subfreezing temperatures ar;d HAI!, obviate the diffusion

frte •r,e-out problem.

Ammonia, as wilI be shown in Section 2.2.3, is a marginal fluid

(f:r • or-n a hydrodynamic standpoint) for the type of artery system chosen.

Secondly, ammonia, which has a relatively low thermal cvr,ductivity as

Svc ]1 as a vary low allowable superheat temperature is par • t;cul;11-ly sus-

ccptable to incipient boiling.

In a conventional heat pipe wick consisting; entirely of a mesh or

sintered type capillary structure, Moiling call be tolerated to some exterrt,

AFF, the bubbles find their way to the surface of the wick and escape, they

are replaced by new liquid through the capillary action of the wick. This

is also true for the pedestal type artery mentioned previously. However,

in the concentric type artery employed on this program, vapor generated

by boiling fills the artery in preference to escaping through the wetted

wick, resulting in a total vapor blockage of the heatee zone.

Theoretically, in a perfectly pure system containing noncondensible

gases or contaminants, a fluid can boil only by rr ► eans of heterogeneous

nucleation resulting; from molecular agglomeration. Such nucleation, for

must fluids, requires substantial superheat temperatures (on the order of

' - 9



hundreds of cletirce:; for Hance fluid,,). However, in the 1 >rc • s,cncc of nun—	 `^-

concleraible gases, the gas present i,i small cavities can the Isr:ited vurface

acts as a seed to promote what isi known as, ",cuc• leation from a pre - existing

gascous phafse. ►► The presence of tllis g,asecaur, I i ved' acts, to sharply reduce

laic <<mcaunt of superheat that a fivid can scustain without nucle.iting. The

fc ► )lowini , expression approximates the critical scoperheat for incipient

boiling if nuncondem--ible gases are present in a lie -tit pipe

2 ^^'	 c1

LET
_	 ^1t ._	 t _ cos, 0

Grit	 .lht'	 r	 rv	 n	 c

^vIiv I.

Allc rit = superheat lc,r,l,craturc to iwiuce boiling by
gaseous 1111cleation, "T'

11 sat
= vapor saturation temperature, "F

v = liquid surface tension at T sat' 
lb/ft

J - universal conversion constant 	 '778 :t-11)/13tu

C,
sat

x = latent heat of vaporization at T 	 , Btu/lb/lb

P  = vapor density at T sat , lb/ft3

r 1 = nucleus bubble radius, ft

0 = fluid wetting ankle

r = capillary radius, ft
c

This equation states th,ct, in the 1)resen,-_	 noncondensii.le gas, a bubble.
nucleus of radius r J1 , present in an z,.rte ry constrained by a capillary
radius r c , %vill grow when the liduia surrounding it is superheated by the
ac,i.aunt QTGrit' This is the onset of boiling, and will occur first at the

region of highest superheat; in the present application, the inside surface
of the wall.

For the concentric type artery used on this program, All crit was
calculated to be 0. 04 to 0. 4 0 F for a,rnmonia over a typical value range of

r11	 1 x 10 3 to to - 4 inches, respectively, at Tsat = 700 F. This range

B. D. Marcus, "On the Operation of Heat Pipes," TRW Independent
Research Report No. 9895-6001-'rt1--000, May 1965.
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of t;upc • rl„ ;it tt-niprrature is vary low and was thc• banes for cunc:ern ,,it; t(.

whether the nuncondt • nsible gas method Of starting from a frov.ert t; tatc • war;

i1l'l'lic;1bIV with this p:cr• ticular type artery.

L. L. 1. 5 hluid/Material S( leclion

For heat pipe ol-wration at teniperaturet, near amhieW, thore art,

three fluids to be cont^idered as good }seat pile fluids;. 'I hey are: water,

amillonia, and methanol. 14 rom a hydrud^• naii • ic licictid transport stand-

point, wa ter is Vest, followed by ammonia, with methanol a dit;tant third.

Although water hat; a higher liquid transport factor and thermal conduc-

tivity than ammonia, it does have some carawbac • lcs. Yirt,t of all, at 70`F,

water har, a vapor pret;t.ure of only 0.363 pcia. Secondly. at this it mper-
ature It,vel, the slope of the vapo ,. pressure curves (d1)/(It) iS relativt.-ly

small, meaning apprf • c• iable ti-mperature losses are atit ociatc• d with very

small pressure drops. F—)rth l^rmore, at this 1c,w prestzurv, even a small

.quantity of noncondentiihle gas call 	 and effectively shut off a signifi-

cant length of the condenser. For this reason, the noncondensible gas

tecl,iiique for restarting fruzen water heat pipes was considered inapplicable.

On the osier hand, ammonia has a very high vapor nrCssure ill this

temperature range (128 psia at 70'F). At this pressure, tl,e quantities of

noncondensible gas required for startup occupy a relati-,-ely small volume

at the operating temperature of the pipe. However, as was pointed Out ill

Section 2. 1. 1. 4. , the p resence of this gas might cause nucleation v.-ith the

type of artery being used. Another serious drawback \ ,. , Ith aminonia is its

hazardous nature. Methanol was than considered, sine its properties are

a compromise of those of ammonia and water m ith respect to the prohletns

just mentioned; however, its liquid transport factor is substantially below

«, ater or ammonia.

It was, therefore, derided to fabricate two heat pipe systems, one

using water and the other us;ng ammonia, to study the merits of each fluid

with respect to the either. Since the program was not oriented toward fluid

studies, it was further decided to keep as many things as possible similar

between the two pipes. Of the rnaterials known to be compatible with both

ammonia and water, the 300 series stainless steels are considered hest.

_	 Until recently, the stainless steels; have presented a compatibility problem
t
	

with water, due to the generation of hydrogen. This prob.em can be miti-

gated, however, by the use of selective passivation techniques.
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2. 2. 2 W.-.ter IIe.•It 1 -1	 stc•III

Fig;ci-• e 2-2 shows a crass section of the heat pipe-fin a";st-111bly. The

hasic heat pipc concept is 0i:d shown as type 1) in Fit,ure 2-1. There are

`.ix SPaC( • I %Vires:, located betwet:i, the wick alld thc Iw at pipe wall to :ori,1

:t lc)w viscous drag; fluid art: • ry.	 '1'lie initial design called for 1 - 1 /•1 llll•IlS

Of 2U0 mesh screen to provide the capillary structure. 'The screen was

held ag.,ainst the space r wires by an internal spring.

As was nienlioned previously, this type of ti rt--y must be self-

priming	 This rricans th:it careful control over the gal) width f^ must be

maintain0d. Too small of a gap width results in a liq, '•1 pre 3sure drop

too high to permit aocquate rctu: • n of the fluid at the power­ levels required.

Too large of a gap means dhe artery would not prime wid, liquid and the

pipe would not function at any power level. Another crucial aspect of this

design is that the maximum capillary head will he limited by the largest

opening that exists between the vapor space and the liquid artery.

For a perfectly constructed system this opening; corresponds to the hole's

in a ?.00 mesh screen. If any larger openings exist in the artery, 4he

entire pipe may fail when ti,:ct section heconies an evaporator. Vacuum

chambe. tests call fo g- every point along the heat pipe to l)ecome an evapor--

ato r at one time or another.

With respect to the first concern, self-priming;, it is clear that an

ol)timization had to be made with respect to the arterial gap width b. in

order for the artery to self-prime, the following; expression must he saiis-

fied fa a horizontal pipe

Y cos 0
b` PR —I -,' I g"o

wlic re

Y - liquid surface tension, 1b/ft

0 = wetting; angle

Pf = liquid density, ll)/ft3

R = radius of }seat pipe wall, ft

g = acting gravity field, ft/ sec 
2

90 = ea rth's g ravity = 32. 2 ft/ scc2

(4)

Co
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2 COPPER

SPACER WIRES

200 MESH SCREEN RETAINED

WITH SPRING

- b Fl JID ARTERY

--- SOLDER

ALL HEAT PIPE MATERIAL

iS 300 SERIES STAII`ALESS STEEL

Crass-Sectional Vie •,, , of Fin/Tube/Wi-k Configuratic.nFigure 2-2,

6
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(5)

6

For earth . boujid tests fi/l;o = 1 .end the egiialion reciu(-r. to

cos 0
t^^ It

For water at 76°F, and at sufning a conservative wetting angle

of 45 degrees

4 93 x 10_3 x U '707 x 144
	62. •1 x U. 25	

U U32 inch

For a safety factor of approximate)y Z

b - 0. 01 R	 = U. 5) inch
rna::

With a gap thickness of 0. 015 inch the watc-r heat pipe -would have to be

kept flat within 0. 25 inch (H max
-
 Rtiibe) in order to be self-priming.

The hydrodynamic characteristic:; of the system were then clieciced for

this grip thickness to in.-ure that an adequate factor c  safety was available

with respect to the liquid and vapor pressure drops ver mus the available

capillary head. Figure 2-3 presents the performance curves showing the

vapor pressure drop, liquid pressure drop, and availab:e capillary head,

versus the ankle d) proceedilig away from the sun normal point n for water

at 76 °F. Note that the summation of all t1w lasses is well within the avai f-

able capillary head and a theoretical factor of safety of 4.04 exists for this

design at 76 0 F. At a calculated temperature of 10 .1 o F (the pipe operates

at this temperature during laboratory testi.ig), the pipe has an even higher

factor of safety (see Figure 2-4).

2 L	 Ammonia lleat Pipe System

For ammonia at 76'r and all assurrie(3 wetting ankle of zero degrees

	

1. 	 x 10 -3 x 1. 0 x 144
b ^
	

3H. U :: 0. 'L 5 	 0. 022 inch

For a safety factor of approximately 2. ^^ = 0. 012 inch was selected which

gives a value of It	 of
max

R	
_ 1. 44 5 x 1 0 -3 x 1. 0 x 1 44 

_ 0.45 inch

	

Max	 '8. 0 x 0. 011,
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6

\►'ith this gal, thickness the ammonia pipe must be kcpt flat to 10. ZO i,wh
(0.45 - 0.25); the associate factor of safety for self-prinrinf ,, is
0.45/0.25 - 1.8.

A summary of the pressure drops for a gal -, thickness c,f 0. 012 ir-c-h
is shown in Figure 2 - 5, The hydrodynt-imic fact,)r of safety is uril^ 1. 5 at
70"h'. At a calculated terig)crature of 104 °F, Figure 1-1 - 6 shown ;trt ( `c111

lower hydrodynamic factor of t^afety 1. 15. ill 	 of 03c possible mrsnu-

factoring variations, it must be concluded that the y design of the- arnmunia
pipe was marginal. 1:'abrication	 to be carefully controlled if this pike
was to prime and to operate at full load. Although the anin, ►.,nia tripe design

was indeed marginal, it must be recognized that there %% , as not much o ppor-

tunity to in-ihrovc it with the arterial \Vial; u:,L'd. Increasing the pipe diam-

eter would rcquire a sinalle:r flap width for	 -If - priming, and this would
lower the hydrodynamic capacity. l)('creae,ir)g the pipe diameter to lain
capacity with larger gaps would increase the p 'I' into the evaporator and
aggravate an already worrisome nucleation problem.

As noted in ,Section 3, it was necessary to fabricate the arnrnonia
Beat pipe system first while the Irassiva.tion schedules fur the water }seat
pipe sycteni were being, developed. It should be stated that there was hub-
stantially more confidence in the manufacture of the Nvater system because
Of techniques learned in tlic manufacture, of the ammonia system.

2. 2.4 Desig n Stln-ii-nary

In summary, the water pipe design had a substantial theoretical
hydrodynamic factor of safety for operation at steady state to absorb
potential variations in the manufactured systern. However, the results
of the design study indicated that the water pipe would, in all prob-ahility,
not restart from a frozen state.

The ammonia pipe design, which could potentially start from the
frozen state using inert gas, had the follov., ing serious drawbacks:

• 1`larginal Hydrodynamic Design — Manufacturing variables
that might occur could render the pipe inoperable at full
load; or in fact cause the artery not to prime in a one-g
environment.

• Nucleation — Introduction of the noncondensible gas to
aid startup Might cause nuc_leatior, in the artery with
resultant failure at very low power ievels.
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l.. 3 DEVELOPMENTAL ,SUBSCl1L , TESTING	 -••%

.0
Developmental subscale testing; w.ts severely constrained by :schedule

colnmit file Tits. I1 ►► ^ti^e•^ e.• , some -MbS-ales testing, was deemed essential. to

verify the cicsign concepts presented in the hest section and to evaluate

Ifl.1nufacturing techniques fur forrning the artery and for fr.brication of

the 111odul . 11 . joints. The following paragraph., delineate these tests and

press-tit the negative as well its poFitive result:+ of this activity.

2. 3. 1 Wick Integrity 'Pests

A basic requirement for the heat pipe system desil ,,n selected is that

the y artor" . be colilpic-tcly scaled with respect to the vapor core. It was nec-

+ry, thc:refore, to determine if t}1e manufacturing rnethodu and tech-

niques cmpl( ► yed satisfactorily met this requirement.

The initial design specified 1 - e /4 turns of 200 rnef,h stainless steel

screen held firmly in place against Life wall by an internal spring. Six

Imigitudin.tl spacer wires \'.,(! re spot welded to the mesh prior to its inser-

tion and served to space the screen .away from the wall. A 5-foot module

of this type w,1s fabricated and tests perf.orn-iod to determine the integrity

of the wicking; system. One end of the artery was scaled with an 1 0 1 ring

gasket, and the module then filled with ethanol from the sealed end.

l,thanol \-.,as used instead of water for this test because the module had not

been passivated to promote good wetting with water (ethanol has essen-

tially a zero-degree wetting angle with unpassivated stainless steel. Care
t

\---as taken to insure that the test module was kept :lat well within the

requirernerits for self-prirrling. The gap thickness for the test module

was the 0, tit 5 inch chosen for the water system.

This test established that the 0. 015-inch gap would Bel"_-prime

(liquid was observed at life unsealed end). However, the artery would

not hold rnore than 1/2-inch elevation of the sealed end. Theoretically,

-with ethanol, a 200 mesh screen is capable of .a height of 6- 1/2 inches

before the artery empties. It was clear in the test that either the ..,elds

(v.-ires to screen) created holes in the artery system or that the spring

did not effectively seal the overlap of the screen wire.

The spring, mesh, and wires were then removed from the module

and a new mesh inserted. This mesh consisted of two continuous wraps

2-Z0
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(actually Z-1/4) and the y spacer wires were welded dirc!L-tly t() the tttbe. it

was felt that this approach would Folve both of Ilia aforemcnt ic ► ned prob-

lems. The artery was then scaled in the sane , maimer as before and the

test repeated. ']'his configuration could b y r:.ist-J,, to a height of four inchc.s

before the liquid ceiumn in the artery broke. 'I h;s height, when converted

to an rquiviilent water value, watt: wall within thc hydrodynamic rcquire-

ment for the y water syhtern. Tile fact that the full height of 0- 1/-1 inclies

could not be achieved was attributed in part to the rubber 'U' ring, which

it was felt was not completely sealing the artery.

The irnoclule was then placed on a furminp platform and bent on a
15 - foot diameter. The artery was rc'fill,•cl with ethanc ► 1 and the lift test
rr • peaterl. This time the liquid cc,lurnn in th ►! art.ery hruke at 4 - 1/4 inches,

ul,hru::itnately the sane as Lefot c; within testing tulcr.'tnccs.

f.3.2 Water Heat Pipe Module

After successful completion of the wick integrity test, the 5-foot
test inodulo was converted into a water heat pipe. Fir.,J, both ends of the
artery were. sealed by tiimt,-iing back the; wire spacers for about 1/l. inch
from t h e end and spot welding the 200 mesh screen against the inside wall
of the Pipe. After the entire module, had been chemically hassivated, a
wick integrity test was performed using triple distilled %vater. Results of
this test indicated that the scaled artery system could hc,ld a total gravity
head of 11-3/4 inches. 'Elie maximun- ► theoretic,.illy obtainable with
'1.00 mesh screen and water is 15-1/Z inches, assumittg perfect wetting
and sealing. Mo.: e typically, a wetting ankle; of 115* with water would yield

a maxirrtutii height of 1 1 inches. The measured 1 1 -3/4 . inches showed t}iat
the artery seal was successful. The pine was then provided with end caps
and fill tube, and processed into a wator heat pipe.

/After processing and final closure, the pipe was tested for therma'
and hydrodynamic performance. Under a 'scaled' thermal load, the heat
pipe had a total temperature diffi:rential nf 5r (evaporator surface to
condenser surface), while tran-5ferring a total of 32 watts at 	 176'r. .
This power input was distributed over the entire circumference of the
first foot of the- heat pipe, and corresponded to the same maximum m^Pr

density, the pipe would receive in the final s}-stem r_unfiguration. To scale
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the hydrodynamic lead the pipe- was clevated at the evapt-rator end. under

a 32 - xatt load .tt 170-I' the pips , could 1„ elevated to a height of 10 i1 ► c:1es

1)(Iore they artery failed. This condition rchreue • nts approximately 100

percent of theoretical capacity.

These limited stibrcale test sul,:,trtnliat(­ l t),e validity of the water

heat pipe wick desil;n i,oth friml the heat transfer (acceptable AT, 110

boiling;) and ill(- hydrodynamic point of vievr.

2. 3. 3 Attimonia 1 k!at Pipe Module

Original plans called for a 10-foot section with modular artery joint
to be processed Into an amni(mia heat pipe. The 10--foot Section, however,
was fabricated using the initial wicking; system of one wrItp of mosh with

spacer wires spott,-d to it and (lid not pass the wick integrity ie sts.

Because ( If sc:heclule, it was then decided to convert the 5-foot water heat
pipe into an amrr,onia pipe. The 5-fort module was drained of its \4ater

charge and vactium baked for 48 hourL-; under high vacuurri. The pipe was
filled with the appropriate arr,o>unt of ammonia and rtcaled off. Subsequc-„t
thf-rural tasting showed that, when filled with ammonia, the pipe operated
successfully in the heat pipe mode (1/2 inch elevation) with power inputs
exceeding 50 watts. These were rather severe test conditions sil ' Ce the
arterial gap width was larger than specifications (0. 015" versus 0. 012'')
and the input heat flux wa:; Higher than maximum design conditions
(e, g. , 32 -watt scaled )oacl). Both of these factors increase the tempera-
ture drop into the evaporator and aggravate the potential nucleation prol,-
lem. In spite of this, the pipe operated successfully with an input AT of

7°F. When the input power was increased to 70 watts, nuclea,.ion .n the
artery caused failure. Thus, it was shown that the ammonia heat pipe, in

the absence of noncondensihle gases, could sustain superheats of ul) to 7 1 '1 1 ,

which exceeded requirements. Of course, as discussed ill Section 2. Z. 1. 4,

introduction of noncondensihle gases v.^as expected to considerably alto

this result.

IPI

The pipe was then bent on a 15-foot diameter and the same tests

repeated with no significant change in the result!,. At this point the designs

of both pipes were frozen and full manufacturing efforts were exerted

tov,, ard the fabrication of the two deliverable systems. The design freeze
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cic-cic^ion was t,l.cde because of sc:hedttle commilments even though no

succe: . sf cnl tcsts had heerr conducted for the modular joint configuration.

It is interesting, to note that, wcll into the fabrication phase of this

progrc ► cti, an additiona l potenti:cl failure t,u:chanism wat; identified for gas

ioaded arterial lit-at Pipes i n general. 11 w:ctt hypothct.iteti that the non-

condensible gab: might disuolve into tl ► c liquid at the cold, gas- hlocked

zone and be carried by the fluid to thc: evaporator. The gaff should par-

tially come out of solutiun in the evapc,rator clue to 0 (. hi l;her fluid tern-

perrature (gas solubility decreatiet, with inc:reasint; tem1wr.tturv). Since

it could not be expelled because of the • N^ cttcd wick, the gas might cause

block:ng!e and failure. Tliv only apparent me , hanism for er+cape was by

diffusion through the wetted wick a:, a connsequencc of the y partial prussurc

difference which would exist across it. "' tie question of putential failure

waf: thus one of the relative rates of accumulation by virtue of solubility

cb,inges and removal by diffusion.

TO f!xplore thib qucstiou, the sai,ic 5-foot module was reprocessed

with water and a not ► condensible gas charge (nitrogen) and placed on lire

test. Since it operated \vithout failure for over six montlis before the test

was terminated, it can be concluded that the removal rate by diffusion was

£efficient to avoid gas accumulation in the artery.

2.4 FINAL DESIGN

2.4. 1 General

Each of the tv.o 183-inch diameter systeiiis are made Up to tens equal

length sections; i. e. , modules. The manufacturing working drawing for

tl,e units; is presented as I'if;ure 2-7. A standard "tnodule" is approxi-

rn ately 5-feet long (57 - 1/2 inch precisely) and subsequent reference to

5-foot or 10-foot sections will mean one or two standard "modules",

respectively. 'I'l,c fabrication, techniques associated with tile, 57- t/2 inch

long modules are applicable to any lerng;th up to about 7 feet so the discus-

sion in this section can be extended, without complication, to heat pipe

modal. J in this range. As noted previously, designs are presented for

water and for ammonia as the working, fluid. Gc:rseral design information

is presented in this paragraph; specific data on the individual pipes are

pr esented in Paragr _-;hs "2.4.2 and 2.4. 3.

2-Z3



OAO

,ell

'Cool
• , ctp0.IOA4 " 0)	 Afro I rrAw J's rt41^de.wo .3—"d

%>.,)f
CAX)

c

APPROx J/ ID

e!, Ald"r

I

z,,,tro

Af44A' Z;1.4
I"A jIf" <,":s jvlvr

0 /4ff

\, I

c

IF""

6

16	 14	 vi

-re-,4, " -,?^

0 P A' A droor

B

"Wri. : 316 CAlff , . 4,P5 Gz) x
.053	 IV	 .140

.b.- r.414 : -7- , I

* 

c)/., 1-)1.4	 /,ox
C)"S t&.4

eAD .IS CIO.Yd, .10 /
dl-D rIS AOU,,'N4Z

-rIVCA

------n 
)—Lj

ro 005, r.4A;l	
T-bor" -TI.Or-T
00

47.' 1 00/ Z)14
L-_r7VCX T.V

FOLDOUT FRAME

zzz

Im ^, --



ly

1.	 _.!
AV 1;4/! t C L CISF - Ufr AU 7 ///Nti

A+ r/ 7-vf f J/6 ,5 •I.IMY.CSS .S rlf4
..YItXA' : . ?00 O!i A . Cki,: - .• 4.. d, f . f>h !!^

^.^ ^^_ _—_.-yam `•

-- //fi►T J%!'/ .SXC..MfN7"	 /r,': fFr.^1.'^t^iJC'

.'}7iXK	 56.? GG jr ..": J._' JA//. .f	 OW, /11.7

- - .Sf31Cl t'	 W/h'f.	 6 f'l CJU A' I' .°'lY:i►Y^Y7'
A^TX 	 rrf•! ^i6 .TT,1/Nilts .Y7

. O/.CO r:/iI	 A.xv	 /G
. O/JO Lam+	 fON	 [ t.a/vi"K:

— ,sr.Iaf lN 	- .'goo,++i w !,:-rw v^f:r^'e
fI I^f f J M7<	 Trams_ ^ /6 ^STit/NLfss s.

00.:'9
M;)74	 . SC /Yf F// ! U Jrf - CuT o/3

r// '/

0

I

"GN . /G
tiN/.'G Z

TRW

;` fRA F I -W

0

♦r-

O Y k Xff

jli9/L n

— LAW TEMP s0fr -70/ z J/ A.?
LiG7N .3:"/Rfi^Cf,S To lfL f'Iif T///NF1^

,-,z A, cc, •C • JAG PY .09

— .B9 Trt^

i
rJ i,^ J

..51'E' lJf TiI/L	 - - /09, OU l. r/^f^^ _

	

9i. SO R	 Y	 -

_ /e1.?. f S,f P44

	

X	 ^-

fYN D L rl/.Y, r? . //OIVT REAL/F /1'!
1 /	 MTL : .Olf r/If', h(7. /Q? ,, v.F^LFL
+	 r0! rf I;' .J'Nl! r flea 00 • C^ • S lG

I

•	 5.00
^	 Rfr

'/..	 /N,J7lL A T/G7// PI^I/ri l r

OV A' * Jy/ICfS	 XfACf Or/lflT> av O!/J'!R
/ArlR^ ; NBL O// /^ r^fA

4 /a rt' _.
"---.41 41r"AT	 . t,I 3lw.S C.v/N^r.lO 3 A+ L

'	 7ir Pz	 .aL'lA.a r, V! 01. l wC a .S. O!
G! b[A'.r"fT wN.v iIl .SUAf

1
so f . O.s
1YP

_T	 • t

i. II	 l

Jn rYP

JQ d CX+

r ^

FOUTUT FRAME
JYP E3 l,iCts^ri.--



vIlf-W D - D

0',	

000. 0 t P. 0 4 1

360 Z^^w

1)

,or-,,,*o,-T	 4z,
,-R14jeR

c C.4 nr

.0

V 00

,,, V 0 Ao I

X0 0 ,1 1 - i . , , I ld..^.Y. 4 C.C . 
#,re

, or.fpc)49

.07 ^, . I 's //W'	 14'41ACAr ^
16 pyj' - o?j'	 I( A.' W, C,4,91

AO	 #V.4.r-r* 'I AP.410r)
	

el $,v.4crr
C LN-4 4f	 Ivor

Ao
rt

4P.1 C e	 A 0

^I	
^

!4' t-.)

cto6i, , 1: 4,e (- /) I

041r Z-A115'.4elAIG / A,/-
00/ / 

I/Irl-I

M,V-Z1Ve.1C-jd'1

wrw A-A

-A rlp C;Q • c

C

C16-? . 114X C'OIVIIG
,01,5,414.r CX;vV!/C." 02 	 /r7 1---<

rr,- ylew 4--4

{i
	

I	 ^	 J

t!Z) 0/, 1,VAe'X'
,"P Z) C" 04^7^rop

A'Afi fO . 3 A,,.,
ON -,4 c- A' -rlCe
W/7^' 41 541AA-

f)p kvlxf^f

- Z-
FOLDOUT FRMAE	

0.(-.



r /ry —11 4A

/V4Ti.IF^ chA+ /Ycrr

r.,' /^rAt lS

rrnr .tU.P ,14^/ rŷ
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IVIC conc(•t,tric annular artery concept was achieved ill an individual

module by placing apl)ropriatc • ly sized spact-r wires bc • t\veen the w.clls of

the y tube and the , screen surface providing the capillary drivilig force.

Although a sinl-le lac -vr of 200 mesh sc:rc!c!n was theoretically adc quatc•,

two wraps wcrc- t1.•cd to ai d in se.-Aling; the artery and to eliminate potential

problen ► s ducw to 60 porcent variation in wire spacing	 ill comn-wr-

cial ec• recmviro. Tho screen was forced otit\varu against the spacc • r \vires

\\ • ith a helical spring;. Selection of six spacer v.-ires was sume\vhat arbi-

trary; this number appeared to provide good control of the artery dimcn-

5ion without introducing; cxcessi\'c lirluid pr( , ssurC (1ro)-). The \virc.-s arc

all approxin tat c , ly parallel. with the tube axis t, n^ir,jii,ir.o the liquid travel

I T , gth.	 The wires ware spot welded periodically 10 ihc • iiisiac' (.,f tilt' tccl,t'

to maintain thvi r position during the bending; operations.

Stainless steel ('Type 310) was t;eJected for al) rnaterial ill contact

With tice \working fluids. This approach was taken even though ammonia is
compatiblf. with aluminum in order to have the fabrication of both pipes as

nearly identical as possible. To this End surfac. passivaLion }procedures

\vere utilized for both syr;!ems althougl, only the water pipe required this

treatment. The intent of this action was twofold. Yirst, welding schedules

fnr joining the t\\o pipes would be identical thereby reducing cost and

cclding to 11-ic confidence level of fabrication. Second, integrity checks of

the wick joints during fabrication could be made using; water rather than

acetone or niethanol. The passivation procedures utilized on the ttvo heat

}pipe systems were i,ot developed on this contract and are considered

proprietary by TRNV' Systems.

The heat pipe systei is described Lore would, ill a real application,

consist of a series of circumferential pipes on a cylindrical spacecraft.

Spacing of these pipes and the thickness of the interconnecting; fin -,would

'bc: the subject of an extensive weight "optimization'' study where the tube_

and fin geometries would be "juggled" until t}ie total Weight per unit of heat

rejection is a minimum. The primary objective of this study concerned

bpecifically the operation of the heat pipe and a true weight optimization

ftudy considering the structural requirements and charact(!ristics of the

zctual spacecraft was outside the scope of this program. For purposes

of heat absorption and rejection, a short copper fin was included with
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each of the heat pipe units. 'I'lic dimanciions (9 inch lent; by 0. O iz inch

thick) %vere selo_­ ctrd to give a rvasonahlc cc g ar heat load on the system

without a::pc riencilig it Significant temperature drol ► in the longitudinal

direction (this geometry has an effectiveness of er'suntially unity).

The fin al"o provided sollle stiffness to each heat pipe unit and \vas

usc,d as a im mitiri;; surface for then eight fiberglass; supports which tied the

ammonia and water pipes together. This aspect is described in 11-lore

detail in Section L. -1. 9. Thermal heaters us.ecl for tasting; of tilt: heat pipes

Were also bonded to !lie. copper fin (Section 2.9.7).

The joint between 5 foot heat pipe nlodulc!s consisted of a 0. 80 inch

long solid busbing?, which had been stepped down on either end to receive

ills screen \nick \vitliout a change in the artery diiilensiorl. Sealing the

artery was accomplished by spot welding each screen to the sleeve; these

spots must overlap to provide a continuous seal. Attempts weret made to

use a screen inner -leave for joining Iwo modules. This approach was

desirable becaU..0 vapor can escape at the joints and there is no danker

of a vapor lock with sub:",( cIuent failure of the artery. However, a screen
	 1

sleeve was abandoned \vhen it was clear that careful control of the artery

could not be maintained and that there was a strong possibility of weld

blow holes in the joint. Both conditions can bring; about total failure of

the artery,. 111SUlati0ll was provided around each joint to reduce the danger

of vapor loci.:.

The final seal was made by welding a split sleeve collar to the two

pikes. This sleeve was stepped down to conform to tl)e ill of the tube.,

and had spacer wires welded to the ID to insure proper spacing of the

inner sleeve-wick assembly. Great care must be used in welding to avoid

burning the sci:ens.

ThC fill tuba is also shown in Figure 2-7 and consisted of it pipe

between the outside and the vapor core. One welded seal. was required to

prevent leakage between the vapor core and the artery and another to

prevent is akag;e between the artery and the external environment.

I
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2 4.	 Water Ileat 1'il e	 ,stain

The water heat pipe design bpecifies a 0. 015 inch arteries', gap

1hicicness and two ""raps of 200 mesh :screen.	 The hydrodynAinic pressure:
drops were shown in Figures 2 -3 and Z-4. Yig;u i-v 2 - 8  presents a plot

of the vapo, • flow rate as a function of the	 l,( , ,ct pipe position ^)	 (Seri

normal ic; at	 t ► ). As can be seed,,	 the highest i,ia5s flov. , 	rate (0.	 145

l.)ouiccl/hour) uc_curs at	 '70'. This floe. , rate is substantially below the

sonic: and entrainment limit.-, for water heat pipe systems.

h'or thc fin config;uratiun shown in Figure 2 7 2, the contact hetwe'en

the fin and the pipe is over only 1/3 t1w surface area of the pipe. Neglect-

ing, c ircurnfurential and axial conduction of the lic:at pipe wall and the axial
conduction of the copper fin repref.ents the "wurst CaSC" fOr compunction
of the overall tc , m )erature drop; Figure 2-9 shuws the p redicted t empera-I	 P	 6	 P	 P
tore profile for operating with a "one: tour," load at 76 1 1. The fluid inven-
tory was calculated to be approximately 300 cc's. IIydrodynainic factor of
.safety for the water pipe is 4. 0.

2.4.3 Animonia lleat Pipe Ste, em

The ammonia pipe has it 0. 012 inch arterial gap. The hydrudynaiilic

pressure loss c irves were Fhown in figures 2-5 and 2- 6. The calculated

vapor mass flow rate for thu ''one sun" load is shuwrn in Figure 2- 10 as a

function of pipe position. As for the water pipe, this flow rata is so simJ l

that no concern for the entrainment or sonic linAt need be expressed.

The "worst case" temperature profile predictions for "one still" at 7G °F

i s shown in Figure 2 - 11. As can be seen in Figure 2 - 1 1 the predicted

temperature drop of the vapor core is negligible. The hydrodynamic factor

of safety for this ammonia pipe is 1. 5.

Calculations were i.lso performed to 1) establish the charge of non- 	 )

condensible gas to be used for start up from a frozen state, and 2) to

estimate the time rcquired for the startup with the solar input perpendicu-

lar to axis of the loop. These calcalatic.is were made using; a gas front

analysis program developed by TRW Systenis to study gas filled variable

conductance heat pipe systems. Neon wat; selected as the inert gas charge,
having a molecular weight very near that of ammonia (20 versus 17). It

i	 was concluded from the analysis that the gas pressure must be at least
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1.0 pr;ia at -300°1', a value ulightly greitt•r than vapor prc:ssur y of	 i

: ► ccimunia at it t; melting point (- f08`F). The Etas frot ► t during iiorim.l

operation in tho vacuum chainhvr would tliot, occupy aphroxiniately

2 1 inches of the hoop (<4 pc rc c iii). '! he f rc, ► it d o ring an-lbient Opt-ration

, uld he approximately t\%'ice as long uccau.- c of thc- inc reatied tc-nipera-

wre le\vI of the gate ',lock:d rc • E •. ion. Alluv.inf! for a t-mall tjafet; factor,

a i psia 14as prct,:!,re (at ainhi•-rIt toillpc • r:.turc) was	 ; t!	 gas

front fur this I ► rc• 5sure was I ► rc•dic IA at 37 inches for'chamb	 ,peratiott

And 6 9 inches during aTnbient testing.

Prvdictcd startup frc,in -300°F is :shown it: Figtcre Z -12. it wits

suniod f(^r thiti ca h-ulation that the pipe; \ ,vas uniforn at -300°1-' when

solar heating war initiated. Approxiz ► ialciy 25 n ► inutes arc s required for

the first 1 ► oc► p 'segment to rvac• h -108°1' (anzrrtonia rzieltin); teniperaturv)

and 275 minutes to completely c.ornpres.; the ncncondensible pat, .trill nielt

all of thc • solid arninonia. The relatively low equilibrium tcrmuc•rature

rc • st,lted from the assun)ption in these calculations, that t)cr, edges of the

finti would not be insulated. figure 2-12 does demonWrate the relatively

long tinic• constant of the systcrns and suggests; that a spinning licat pipe

system (2 RPI1) nnay restart without the aid of the roncondensible gas.

The latter condition is shown fit, a clashed curve on Fig,urc

2. 4. A Supportart .Stand

A support stand was required to attach the beat pipe-systems to the

STB. ` be overall arrangement of the heat, pipe/stand xt;sei ►► l ► ly on the

STB is sho%vii in Figure 2-7; the detailed }carts of the stand are also

shown in Figure 2-13. Conceptually tl ► is vtand con-sistr.d of four aluminum

e ` posts 3 inc)ies x 3 inches x 0. 125 inches; wall which were attached on one

end, to four of the eight fib-!rg;lass bracket r, Bolding the two liezt pipe

units together. The other end contained a nylon insulator .)loci; ♦vhich, in

turn, connected to the STI3. Support to the intermediate file^r€;la:; ; brackets
was provided by ahnninurn tubular trusses. Your stainless steel huywires,

arranged in the forth of spokes, provided rigidity to the assembly. The

guywires also helped pr.evcnt drool: in the pips: systems at the intermediate
points not supported by the hosts.
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Evaluat;on of the S I'B heat Ieak dtic to the hupport r;t;incl depends, of

course, c.li the tC1Ylp( • 1'riturC of the ST13 mounting paint:, its well as inter-

face resistimccs introduced at the relatively self( i -iiuullt. T aking; the

extremely consurv.ttive ass urnption that the interlace: resistances are

neglip. ible (the only insulation is introdticed by the nylon pad), that the

S'ha3 m o unting turnperattlre is 50°1'	 alld	 tllill	 014' llnlll Sill ated	 suppoI't rod

"sc C pl , (Ally 4he LN 2 cold walla, the ma-?.lulu heat	 lealt front the ST13

computed to be .Approxirliately 13 Btu/hour for ,	 tch of the four sup-

port hosts.	 It thCll concluded that the total ST13 luss for this condition

will total lets than f7 watt..

The two pipe F-ystems were Physically separated with eight fiber-

gla., bracketF,; interli-lediate. fiberglass 1 lucks (1/?, inch x 3/4 inch x 1 inch)

w. re also used toy properly sprlce the t'.e'o pipes .11ld to	 additional sup-
por! to the fin:;. The overall thermal resi:-tance between the two l)ipcs
was estimated to he less than 3 hr-ft- 'I,'/Btu. The llet energy transfer
\vitll the two pipes 50 'F apart in temperature would be less than 5 watts

as (:olllpared to 172 watts absorbed solar load.

2.4.5 insulation

In::ulation oil 	 bac'c (i. e. , inner) aide of the pipe fin asser.lbly

consists of 10 layers of aluminized mylar which has been crinkled to

provide separation between L.yers. The two water layers are 3 tail thick

to minimize the danger of dall -lagc•; all. infer layers arc 1/1 m il. The

3 mil outer layer is reversed so the nrlylar side is facing out.\vard to

prevent excessive insulation temperature in case of sun impingement.

The apparent conductance for this assembly is estimated to be less than

0. 010 Btu/hr-ft-'R. Mylar tape was used to secure the insulation to the

copper fin.

Each heat pipe system is insulated individually to enable separate

testing at sonie later (late. Separate insulation Ra + sections were pr,)-

vided for each of the eight fiberglass bracket asses-llAies.

2.4. 6 Radiative C_oatin g — Fin

The fin required a coating; have an a s / c of 1. 0 to maintain 76 *F

y with the sun incident normal to the side. A commercial aluminum paint

(F inch Polyu.rethanc Coating No. 643 - 1 - 1) was selected. According to

2-35
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the m,inuf:,.c,urers literature, the	 and c can va1 • y from 0. 18 to 0. 26

with the a s /c ratio rcni,,ining between 0. 9 and 1. 1

The results of pre l iminary tests by the '1 •hermophysics Laboratory

of 'l RIV Systernls are hiumnarized below:

a s	 c	 cyst `	 Sarn p le De scription

0.21 0 	 0. 3l.	 U. 81	 1 trail, with printer

U. 21	 (). 29	 0.72	 2 11-ii), with printer

0. ?.•,.	 0. 32	 0. 75	 1 tail, without primer

Or,e niil of paint over a printer was selected for application and gives an

equilibrium temperature of approxima'e l y 50 0 F. Average properties

of samples coated at the sarne tine the fin was painted were a 13 / (. =

0, ?.17/0. 237. This gives an equilihriu ►n temperature of approximately

6 5 
0

F.

Finch Polyurethane Aluminum Faint is very susceptible to damage

during handling. Care ni>ist be exer. cised to prevent contact J , ith the

surface after application; all ,,loving, lifting, etc. , should be accomplished

using other, non-painted surfaces.

2.4.7 Tvst 1- 1 cat crs

F,lectric resistance heaters were provided on each 5 foot module of

each heat pipe systej. ). These heat(.: e, -:. c r•c bonded t'-) the fin bottom half

in the case of the aminonia pipe aod 3...,i in the case of the water pipe,

and were approxiniztely 50 inches long : y 1 1/2 inch wide, Each heater

consisted of approximately 2000 feet of Manganin heater v:ire wound on top

(if 3 mil teflon tape \vhich Baca been bonded to t:_c fin; a second layer of

teflon tape wzts applied ovf.r the wire for total electrical insulation. Alum-

111Url-I tape applied over the top of the assembly aided in holding the heaters

in place. This design has been utilized with success on nua- ►ierous TRW

spacecraft thermal modal tests. Each heater was capable of 100 watts at

28 volts (AC or DC) and requires control of the input voltage to achieve

a specified power level.

)len;i split, rical emittance de'.ermined by correction of near nc.)rrY;a.l
reflectance data.
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Fach heater wits cut to have a resistanc • t: of 7. 0 S1 at room tempera-
ture. The effect of telliperaltire on heater res istituice is shown in 'l able

2- 1. Over the expected rangfe the total variation in heater resistanec. is

lass than 0. 52	 'I'l,irty feat of leads (20 gatipe) are providLA for each

heater to pv rmit, mat ing with th e NASA/MSC Chamber A Facility. 'These

leads on the average increase: the total resit lance (leads •1- healer) to

7. E St. 'I he input voltage reading; (OV) to t1,e lead iriu:,t he corrected per

the followi>>F; equation to deteritjine the poxver ( 1 -1 11 ) actually dissipated

at the hea' pipe module

P	 7.0 AV I i	 (.l G) 2

'1 - he alcove equation dues not account for losses in the wiring system

upst rc^un of the heater leads.

Table 2-1. Resistance Change vs 'Teinpc t-lit tire
Manganin Wire Stock

f

7

The 40 hei.ter l-:.ads were rooted to a Cannon connector compatible

with th e NASA/Ar1SC Chamber A l-'acilit ies. Th is connector, specified by
NASA, was purchased fro a North American Rockwell and had the NAR

designation NIF414-0584•-0001. Only 42 of the 60 pin locations were

utilized. Details as to pin locations for each heater are given in Section

4.0 of this report. All leads .sere bundled together after leaving the

! , eat pike systems and were wrapped w ith. rnuhilayer insulation to minimize

the heat leak. This bundle is located 90 degrees around frorn the fill tulic

area (clockwise e.s viewed from above).

7_-37
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.'. 4. 8 In st r urnent at ion	
G

A total of 85 thermocouples were applied to the he: t pipe /support

:.land assembly. Of these 30 were app)ied direct )y on c c.ch of the two hcat

Nike systc-nls and 25 located at various placer; on the fin, inrmlatirrn, fiber-

glass hracketry and support Ltand; thr precisc location of each thernio-

coupl e • is given in Section 4 of this report.

Each  therniocouple was a 28 gauge, copper -constant an pair with

fiberglass insulation. Jtu;ctions were formed by spot \ ,veldin); or by soft:

soldering. The individual couples were unshieldcd. However, the bundle

of v; Tres (located 270 degrees clockwke from the fil) tube area as Geen
from ;above) was provided with an electrical sl,ic-ld and was wrapped with

muItilayer insulation to minimize heat losses. The e:ectrical shield its

grounded to the cable connector. Each thermocouple was provided wit}1

50 feet of extra lead for mating with MSC chamber. Originally 30 feet

was provided; the addition of an extra 2.0 fer:t was accomplished by splicing

and r.olderinl; each thermocouple pair.

The y connectors used to mete the thermocouples with the NASA/MSC

Chamber A Facility were Cannon receptacles laving the designation

DPll1`ZA41700-L1l)/FS(,:5935-LN89772. These: units were specified by

NASA/MSC and had Z-0 gauge copper and constantan removable pins.

'l'hre:e connectors were used for the 85 the rrno couple b; the pin locations

of each is specified in Section 4 of this report. .

'I'licrinocouple attachment in the ca-- of the heat pipes or the copper

fin was by direct spot ,veldirig or by soldering. Conducting epoxy with a

covering; of aluminum tape was used for all others. Where possible

thern-iocouple leads were routed at least 1 L inches along; the attach surface

to niitiiinize measurement errors due to the the I-)nocouple conduction

losses.

Z. 4. 9 F'a ckagin ; and Shil.lping;

Packaging and shipping, although not specifically tied to the dev^_lop-

nient of the heat pipe systems, represented a substantial amount of effort

because of the large size of the systern. A drawing; of the container is

shown in Figure 2-14; the. unit measures 16 feet x 16 feet x 1 feet and	 /''rk

weighs approximately 2000 pounds.
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3. HEAT PIPE SYSTEW FABRIC:AT1ON

Th i s section serves to hill,light the fabrication c (fort and identifies

some of the more significant development problem areas that had to be

revolved. A number of fabrication and processing pr ►► c c!dure:, had been

developed by TR1 ►► ' Systemi, pries tc, itiitiatior, of this contract and are

considered pru,)rietary by the company. Proprietary concepts are not

described in this report.

As nearly as wab feasible, tho: fabrication of the ammuni.a and the
i

water pipes was identical. The following discussion, therefore, applic i.

to Loth. Necc --nary differences between the 	 are clearly identified.

:i. 1 UEV ELO1 VIENT

Fabrication of beat pipe- systems is typically carried out by ~killed

laboratory technicians working in a closely cc,lltl olled environment.

Building large scale heat pipes, on the other hand, necessitates use of

inure conventional manufacturing facilities and personnel. The first of

the major fabrication difficulties associated %vith the 15-foot diamet-or

heat pipe systems described in this report centered aroul,d VdLlc-ation of
shop personnel about the cleanliness required in heat pipe fabrication.

Use of gloves, copious amounts of acetone or methanol, and great care

0 prevent contamination of the pipes were difficult to instill initially.

After some experience, they became routine operating: procedures.

Besides the-, se normal difficulties of cleaning ar.d handling;, major

development effort was required in two other general areas. The first

involved retention of the six spacer wires during the bending process,

and the second problem included the overal'_ process of joining two heat

pipe modules together. h:ach of these is described in the following
paragraphs.

The initial design concept called out a single layer of 200 mesh
screen with the spacer wires spot -,velded directly to the screen. The

total assembly was then rolled up and inserted in-, the tube. Two prob-

lems resulted from this mode of construction. First, sealing of the

C)	 artery was difficult with a single screen layer. Two layers were then

specified after unsuccessful attempts to crake a joint. Also, inaximum

wire spacing varies up to 60 percent in standard 200 mesh screen. Two

3-!
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layers af;zores batter control of artery pore size. Th

came from the danger of a hlov, , hole in the screvii clue

capacity of the artery systum is hmitc (l by the larj^c^st

Any hole larger than the 200 mesh t, Teen would cause

capacity.

C scrcond problem

to illu &Od. The

h o le in the artery.

a ruOuction in that

It was, Owrerfore, dc• c:ided Omt the t,pacur wire!i v. , mild instead he

spot v.-elded to the Ili of the tube. The six wirer; each had to he t,1chcd
every inch along, the: tuber to prevent rnovemunt during bending. A special

we • Idicig fixture was develop-d to retake there spot welds. With this

approach, c:Ar ► • me care had to be exercimed when ii ► serting the rolled

screen in the tube: to prevent binding imrl tearing.

The probivni of jointing tv;, o modular sections fundamentally reduced

to scaliiig the arterial cavity. The first cic;sign called for the use of an

inner screen slcever to wbic h sc:reenri from both modules were wt-lded.
This approach presented three.. difficulties. First, critical artery dimen-
sions were difficult to maintain. Second, there existed a problem of weld

blow holes which would dcgi Ade the performance of tl:e artery. Finally,

this approach, required Insertion of a bullet to support the joint during 	 ^^` I
welding. 'Thus, the support spring could not be inserted in one (f the two
five-fool moduleb until after the joint had been made: the danker of dariage
to the joint was substantial. 	 ►

The final co)ifil;uration utilized a solid internal sleeve to which the

module screens were welder,. This r.leeve needed no additional support

during the welding operation, thereby eliminating she need for O)e weldii ► 1;

bullet. \'o major proble-t-is in the joint were encountered after selection

of the solid internal sleeve. It should, however, be recognized that at the

solid iniernal r,leeve there existed no Nvay for vapor to uvapurate from thc'

artery surface, which posed the potential danker of nucleation and vapor

lock of the artery. To reduce this danger, all junctions on the final heat

pipe systems were insulated to prevent heat input. Figure 3-1  shows two

view: of a developmental screed/ sleeve joint.

During the initial fabrication development effort, 5-foot modules

were sealed and processed as heat pipes for detailed thern-ial tests; these:

tests arc described ; n Section 2. The results of these tests, in fact, had

a significant impact on the selection of the filial design configuration.

3-2
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Aourtiunally, to add to the cunfidencC level of the joint fa hl•icatiUn

process, wick integrity tr. titii ► l; was performed on sclecte , i lU-foot taecli(_)nS. l
Thetic test. s, also described i ►► Section 2, were• hydrodynamic in nature in

that they were designed to ►i-ic asure the rnaxirnum wicking bead of the
artery/ screen/ joint configuration. '1'l,e artery was first sealed with a
spcci;tl end cap and phig, and the fluid int,-oduced (water was used for
both	 With the pipe in the level condition, the artery was zillowed
to nr mc. The unit was  then lifted in 1/;'_ -incl ► interval.,;, each ti ► ie w:► it-
ing until excess liquid drained past ille sprint; coils, until the capill-!ry
Lead "broke" and the artery empti-A. Typical heig)-its for 10-foot module:
tested were ti to 10 inches.	 . nonsealud artery would not prime arid could
support nu head. Aft.­ r succes s fully to still- a series of joints;, the confi-

d. nce in the fabrication techn ► . ,mc was sufficiently higl, that the time-

consu.ning wick integrity tests were discontinued.

3. 2 YAPRIC;ATION PROCEDUAE

The procedure utilized in the manufacture of the complete heal. pipe
systerns, of course, commenced \vith fabrication of the individual. parts

(cut tubes, screens, machine solid bushings, split couplings, etc. ). The

follow-mg .-ecluence was then utilized to complete one P)-'L'out dia ►neter

heat ps-pe system; t^

c Clean all parts and artne-al screens for easier handling.

" Spot -weld spacer wires to tribe I1).

r Passivate, critical pipe corrnponents.

v, Roll screens and insert in tubes. Force outward against
spacer %wires with progressively larger balls or bullets.

e Insert springs and trim screens and springs to length.

G Make joint between t\,, • o five-foot r.r ► odulos. This opera-
tion consisted of welding; the scr;.;ens to the i ►-,tercon-
necting coupling, inspection of the joint, installation of
the split coupler and final welding.

o Vick integrity cl;eck the assernbly. On a few joints for
each of the pipes, a .vick integrity check wits performed
to insure that the manufacturing procedure was producing
acceptable joints.

0
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. Make 011-et . 10-foot se Ctions and a 15 -foot section,
which are Own joined into a 45 -foot tAraight lcjigth.

w	 l ic ivi straight lci,,-,th around "Ferris 1Vhc.c'l" fig:hare.
This fixture is shown in 1'igure 3-2, wit.i v,ater heat
Pipe systern attAdled.

c Install the last five.-foot module. N'( 0- that this closure
contains tht- fill tube asseinbly which requires an addi-
tional wale) on the split coupler.

n Evacuate the as selnbly and check for leaks with a niitss
spectrometer leak detector.

o Solder the 10 copper fin sections in place and rivet: the
interconnecting pieces.

C, Pressurize the cornpletco unit to check structural inte.r;rity.
A pressure of 720 ps: was u:+	 to check the anirnonia pipe
and 250 psi for the water pir

The first unit (arnnionia) was then removed from t! ,,.e "Ferris Wheel"

fixture, placed in a horizontal. position for processing and filling, and

the fabriciAion of the water pipe initiated.

l^"1	 3.3 PROCESSING

Processing of the fabricated l.eat pipe systet»s followed the proce-
dure listed below. For the most part, this procedure was the sac»e for
the water and the ammonia pipes. Differences, when they uo occur, are
specificcl in the following write-up;

Pump Down and Rake Out -- The completed unit was sub-
jected to a roughing vacuum (approx.irnately 35 microns)
and heated to 300 o F for a rninimun, of four days to drive
out volatile contaminants.

o 1='ur»p Down and Fill --- Prior to fill with the appropriate
working fluid, t!:ic system, was subjected to a hard
vacuum (10- 4 terr or better) for approxii-nately 24 hours
and then back-filled with ammonia or water.

Vacuum valves had been inserted on both fill tubes prior to final pump

down to provide a means to alter the liquid inventory and to "burp" out

noncondensible gases, if required.

3-5
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Fillinfr, the water heat pipe was relatively simplo; the setup is t;huwn

schematically in Figm-e 3-3a. A measurCd i,rnuunt Of triple distilk'd

water was filled directly into the evacuated pipe through a fill line which

illso had hc-c'Tr evacuat ' •d. Both the pipe and the fill line tt • crc carefully

checked for leaks pricer to the fill operation. 'There w,.., . evidence that

initial water fills int.-oduced trapped g.-asses into the pile. Subsequent fills

were made with degass cd water in a cloned s;ystein (Figure 3-31)).

The fill cf the ammonia pipe was substantially shore coiliplic!ited;

a sdienif-itic of the setup is shown in Figure 3--3c. Willi the line to the

water colil mi awl the regulator valve to the ammonia closed, and all

other• valves open, the heat pipe, lines and reservoir were evacuated

and checked for leaks. The valves to the heat pipe and to the vacuum

sys:lr.rn were then closed, the reservoir chilled with an acetone and eery

ice Mixtul • c, and the regulator opened to allow ammonia floe. , into the

reservoir where it liquified. The regulator was closed sifter tl,c: re:;cr-

voir war, fillc;d and ammonia distilled into the heat pipc by heating, the

reservoir and opening ;.he heat pipe valve. The ammonia quantity enter-

iiig tic beat pipe each time was established by the volume of the reservoir;

loth 50 cc and 300 cc reservoirs were used in the fill operation.

The initial fill was accomplished by freezing rather than liquifying

aninionia in the reservoir. This approach was abanduned because of

uncertainties in the manner in which the ammonia would freeze. This

led to considerable uncertainty as to flit: exact quantity of ammonia in the

s-stern.

Introduction of the neon charge in the ammonia pipe after preliminary

testing was accomplished by first rneasurirlg the pressure: of the ammonia

in the pipe anti adding an overpret;sure of 4 psi of neon. This value repre-

setited ap p roxirnately 2 x 10 -5 pound moles of neon. The arrin;onia pressure

at 75`F is 128 psi which made the addition of a 4 psi overpressure difficult

to control. A preferable approach would have been to fill %vith t __s before

adding the ammonia. This procedure was not followed because of the fear

(LAer justified) that the ammonia pipe would not operate v. • ith the gas load.

Each pipe was instrunie:nted and the heaters installed prior to

development testing (5ectio,l 4. ?_). See Sections 2. 4 and 4. 1 for a descrip-

tion of the instrumentation and the electric heaters.
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Figure 3-3. Heat Pipe System Fill Techniques
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A fin.il closure of the heat pipe systems was pl.tnlied after comph -

Lion of the developri-ient testing;, but prit)r to the fin.tl assembly pro(cdurc

described	 The closure technigiic utili,:cd is considered proprietary

to rinv 5yst,iiis ^,icl win ,ot be described hare. Because of a sequcvrre

Of di:ficultics, these closures were subsequently cut. off the pipes and

replaced w-th viicuum valves; and it mechanical pinch cuff backup. TIit-

activities leading; up to these circumstances are described chronologically

in ,Section 4.

3.4 FINAL ASST MULY

Final assenrl,;y of the two heat g)i))e systems into a single test unit

did not take place until development testing had been completed. This

assembly included the follo:,, ing; activities;

c Coupling; of the two heat pipe systems with eight fiber-
glass supports. The stippo its are shown in Figure. 3-4.
Fiberglass spacers (3/•1-inch wide) were also used
betweer. the supports to maintain constan,.- fin spacing;.

o Painting of the unit -- An aluminum paint (Finch Polyurethane
C'otyting No. 643-1-1) was used (one coat) %vith the appro-
priate primer (Finch No. 463-6-5 prirnor).

c, Insulation of the back of the individual fins zinc) of tl;e
individual joints. Figure. 3-4 shows the back insulation
and Figure 3-5 shows the insulation of the joints.

cr Shielding; and insulation of the power and thermocouple
leads and installation of the connectors. Figure 3 - 6
shows a technician checking; one of the three thernio-
couple connectors.

Figure i -I shows a view of the completed heat pipe unit undergoing; 	
06

thermal verification testing;. The fiberglass supports could net be in5u-

)ated until final installation with the support stand on the STL'. final

installation of the thermocouples oil 	 support stand was also accom-

plished at NASA/MSC.

3. 5 PACKAGING AND SHIPPING

The heat pipe system being packed in the shipping; container is

shown in rig;ure 3-7; the unit mounted vertically on the rail flatcar is

shown in Figure 3-8. The black cover is a tarpaulin to protect the unit

from inclement weather.
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Figure 3-5. Heat Pip3 System Joints Between Modules
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was learned during the fabrication of the first h(,-at pipe (an-inionicu) v.-hich

substantial1v increa sed confidence ill Ow. n1anuracture of seco,ld pipe

(water). The iuformation presented it. this ser-tic ► i ► is, therefor(-, iii-

telldo

on la

4

3. G SUMMARY

In summary, it should be noted that the two unit: fabricat-.•d in this

proprani repre ,wi-ited the fir,-;t maj(-'r attempt at i)i , ' manufacture of large

cale heat pipe rystum!i. Further, the time eonstriilnts prcv(-) tcd the

sllb. ' t ' ntial fabrication developniont efforl vAiich would norsnitll^ acc^^c^:pany

a prograrri of this type. However, much leas ocen learnod dii;-ing this pro-
grarx) about rel'able and cc mioi»ir. ]ill-)l'iCiltioi ► of liirsC-scale hctlt pipe i'YS-

tems which will he invaluabic to Subseyient prof 'aims. Much, in fact,
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A

i

,1. 1lEAZ	 SYST11:M TEOSTING

Two type.-, of thermal testing were formally requires] on the Feat

pipe systeni as hart of this program. 'I he first, called 'lhernial Verifi-

cation 'l estinf;, was to denzonstrzate acceptabte operation of eaCh unit

uculer nornir.al heat loads in an ambient environn)ent. This test was per-

formed at Tlt'ti','/ D',vdondo Beach prior to shipment and r(-heated at. NASA/

MSC to identify any damage rv.-ultinly from handling an3 shippinp. 'I he

second test required was a Thermal Vacuum 'Kest to be performed in the

NASA/MSC -Cha.rnber A facilities. Pla.nnin,; and conduct. of 11 ► e Verifi-

cation 'l esting was the responsibility of 'I'RIV Systems (althou g h NASA

personnel actually performed the measuremer ► ts at MSC). '1 he '1 hermr:l

Vacuum 'Testing was the responsibility of NASA although 7'ltNV persornncl

were on hand to aid in 'lie planning and conduct of the effo ► 1. Data eval-

u^ ► tion was the responsibility of TRW Systems in both instances.

Before initiation of the verification testlrlt , 11C+xvf'VeI', ii substan-

tial amount of development testing was necessary to;
r

a Determine if the 1.wo hc; t pipe systems were operational
and under what condltloll:;.

o Establish the appropriz.te I iquicl inventories.

o Reduce cold fronts in the water pipe presumably caused by
generation of non-condensible gas during self-passivation.

o Determine the effects of the Neon gas charge on the
performance of the ammonia pipe.

These testis and their results are described in this section. As will be

seen, a number of changes to the basic pipes were necessitated by these

1 , es111ts. The changes are summarized in a chronology of the pipe con-

figurations leading up to Thermal Verification and 'I herrnal Vacuum

Testing.

As is clearly shown in the follov., ing sections, heat pipe systems of

the type described in this report are in a development state and much

is to be learned about the operational characteristics of these units. 'Io

k, this end, the thernial vacuum testing cannot he considered a detnon-

stration of }seat pipe systems, but an indepth study of the operational

4-1
a ..
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c-baratcte'risticr. of the unit:: Ill it Sll11UliltUd t;paCV CnVlrollillc`nt. SliIICC

alialytical predictions for these typ'-- licit pips- systems are not fully
c ,tabli,lled (partic • ularly transimit oeljavior), data from these torts will
be invaluable in the design al,d application of future )arge scale heat pipe

systems for manned spacerrart.

lit-fore describing the tr_r.t prograins and their Fc • sults, a wc,rd is

iiccessary about the need to level the heat pipe systelil;;. As 1loo-d in

Section 2, the artery in the ammonia pipe can, theoretically, prime only

. 9" in a one " 1 2 " environment. Since thc: pipe 1. l). was 1/? inch and scale

recogil IAioll 11111St l,c giVC11 tO MaIlUfaCturing tolerances, a leveling reClliire-

irlrnt of 1/8" of flat: was estahlibhed to assure artery printing (the "pater
pipe requirement was 1 /1 2 inch). Once the artery has printed, tllc: pipes
c-an, theorCtir..ally, bump several inc}1es against gravity under lirllited
lieat loads. However, after a Freak develops in the artery, t}le pipes
must be again leveled before the heat pipe action can be restarted. These
requirenzc•i-lts were difficult to achieve for lie-at pipes systems as large as
15' in di.: meter and leveling posed one of the more serious testing problems.

'1. 1 INS T R UM E NTA'7 ION

For purpose of easy identification, the ammonia pipe was given
t!lc designation A and the water pipe the dcsil;nation W. Instrumentation
pertaining; to the vacuum chalnhor support stand has been labelled S.
Individual 5' modules of each heat pipe are also labelled; e. g.. A I, A2,
W8.	 to permit easy reference to any part of either pipe system.
Figure 4 - 1 shoes t}iis designation; concepturclly, the irjo+iles are

numbered sequentially around the pipe (clockwise as seen from above)
with ;lie fill tube being between Sections 5 and 6. Heater identification
is identical with module designations;	 g. , heater A^ is on Module A3
(third module of the arriznonia pipe). (	 inector pill locations for each
heater are provided in Tablc: 4 - 1 . More specific information regarding
heater design and application is presented in Section :.4. 7.

C^

4-2
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'I,	 \
jr, l,10 A11	 Al2. A,3

•	 °' 0`BOO	 !^^

• A6

A5

0
A3

A x,

:( Al  1\27

• 1\^{C

A-10
A35

A?4 3 P9

A39

A32
A-9	 `:a.^` A31

A?.9

^• A-g ^t

AMM,OE,IIA HEAT PIPE SYSTEM
VIBY AS SEEN FROM TOP

16, A21 : :	 FILL

1\22: `•

A23 1

.,/ A--6
A24

EACH PIFL IS
EQUALLY SPA
AS SHOVN It
DRAWINGS.

SEE FIGURE 4•
PLACE1r1ENT C

FIGURE 4-1: THERM000LIPLE LOCATION
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^r 
► W6	

! 2

	

c^	 W4
J

W3

	

,i	 ,
-W2

J	 'BE	 VJ 1. \ Jl7

W-10

^E IS "-\DE U' OF 10
Y SPACED MODULES
'JN IN THE ABOVE
G.S.

fRE 4-2 FOk DETAILED
'—N ,f Of' THERMOCOUPLES

W el	
FILL TUBE

W22

W23 1.

W-6
W24 .,:.

P7 FA VJ25

VJ2G

W381.
	 VJ--7

W30 VJ29

W-8

W31

WATL-R HEAT PIPE SYSTEt•1
VIEW AS SEEN FROM TOP

W9

W-3	 I

Y W11 W12	 JvW10	 VJW1314 V	 ,r

Wls

VJ37

W18
VJ5

VJ 19 •.

W2C

* — THEE MiC)COUPLE LOCATIONS

El — VERTICAL SUPPORT POSTS

'JNS •- NASA/N/CSC 15' HEAT PIPE SYSTEMS
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Table 4-1. Pin Locations - Heat Pipe System Modide Heaters
and Grounds

i

}ivatc'r/Carour.d IcJ ' „tific:itiot, Pin Locations

HoOtors

Al 1	 2

AG 3 & 4

A'1 5&0

A4 7 R 8

A5 9 R 10

AO 1 1	 &	 12

117 13 & 14

Afi 1 5 &	 16

A9 17 Fz	 18

A10 19 & 20

Vt' 1 21	 f,; 2 2

1;I2
1	

"L3 k 24

1'►' 3 Z 5& 26

1'V4 27 & 28

W5 29&30

W6 31 & 3Z

1'x1 7 33 & 34

W8 35 & 36

W9 37 b, 38

VV 10 39 & 40

Grou nds

Ammonia Pipe 41

NVater Pipe 42

O
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J fie rr»oc:ouples attached io the livat pipc tinits re also sho p-,, n ill

Fi t ;ur<• 4-1. I"il;ure 4-2 shows the relative position of the pipe, fin and

insulation slit:rmocouple s for a typical cruss•-sec:tion. As ilOtr.d in

Section 2.4. 8, the pipe hnd fin t l i e I- mocouples are spot welded or solderer]

to the surface:; to be rnea.,,urecl. Yigures 4-3 thrc:ul;h 4-7 sl,rw the loca-

tions for the remaining thermocouples. 'I abl y 4-Z liro\-ides a summary

of the locations v., ith refc-rence to 11,c appropriatc , figure. Conducting

epoxy was used to liond the therinoc:ouples in place with aluminized tape

over t'-.e top to rec uce the incasurement error.

R'	
Not all thermocouples were utilizc:d in the '1'iiermal Vacuum

I'(- in -. 'I able 4-3 presents the y TRAY designation, the T7ASA/1\1SC desig-

nation, t}1e connector : , ur,)l,er and the pin location of each il ► c i-mocouhle

utilized in the MSC test chamLer. Pins 1 and •1 on each plug were user]

to ground tltc shielding.

It is estimated that the copper-c.onstantan thermocouples applied

cannot be read with accur;tcy better than i1F' 0 at the. Cannon connector.

I his iZ3E`ans that all readings have an uncertainty of at least :4-11'0 , and

dirt the uncertainty of ihc, readiniji-ecordi.ng equipinent must be ridded

to this value. All stray EMF's generated between the connector and the

reading cquipment must also be added to they total for a final dct crmi.-

nation of the instrumentation error.

•Y. 2 DEVELOPMENT TESTING

This section presents a detailed chronology of all full scale devel•.

opmental testing; activity associated with both heat pine systems leading

up to One thermal verification testing activities.

There data along witl, the en-vironrncrital conditions associated %%•ilh

the tests► show the failur. co as well as the successes, and are intender]

to bass on to the reader as much of the experience gained on this devel-

opmental program as possihk. It is cxpectcd that these experiences

(positive and negative) will he extremely valuable ill planning and con-

ducting; the next large scale heat pipe prograrri.

Section 3 describes the fabrication and processing of the two

( y	 heat pipe systcrns up to and including the initial fill. The discussion in

this section initiates at that point in the program.

ti
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-^- x "

11	 ^---- LOCATION FOR TC POS. 16 & 27

1 -1/2"

/ LOCATION I- Uf; TC NOS. 1-151
17-26, 2£1-32 & 34-36.

'ESISIANCE HEATER

SEE FIGURE 4-1 FOR PLAN VIEW OF TC'S.

Figure 4-2. Ther,;nocouple _Application for 'Typical Cross Section -
NASA/MSC 15-ft- heat Pipe System
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T Z0031
I x.0031

•

i

T7.0034 OPPOSITE TZ_ 003
1 Z0035/36 T YP

OPPOSITE TZ 0003 TZ 00/	 0018

Figure 4 -4. Thermocouple Locations - Njult.ilaycr Ir
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S2
	

TZ0033

S3
	

,rxo0.12

b4
	

'1'70031

S5
	

'1'X0031

S6
	

TZ003-1

S7
	

tr 0035

SH
	

'I' X00-1  1

59
	

11,X0032

mi l 0
	

TZ0032..

S11
	

TX0037

S 1L	 TX0038

S13

S14

S15

S16

S17

Sib

S19

S20

S21

S22

S23'

S24

S25

TX0039

TX004C

TX0051

TX0041-)

'1'X0050

:'X0048

'1'7.0036

'1.'X0046

1'X0047

T X 0 04 5

TX004 i
TX0044

7'X001)2

P,

Table 4-2. Physical Loc.!tio^n-Auxiliary Thermo,rc4upics (S-•Sr•1•1(^s)

IIRV,' No>.	 M5C No.	 F•ig. No.	 Location

•`^ 1	 'I'X0033	 4 - 3	 1'ihc>> Mass Iirac l•c^t 1.^^
-S ections 1 and 10

4-3

4 - 3

4 - 4 Fin extrr.rrlity neat . TC:
4-4 Fill c %tremity near 7'C
4-4 Inner blanket oppos i te

4-4 Outer l,I^,liket o ppir.)site
4 -5 Diagonal Yost P? t o A l
4 ,. _- ) F iherf,lass hrac. - et at 1

4 - 3 .1 iberblass bracket at 1
4-6 Post P2, Top

4-5 Post 1 32 (Sec Fig.	 4-4)

4-7 Post P2 (Sec: Fitt'.	 4-4)
4 -7 .P	 t P2 (;4 cc Fib.	 4 -4);
•1-3 Fibr,rl,Iass brackets-Sc
4-7 Post P1, Bottom
4--6 Post 1'4 0 	 Tup

4-3 -Fiberglass bracicet-fill
4-4 Outer Thermal blanket
4-7 Post P7, Bottom
4-6 Port T'i,	 Top
4-3 Fibergja—;s bracket-Sec
4-7 Post P9, Bottom
4-6 Post 1'9,	 Tor.
4-5 Diagcml -,1 1 supp ort -Post

4-12



TR1V
N1SC Redondo Pill Nos.

Nu. No. (;l) CON

TX00 0 f IV 1 1	 f 1 L
7 X00()' 11' 3 2 3
TX0003 1V4 1 1 1 ,
'T'X0004 WO 5 6
11' `: 0 0 0 5 1V 7 ; 7 18
1'X0006 11,1 8 8 9

111 X0007 W 10 20 21
TX0005 IV 1 f 34 3 "3

'1'X000 , ) W 12 23 24
TXOO 10 W 1 4 37 s6
TXOO 1 1 W 15 26 27
1'X0012 1V37 40 39
TX001 3 IV 17 L9 30
TXOO 1 •1 W 1 8 43 4 2

j	 TX001 5 W 19 44 69
TXO016 V3 21 46 45
'1'X0017 W23 59 60
TX0018 W24 49 48
TXOO 19 1V25 62 63
TXOO 20 W26 52 51
TX0021 1V38 65 66
TX0022 IV28 55 54
TX0023 1V29 80 81
TXO024 NV30 71 7L
TX0025 14'31 85 84
TX0026 W 3 2 74 75
T}:00?_7 1V39 88 P7
TX0028 1V34 77 78
TX0029 1V35 91 90
TX00:30 W36 103 102
TX0031 S5 94 93
TXO032 S9 106 105
TX0033 S f 97 96

TX0037 S11 1 1 12
'1'X0)038 S12 2 3
TX0039 S13 14 15
TXO040 S14 5 6
TX0041 S8 17 18
TX0042 S3 8 9
TX0043 S24 20 21
TX0044 S23 34 33
TX0045 S22 23 24
TXOO-16 S20 37 36
TXO O .4 7 S?.1 26 ?.7

'I' R 1V
r	 NISC
INo.
i sww s_.,wuew.rwrw^+^wirrra►o,rr

Redondo	 Pin Nc).,.
N().	 Cl)	 CON

mono".rw.

1'X004 8 S18 4 0 39
'1':.0019 S16 ?.y 30
'1'X0( ► r0 S17 .13 .12
1 1 , x()U r>1 S15 .1 . 1 69
'1 , X0 52 ,S2 46 45

T	 0001 A 11 12
T	 GOO? A3 2

3
TZ0003 A•1 1.1 15
'1'10004 A6 5 6
'1'7000 5 A7 17 18
Tr0006 Af; 8 9
TZ0007 A 10 20 21
T%0008 A 1 1 34 33
TZ0009 A 1 2 23 24
TX001 () A 14 37 36
TZ001 1 A 15 26 27
T%. ► 012 A37 40 39
TZO01 3 A 17 29 30
'I', 0 014 A18 43 42
TL001 5 A f 9 44 69
'1'%00 16 A21 46 4 5
TZ0017 A23 59 6(1
7 1 /100 i 8 A?.4 4) 48
T ZOO 19 1125 6?. 63
'ZOO20 A26 52 51
'1'x00?.1 138 65 66
TZ0022 A28 55 54
TZOG23 A29 80 81
'1'70024 A30 71 72
TZ00?5 A31 85 84
T7,0026 A32 74 7 _=,
TZOO27 A39 88 87
TZ002 8 A34 77 78
TZ.002 9 A35 91 90
TZ00_30 A36 103 102
11 , z 00_; 1 S4 94 93
T	 003"2 S10 106 105
TL0033 S2 97 96
TZ003 .4 S6 109 108
TZ0035 S7 100 99
TZ0036 S19 1 12 1	 1	 1

3

A

0

'fable 4-3. ,Summary of Heal Piptr Th^rtt^^^c.ou1^]. /C:r^n,i^,»
Plug Pin Locations

Note: Pin numbers 1 and 4 are ground pins for the cable bundle shield.
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4. 2. 1	 Na I c r I I vat Pi )e S ,'I ej>>

'1'lle initi: . 1 fill of the watcr heat pipe unit was 350 cc l s and repre-

:,unted a t2% excess over a calculated requirement (312 cc) w hich was

based can the idc-k-liied gc;ometry of the system and can subscale develop.-

mental testing. Subst-quent testing; under "one tun" conditions": and with

the pipe levcl P ave	 runaway condition; i. e. , Section I w .s dry and was

20 - 30 0F hotter than the other sections. The water inver,tc ► ry was then

inc reas ed by 200 cc and I-lie pipe retested in a level condition. Table 4-4
presents the results of these tests. ,,--; As c:an be seen, the ripe succ • css-
fully handled the "one sure" 7nimt condition but had a substantial cold front

(1419 -- NV26) which is approximately 96" in leng;ih. The true length cannot
be (Irterrnined accurately since thc ends of the front are undoubtedly

between theriviocouple locations.

It was speculated, but not experimentally confirmed, tliat the cold
front was caused by non-condensible gas generated as the tubes became
self-passi.vatcd (the screens had becii passivated prior to final fabri-
c atio;,).	 on disci s6i.011:3 w.Lcn the NASli1„15: 'Fechnical Monitor,
it was deciced to keep the water pipe op--rational until the reaction had
gone to coir;pletion and to '%urp" the pipe once prior to final closure:

Prior to "burping" to minimize the cold front, however, a nunil)er
of tests were conducted to determine th- operating, characteristics of the
water pipe. 'J_heE^e tests consisted initially of power density tests, where
maximurn ficat flux (54 watts) was applied individually to each section to
see if boiling occurred in the artery and if there were manufacturing;
flaws in any section. Table 4-5 presents the results of these tests. A
single the rmocouple readi.iig; per section was taken during, tl ► ese tests to
reduce the tiine required. A cornpl.ete set of thermocouple readings (35)
were taken wit h 54 watts applied to Section IV3. Note that the cold front,

alt}iough more difficult to distinguish because of the low temperature, was

One sun conditions in this discussion is takers to mean 54 watts on
Section 1, 43.7 «`atts oil Sections 2 and 10, and 16.7 watts on Sections
3 and 9 (Total = 17 .1. 8 watts). These values ware selected to approxi-
niate the rnag;nitu6e and cosine distribution of the solar input.

The heat pipes were not insulated during preliminary testing. Thus the
thermocouples were c y posed to ambient drafts, etc. , causing; some loss in
accuracy.

6

k_')  
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Date: January 9, 1')'10

Conclitiont:: One Sun input, Mrcx ) 1
Pipe Lc•vel

TC
of	 Nu.

9 3 Wig

94 IVZU

9 5 W21

94 Z' z z

94 W c3

94 WZ4

94 W25

95 +	 W 26

95 AV27

9 4 V3 28

9 5	 I W29

94	 I W30

95 W3, 1

95 IV32

94 W33

67 W34

94 W3 5

9 5	i W36

UP

TC
NO.

W1

Wz

V%* 3

W4

IV 5

Iv 0

W7

11%18

14' 9

W1( ►

tiV 1 1

W12

11'13

IV 14

W15

1V 16

1V 17

VJ 18

Talk 4 -4. Teinp ralure Prnfi)c - Waier Pipe
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still approximately the same ( 100') otter t( 11 clays of nearly cotitir► tic ► cie•

operation. Boihiig in the artery in this test sc w rics %vould have rv!;ti1tc 1

in pronounced teniper,"Iture rise of the heated f.ection; ip no test did 1111''

situation occur.

Table q -0 r;howl tho rcc;ults of the ► 'ells ~kill" COnditi"?) applied t(c thy•

fill tube area (Section \Yip : 54. 0 \vatts, Sections 11'5 al"(1 V. 7 	 •1:3.7 watt::,

Sections ti'A and Vt1 8 = 10.7 watts). These data show the opt, riition of the

system as a heat pipe at evaporator elevations (ISection G) of 1/4'', i l" A"

and 3/4''. The unit had clearly suffered an evaporator dryout at 1" ulev: ►

tion. Actually, it may be argued that thC pipe hrt'l started 1.0 ru;i a\t'.ty :ct

.i/4'; the tempe rat tire oil 	 A6 h,cd lnurcased •1 `1' in about '75 mim-toli.

Thecirctically, th, water. pipe should have operated at	 111

to 8.3 inches under this load. Failure. at 3/9" clevation sug,f;csts that tilt'

arterial wick only generated abuut 23 percent of the theoretical capillary

head. Thus, it appears that the artery was not perfectly sealed, reducing

the capillary pumping head achievable. The fact that th(.. pipe did operate•

in an elevated heat pipe mode, however, indicates that tlic artery slid

prime and function, albeit not as well as hoped.

When tested at higher llc+at loads in a level position, the water heat

pipe- operated successfully at 1.25 "Nuns" but quickly suffered it hydro•-

dynainic failure at 1. 5 "suns". This result suggests an actual capillary

head equal to about 25 to 30 percent of theoretical. This is ill

agreennent wit }1 the elevation tests d:-scribed above, lending support to

the thesis that the artery was not perfect, seriously reducing, the piles':;

heat transport capacity. It (lid, however, appear to be sufficient to

handle the design load of 1 sun at anticipated operating temperatures.

A series of "burping" operations were then performed to re'_ll1CC

the cold front prior to final closure of ihP water pipe. R was noticed dur-

ing this effort that the front length changed very little with each burp

leading to the speculation that the front was caused by excess liquid or

that the noncondensible gas, if any; was htmg up in the artery and cou)(111'1

get out to the vapor space (or to the • fill tube area). However, the pipe

\vas operated level, in the heat pipe mode (4 1/2") and the refluxing mock:

(- 112") during these burping operations without substantial change in the

front. This supported the preliminary conclusion that the front was irldec it

4-17
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[was, anti painted up what may be- a serious problem with arterial livat.

piper. In crarging; e,uch heat pipes with inert gas, either for sta ►•t-up
from the frozen state., or for variable cc,uductaric. control, the-rc exists

the potential for some of tho t-,as to enter the artery. if this happens, the

flowing vapor is isolated from the gas by the artery wall, and the gas is

not lumped to the vnd of the condenser. Thus, a much larger portion of

the condenser can he blocked by gas than anticipated. Alho, as in this

case, it becomes very difficult to purge the heat pipe of nonconct-2iisihle

gas by the coma-,()n practice of "hM ping" it.

The cold front had been reclucc d to about 40" in length prior to
final sealing,; in the chamber, this length would be reduced to about 20"

(if gas) because of the reduced temperature! of the "shut off" section.

During; the sealing operation, however, a leak developed in the closure

causin g; the wate r pipe to fill with air. It was, consequently, totally non-

operative. Opening; the pipe required that the fill tuba be cut cuff and the

positive closure replaced with a vacuum valve.

The system %vas again pumper: dov. , n and baked out at about. 1750F

for approximately 2 hours before refilling with 470 cc's of degassed water.

The water heat pipes with this charge would not handle the "one sun" con-

dition level without runaway; no cold front was observed. Addition of
2 '0 cc's more of degassed water caused the pipe to operate properly

(level and in the heat pipe mode). However, a cold front of approximately
OV" was observed in the level condition. Subsequently, the pipe was tipped
to the refluxing; position and, at an elevation of 4" the front dissappeared

completely. It could then be con .lulled th<.t excess liquid inventory was
the cause of the cold front.

The volume of the vapor space in the water pipe is about 0. 159

in 3 /in of length and 86" will hold approximately 225 cc's of liquid. It

then appears that the 470 cc's initially charged in the pipe was only

slightly below the required inventory and that most of the 250 cc's added

stayed in the cold area and, in fact, bridged the vapor space to form a	
t

plug. We were unable to disperse this plug; by "chasing" the cold front

with heaters. Also, after operating the unit in a reflux mode (4"), the

front quickly reformed at the cold zone when the systeni was leveled.

4-19-vim,.	 +^i•----	 - ..- ^_..._	 .^► -



Based oil 	 information, flit: excess liquid wao climinishecl by
centering the cold zone oil 	 fil l, area and "burping" with a vacuum
purril, through a LN 2 cull tr.,p. A total of 200 cc's were taken out leaving
aN}l,roxi3nately 520 cc's and it cold front of -around 14". It is concluded
that there are still about 3 1) Cc's excess water i ►► the pipe. Since: sonle
excess is neceL'sary to a!'Filre a saturated arts ry; this JV:t:, judged ac(k pi-
al-Av. Tic vacuum valve tv: r than clOSL'd and the lisle inuchanically pinched
off before the valve; i, e. , the valve \tias between the pmcll off and the pipe.
11 ► is was the final water pipe configuration shipped to NASA/l\1S(:; ivst data
showirlp its operatics for the "one sun" condition iere presented in the next
Section.

It should he 1 ► oted that all development test data collected ill the
laboratory environment for the w;,ter pipe are valid provided the water
pipe had sufficient fluid inventory to he operational as a heat pipe. Sub-
stantially, the only differences from one fill conditio, ► to another were
the lengths of the cold front. Consequently, the data presented earlier
of tr aximum flux in the level condition (power density tests) and the loads
at varying elevations are also considered applicable to the filial eonfigii-
ration of the v..-ater heat pike system.

4. 2. Z Ammoni a Heat. P i pe: Syste ms

The initial fill of the ammonia Beat pipe unit «v as % p ith 'M cc's and
represented a 20% excess over the calculated requirement.

As noted previously, the initial. fill Procedure utilized a fixed volurne
reservoir in whits: NH 3 was Irozen prior to distilling in the heat pipe
itself. This approach may not have given a true indication of the liquid
volume since the density of the froze-n arnmonia is strongly dependent on

whether the NIT  freezes as "iec" or "show". Subsequent fills of NIT 
viere made by liquifying in the reservoir rather than freezing,

'Yl:e system was not operational with the initial N1-1 3 fill and it was
decided to add another 300 cc's. After considerable difficulity in getting
the heat pipe level to within 1/8 11 (1- 1/ 16 11 ), the unii. was able to run in
the "one sun' condition in the level position; Table 4 ­ 7 shows equilihriurn
temperature data taken for this condition. No data were recorded with
the anntnonia pipe operating in a true heat pipe anode with the heated end
el eve-it ed.
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1'al)!e 4-7.	 '1 emperatare Proli	 N i 1 3 Ili},c

Mile: aallllill- y 9, 19'10

Condition: One Sun Input, Maxitt uni 1Teating on Suction Al
Pipc Level, No. Inert Liar

7 (.

`	
N0.

A 1

of

99

'} C
No.

Tet11P.
of

87A 19

A 89 A?_0

A_; 90 Ali 137

A n5 A22 f),7

A 5 94 A23 87

A7 88 A25 85

A; 91 AV: 88

A9 90 A27 93

A1n 88 A28 81)

A 1 1 87 A29 88

A 1 2 88 AM, 86

A13 88 A3 1 88

A14 88 A32 89

A 15 87 A33

A16 87 A34 88

A 17 87 A35 I	 93

IA 18 88 92

P(A 1) = 54 watt s

P(A2) _. 43. 7 v. , att s

P(A10) - X13.7 watts

P(A 3) =	 16. 7 watt s

P(A9) =	 16. 7 watt s

', 1

% n
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A aeries of bower dunrity ter-is s: 1-ilai - to 0iosc! reported for the

I., .ter pipe were conducted on the aystctn with thc • pure ammonia cha ► rj!es.

As before. 54. 0 watts power was input heaueiitially ic► each of the scctiol.s;

temperature data for these testa are pre-jented in 'fable 4-8. Inadvertently

no data ► were taken with Section A3 heated. The data in Table 4-8 show at

tendency to be hotter a ► 1 they fivated zone but t1je sysiem did not runaway
and did nc ► t nucleate. In .111 instances t t)i pipe was level.

An objective of thi:.= program wab hi investigate the applica+,.,n of

a : m-cowlensible gas into the aeninionlae hoar pipe cyslenl to aid in mart-up
from it frozen state. Conceptually, : 4 n expJatined in Section 1, the ba u

cl Ypandr, throughout the pipe as the Nil  cOe,)s a,nd freezes. Upon re'llcating,

the ga f, front contracts slowly restricting the hc-.ct pipe action to the h(!atecl

area until all the N11 3 melts and restart its acconipli:.hed. Thit ► concept

was W li-- ed in tl,e ATS-E Solar Cell heat pipes, apparently with success;.

Unfortt , na ► tely, the addition of a non-condensible gas in t1w N11 
pipe can have a deleterious effect in a concentric a-Lrtery system. Calcula-
tions show (.,ee Section 2) that the nucleate hoilinb )imit of Nil  in the

presence of bas may be extre ► »ely lu g,,, . In the case of a concentric artery
system, nucic:a ► tion is disastrous; vapor generation in the artery ,vill

eventually ause the artery to empty in the evaporation section and the

pipe to fail co ► npletely. After discussion with the NASA/MSC Technical

Monitor, it was decided to charge the syetein, and to experimentally
determine: if these fears were read. With it molecular weight of 20

(NII 3 is 17), neon was se lc•ctc-cl for thc inert bas fill. 	 This fill was

accomplished by measuring tl c• pressures of the pure NII 3 charge and

adding a overpressure of •1. 0 psi. The rationale and anticipated results
associated with this neon charge are presented in Section 2.

Table 4-9 presents the temperature: distribution within six hours

and 24 hours after introduction of neon gas. The pipe was operated lc:v,,l

with the iullowinf; heat inputs:

54. 0 watts - Section A 1

43.7 watts - Sections AZ arid Af0

16. 7 watts - Sections A3 and A9 j
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Section 1 crrrper.tt,.rrc F

--^ Aftcr G I,rJUrs	 ^r
`M•^Y.M

Aftc r 24 hours,
^nr.^Y...^W^.^lM

1
^4nr^..^•.Y.YY^►rMI-/^M./'Wgl/^^.^.+.

91
^YH•^Y^.►'4M/^I.^^'^'.. r.^^^

94

z 90 9z

3 89 90

4 f; 9 91

5 89 91

6 89 ^^ 1

7 78 81

8 It 77

9 90 `)1

10 132 93

Yin 88 89

'1 - C No.

. ww^.w^wwM:lr^sAr.+

A3

A7

A11

A1^^

A18

AZ3

A?,6

A1 9
A3Z

A35

A16

rk

4

c

6

Ti.:tile 4-' .	 I :11perature Distribution - 1 •:11 3 1'ipc witli 1 .1vun l rll

Dale: 1/?0 K 21/70

C onclit i.cnv : One ,Sun Input, Max. 1 Ieating on Section Al
Pipe Lvvcj

I

t

A t = 54. 0 watt s

AZ = 43. 7 watts

A 1 0 = 43. 7 watts

A3 - 16.7 watts

A9 = 16. 7 -%va its
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C

The arninonia heat pip(- did not ) • unaway> nor was there any ind ication of

nucleation. However, left operational at "one! :tun" over a full weekend,

the pipe failea alid c oilld not he restarted iii the level position. Apparently

sufficient noon had ;,c etunulated in the evaporator to CMI:ie nucleation and

pipe failure. The measured cold zone was approximately 10' lung v•hich

was almoat twice the anticipated length under an ► bient test conditions.

This was likely due- to a portion of t1w ga.s r,, riding behind the artery \vhere

it could nut bC pumped by flowing, v; ► por, as discussed in tale last secti.c+n.

In additio>n, it is eery difficult t o accurately control the• dua>>tity of gas

introduced when adding it to a pipe already filled with it two - phase fluid.

This typically results in the addition of too much gas.

It was concluciF-d at this point that the arnmonia Le at pipe xvith it

ne r► n charl_e would not operate successfully at the required he;,t load, and

the decision was ► nacle to remove the gas prior to final closure:. 'I liree

sections of the pipe were irmnersed in LN- to f.rccze the Nli3 zinc] the fill

tube connected to a vacuum pw-np. The snit]] of ammonia at the outlet

of the p:tnlp, however, indicated that not all the ammonia had been frozen.

Rc . tr- ► ov " il of the 11er► 11 v3 as eventually accornplislied by c.onipletely emptying

tine pipe (neon + ainnionia) and refilling with a pure anirnonia charge.

The final ammonia fill consisted of 450 cc's (138 cc theoretical

excess) and was done using the fill procedure outlined in Section 3. The

fixed volume — servoir was chilled with dry ice and methanol to condense

the N1-i 3 fl'(-,Ill u:. container. Ammonia uir+s not frozen in the reservoir

prior to fill into the evacuated pipe. 	 -)nce- the ain.inonia fill had lbeei,
completed, three sections of the heat pipe were imn-iersed in LN., to

reduce the pressure and the final closure was rnade. This closure did

not include a valve as with the water pipe because of the hazard of ammonia.

Due to schedule pressure, the arrimonia heat pipe systein was then

not operated for several days vvhile final fainting and insul^ition were

completed. When turned on, it N as ' found that the unit would not operate
as a heat pipe even at 30 0, 110 of the ''one sun" condition and, further, that the

failure appeared to be attributabl y to nucleation in the artery. Steady

growth of' a cold front with time served to confirn ► that a stibstanti; ► 1

amount of gas was being generated in the pipe.
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The gaf, front it was felt could oltly have been caused by the presence
of water in the pipe. Aimi-ioniuln hydroxide was created \vhich, in turn,
attacked the pasc:ivatv(l stainless F•tevl screen aJJd ripe. Ultimately, if
left uncheckecl, the reaction could corrode ihroug;h the wall and duml)
arnmonia t 1 ) thc envirunnlcid with it con.,Jocrahlc safety 1 axard. C:on-
secluuntly, the pipe was opened, the ammonia emptied, a valve put on
the fill tobc: and the systvin evacuated.

Accidental introduction of water in the pipe must have come front
the water culumll used to capture N11  during; the emptying process (see
figure 3-3). During a norrrlal du111p111g; operation, N11 3 is "bubbled'' into
the mater colunm forining 1`;11 3 01 -1 to minis -iize at.mocphCric CU!-lt;11111J1 ;At i011.

Ili 	 sass• :" the anilrlonia was first condensed from the pipe to the rcs cr-
voir before opening; the valve to ills water; the heat pipe valve was always
closed prier to t he dump. As the pressure in tlic reservoir decreases,
hov., ever, it is Possible .or water to hack up into the reservoir "vhvre it
can remain until the next ammonia f:il into tl:e pipe. It is postulate(I that
water was introduced into the ammonia pipe by this process.

At this point, time (lid riot permit another attempt to fill the pipe
with ammonia. The fill. tube had already been used (A can only be sealed
once). Ever, if an adapter were welded over it to allow another seal, the
pipes had been painted and insulated which prohibited the freezing; opera-
tion necessary with the closure technique used. Finally, the alternative
of filling; with ammonia and using a pinch-off or valve seal was deemed
UllaCCClItable from a safety point of viov:.

11 was decided after discussions with NASA/MSC to refill the empty
amrnonia pipes %vith methat ► c ► l. This was accornplishud and the ripe closed
in the same \vay a: the water pipe (valve plus pinchoff). No thermal data
were c Alected on the methanol s- ,Istem due to the shipping; scl;edule. Cal-
culations indicate that self-priming of methanol in a 0. 01"2" artery is
marginal. In any case, the thermal load wllich can be handled at 70`F is
minimal (,\ 0. 3 Su11S). further, the Performance drops off sharply witl;
temperature. Consequently the methanol filled, ammonia ligat pipe was
not expected to provide rneaning;ful data in the thermal vacuum testing but
can perhaps be cttilized in laboratory testing at partial sun load:.
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4. 3 'I'IIEJtMAI^ Vr;}tII'ICA'J'IUN 'i'I^S'1'ING

The pri ► nary objective of the Thermal Verification T estin g, was to

provide:. i simple ► „cans to verify acc• eplablu performance of the heat

pipe systems for noininal operating conditions. I3y acceptable operation

is 1'l1eallt:

•	 'Yhc maximun ► power density associated % ith olie sun
incident c ► i, one 5' module does not induce boiling; in
the artery.

0	 The unit is capable of operating; level with one sun
incident on one side of thc: 15' di.atncter cylinder
\"-ith :.n overall AT not exceeding; IC "I' over Hie
active length.

III all cases the tests were conducted in air and utilized heaters and

the rn.o coup] e instrwnentation installed for the thernial vacuum test in

the NASA/MSC chamber A test facility (see Section 4. 1).

'.1'he thermal verification testing; was not intended to provide exten-

sive data regarding; the operating; characteristics of the Beat pipe system

under a wide range of enviro-inient:Ll c:onditior,s. 'These data must be

provided by development testing; of the type described in Section 4. "I, or

the thermal vacuuni testing; described in Section 4.4.

4. 3. 1 Test Ilan and Procedure

A detailed test plan and procedure for the thermal verification
testing; is presented in Appendix A.; the overall philos,.,phy and general
procedure are reheated in this section. Instrumentation and heater place-
ment are presented in Section -1, 1 of this report.

Thermal verification testing; calls for two different types of tests
to be performed. III first, or power density test, 54 watts thermal
energy was supplic!d to a single section with all other heaters off. This

value represents the riiaxiinunz flux absorbed by one niodule with the sun

Active length is defined to be the working; portion of the heat ripe and
noes not include that portion blanketed with excess liquid inventory or
by non-condensible gas.

4-27



6

incident perpendicular to the fin. If the units do not experience nucleation

nr boiling in the. 1rtCry 1,nd(!r g alls Condit: )n, we are assured ► llat it. will

not happen f-)r tl ► e normr,l operating condil ion with one burl on half the

circumference of th(-• cylinder.

For initial te fit iJlg at T)' %.11'/ Rud()nd0 l;ear),, each „Iodule wits sub-

jected to ill(- hewer density test to determine the manufacturing variance

from one module to the next.	 St ► bsequei)t verification testing; at NASA/1\iSC:

wi ► s conducted by examining only selected modules.

In the second seric t; of tests, electric heater; were powered to give

one solar .+bsorDed load over half the circumference of the pipe. A Iota)

of five heaters were mied and adjusted to approximate the cosine dis+ri-

tution of solar input. The followin j! lable shows the disrribution based Oil

a fin surface coatinf, having a c / c of 1. 0 and a -- 0. 25:

	

J	 5

	

I.ocation	 Y)ow er, watts

Center Heater (e.	 Module 1)	 54. 0

Adjacent to Center (e. g. , Modules 2 and 10)	 43. 7(Z)

Outer Heaters (c. f;. , Modules 3 and 9)	 1 0 . *7 (1}

Total	 174. 8

Sections 1, 2 and 10, 3 and 9 were selected since they were opposite the

fill tube area and were to receive the solar input for the major amount

of the Theri,ial Vacuum Testi ►ig at NASA/MSC.

The heat pipe units were operated level for both portions of tl,c

Verification 'besting described here. 11 is not intended that this test will

serve to demonstrate operation of the units as heat pipes; this demon-

stration was provided as pert of the development testing described in

Section 4. 2.

A detailed ))]an and procedure for the conduct of the Verification

Testing is provided as Appendix A of this report. 'Idle interested reader

is referred to this area for more specifics on these tests.

4. 3. 2 Anal , tical hredictinns

	Analytical predictions of the pipe performance in air are, of 	 i

court e, heavily dt.pendent oil the laboratory environment and on the lic:at
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t ransfer characteristief; of multilayc.r insul;)tic)n. The fatter \va< . into no.:cl

for vacuum operation and is fairly ineffective in ambient cc-qn #7litions except

to block convection currents. An additional uncertainty is tl)e position

and extent of the cacess liquid or non-condensible gas c:olu front. I Ile

sul,sequent arialysis, therefore, nc1;Jvct s the cold front ; thy• length of

this front was experirnentall} dept-rmined.

Vie input heat flux assulned i)) the predictions for Ole Vrrificatior)

Te!,ling is sI)ov., n in 1'igure 4-8. The profile is f;ymrnetric:al arid only

)ialf is shown. It was esl irnat cc' that both pipes would operate near 100 
0  

F;

fluid propertic!.; \ver y ihcrefore ev;,.Iu ated at this conditior). Yigur y •1 -9,

presents thcr calculated te)r)laeratur y drop for the water pipe for Ili:-

"one sun" verification condition. Note: that the te)))heraturc drop:; across

tlic artery (evaporator and con.- censer cede) account for `'). 00 1" of the

predicted total of 5. 6 0 Y. The vapor temperature (pressure) drop is

only 0. 6°1". 'l lie total predicted AT is, thus, very sensitive 'o the

'ISSUrnptions of heat t ransf(:r into the system. For the calculations

presented in Figure 4-9 it - -as conservatively assunied that heat input

tiirou€;h the: artery occurred only over 1/3 of the circurnference of Ow

Pipe.

Predicted temperature drop of the amrrlonia pipe for the "one sun"

verification) conditions is shown in Figure 4-1O. The maximum predicted

AT is ';.0 and is almost totally due to heat transfer across Hic artery;

AT clue to vapor pressure drop is neg)igible for these- conditions. r;onse-

quer)tly, the predicted AT for the ammonia pipe is subject to the sarnr..

uncertainties as the predictions for t1jo water pipe.

4.3.3 Test Results

4. 3. 3. 1 Watcr. Ileat Pipe S y stE.rn

Results of the power density tests on the water heat pipe system

are reported and discussed in Section 4. 2, these results are repeated

ir) "I able 4 -10 for convenience. As expected, it is clear that nucleation

was not a problem. with this unit.
4

Results for the "one sun" heat input condition are shown in Table-

4-11. As noted, the maximum input (54. 0 watts) occured on Section

VJ 1. Sections W2 and tip/ JO Ilad 43. 7 watts, and Sections W3 and " 1 9 had
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10. 7 watts. The maxinitim AT sliuwn is Z F' witl, all but three readings:	
0

l.,eijig; •)L°F (flic intdrun ciitatiun rsysten ► had an estimated ► uirvrt.iinty (if

at l••af:t a.lk'° for these IvrTil-erattire readij;g .,.)• 	 It	 t leaf• them fol•e,
that the overall Al is iubstanlially below 11,e predictetl val:t. , of 5. G "h,

a not	 reyult sint • , Ole calc-ulations in Section .1. 3. L %vet t

extrumel^ • conservative ill nature.

It should also be noted !hat the watt•r heat pipe syslern had a A!. -1.1"

cold front caused by excess liquid inventory. This, front clues: not appear

in the data of 'J able 4-1 1 because it was located between ilierillocouples.

The front was id - litified by carefully feeling± along; t+:(• pipe and noting;

v.-hich areas had it teiii1 eratur. significantly I)clt,w thy• resit of Ilse pipe.

1, 3.3. 2 Arr;muni a	 eMth^ ► ruol he	 1'i .^^ S t► se»i

	

-_ _ _y_ 	^ at_ _ 	 j_._ L__^ _..

No verification data v.­ re collected after filling; the amintinia heat

pipe system with methanol. All data obtai;ied for the arnnior,ia filled pipe

were presented in Seelici: 4. Z.

4. 4 TIII-RMA 1., VACUUM TESTJNG
i	 y

I	 ^

Tile heat pipe thermal vacuum tests had three primary o0jt,c'ti%'C:;:

1) to investigate the steady - :tatu operation and tran::icrnt d.v;;anlic rc:pa;;5c:

of large heat piper, under simulated spacecraft cunditiom.,, Z) to explore

the potential fluid freezeaut proWern glue to vapor diffusion into .1 portion

of the condenser blocked by noncondensible gas (see Section 2. 1.. 1. 5), and

3) to investigate the feasibility of using nonrondensible gas to effect start-

up of very large lic at pipes from a frozen. state (sec Section 2. Z. J. 4).

The first two objectives were successfully achieved with the water

heat pipe. The third objective could not be satisfactorily accomplished

for reasons discussed later in this section.

The thermal vacuum test program embudied several tasks other

than the T/V tests thein:,clvcs. 'These included i ri&pectiurl of the heat
a

pipes after delivery co NASA/MSC, verification testing; at MSC in the

laboratory, post test data reduction, analysis of results and comparison

with analytical predictions. Docunient,,iion of sume of these tasks plus

the thermal vacuum test timeline is pr. ^ • • ,ted in the Appendices of this

report. This section will deal only wi!h a brief description of the experi-

ment. and selected test results %% , hick are pertinent to an understanding;

4-34
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'Jab), 4-11, Thcriii;il Verification Totit ResmIts Water Heat Pipe System

Heat Inputs: Section 11'1	 1A. 0 watts (2. 78 ;,mps)
section 11'2 & 1%, 10	 4 3. 7 matt s (?. S0 zt11i1)s)
Section 1V3 & W9	 16. 7 watt a ( 1. 55 it nips)

TItW
' C:	 T\

1V 1

NASA
'1 C Nrr.

i	 ^w
I	 1 -'ins

.fefi ► l).
(o F)

TRW
T 	 'c,.

^ NASA
'IC No. 1'iCl;c

'1
("1-)

1 XUUO 1 1 I &J Z 92 1'►' 21 '1 XOOJ 0 4 56.16 92
1V3 TY'0001' L 63 1)2 W23 '1 X;001'1 5 9 &"f)0 92
X1'4 TX000 ; 14&1 5 92 1V24 TX001 8 48&99 92
1'x'6 TXOUO4 5&6 92 11'25 1'Y0019 02&63 92
%V7 Tx000OS i'1 &18 9Z W 2 7X0020 51 `52 91
1 'o'8 TXOOO(., K&9 92 W38 It XU( ► 21 65 &-66 9	 .

W 10 ' xOrI 07 20&.21 92 W?8 TX002? 1i4t^5", 92
t1' 1	 1 '1•X000f' 33&34 92 11''2.9 TXOOl3 bO:.', 1 92
,'' 1 L TX0009 23&24 9.''. 1V30 TXO024 7 1 &7 92
1',' 14 7'X001 U 30&37 92 11'31 1'X0025 84&85 92
W 15 '1'X001 1 26 Q7 92 W 3L `_'`'0020 74 0 '- 1 92
W3 7 TX001? 39L40 92 1V39 TX0027 87K88 y2
IV 17	 1 TX001 'j 9&.30 93 11' 34 TX002.8 77F•28 92
%V18 TXOO1% 4"&43 92 W35 TXOUL9 90&91 92
1V 19 TXOO1 1, 40:69 92 W36 '1'X0030 10 2 &1 J  U3 92

',.	 Dotes: 1)	 ;'emperature level dep(

2) 12-J4 11 cold front n... s11
centered b(Aw een the r I i

3) Data collected 2/3/70

4
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Of the her-it hipc•'fi performance and its relationship to the primary test

objc etiveu previously identified.

4.4. 1 !ImLrime-ntal Approach

The two full-scale experimental system:-• were	 with tho Sub-

. ysten) 'Felt Bod (STJ-1 ) in the MSC: Spa(-,- Nnvirovmental Sirnulatioll

Laboratory Cbarnbcr "A'' during the period NIar.:h 10 - 23, 1970. Figure

•1-!!	 the heat pipe assembly in the "piggyback 'c • st" configuration
atop the STB test vehicle.

Althoul;h both lie-at pipes were subjected to therinal vacuu)n testing,
it. had prvViUUSly beeii ct tabliShed in the laboratory that the methanol

filled "ammunia" heat pipe dici not function adeq uately, and successful
heat pipe operati m was not anticipated. IIowever, tit rcic'(uc • ally t1)e two

heat pipes had to be J7)ounled as a unit. further, the nonope-rating
methanol-filled pipe would serve as a reference for evaluating the per-
formance c>f the water heat pile.	 Since the methanol Beat pipe was not
operational, discussion in this section is generally li)nited to the water
heat pipe test results.

In all therinal vacuum testing, heat transfer from the heat pipes
was primarily by radiation to the• liquid nitrogen cooled chamber walls.
Heat transfer to the heat pipes was provided either by electrical hc,aters
(see Section	 solar sirr,ul-ction or both. 

	

^.	 ^Since 11)c heat pipe test was '' piggyback i an d sc,con.iary to the ST BB

test program, the heat pipe timeline was developed about the STB tin-le-

line. Solar simulation, cold soakr,, roll and stationary modes were all
dictated by the y STB tests. However, it was passible during the numerous
cold soap conditions to utilize the heat pipe heaters to generate various
heat SUM - CC distributions and power levels. Thus, the test program per-

mitted the acquisition of data for it sufficient number of conditions to

characterize the heat pipe's performance.

They heat pipe instrumentation is escribed in Section 2. 4. 8 and 4. 1.

However, some comment regarding the temperature measurements is

necessary to enable proper interpretation of the data. The data acquisition

system for the entire STB test was programmed to yield a resolueion of

a proximatc l f3 °f for the thermocouples. This is not. really 11	 Y	 p	 y adcyuate

4-3f,
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for heat pipe performance tenting where onc • is luuking for a much higher

degree of isothermal operation. In an attempt to compentiat.e for this

situation, a data smoothijig technique was employed. 'Ilic data acquisition

system recurth-d the thermocouple signals every ecco od. '.]'Ile smoothing

technique was to compute a line-averaged valve for five consect2tive rearl-

ing,t; of each thermocouple during the test periods of interest, and to plot

this average as a single pui nt on the graphs.

4.4.2 Test Results

The ttrncthod of heat pipe test data presentation has been selected

such 111at the t^^^,iperaturc d i stribution 	 the heat pipe periphery are

ru.-Idily appar, nt at specific tiines. On all graphs tl,c; local tv2nperature
is ],lotted against the (NASA thermocouple number. Since thermocouple
Nos. 1 through 30 represent 30 thermocouples uniformly spaced around
the heat pipe,	 the data graphs represent "developrnents" of the heat pipe.
That is, position Ig o.	 : and position Ig o. 31 represent the same. physical
point on the Beat pipe, and the abscissa is,	 essentially,	 -: linear repre-
sentation of circumferential position.

Each figure presents several temperature profiles of the heat pipe

with time as the parameter. The cede used in referring to time is the

day number, hour (?.4 -hour clock) and minute, (c. Z. , 70:23:02 means

2., hours and 2 minutes of the 701.11 clay). This code is cinsistent %vit12
that used in the test timeline (Appendix) and allows correlation between
the event and the overall tinicline.

Superiinposed on each graph are the heater Load:' in %ti , atts applied to
(	 each of the ten Beat pipe modules during the particular test phase involved.

4. 4. 2. 1 Co l d Zone Due t o NI onconden sible Ga s --in the Pipe
i

The first test results obtained were during the initial pump do«,n
and chilling of the test chamber. A series of water heat pipe temperature
distributions during the most significant portion of this test are presented
i ll }. ij;Urc 4-12.

Far ro •iching observation can be made from this graph. The first
time slic,- (70:23:02) snows the heat pipe operating at near isothermal
conditions except for the region between thermocouples 15 and 18. This
colt] zone, which is located diametrically opposite from the region of
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Might-St he.it input, is characteristics of Ole presence. of naticolulc- nt.iblc gas	 a
ill 	 heat pipe. The gas is F>um1wd by flowing wati-r v.tpor try the region

Opposite thc hunt i: ► l)ut i.onc where it forms it gas shag. ']'hit, gat; slug acts

as it diffu. -pion barrier impeding the flow of water vapor into the region

v.-hich it blankets. By rt-ducing the partial pressure: of water vapor in

this region, tho Cdiuilibrium saturation te , mpe-raturc', au:d henc0 thy, heat

pipe well tempt-rature, falls to a lower value than Ow rest of the heat pipe,

The next tv.-o tirne slices mi the graph (7 1:00: 1 1 and 7J:00:38)  supply

l additional evidc rice for the presesnce of noncondensible pas. For a given

quantity of gat: in the heat pipe, the volume it occupies varies as an

inverse function of the total pressure in the systenl. 'Thus, as the heat

pipe operating temperature f;llls, the gas blanlcets all 	 portion

of the heat pipe. This is clearly ,.hown by the data.

Another situation v. , hich could yield a cold region on the hunt pipe is

a slut, of c>:c:ess fluid bridging the vapor core. As Inentioned ill Section

4. 2. 1, the heat pipe dici cordain a small quantity of excess fluid \,,•li(-n

shipped. however, if excess fluid caused the cold zone, it would not be

expected to grow iii sire with decreasing heat pipe telnperatur 	 'Thus, `^ Jr

whether or not the heat ripe slid contain some excess fluid?, 111e data shows

it clearly also contained some noncondcnsible gas.

Final. verification of this g i s load was obtained subsequc . r,t to this

test program when the heat pipe was opened and its contents analyzed.

This is discussed later in the report.

4. 4. 2. ?, Y)iffu sion Freeze-ou t

In addition to effecting a cold 'Lone, the presence of noncondensible

gas in a heat pipe llas further in-iplications when the heat sink temperature

is hL'low the freezing point of the working fluid. Depending on the nlagni -

{	 tudes of the heat sink temperature, the quantity of gas in the pipe and the

axial conductivity of the pipe and attached fins, it is possible to establish

a condition where the wall temperature falls below the freezing point of

the working fluid over a portion of the noncondensible gas slue; region.

{	 Under these conditions, vapor continually diffuses through the gas to

regions of lower vapor pressure, condenses and freeze-; on the wicks.

Once frozen, it cannot be pu111ped back to the evaporator system and ilie

y
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;,ve portion of the heat pile loser. fluid inventory. if allowed to con-
tinua, this process will eventu.,lly ca ► 1:io the evaporator to dry out and

the heat pipe will fail.

The actual tilne scale involved dcperncls On the fluid f1'CCZVuut rate,

the fluid inventor' irI tine hu.•lt pipC, ;1:1d the nature of the wick. For

holnogeneous (convention.11) wicks, p.crtial desaturati011 Cith still ;cll"AV

satisfactory operation. llow--ver, for arterial wicks, the at-tury 1111151
be coinpletely full. Any dcsut,iratic,n of an artery re,)resen,:- arterial
failure and hence Beat pipe f.iilurc.	 for examp!o, the ;crterial

wicks used in the ht-at pipes in this program c.ottid Drily aff„rd a fluid

loss corresponding; to part of that held by the clouhla layer e,f 200 mesh

screan forming; the annular artery. Wl ► cn this duubtu layer of screen is

dt-pla_icd the artcry fails.	 Unfortunately, ;iris is a relatively siliall

qual ► tity of fluid, JM^Zllli1 ► l; that thc5e heat pipes cannot tolerate a diffusion

freezuout phenomenon for very long; without failure.

This failure is clearly seen in Y ig;ure 4-1-2 .  The curves show that

the coldest portion of the gas-blocked region reached tliu freezing point

t	 of \eater at 71 :00:11, Iiy 71:01:02, the evaporator temperatui-e heg;an to

increas.•, indicating; evaporator dryout and failure of the hctct pipe.

Clearly diffusion freezuout phenornena in gas-loaded heat pipes is
1 serious problem which requires careful consideration in heat pipe
design. Sorg e techniques for avoiding; this problem and their implications
are discussed below:

c 1:1in-linate noncondc:nsible gas. Clearly, the problem
exists only when noncundensible gases are present in
the pipe. l,owever, eliminating; none ondensible gases

• is not always a satisfactory solution since they have
been shown to be necessary to allow start-up of long,
heat pipes fro g » a frozen state. If frozen start-upE
ai a not anticipated (low freezing point and/or high
effective sink temperaturc), the diffusion frcCZeUUt.
phenonici,on will also be ol,viated.

o Provide for sufficiei:t fluid in.. e.,ntory to allow the
process to continue as long, as necessary.

If the Beat sources and shies move around the heat liipcs (e. g. , slowly

rotating; spacecraft, changing; sun position during orbit.), it may be possible:

~	 to tolerate sonic freezeout because this inventory will he melted and

4-4 1
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recaptured as the active portion o ► f the heat p ipe rnove.s over the frozen	 %

fI11id. Thus, it si»>ply becomes nec-est4:try to provide suffic.icr,t Him]

inventory to accommodate the degree of fret- '.eout antic-ipated.

Additional fluid inventory 0; a simple and straightforward bolutic ► n

\%-ith homogcneou6 wicks binc.,-, a:, inenti.unc'd earlier, they can operz+te in

a M artially dvsaturated state. 1,1 the case of arterial. wicks, however,
special provisions are required. It is possible, for example, to provide

capillary excess fluid reservoirb, as developed by TRW for the Aires
Heat I'ipe Lxperimvi:t, at various positions along, the pipe. These reser-

voirs are small lionl( ' geneous wick structurc•c. with pores sued so thzit

they retain excess fluid in the pipe but do not dra ,.N , liquid froin tl,c primary

wick or artery structure. Since these are hon,ogeneou: wicks: v.-1,ic • li can

Operate in a clesaturated niode, they wil) supply liquid to the prirn, ►Iry

wick \vhen needed for freezeout but will retain this fluid when not fro:zn.

'1 hUb they permit filling thc heat pipe with extc, bs fluid %Vit110ut incurring

wh erse dyna ynic effects clue to shloshing and without having the eYcess

fluid pumped by flowing vapor to tine cold region where it would simply

freeze anJ be unavailable to serve its evaporator roake.-up function.

Figure 4-13  shows schematically }low one might erriploy such excess fluid
reservoirs in circular heat pipes of the type studied in this program.

CAPILLARY EXCESS
FLUID RESERVOIRS

ARTERY ___	 WALL --- \

_4^:

(^-fit

Figure •1 - 13. Schematic Diagram Shows Ca illar Y F_xcess FluidP 
Reservoirs in Concentric Artery Heat Pipe
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There wm; approximately 35 cc execs liquid in the water heat pipe

ystem. However, this liquid was pumped by the vapor tt, the cold zone,

froze and was lost to the systern. The use of capillary reset-voirs would,

cf course, prevent this condition. 'There must be << suffiLi" ►► t number of

reservoirs coo free«C uut of one• or two in the cold zone clues nut st, delete

the licluicl in ,. f !ntory that the pipe fails.

c, Assure sufficient axial conductivity in tl ► e pipe wrcll and
fin such that the gas-blocked region dues not Lill below
the fluid freezing; point.

The noncondensible gas in the heat pile irnpecles vapor flow intu t1 ► e

gas-blocked region. llowevcr, heat is still conducted to this region,

prin-,arily by the pipe wall and fins. if this thermal conduction is high

rnough to prevent the pipe wall froin falling; below the freezing, point of

the working; fluid, the freezeout problem cannot exist.

Thi • approach is most promising where the fluid has a low freezing

point an(l/or a high operating; pressure. A low freezing; point ineans the

wall ten-lperature can be permitted to fall close to the sink temperature

Minimizing; the axial c:orduction rcquiremcnt.::. A high operating; pressure

rricans the quantity of nonconcicnsible gas required for frozen start-ups

will be compressed to a small segment of the pipe, again minimizing; the

axial conduction requirements.

In the case of the water heat pipe, the' fluid exhibits both it high

freezing; point and a low operating pressure. Thus, under design condi-

tions, even the axial conductivity of th_ copper fin was insufficient to

prevent a portion of the gas-blocked region from falling I.,elov. , the freezing;

C,	 point. Note, ho«, ever, that this; problem was recognized in the design

phase of this program and the water heat pipe was not proceas_• d with a

noncondensible gas inventory. The gas present in the pipe was a conse-

cluence of 1) leakage through the valve, 2) generation as a result of

che:inical reaction between the water and stainbuss steel, or both. Since:

analysis of the gas by MSC; personnel subsequent to testing; showed it to

be nitrogen, it appears that leakage and not hydrolysis (which would yield

hydrog;cn) was the gas source.
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711c • do-sign phase ca k. d for a gah- dos ed allmloni.1 Ilv.tt pipe to stucly

frozen start - up and the diffurcion frerieout pliv vrrtenc ► n. Acc , i»onia has

Loth a lom, freezing pohil ;md a hirli vapor I)rvstittrc, makinp it a good

candidate for this purpose. Unfortimately, as discussed in Section 4. Z. ?.,

the y introduction of inert gas into tlic• .mmionia filled concertiric annulus

arterial heat pip's caused nucleation in the artery and pile failure.. This,
in addition to other difficulties, resulted in not dc-livering it h,ts-dused

ammonia heat pipe:. '1'l,us, in one respect, the lcahagc: of gas into the

vvator heat pipe was fortuitous, for it provided it substitute with which to

f^tudy O x diifusion freezeout phenomena.

4. •1. 2. 2. 1 Side ,S un Soak

A. principal phase of thi• test program \v:t , to demonstrate the- ability

Of large heat pipe systervis to cc isothermalize" a spacecraft under .cn inci-

dent solar load on c ► nc side. Thus,	 the test time-line included conditions

W11crein the heat pipes wore held Stationary and (:.-hosed tea sin-► ulated

one it;un ^. ide load Without power input from any of the electrical heaters.

TrEc orctically, under these conditions the heat IAPCS Lhould serve to

trap : port absorbed heat from flit sun side to all portions of the pipe fur

re-radiation, resulting in near isothermal operation.

Rvt;ults )f this test for the water b y -at: pipe area shown in Figures

4- 14a and 4- 14L. It is app.-trent that the heat pile did not perform as

dcsired. l:cawcver, it is clear that the reason for this failure is the san:e
difftisi(-).: freezcout phenomenon discussed earlier. As seen in Figure

4-14a, the operating teniperature of the heat pipc was so low under tlic•sc

heat input conditions that a portion of the gas p -blocked region fell below

the frct^ z inn point (32'r). Thus, as vapor diffused into the gas •none and

froze, t. e evaporator became depleted of working fluid and exhibited a

d ryout rc.,ndition.

'] he anticipated steady-state operating tvniperature of the heat pipe

under solar siniulutiun conditions was calculated to 1,e 65`F assuming

a s / c : (). 217/0. 237 fur the fin surface (Section 2. 4. E). However, clue to
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Iceat lealcagc and pot:si1)1v eh.i::l.vi; in tmrfare propc!-tics (post test mea-

surements by Nisc yiemc ( l c	 ll. 27), tlio actual cquilibritim iemper<<ture

waS r.onsiderably lov"C l . . From si( l c!• ,;tm roll lcsts	 l:. ► ter), the

mean t;ieady-Ftate tet,lperature for the water pipe at 77:1?.JO after 1mng

expofmre to the Side-skill \ " . its measurcd 1() h(-• .. )` F. 13eini, below 'he 32°1'

freezing point. made it impossible for the w:.ct( , r lhc.at pipe to operate pro-

perly it, tic, side- rain condition.

4.4 G. 3 ^Ste.ady_State and Transient-Operation

Operation at Ili lee r l lcat In lot l,o w-4i

The p revious di scu.sLiion hat; shown ti,at. thc cotribiitation of 1) non-

condemsihte gas, :'.) a hi};h freezing, point, and 3) larger that» expected

h ,_iid losses, did not permit successful steady-state operation of the water

heat pipe under solar simulation conditions. however, to dummistrate

succefisful }coat pipe operrttion, one «, ., y of ovc:rc:oniinl'. Ibis problem was

to increase the input heat load so as to raise the operating temperature

of the pipe (particularly the gas-blocked section) an amount sufficient to

avoid freezing. In other \vords, conditions were established such that

iixial cuiiduc.tion in tile. fits am] tube wall wits sufficient to kuep the gas-

blvcked r ,2gion above the freev.itig point.

An e7cample of such a test is shovm ill figure 4-15. This test "as

a-un during, a stationary g old soak portion of the ST13 titr)clinc^, so all heatI

input w:ts fiupplied by thc electrical heaters. Three heaters; spaced ii: a

"Y" configuration around the heat pipe-, were energized at c)0 watts each.

This compares with a calculated total heat input of 174. 8 watts under

Molar simulation conditions, which was ins= ufficient to avoid freezeout.

Figure 4-15 shows that, under these conditions, the water heat pipe

operated successfully, exhibiting only about 1l_°F total AT around its

active circunderence. The gas-blocked region was located approximately

at the center of the longest condenser Section, as expected. The 'Length

of the gas-blocked region cannot be established since only one thermo-

couple (T/C No. 2) was affected. However, it clearly was less than

3.2 feet, the distance between therrnor-ouples 1 and 3.
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Of particulrtr iliterest is the fact. th .7t, at the h )Owr operating; tem-

] ,crattire and pt- essllre assocl rited with il -1IS increa-cd heat load, the

coldest point of the gas-blocked region re maim d above did freezing; point.

'11111s, vapor diffu:;ing! irto Ilse gar—Mocked region condensed but slid not

freeze, allo%ving; corltinuou:; operation of the livat pipe.

Along; these lines a partic:u1ar1y intcrestillg, test result was obtained

,:tit's thv same three heaters (Y configuration) energized at 62. 5 watts

each. The test began at 77:2 1:15. Figure 4-16  shows the heat pipe tern-

perature profiles after 57 minutes (77:"2_'2:12), 1 hour and 47 i-inute.s

(77:23:1), and 16 hU ► Irs and 47 minutes (78:14:2) of contirluous operation.

The nominal heat pipe operating; tenperature was about 55'F. As

Gne can see t r oll'I Figure 4-16,  this ,vas not high enough to prevent part

(if the gas-blocked region front falling bel.ow the freezing, point. At the

end of this lest ph-ise, the minimum temperature in the gas-blocked

region was about -10. 5'F with a total. of t:wo therniocoupl(.!:, recording;

subfreezing; temperatures. In spite of this, the heZ ► t pi.p(: operate(,] in this

n-iode for over 16 ~sours (,vlicn the test wars terriiinatcd) wit hout s'.Iff.er1.119

a diffusion freezeout failure.

The reason for till,, . behavior has not been conclusively determined.

However, it is possible to hypothesize a mechanisni v. , hich is consistent.

with ilie results. This would l.:e for the fluid to have frozen in such a way

as to bridge and bloc': the heat pipe on both sides of the nol:condensible

gas slug,, as showxi in Figure: 4-17.  The ice would then prevent diffusion

of vapor into the gas zone ,where it would continuously condense and freeze.

'?'he ice plugs and liquid on their hot sides would serve as end caps on a

shortened licat pipe, thus eliminating; diffusion effects and permitting

steady-state operation.

To reiterate, this hypothesis has not been proven to be 0— cause of

the observed behavior. However, it is consistent with the results of

Figure 4-16,  as well as a later test (see Figure 4-26b), where a portion

of the pipe operated in an "isothermal" heat pipe mode while other por-

tions were clearly frozen or running; hot due to local evaporator dryout.

00F
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OPERATING	 0('FRAl IN 

IfE,'k l PIpE HEAT PIPE-

-.^	 ISOI ATED COLD FRONT	 I---

VAPOR ,	 ^^ 	 VAPOR
GAS PLUG

__. I C E

._^._._ _.. WATER
T ^

320F

	F'igLlrc	 17	 Model for F'tvady-State Operation
With Subfreezing Gas- $locked Section

4.4. Z. 3. 2 Operation with Uniform Baseline }seat 1nput
to Avoid Local freezing

The previ0L,S section demonstratc2 d that diffusion freezeout failure

could be avoided, and steady-state operation achieved, by increasing the
heat input lead and operating; temperature Such that the gas-blocked cold
zone remained above the freezing point. liovvever, it was also of interest
to examine heat. pipe operation at heat input conditions equivalent to solar
simulation zinc] below. To accompli::h thi:I, al.l ten heaters on the water
pipe were uniformly energized so as to keep the entire heat pipe above
the freezing., point. 	 After sonic experimenting,	 it was found that a heat
input of 15. 5 watts per heater was sufficient tc maintain the pipe ai a
"uniform" (see Figure 4-J8)  temperature of 43'17. This was established
as the basel ine heat load.

Note thut under baseline heating* conditions, the heat pipe ideally
transfers no Beat. Beat is uniformly radiated to the cold walls, matching
the uniforin heat input, and thus no axial heat transport is required. Under

r
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CtkIaI test CMkiit!M I .'., j ocitli v-cd heist pipc actlol) probiil)ly '1l:cur.'i at

nulncro^us pos;tions around the pipe clue to 1lonuniforirliticr in heat input,

radiative pr-)l,crties, etc. however, these sire sc timid order effects in

tCrrils of total I)vid pipe capUclty.

With the has,Iinc h r at load c!;.tiiblished, it. wits than PO :;iblc io

operr,te the heat pipe at varying; liet heat Joads I,y increasing -, tht.. power

input to 1 selected heaters. Thus thr five lleilterti on one side c1f the pipe:

\\c• re encrbiied to simula te a co.-Ane heist illhutt function characteristic

of various fractions of a h,>lat• load.

'I hc steacly- statc re:,ults for tc,tiil net 11cat inputs (heat. Input ill

S cif baseline level) of 4.5, 87. 5 and 131 watts are show y in Figure

4 - 19. It i:; scen that the pipe operated successfully at caul, of these

cclndit ions.

Of particular note was the trzinsicnt lehavior of the g loat Yips in

responding; to input power changes during; these tests. For example,

Figures 4-20a and 4-201) show the transient response in going; from thc:

l,,es+elinc condition (Figure 4- 18) to the 45 -watt net throughput conclItion.

It sliotild he noted that the test conditions were chiillgCd before; eyclilibritln-i

was iic.hievc d.

These curves clearly demonstrate one of the major positive features

Of hcat pipes. That is, the Heat pipe: respc)nds to 11011Un 1fOrnl changes in

heat, load by unlifornlly altering its operating; temperature level.

The steady state dMa at the end of the transient also show:

1) The .resolution of the thermocouple measurements is
only about 5 '17 , and all data presented should be viewed
in that light. (There is no physical basis fur the oscil-
latury behavior seen. )

?.) At a mean operating; tem perature of about 64 °F, the gas
occupies less than 1. 6 feet of the pipe (it cannot be
observed at 7 19:20:32, indicating it was bounded by two
adjacent thermocouples with this spacing).

Following; the 13 1 -watt case, an attempt was made to operate with a

net throughput of 183 watts which would have exceeded design conditions of

174. 8 watts (albeit at a Higher tcmherat Lire 1. However, after a short

period at this power, thu center evaporator section, with highest input

4
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t	 : (;'). 5 waits, total), exhibit, • cl a ra})icliy ► n, rcat;ir► g tc i>>l,c r:ttttr,

i+	 -ating } ► irtc • failure. This failure was al I>arc ► ttly a ht drodynarnir

crivis	 rather than arturi:il nucleation Rince the pipe had ))revic ► usly

oileracted r;uc:cct,nfully With a highc•l • in1 ► ul Power ( 1)0 wat1b) to th..	 ballic

n-)udulc (Hev Figu re 4-15).

After	 rev etabli till; r► r-	 heat pill(- uperatiur ► (mve ti,iteline	 f„r	 det:til^ ),

a more mod%!ht atf,•i+t1 ► t wit.-, made to o1wrate with it nct	 1111-utl^d1f)ut 	 c,!

1 r4, 5 watts.	 The r<	 < : ult y of	 t,•^,(	 ar, • she wil	 ill	 Fi}; ► trcl;

• s -?.1a and 4-211). Duriap the initial port;on of th y • cast, which began at
V0:04:00, the ).,-;it pipe u},cl-ated t;uc • cur; o_ifully. ll, , wevvr, the operatinl;

O'llipc.:r,ature wi l t, quite: hipli---,about 1 1;4" '--dw t+, t1w high inl)c+t jxmcr

tmed to reestablish he, ► t 1)',.j,v ,-perittion a(tcr the f;tiILir y at lf,S watit:.

%%ith Imbuing tiiit<t the heat pipe fell. tuw;trds all 	 Icn-11wratt ► r,,

c.orret.p(inding 10 the 15 .1. 5-watt not plu:, 155- watt biu clirne load. As

this occurred, the heat })i1,c continued to olwrat, • suc:4-Cs:.fully until it

r(1a1*Ched an av, • rage tcm))ct• ature of J 53 "I' (80:0 ; :48), 	 it agaiv failec

-near the center c,f the evaporator.

This transient yields, further vvidence that these fail,trc., arc due to

a cnpiIlary 1-urr,Ping limit (hydrodynamic crisis;) rather tha ►► t,ucleatim, in

the t► rtery. The ability of a liyuic'. to withstand superheat increases \vith

decreasing hrestsure. ,:. Thus, a nucleation failure is jn)or y likely at high

tcmperaturc and I)rc• tisurc (where the }blew operated nucc:cSSfully) than Rt

lcwcr values; (where it failed). oil the other hand, within this temperature

ranl,,e the hydrodynaintic heat transfer capacity of \VatL:t. • licat I)ipes in-

creases with incr• Casinp, tcInIWrature. This ;s consistent \with the ubsc•rvc.d

behavior.

i

	

	 The highest successful net cosine load (131 watts) represents only

about 13 percent of theoretical capacity. This compares v.ith about 925

percent of tl ► eorctical obtained in la,boratury tc,Ating prior to shipment

from TRW. It was believed that the pipe: had suffered sort-lc • wick degrada-

tion during rail transport from Redondo Ycach to Houston. IIowever,

laboratory testing by NASA sub ,equent to the thermal vacuum tests

B. D. Marcus, On the Uprratic,it of Iieat Pipes, TRW Report No.
Uo. 91395- 6001 -TU-000, N4ay 1965.
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onfirmi.-d rc milts ootainecl in a I.il,ori-itory envirmilm.-,nt at TIOV. The

differences be-m-cen lahor.etory and Owrinal vac•ucim test rc.-;ults have

not been explained.

4.4.2. 3.3 Side-Sian roll Tot+ts

Thc • side -- Null :' c ;ak tests (Section 'I. 4. 2. l_, 1 ) we re 11111;occeSF,fill

becailsc• a portion of the g.is - blocked region fall b"I(A'% 1 thp: frec . zinF; point
(if the w,4ter, ( ausing a diffusiol ► : f1 • ('eZCC)Llt failure.	 I ,)%%'ever, as lnen-

tioned in Section •1. -1. Z. 2 0 this :situation can potentially be overcome by

rotating th o heat pipe to that the cold zone constantly changes pusition.

Thus, ally fluid that frec.-,t-s is remclted shortly thereafter. The a l1-lo.tnt
of fluid frozen at any liven time depends on the rotational speed, among

Willer va.ri4bles. if Ow sp,•k.d is high enoul " h, thI' fror.Crl fluid inventory

can be rendCred low e11ouf,}1 to avoid evaporator dryout and perrr)it
successful heat pipe operation. This C01-1ditiun i:; nut, of COUrse, desir-

j11e from icn application standpoint since one of the rcrjsons for inclusion

of heat pipes on a sp^tc• ecraft %vas to eliminate the reduirelno • iit for rolling.

However, this test please presented an opportunity to Study the transient

aspects of diffusi011 freezeout. The rotational speed of 2 revolutions

per hour (;;I'1I) \with a return of 15 RP11 was part of the ST13 timeline.

The results are show)i in )Figures 4-22a and 4-221. 'file test began

with the pille at a high temperature due to pi , evious application of c:lectri-

cal heat. )Title the passage of time the temperature fell towards an equi--

1 ibrium value consistent with a simulated solar input. Since this terr)pera-

ture was below 32`F the total pipe system was froze ► ). Ilowever, the roll

rate of 2 RPH was high enough to pre\ ent a sil;nifi.cant temperature

grad)'unt around the circumference of the pipe. The inoperative methanol

pipe (Figure. 41 -23) dernonstrated approximately the same temperature

gradient although the average temperature level. was slightly liighcr

(2 c)`F versus 32°F).

4.4.2. 4 Frozen Start-up At tempts

As incntioned earlier, one of the objectives of this program was to

study start-up of very long heat pipes from the frozen state. Of particular

interest \vas the use: of noncondensible gases to aid :tart-up by controlling

the rate at which vapor floured ;run; the thawed to the frozen section of the

1) e.
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Thu l,rograill plan c • allcd fo r perfc ril1 1 Pj,' p lea( studies v,'ith a	 ^.

l-:is-do!' c • d amn—wilia heat pipe. Ammonia's low freezin g point and l:ig h

^xrating p^utsure at dvsitn t e III pt , r:a ture pron ► ised a high probability

of SUCCV 8S fW this start-up sc • 11v71)" ("VC SIUCtiol,

t!nfortLMatuly, as discussed in Sc.tiou 4. Z. 2, the g-as-dosed

!imwnia heat pipe would not func:tian prcperl)- clue to nuc • lvation within

the artcr^ • . Thus, tll y planned gas-aided frozen start-up studies could
not be perforrlre(I v, it l^ an animoi)iu heat pipv.

it w is possible • , however, to pei-forin several start.-LIP tC. ;ts with

the , operational %eater heat pipe. Clearly, successful start-tips miler a	 i

rol;tr llcat lr,:i;l disttibutiotl were not to b '.! anticipated.	 Without 110l1-

c c,;1dens ible };asst; the high freezing point of water re(luives a great deal

of be ^^t ~1':a2151) r ,rt 1u thaw tl1C hip(', and tl^c- ev aporator SCCU011 would 1)	 i
depleted of sufficient \vorkinp fluid to dc.saturate the artery before this

could be a-e c urnplisllcd. With sufficient noncondensible gas to effect a
progressi\c• start-up, the gas-blocked zone under steady-state operating

0011 litions WOUld be so large that a portion of it would he below the
free/ing p.,Tint, leading to a diffusion f1'C CZCOL1t failure.

Indeed, it vvas this predicted inability to start up long;, frozen,
wmer heat pipes which prompted the attempt to build the gas-dosed
a111111mlia pipe. 7.'hus, the primary objective of the design load start-up
tests with ti,e \eater heat pipe was not to denlo. n:;trate successful start-up

but to all,)\v observation of the transient behavior. lr ► addition, several

c1i5tri1)utCd 10,1(1 start-up tests were ran to determine whether frozen

! . start-up could he affected under less severe conditions.

Sever:+1 start.-up attempts were made under varying, heat ir,pUt
c • on(litions. One such attempt was with no electrical heater power and a

radiai)t heat load (side-sun inodulcs 19 -23) with the heat pipe stationary.'1 .

}le results are shown i:1 Figures 4-24a and 4-Z41h.., , After allowing; a

i / C 1`;0.	 10 exhibits \that appears to be anomalous behavior on this and
st-veral offier graphs. This is likely a result of its location at the insula-
tc • d valve a nd f i ll	 tulle. The large mass of the valve and the fact.- that it.
v. - as	 i1I SUlatCd giVeS Il se to SUbstaril ia l thernia l lag; at l ow temperatures
when the heat gripe	 is not operating.	 A l so,	 there \-.'a.r. a 6-inch s e gme nt at
t he till tube area «ith no Intercor.riecting 1111.

s	 ^
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cold soak period to unifurntly freeze tale I-wat pipe., tilt• radiant load was

applied at li 1 : 1 1:58.	 The first time t.lic:e on Ftgii. e 4-2 1.a it; fom , i>>i1lutc.s

later ($1:12:G?.) where One sves t'iat the illuininatcd side of the hr.at pipe

is increasing in temperature v,hile thi - Ifliadow side- is nut. Note that as

times basses the t(-rxipera turc profile can thc illuminated side is first Leaked

in the center and tl :eii l)ro^;retisively flattens out as the ternper,tictre in-

creases and the Lot zone grows. ;Since the y heat input vari(.-s as a cosine

function, it appears that the heat pile was oper0tiiq ,, in tiie hot zone as

temperr aturetb above 0 °F were attains cl. Furtherrnor-e, the pj 1)t,,ressivr

F,rc,wth of the y hot •none, is characteristic of a frontal start tip caused by

the noncondensible ga-6 present in the pipe. I1val pipe action in the 	 j

:lluirlinated side would cat:5;e the forl-nati(on of a Etas front which moves

out with increasing, temperature and pressure. This behavior is evidenced

by the data.

Note also that for all of the time :.l i ces on 14igure 4-24a, the fluid

is frozen----evcli o il 	 but side,. Clearly, frozen working fluids do not

meanthat heat. Pipes cannot transfer beat. Vapor simply suldimes f rc,nc

0w ic v surface rather than evaporate from it liquid surface. Of course,

it is not po.. sible for the wick to puml, a frozen fluid, and thus such opera-

tion iv limited to a transient basis. It car. continue only until the evapora-

tor revion depletes itself of working fluid whereupon ifs temperature rises,

signifying pipe failure. "'his, trio, is evidenced 1)), the da ta of Figure

4-Z ,41) and during the side-sun roll tests (Figure 4 ?_ 1 ).

One might :.ttrrizise from the above ditSCUSSi011 UVAt, had the amount

of noricondensibl.e gas in the pipe been soir:cwhat higher, forcing the

illuminated side to operate at a higher temperature before the front could

move out, the fluid Would have thawcd and a successful start-Ul-. have been

achieved. This is not the case, however, since it was previously shov.,n

that, even with the quantity of gas already in the } p ipe, it fails by the

diffusion freeze out mechanise, at solar simulation loads because the

gas-blocked cold zone remains belo-,N, the froez;.ng point.

.Additional frozen start-up at-tempts wore mace during a cold soak

roll period of the timelit,c using the e llectric;^l h(-aters. In one case, two

diametrically opposed modules were heated with inputs of 90 watt- each.

It

t a

4-67



4

lr: t)-. . 15 way tilt , 	 jilpe was uffc(tive ly divided into four symmu+ricacl

bast .c)ns (aF opposed to t\\-(. under .lc sign c:onditimiL;). This redoes• tilt!

max:rnum lc•ng:th of nonliva-. ► -d t.t • c.tions, thus reduc ing; tilt , e nergy tranclx,rt

rt-quired to than: that section. 'I'lle re.F 11116 of this last taro • show)) in

Figure •1 -.'r,.	 '1 he behavior is twun to by e.itrliI r to that of tilt- sol.,r

siltlula+ticzt t:tart-up attempt. The evaporator •r.olre s first incre.cseci In

t ► . • I11 ^)t• rature v.it11 a pealw6 distribution (tit ;O1 ;1'); at; tc•inperatures

exc01Cded 0`I' the hol zo ► nt:. flattelled and thread tditm-ing tilt- bt-E:nning;s

of a frontal (gas, - aidcd) ;tart --up 	 and finally, II)v evaporator

tenipernt-rrets r.4n vway due• to dehlc • tiun of working, fluid tit; a e:t ► rrsCclucr,c:e

of t c a h!l :k-nce of a liquid return niechani.sm (the entiro hipe exce pt for

the :,c-at, :l zones was	 thr fr(•er.ing; point).	 Dividing the pips , into

fcAur sytiin-1101-ical scctiont: was not scafficient to affect start-up from the

fro7_en state.

In another ea3be • , three modules in a "Y" configuration were usud

for start-col,, each \1,ith 90 watts of input power. The results of this test

arc shc,wt1 in 1•,;.hure ; 4-26a and .1-26b.

/',s with the two )wa tcsr start-up, Ow evaporator temperatures

increased and, after exceeding, 0 °1 .', the hot zones f lattrned and prev:.

llowever, in this case, only two of the three evaporator regions

exhsbited "dryout". The! tl-,i, • cl hot zone continued co operate as .c heat

pipe, and continued to g;t• ev; in lc'nLth duke to rr,eltinlr, of the from-ii regions

on each side of it. Apparently, the hulls of the nonc • ondensible g as was

in the long* condenser section (TC;'s 1-7 and 28-31), as exp,.eted, allowing

the opposite hot zone to operatu without freezing, out. This process con-

tinued until tl,c:- two short condenser sections (TC's 10 - 16 and J9-z5) were

completely melted, \whereupon the two runacw-^y eva3por.ator sections were

able:- to reprime with working; fluid and "recover". The fact that the run-

away wwaporat er sections could recover uncl r-r load is of considerable

si, i-Afirance. 7'l,is type of behavior was also observed by McDonnell-

Docag;lats Corporation in developing; flee pedestal artery heat pipes for the

ATS-E spaces-raft.

13y the end of this test phase (80;2 f ;01), the bulk c,f the pi))(-, includ-

ing; all dir ge evaporator zones, was operating successfully as a l;eat pipe.

Only a portion of the longest condenser (TC:'s 1-5) was frozen. However,

4- 68
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.,.; disCu^ : ed in St-01(m 4. 4. 2. 3. 1, by hypothesizing ice blockages as	 h

shown ill 	 ire 4 - 17, sternly -slate op -1 ation «ith lhv gas-containing,

lu ► rti ' m of Ow pip " . froze-n is crllirely feasible ( g ee Viguru 4•-1G).

Thc last start-up attenipt \vas with a radiant he at load (side-•£un

rllodulc	 1 9 - L 3  X4'11114' thes'l - B and heat p;,-ws were rotating at 2 JW11. S it,(

it watt previously s) I ' m- 	 (Secti()n 4.4. 1. 3. s) that 1 , c)taIi11g t.1)e 11('at pipes

altc I red the evaporator position rapidly c- notul,l, to prevent sihl ► ilicant

t(-ntperatt---re gradients, one mil ! ht have .ixpected a successful sl;trt under
It

	

	 conditions. This probably would leave btivi -i the ca.,e hu+ for th y. fact

that thc radiant+ to;cd was ins tiff icient to kec-p the v:atur l,cat pipe above

thc free zing point. Al i attc'nipt. to supplenlc nit the radiant heat lv ;id with

an (-lectri.cal input of 67 watts to one of the heaters \vas ::till insufficient

to brine; Ow c retire Pipe ;Jb0,'L' frCC%ing and a fr(!er.cout f;liltlre fc ► llcnved.

This i5 shown in I'it-,ores 4-Z7a and 4-271).

4.4.3 Summary Mid DiSe:USSlon of ThVI-11:1a 1 V a CUt1111 'z'e'st RCSUltS

Tho-mal vacuum testing of the operational wat.(,-r heat pipes provided

a significant advan ce ill the technology of large heat pipe syGt•:°ri1s. M ean -	 C_^
ingful cl;tta were obtained with respect to each of the primary objectives

of H)e prugranl.

4.4. 3. 1 Stc_ady-State and Transient 	 'Lcation

SlICCessful steady-state operation of the heat pipe under simulated

cosine net heat lo ads up to 131 watts, and "Y" heat loads up to ?.70 watts,

estalAished the fact that very long, arterial. wick heat pipes can be suc-

cessfully fabricated usirlil modular concepts. Although the 13 1 -watt tlet

cosine load represented only about 13 percent of theoretical capacity,

this must he vic^\','ed in light of the extraordinarily Short time period

available to design, develop, fabricate, test and deliver these heat pipes

(3 months). 'Thus, neither design liar manufacturing techniques COUH bC

optitn;r.ed to assure perfect integrity of the arterial wick structure, which

has extremely large influence on performance. There i y little 'r]oUbt that

with further manufaCturing development, rlluch higher heat transport

capacit:.-s can he achieved.
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C,

In addition to huccesstul steady- State operation, the, tests also

dCrri oll-';t ratCd the u,iiforrn tei -npe rature transient rebl)onSc under changing

loads, characteristic of heat pipets.

4.4.3.2 Diffusion 11'reezemtt

Scvcral of the. tc-st Phi-S e5 Provide(] de• monstratiun:S of the ► liffusion

fl-VezcIuut failure MCA('. This is of majc ► r iml)ortancc ;n larg .1 heat pipe

systems such as :night be used on Space Base. If such pipets are to be

required to start-up froir) a frozen sta.tc-, they \vill 11hely contain non-

condensible hares to aid the start-up process. It was amply deirionstrated

in these tests that, if low sink temperatures cats: e a portion of the gas-

blocked reg;ioii to fill belwv the freezing; point of they working; fluid, the

pipe call fail by Continuous freezing of vapor which diffuses into the gas

zone, resulting in evaporator dryout.

It was also shown that such failures call he avoided 1),,,:

1) Rotating; the heat pipe such that (a) the cold zone;
continuously changes position, allcnving remelt and
recapture of the frozen working; fluid, or better
still, (1)) a (,as-blocked cold zone clues not even form.

1) Establishing it combination of working; fluid, cold
zone length, pipe to sink temperature diffcrenti.al
and aaii 1 conductivity of pipe and firs such that iio
portion of the gas-blocked region falls below the
freezing point of the working fluid.

From all 	 standpoint, the latter procedure is clearly preferable.

(	

4.4. 3. 3 Start- up from t h e 1 1 rozen Sta te

`

	

	 The program plan called fur studying, this aspect of large pipe

technology with a gas-dused ^rnmonia heat pipe. Because such a heat

Pipe was not available (see Section 4. 2. 2), whatever % as to be learned

about start-up had to be accomplished with thc, water pipe. Fortunately,

the water pipe contained some nancondensible gas which allowed the

gathering of some meaningful test data.

Several frozen start-up attempts were trade, under various cum-

binations of stationary or rotational conditions with both radiant and

C
 1%

electrical }:cat loads. A successful start-up was achieved under station-

ary conditions with a )'-Configuration electrical load (3 hctatcrs), thus
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•

proving the feaf;1bility of troien stal-t-ups with very lunl; heat pipes.

I'lowever, even is thc unsuccessful Start-up attcinptt, it wah por,f;ib1c to

cstabli h that the appropriate st;irt-up >llvchanI5n1f. V^cre' Operating, sul;-

ccstitli that success \VoUld be	 wider 1,1,)Per conditiuUs.

The stat1onary stitrt - up transients under both electric ..l and radlant

heat loads clearly s hov.- d the formation of n0 ncondenr'iblc• gas fronts

which resulted in the desired progressive, ratbo r than Lmiform, tempera-

ture transients. I1o ,%ve.vcr, ill(! quantity of gas in the' pipe VViAS such that

the evaporator remained below freezing as the hot. •ron(!S expanded, lead-

in? to UVC11tual dry011t in the absence of a fluid return ine(Ahanism.

A diffi-rent approach to start-up, that of rotating the heat pipL. with

respect to a radiant he at source, also yielded promising; r, , : u)ts. ltot,t-

tion prevented evaporator dryont, as expected. The start-lip was not

succcs.Sful for the simple reason that the .radiant heat input load was

insufficient to bring thc pipe above they freezing; point. if the v.,orlcing;

fluid had it lower freezing; point. (u. k . , ammonia, methanol, Yicon), this

start-up technique would have certainly succeeded.

C)

0 1
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5. CONC I,USIONS

Specific conclusi,,n ►s associated %vith each aspect of the program are

c-tnbudied in the text. majo,t • concltisionrs derived from th s s atttdy

0 10O(htlar type construction of long arterial heat pilic • ti it;
fc-tisihle and was suc:ceis sfully delmm strated.

• Very longs heat pipers can he fabricated \0, 01 c:oncentric•
.annular arteries to handle heat loads of inturest in large
shaccrcraft. however, develupt-rent of modkilarifati(,n
teclmiy ► ies for internal-type , nonsupenc^ated arteries
promities superior perk,rinance.

s At spacc:crcift thc-rtiial control tt^i-nperaturvs, zu-ni mia
can rsustain at least 7' l' bUperl,cat if the• heat piper is
carefully processed. llowever, the prestmic_e of no n-
condensiblcr gases drtistically reduces this suPet•11cat
tolerance. On thcr other hand, water can tolerate
Substantial superheat even in the presence of non-
condensible gas.

a Use of inert g'a`' for start-up of Iong^ frozen ho.— id pilws
is feasible. However, with arn»ionia as the \%• ► ,rking;
fluid, the heat }p ipe must he de-lig;nec' to avoid appre-
ciable superl,c:ating; of the artery su as to prevent
arterial nucleation.

0 Diffusion frecreout is a significant problem which
n ► ust be considered in the design of heat pipes using;
noncondensible gas. The preferahlcr design, approach
is to assure that the gas-blocked reg;iun does riot fall
bcrlo^^ the freezing; point of the working; fluid, at least
for long; periods of time while the Feat pipe is under
load.

If diffusion frcezeout an(] arterial nuo.leation arc
avoided, stable operation of arterial pipes is possible
in the presence of noncondensible gas. Gas transport
to the evaporator as a result of temperature dependent
variations in solubility in the liquid dues not necessarily
lead to arterial failure.

s If gas is present in an annular-type artery, larger
than anticipated lengths of the condenser can be
"shut off" and :shielded from the pumping action of
the flowing; vapor. This condition would not be a
problem with interrnal-type arteries &here gas block-

y	 age does not interfere with condensing , heat transfer.

5-1
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APPENDIX A

TIIERI-vI AL VERIFICATION' TEST PLAN AND PROC EDI1R1-:



i

LIX M	 For

l^.rr:j•xs!^^-Tr_^ cx7^a^rti^i: y^r3c^c^t,^a: E

•

♦ tJ	 J)i. ^.r it,i^t.ie)'r	 CC

-T". , i •, ;'root-duur .,	Verif'iew ;t • :

()A III	 Jar, ..til';;'

► It^1M

li t IK.	 ^. ^: ► ^ ► .-_

J	 ^ ► ttl: ir, buSldira; two J j' ditime l.or huJ:^ lion., l-:t
I -Irtiary c,t.,jc et ive o:' the the rrnr:l veri t'i.•-,

	

I!-. to vc'rif';, c:uecptablc operut ion c, f' 	 t:
aperatior: i:, recut. t hr. at)i 'l i r	 of tlrc

ie •nt ar ound the circtLmi'erence for the	 1 P
01' the: c •va ir:de:'.

	

•	 ^1• .	 • 1 • it ^ d

	

};	 !	 .•.trait:.

}rlc'Vie!"

Ili r,;J crises t.hc, Iest. are to bc: cornd.ictc•d In r^ir • "c a r . in.}.. i - i' .	.:r' er,.
it 1.ic	 t.lrL tic nter:; rind inotrumenta1.1On In:;t.a.l l }	 ;r	 Al , •r •• e . Vt„•':,c:.
In th, IJ /,'jA1M:;<' Chamber A Test Facility.

units rire Moth 383" diarncter hula hoop ht_ ,t ,+,	 wit.}; he r!t
t ;	 f'i n, uttaclu.d .	 One of the pipe : yn tern:. u:; c• : wr:	 e • j ► ..	 :rc w, t. ire'

,:i 	 ot.hc r ur,t::r ammonia.	 '.}lies units may bc• t (•:-t t•d	 c;c ^ t,:. wi r t: ' t.c: r:
iri.(rr •rc,nnr• ctinE; f'ib rl,lass r,upports, or may l,e• tc:.tcd :,e},rerr^t :.:;,; 'h• ',l:crrri.l
int..c^r, • }lcsrc,	 between the• two during nor •rrral opc-r%tion i_­ net ieit,.': .

The fins, are coated with an al urnintim paint (F'i nci: }'c,^ ;^:rr t i:^snc t': a, i:rE;
643-1-1) wiricl, is very suseelAit,le to darragfe durir,c , har ..inn-' 

tiler(- :.hould be no contact with this sur fs acc: after ti},p1 i ca! i	 a t l mc)v i r.i•,
lif't.ing, etc., is to l,c- accomplished using; other, non-painted
riot, nece.,sary that the heat pipe :.ystems be }painted Vor •. 'ri t'icnti ►^:, t.c..t i ^, .

Thermocouples attached to the te lsA unit, are -hewn ir, l'i t ; it (	 the-

amrnonia, pip , has t.lie prefix A and the wu,,er pipe t.h, },rc f'i:•. W. 	 Itrt r( %r u )`
coppt: r-constantan TC's (?8 gauge) attached to each hen' 1 ,	 in. `1'h, 
art. : p;,t we:ded directly to the heat } p ipe on the in!s::lri' IL):. . Hc • of t.hc: : _)t.} ,, r
''in and are strung along; the i'irc f'or at least lf' ircche': • 1'rc,rI th,' p0in'. (A'
%pplic:ation to minimize conduction errors. Exception:; ar , TC .• 1( :trod PY whi,.•lc

Fire po:-J t coned at. the extremity of the f'in to rnca-ure tire! Jor,t;i.tudir,ai t^ra"i ie r;t of

cif' the rc- r,p(•ct.ivc Vins ; ree }-'igure ?. for the applicatict, of the 11r. `CC':'.	 All
I lie rmoeo •aplvs, are bundled t.ot;ethcr at tii ,^,dule 3 and suppl iecl with su' -C." t • x, r•a
cnt,le f'or n,at ire to the appropriate connector in ncc ':r'•::,A/:•,",C Clvtr.:, r •• A Thc•rrral-
Vacu l un Facility. All TC's are wlshivlded. Howevc-r, tlrc- t un pile will }rive I*
sh iel d int; to prevent. induced Eta" :. .

Diermocouples A33 and W33 will be positioned on two	 (Fl+ & P,#) ol , tilt,
;upport stand. These TC's care riot used during verification test.irlt;.

A-1
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I

E~
roluciuru - l tie rmaa Vc • c1 t1t • at.ion	 t -	 ,j'^/'.	 l' h,-!at. 1'i }u•

}1•	 i npu : J., ; pro Ided with electric r^ ::i : tun( •,. fi(. aterts bonded to each
I floater is^0" lone; ( t he fiin ]cn^;th it; 5','-^" 1 c,r ►^;) t:,

I. L; of ELPprox inttltc. l y POO feet of Manftviin heater wire.
0%	 0c' 3 mil Tef'.lon take with a second layer ttlipl i(•d over

.oar, • `'or tot ,il v1v(:t.ri(-n1 in:;ulat ion. 	 Aluminum tA},_ n;,l ilol
the a y sc• mt . ly clads in hold in, • th y- heater:; in place.	 it:,_ lusign

• ^? Wj th r,^ic • N:• : on nulncrour; 'l}i'w' :ipscc:• crat't the r^tr(1 rtv,d r• 1 te:;t u.
identierll with the module de: ignat.ia:l; i .. .. heater

I module of the• amrnc)r&j }•i}•c • ).	 Fitch hell ,,(-r • i.	 aprrt,lc•
ua	 ut 2b VDC Input (men. gyred	 titiill

of	 input voltc ►f;e to achieve the :;pec:if'icd I:ower iu;:u'.
r. •, on heat.(r	 in 'i'Fime l .	 Ovc • r • th,.

W Ul vcir• iat.ion J11 hcnt( • r • rc' : i:;tr::: •( i:. .le:;:s tlu:n .05,#,;.

rl ­. [id" (?_0 for each p1 he ) are hurrr:lc • d	 at Molul c 8 tend
v id•	 cif' cxt ru 1 engt h f'or mating with the	 Chamber A

• i l I	 . ( rage re:;ist.ance of Each he ater and l e.• r, rt Wire, is

]')n required to corrrj uC:, thc • Thermal %1'er'ific at i :,n Te nt

1 t.. • E'!'. tc• .l o.:

•	 c_)rd i nt , potent tomcters to read and record the individual copper-
:o:;:•,a:. tan' t.hermoeouples. 	 The potert^meter:: m l :r.t i:e ca ,pai.l,_ ;,f'
providirq a r•cf'erence point (ice point.) for readi:g-, the TC's.

•	 'I'd-)	 vol _ DC :)r • AC power r.uppl ie:,, o,,e ;'or each he W. pipe s;,rst.em.
Each unit .nude have a 15 tamp capacity.

.. :six DC variaee J'c,r adjusting power inputs to ;he individual hearers.
i'iir'ee varim f (or separate, adjustable power ::uppl ier) are require.i
.̀'c a r r a ^h h •:• a . pip(: syst.cm .

• '1 N• c • v:)l t mW,^er:: (0 to 35 volt- s) and t •.,, o ammeters (0 to 10 ramps) one
:'or • ee-, h pipe unit are required f';)r power mrR:,urernent s.

: n( Lookup l't,r the power supplic f^ and varines i:; shown in Figure 3.

'lI:S'r PRCCEDURF

Detai_1( , d prodedures ; or co.1duct oif the 'Inermal Verif icat ion Test are as,.o1 1 ow: .

o Lr , vel the heat pipe systems to tie te. t el. All elements of the
pipe mu:• t be leveled to within 1/8 inc— n to irlsur• (• prirnin f o f the
licl •.1id ar • t.er;; .

r, 1•:i'tl till p;)w( • r supplies o;'," and 1-he neat, pipe , s,, :,tems in therrAl
c•qui1ibriurn relvl. all 72 t:,crmocouples. Note deviation: ;rom t he :Wean.

• Adju - variac: Al. A3, W1 Sc W3 to zee.) and rl ,;u:;i. •• ariacs A:? a:1d W2
to slow.'.. , pro-,ride 5; watts input. hea • to heat.ern Al ant W1.
t•ieasuru all 70 thermocouples every 30 minutes until reading do.-,es riot

A-2
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i

Pr ^;' 3
P31111 & I'^ occ ^f1u•r
ntr;.

January '(

- 'Diermul Ve • rif'ictiLion Tvo* - HAMA= 1 ĉ ' )if-fit Pipe

devit.1- from the la:A readin ir by more t.ltr.n : O F (vnllNd r lui] it riti:.n
In ..^tb:,e • qutnt discussions). fit-cord afro the AV acroar thc • vr,ria
tiiO Al to th(: ).enter.

• Connor th y- AP ar.l W,71 vnriacs to lieat( rs A) g1,d W i, rc 3i,c c t,tvc•1;; ,
and arl,jtivt the input power to 55 watt, as buTore. licoor •i all thorm•
ocoaple. until equilibrium it c • :;tat-1 ished . Record e l :.() the LV Gltrl
Al.	 '191C vol.trige mea^urem( Int.-, at the power . .;unply !,;1:;t hF ccr ► •cc;cd to
account, for l.irie looser,
kept-at the [.'dove test; for heat inputs to Ar, rind 14 5, Al and W*( arld
A (j and WC).	 1• 'or each ter:t, the	 h(-Wt-r• :chni Id he : (I. to
y,er• U;	 c .E:;. ,	 A]	 a nd	 W1	 pow c• rrzero for A5	 ► :ncl	 V15	 ti	 :t .

•	 Connect the power cuppl ies as shown in Figure a.	 Slowly,	 tol,ju:.Jt t,hc-

vuri ►.ter; to give power	 inhutf, per the, following tat-lcr.

Vrt ri ac 	 If -a tort;	 Powe r .
A.] ,	 W !	 A:',	 /1J G,	 W3,	 6J1.0	 -	 . (	 Writ Lr;

;k;', WP	 M) W1	 54 .0 Watts

A3,	 1.1 3 	A.;,	 Aq,	 413,	 1.19	 16.,j,	 Wat-.ts

Record till TC' , every 30 minute::, until vquil it,riu,n is establ i. h(•d.

hit a:;urc• also the QV's across each varifte t;x,rl the to mmote • t • r•c,udings
(A1 rtad WI). Voltage me asuretrents mu .,, t be cur-. Iec tc-d to account. for

PI I• :1^ i'I'^I•.D TPIT 1<I:SULT,y	
A non -operating heat pipe rystem of the test geometry with 55 watts

hero inpat to a c;inelc module will have a prcdictt I ove: •rill AT of approximately
1000P. 17,c .;c • assu,I tionr; are sensitive to ambient air temp^•raturc and velocity,
and Call vary some •wha t from one! t,e.;t to another. An ope:rat.ioruil pipe (water
and ammonia) i:: calculated -to hove a AT of less than 15 OF for ttic • same tc..,t
cc,r,d i t ion. '1'hi s A`I is to be measti-red over the ac t.ivv por! ion of the pipe;
i.e., that portion not blanketed with excess liquid or rion-coridensilAr. gas.
In ..hv cac-,e of the water, the active length is es.sential.ly  the entire lenth
(C,5,/ , );  the fictive: portion of tl,e ammonia pipe will be d • termined dur • .i.16 the
t.herrr,al. v o rification to :;t.ing at Redondo Bench.

For the one run solar input run ( last. card) the total pipe AT should also
not. exceed 150 F over the active portion of the pipo. The Fictive portion of
the pipe is defined as before. A non-operating pipe cinder the same conditions
is expected to have a maximum AT of approximately IUO oF. Note that these
culculations are Lased on rtssumed environmental conditions and convective film
un:crtainLie:,. The temperature gradients, however, shot3ld remain va113 over
reasonable variation.- in the absolute temperature level.

C	 OPi?11ATING RES'I'1 TM ONS

The writer acid arrJronlu heat pipe systems should riot. be  subjected to temp-
erature in excess of 300 F. 'Me lower limit cnn he z:; low as LN 2 temperatures

A-3
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Fr.	 r zTna1	 J',' !feat, Pipe:	 (
J;

I.at will be fm en (crater tit. 3^0 I' aril aln'nonja at
«	 RCI SV uncer ud n send i:i orw ob.lo -c tine	 o1'	 ti,

`ibe • t.in6. 7?re c• onl i t iotls, and (f't'( C.,,; C:f ,.	 ^Etr t
,17e1 ,iot be re.l ieh:±y	 prc-dIc L( A tit,	 f lii:;	 t ime.	 NOL.r'

-akint , rinE,	 te:,t.in t; regiiirc':;	 shut dawn of the Id1w to
imj nd can be rvuunwd .

under the c'cmtrol	 of the aI"}"oit ► tu'l	 ^,onrluot.or
i^^t	 i!. ► ,: -!ure murt t,_ , uuthorizc d	 Uy him.	 'Iovt. Conriuri or

".icAl ion 'I'f,ut	 is U.	 W.	 Claw-,en .ijd W.	 I'icke	 for	 the
^tiun , ► cd.tictc d tit IIASA/msc.
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A1non ia Meat Pipe Syst^:n

View as Seen Frum 'fop

FO! DOU T FRt' MiE

Notes: 1.) Each pipe is made up of
spaced modules as shown
drawing,,-.

2) See Figure 2 for detail.

of thermocouples.
3) TC's A 33 & W33 are loc.

sipport stand legs (See

FIGURE #-I : THERI-1000UPLE LOCIMONS - I 17ASA/1;SC 15' BEAT
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(See Figure 1)
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APP1'NDIX B

TH11"HM_A L VACUUM T1-]ST T1M ELIr: j'!;

The following pages depict the ;actual 	 timeline. It presents the

test (-vents and -:1] heater seltini;s with aj;propriate rernark:: to explain

the rationale tire(] during the tet;t to implen)vnt the tinieliiw. The time-

line, as implernci;,ted, waLi bz)sica lly trial and error c:halig t; to explore

nwiny alternative heat. load profiles udder which the water heart pipe would

operate. The planned test timeline is contained in the Subsys tern Test
	 q

Bed 141hermovacuum Teat, 'Pest Procedurc•s, Tent No. 25-A-70, Space

Environment Test Division, MSG, NASA, dated March G, 1970. 13ecause

the planned test tirrneline was not carried out during the test, it h.is no

relationship to the recorded data arid, therefore, will not be repeated

here.
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APPENDIX C.

DE'LIVE'RY AND PRELIMINARY 114,SP1,'CTl0:4 AT NASA/M.SC;

Upon arrival at the ll(mston rail reccivir,f; agency, thv heat pipe

hipping cc ► ntainer ^1as c%aicnined to dc.ermine tllc extent of ,-s1, rnally

Observable damahe. 1\1 0 vif:il)lc damage w,tt app,,trent c y cept tl ► k ► t mw of

the thi:-c- stcre:l tie-clown stray:, had hrokcn at t;ie t ► ,y Of the shipping con-
tainer, proh,nLly duc it) it fatigue break at a bend in the ,;trap. 'I'll(- petit

pipe • shipping container was then ti-Licked on it flat hcd in a horizontal

position (side - lead) to, the receiving depot at NI SC;. Attar delivery to

Building 32, the hcai pi'pcs wrrr rc l inOvccl from the t,liippinl; contaim-i-,
and assembled i.ln the• high p ity area adjacent to Chamber "A" of the

,Spac • c Environment Test Division. The assembly was c,ptic:ally h-vvled

to 11/8 inch rising shim :stock under the nylon thermal isolator pads.

'Cllr verificatim-, lest procedure, Appendix A, was imt followed clue

to a sho ► tag, e of power supplies. instead, two heater sections were

vnergiZC(l until the' water heat pipe Operated in tite hest pipe anode v"ithiu

the acceptance level establi shcd by the MSC monitor.

When power was applied to the four methanol pipe lwaters (At, AL,

A9, AlU), there was a current leak from the- Beaters through the heat

pipe stl'ucture to all T/C's. This leakage was large c,,(,tigh to cilttse the
th(^rinlocou,-)1e recorder to severely defk(A all T/C c s to an off-scale
condition. Electrical resistance rlicasur, ► »eats showed the values to he
i:,uch less than the heater design value of 7. 0 ()isms. In order to meet

Cha,xlber "A'' test scheduling reyuirement.v, it war; necessary to corl,-

pletely alit»inate the use of there heaters (luring vacmim testing.

A word here is appropriate regarding the history of the test heaters.

Initially, stainless steel wire was used for all tv:enty heaters (tc'n on each
system). However, there was it tendency for the units to peel up ,tt the

corners after prolonged use hocause of the spring of the steel wi*• e	 All

twenty heaters were then removed and rewound with manganin wire. Also,

it layer of hcra •jy alMilinum tape was used over the top layer of teflon tape

to aid in keeping tale wire L-on-j lifting off tine surface. Visually there was

no difference in the t«, elnt y units. Also,, no further difficulties were

encountered in the development testing effort.

A
C- 1



4

Dug-Ing, thc• operatieus) to -val the o ► ))inonia ( ► real awd) plP , 11 v. as

necessary to freeze the ammonia in the area oi); , osite the fall tube (see

Section 4. L, L). TO arc • o>fnrlic,l) this, 1111Wdule; At, A?, Ag and AJO +•icre

- bnlerged in LN G ; these four were, in fact, the inoperative heaters for

the thermal V. ► c'U'Wr) chamber testing;. No heater which had not 1 )eon eub-

jectcd to cycling, in and out of LN L nialfunc:tiotwd prior to or during; the

tc sting. , . It Should be noted that all he;ttCrs includinf, the four inoperativk-

units wore operated at TRAY/11c clot)do Beach after the freezing operation.
Al: , c,, the resistances of all twenty beaters were checked juist prior to
packaging, and shipmc-nt.

It is	 that thu LN Z immersion Nv .s the Principal contribu-

tor to the failure of the four heaters ;alt.hough subsequent. attempts to

duplicate the thermal cycling has not produced a sirnilar malfunction.

]possibly, a secondary contributor was the shock and vibration encountered

in t he rail transport to NASA. However, the combination of events caui,i>>p,

tl , (- malfunction of the four heaters could not be reconstructed from the

limited e=vidence available.
l '^

The unit	 thee) installed in the NASA/MSC C=hamber "A" Thermal.

Vacuuin Facility using; a special handling fixture provided by TIM Systems
and leveled to Nvithin the required 11/tl inch. Leveling; was acconiplivIled

with a laser beam.

The real-time test support function performed by TRIV was to man

the heat pipe console in the Chamber "A" control room, r>lonitor the
continuous or.-line visual di-, play cathode ray tube (CRT) \vhich displayed

all heat pipe tliern")ocouples, verify the heater setting; \N-th the power

control operator, record the thermocouple data in real-tirrie in the event
it was required pries to the Availability of a hikrd copy, act as a consul-
tant to the 'Pest Conductors regarding; Beat pipe operation and assure the

heat pipe tirrieline was accomplished. In addition to the cathode ray tube

readout, the Chanil)er "A" Data Acquisition System supplied on-line data
printout, 'llierrnal Uplink Data Display (THUDD), every half-hour with

about a half-hour to one-hour lag from real-time. The Beat Pipe Monitur
inaintained a file of this data in addition to the other duties.

Test results arc presented and discussed in Section 4. 4 of the main +S

body e: this report.
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