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S ABSTRACT

Application of heat pipe systems to manned spacecraflt requires
sonsiderable development study, particularly in the areas of fabrication
and testing of large scale heat pipe systems. This report describes a
program for the design and fabrication of two full scale 50-foot circum-
ferential heat pipes (one water and one ammonia) for test with the Sub-
systems Test Bed (STB) in the NASA/MSC Chamber A Thermal Vacuuin
Test Facility, Conventional heat pipe technology was applied to the
problems of large scale systems, and manufacturing techniqucs (e. g, ,
modularization} were developed to permit their fabrication. Thermal
vacuum testing was directed toward an investigation of steady-state and

| transient rés;mnse characteristigs, and to explore potential problems

associated with diffusion freezeout and start-up.
The major areas of accomplishment on this program were:

¢ The use of modularization concepts to fabricate
((i@ large scale heat pipes was demonstrated,
Y

‘ e '‘'wo 50-foot circumferential systems, one with

! water as the working fluid and one with ammonia,
were fabricated and operated as heat pipes in an
ambient (laboratory) environment, Closure
difficulties required removal of fluid from the
ammonia heat pipe prior to thermal vacuum
testing.

i

i
Al
o
P
&

® Steady-state operation of the water heat pipe
system under simulated space conditions was

demonstrated,
,( e Valuable data were obtained on the diffusion
S _ freezeout 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 pipz was not achieved due to failure of the ammonia pipe. Data col-

lected for the water heat pipe system indicated the concept is feasible.
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1. INTRODUCTION

Heat pipe technology has progressed {o a point of practical applica-
tion to the thermal problems of unmanned spacecraft, This is amply
demoenstrated by a nurober of flight experiments (GEOS-B, ATS-1,
OSO-~PAK) and by upcoming plans for numerous other {light systems,
Extension of this technology to manned spaceeraft, on the other hand,
will require co.wsiderable development study, particularly in terms of
the physical size of the heat pipes involved., Potential programs which
might benefit from heat pipes typically require units which are substan-
| tially longer than those for unmanned systems. While theoretical or

phenomenological advances may not be necessary to accomplish this
extension, it is obvious that dernands on existing technology are more
severe, Of particular concern are i) the pumping requirements for the
thermal loads and physical lengths involved; 2) the potential freezing
problem during prolonged eclipse and the attendant problem of restart;
and 3) the fabrication technology necessary to manufacture heat pipes

of great lengths,

The primary objective of the program repor.ed here was to design
and fabricate two full scale 50~foot circurnferential 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 following goals: |

¢ Extend conventidnal heat pipe technology to the
problems of large scale system applications,

(( A o Develop manufacturing techniques (e.g., modu-~
L larization) to permit fabrication of large systems,

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

e Ixplore 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 1-1 in Thermal Verification Testing, were

designed to operate with water as the working fluid in one and ammionia

as the working fluid in the other.

11
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The time schedule for this program was extremely short; three
momnths were available for design, fabrication, preliminary testing and
delivery of the units to NASA/MSC. Consequently it was nccessary to
short-cut many design/manufacturing activities without verification wt
the subscale level, a situation which undoubtedly contributed to numerous
fabrication and testing difficulties, In particular, after experiencing
several problems with the operation and finally closure of the ammonia
heat pipe system, it was decided to remove the an. onia charge pricr to
shipment to NASA/MSC and replace with methanol. TFor the cdification :
of the reader, the test data and rationale leading up to this as well as all

major program decisicns are documented in detail in this report,
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2. HEAT PIPX SYSTEM DIESIGN

The heat pipe systems designed and fabricated under this program
must be considered developmental units in that they represented one of the
first major attacks on the problems associated with large scale heat pipes,
The design activities, thereforen, were primarily directed toward the per-
formance of the heat pipes themselves with proportionally less concern
for auxiliary functions. There was, for example, no effort undertaken
to build a "flight weight" system or to provfde extensive quality assurance/
quality control beyond that necessary in ordinary-resecarch and develop- |
ment programs. This program was also severely constrained by the
schedule; only seven weeks were allocated for final design and fabrication
cfforts, and five weeks for processing, filling, and performance verifi-
cation testing. Little time was available for resolving unanticipated
developmental problems, Itwas necessary, therefore, to manufacture
the systems as much as possible from existing technology and materials

in order to satisfy these schedule commitments. |
2.1 REQUIREMENTS |

An overall diameter of 183 inches was selected for the heat pipe B
systems to coincide with the outer diameter of the STB. This resulted
in a heat pipe 575 inches (48 feet) long. The diameter of the individual
pipes was chosen to be approxlmatcly 1/2 inch as a reasoncxble tradeoff

between weight, heat flux and fabrication restrictions, A support stand

was also required to physically and thermally scparate the heat p)pe Sys-

tems from each other and from the STB. : ;

The des1gn heat load for the heat pipe section was ""one sun' (130
watts/ft ) perpendxcu1a1 to the axis of hoop; a fin was attached to each
pipe for absorption and rejection of thermal energy. In a.ny real applica-
tion, the system described would be onev 6f a number of pipes: spaced along
the longitudinal ax1s of the spacecxaft and Jomed by a the rmally conducting
fin. A fin was, thexefore, necessary on each heat pipe system f.ox realis-

tic testmg However, since t.he primary concern of this program involved

heat pipe s, no attempt was made to establish an “Opt1mum" weight fin

geometry.




Since manned missions are of primary concern, an operating tem-
perature of approximately 70°F was selected, For an isothermal cylinder
in space sunlit on one side only, and neglectiing earthshine and albedo, a
simple energy balance gives

a

4
- (1)

oT" =

Altn

where

T = absolute temperature, °R

S = solar constant, 442 Btu./hr-fd;2

¢ = Stephan Boltzmann constant, . 1713 x 10"8 ]E’:tu./hr--ft2 - OR4
@, = solar absorptivity

¢ = total hemispheral emissivity

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

nal surfaces.

’

Calculation shows that if

afs/é = 1, ch4 = —2 = 2—:%—% = 140.8 Btu/hr—-f(:z, vT = 76°F
Also, if
a le =0.9, oT* = 126.9, T = 62°F
and if .
o 4 . o
ale =1.1, oT = 154,8, T =89 F

s

Therefore, for a /e of 1.0 10. 1, the heat pipe system operating tempera-
ture would be bounded between 62 and 890}?‘, with a nominal value of 76°F.

The power requirement of the heat pipe systems can be determined

from the following equation

Q

R: equT4 | : (2)

where

L J

Qp = total radiated energy, Btu/h

A = total heat rejection area, ftz




i
|
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i
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For a heat rejection area of 2300 inz (based on a fou. -inch wide {in which
is 575 inches long) and ¢ = 0,26

QR = 0,26 x 2300 x 0.287 = 172 watts

HHalf of this energy is rcjected directly from the sunlit side and the remain-
ing 86 watts must be transported by the heat pipe to the shadow side. This
requirement, discussed in grecater detail in ensuing sections of this report,
cannot he accomplished by utilizing conventional wicking systerns, In
order to transfer this power with a level heat pipc’a system, an arterial

wick structure was necessary, coupled with modularization techniques.

2.2 DESIGN CONSIDERATIONS

2.2,1 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 itwo examples:

e The 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 “spmmng” 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.

e 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 lmportant aspect is the requlremcnt for a

heat pipe of unrestricted length. Once long heat pipes (over 40 fc,et) have
become state-of -the~art, other refinements can be considered; e. g.,
cascading, constant temperature control, thermal switching, etc. The

concern of th1s pzcr ram was the first example above. _

2-3 B el




2.2.1.1 Modular Technique ' NS

k1 r«k#;

The practicality of utilizing small heat pipes for functional space-
craft applications has already been established. However, the manufac-
turing techniques 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 problems associated
with manufacturing, assembling and processing large scale heat pipe
structures had not been fully explored. If large scale heat pipes are to
be used with efficiency in the future, a modular approach to their manu-
facture must be developed. Once the problems associated with modular
construction have been solved, there will be no limit to the size or geome-
fry that can be manufactured. These ""building blocks'" can be used to
customize a particular heat pipe application of any magnitude. Of course,
as discussed later, there are practical limits to the hydrodynamic pump-

ing distapces which can be considered,.

2.2,1,2 Arterial Design

If large heat pipes are to become a practical reality, the designs Y

L

must depart from 'conventional' type capillary structures, For distances
much over a few feet, the viscous drag factor becomes largesr than the
available capillary pressure head., It is true that the viscous drag in the
liquid can be reduced by increasing the pipe diameter and using thicker
wicks, However, from a practical point of &ieW, the thebrmal resistance
between the source or sink through the liquid-wick interface may'become
excessive causing large temperature drops. Also, the system weight
increases substantially. If the liquid viscous drag can be greatly decreased
without adding te 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. rigure 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,
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In the first three methods, the arteries are located so as to mini-
mize the thermal resistance through the {luid-wick combination. Type A,
with a pedestal-mounted 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 manufacturing at the onset of this program did not permit the
joining of this type of artery in a modular manner because of its irregular
cross seclion. Developing the necessary manufacturing skills during the
course of the program was not possible because of the severe schedule
and {inancial 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 increased, resulting in a weight penalty., The best pressure vessel is
a simple cylinder, which suggests types C or D configuration. These are
annular artery approaches which not only have an inherent artery by virtue
of their geometry, but are excellent pressure vessels and, because of
their purely cylindrical geometry, readily lend themseclves to the joining
of module interfaces. The configuration shown as type D has a numbeyr of
manufacturing advantages, namely that fabrication and joining is signifi-
cantly simplified over the other configurations and that careful cuntrol
over the arterial thickness (8) is possible through the use of spacer wires
welded to the 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 serioue 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 density applications such as for this program, provided the pipe/
vapor AT in the evaporator can be maintained belbw that which would
induce nucleate boiling. This approach was selected for the heat pipe
designs on this program, the deciysibn being héavily influenced by the time

available for developing manufacturing techniques.

2-6
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In all artevial 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 pumping nead

is determined by the largest opening in the wick, Careful control of manu-

facturing processes is required to insure that no openings lorger than the

wick pore size are allowed in the artery. This is of particular concern

when joining the multiple heat pipe modules,

Care must also be exercised to assure that the spacing betwcecen the
artery wick and the pipe wall is carefully controlled. If this spacing is not
controlled, 1) the thermal resistance innreases over portions of the tube
and, under high enough loads, boiling can ocecur within the artery and

2) the pipe may 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 maxirmum capillary head producible by the wick. However,
should it be partially or fully depleted of liquid, it is necessary to design
for automatic refill; i.e., the artery should be self-priming. This is
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 maximum heat transfer capacity of the pipe. Second,
the increased pressure loss in the vapor transport phdsé manifests itself
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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considerably, Such wicking systems have been successfully proven in the
past, The fabrication of such wicks in very long heat pipes of modular type
construction did, however, represent a major extension of previous

technolougy.

The second factor, the tendency to increzse the vapor pressure loss,
can be overcome by either increasing the vapor flow area (i.e., pipe
diameter) or by choosing a working {luid such that the slope of the vapor
pressure curve (dp/dt) is very large at the desired operating temperature,
From a system weight point of view, the latter is the preferable approach

and was selected for this program,

2.2.1.4 Transient Operation and Start Vp from a Frozen State

R e —

Transient operation of heat pipes poses entirely different problems
than those related to steady state, One of the more serious of these is the
ability of the heat pipe to restart from a frozen state, The danger in such
a startup is that the evaporator section can become depleted of working
fluid before the fluid in the condenser is completely melted. Fluid cannot
return to the evaporator, leading to a dryout failure mode. This problem
is further aggravated as the heat pipe length is increased because of the
need to melt larger quantities of frozen working fluid. One approach to
solving this problem, which has met with some success, is to introduce
a quantity of noncondensible gas into the pipe to establish minimum pres-
sure level, The presence of this gas causes a diffusion barrier to oppose
the vapor coming from the evaporator during startup, causing it to condense
in close proximity to the heat source. As the evaporator temperature
rises, the 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
compressed into a very small portion of the pipe, causing a minor loss of
performance. Although this technique has been demonstrated on «small
heat pipes (15 feet and less), there was a major ¢ cern as to whether it
would work successfully on the heat pipe Syst'ems developed on this pro-
gram, First of all, to start very large pipes such as these, the amount of
noncondensible gas becomes appreciable, Theoretically, the gas inventory
must be such that, under frozen conditions, its partial pressure is greater

than the vapor pressure of the working fluid at its melting point. This

2-8




requirement sugpests the choice of a working fluid such as ammonia which
has a very high ratio of vapor pressure between operational conditions

(= 128 psia at 70°F) and its melting point (= 0,9 psia at -108°F) in order
that the gas be compressed to an acceptably small volume when the pipe

is under load.

Aside from some loss of condenser arca, a large gas blocked zone
can lead to a heat pipe failure mode which might be called "diffusion
freezeout," Vapor continually diffuses into the noncondensible gas blocked
region and condenses, Normally, the condensate is simply pumped back
to the active zone by the wick and steady-state operation continues, If,
however, part of the gas blocked zone falls below the freezing point of the
fluid, the vapor diffusing into this region freezes and is lost to the system,

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

- the heat pipe fails, This phenomenon will be discussed in more detail in

Section 4,4,2,2, By minimizing the ultimate gas blocked length, it is
possible to avoid subfreezing temperatures and thus obviate the diffusion

freeze-out problem,

Ammonia, as will be shown in Section 2,2,3, is a marginal fluid
(from a hydrodynamic standpoint) for the type of artery system chosen,
Secondly, ammonia, which has a relatively low thermal conductivity as
well as a very low allowable superheat temperature is particularly sus-

ceptable to incipient boiling.

In a conventional heat pipe wick consisting entirely of a mesh or
sintered type capillary structure, boiling can be tolerated to some extent.
As 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 fhe 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 heated zone.

Theoretically, in a perfectly pure system containing noncondensible
gases or contaminants, a fluid can boil only by means of heterogencous
nucleation resulting from molecular agglomeration. Such nucleation, for

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

2-9




hundreds of degrees for some fluids), lowever, in the presence of non- ~
condersible pases, the gas present in small cavities on the heated surface

acts as a sced to promote what is known as "nucleation from a pre-existing

gascous phase," The presence of this gascous 'seed' acts to sharply reduce

the amount of superheat that a flvid can sustain without nucleating. The

following expression approximates the critical superheat for incipient

boiling if noncondensible gases are present in a heat pipe

AT = i:{sat_(_"_ 1 cos@
crit ~  JAP r r
v n

c
where
AT ¢ = supe rheat temperature to induce boiling by
St gaseous nucleation, °F
Tsat = vapor safuration temperature, 1
o = liquid surface tensionat T__ ., 1b/ft :
J = universal conversion constant = 778 Jt-1b/ Btu O
A = latent heat of vaporization at T a¢ Btu/1b
= : . 3
p, = vapor density at rsa.t’ 1b/ft
r = nucleus bubble radius, ft
6 = fluid wetting angle
£, * capillary radius, ft ' ,
This equation states that, in the presenc. noncondensil.le gas, a bubble ;
nucleus of radius r_, present in an ariery constrained by a capillary

radius ro will grow when the liquid surrounding it is superheated by the
amount ATcrit' This is the onset of boiling, and will cccur 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, AT as

i W
crit
calculated to be 0.04 to 0.4°F for ammonia over a typical value range of

o i x 10'3 to 10"4 inches, respectively, at Taat = 70°F. This range

i | o

“B. D. Marcus, "On the Operation of lleat Pipes,'" TRW Independent ‘

Research Report No. 9895-6001-TU-000, May 1965,
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of r:ui,vrluu’n temperature is very low and was the basis for concern as to
whuether the noncondensible gas method of starting from a frozen state was

applicable with this particular type artery.

2:8: 8: 8 l-‘luid_/Mz\tvriis_l.._‘ivlc('liun

e -

For heat pipe operation at temperatures near ambient, there are
three fluids to be considered as good heat pipe fluids., They are: water,
ammonia, and methanol, From a hydrodynairic liguid transpori stand-
point, water is best, followed by ammonia, with methanol a distant third,
Although water has a higher liquid transport itactor and thermal conduc-
tivity than ammonia, it does have some drawbacks, I'irst of all, at 70°F,
water has a vapor pressure of only 0,363 psia. Secondly, at this tcmper-
ature level, the slope of the vapor pressure curve (dp/dt) is relatively
gmall, meaning appreciable temperature losses are associated with very
small pressure drops. Fuarthermore, at this low pressure, even a small
quantity of noncondensible gas can occupy and effectively shut off a signifi-
cant length of the condenser. For this reason, the noncondensible gas

technique for restarting {rozen water heat pipes was considered inapplicable.

On the other hand, ammonia has a very high vapor pressuare in this
temperature range (128 psia at 70°F). At this pressure, the quantities of
noncondensible gas required for startup occupy a relatively small volume
at the operating temperature of the pipe. However, as was pointed out in
Section 2, 1. 1,4, the presence of this gas might cause nucleation with the
type of artery being used. Another serious drawback with ammonia is its
hazardous nature., Methanol was then considered, since its properties are
a compromise of those of ammonia and water with respect to the problems
just mentioned; however, its liquid transport factor is substantially below
water or ammonia,.

It was, therefore, decided to fabricate two heat pipe systems, one
using water and the other using ammonia, to study the merits of each fluid
with respect to the other., Since the program was not oriented toward fluid
studies, it was furiner decided to kéep as many things as possible similar
between the two pipes. Of the materials known to be compatible with both
ammonia and water, the 300 series stainless steels are considered best.
Until recently, the stainless steels have presented a compatibility problem
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 Water Heat lli_po System

- Rl

Figure 2-2 shows a cross section of the heat pipe-fin assembly, The
basic heat pipe concept is that shown as type D in Figure 2-1. There are
six spacer wires located between the wick and the heat pipe wall to form
a low viscous drag fluid artery, The initial design called for 1-1/4 turns
of 200 mesh screen to provide the capillary structure, The screen was

held against the spacer wires by an internal spring.

As was mentioned previously, this type of artery must be self-
priming. This means that careful control over the gap width & must be
maintained, Too small of a gap width results in a liq. ' pressure drop
too high to permit agequate return of the fluid at the powe:r levels required.
Too large of a gap means the artery would not prime with liquid and the
pipe would not function at any power level. Another crucial aspect of this
design is that the maximum capillary head will be 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 holes
ina 200 mesh screen., If any larger openings exist in the artery, the
entire pipe may fail when that section becomes an evaporator. Vacuum
chambe: tests call for every point alony the heat pipe to become an evapor-

ator at one time or another,

With respect to the first concern, self-priming, it is clear that an
optimization had to be made with respect to the arterial gap width 6. In
order for the artery to self-prime, the following expression must be satis-

fied focr a horizontal pipe

Y cos 6
< - 4
=%, Rele, <
where
Y = liquid surface tension, lb/ft
6 = wetting angle
P, = liquid density, 1b/ft>
R = radius of heat pipe wall, ft
g = acting gravity field, ft/ secZ
g, = earth's gravity = 32.2 ft/secz
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For earth-bound tests g/g“ = 1 and the equation reduces to Vi
O § Speeypen— (5)

- : ) .
For water at 76 F, and assuming a conservative wetting angle
of 45 degrees
-3

SR B I R . 0. 00 ek

62,4 x 0,25
For a safety factor of approxiinately 2

6 = 0.015(R___
ma:

s

= 0.5) inch

With a gap thickness of 0,015 inch the water heat pipe would have to be
kept flat within 0,25 inch (Rmax - Rtubc) in order to be self-priming,

The hydrodynamic characteristics of the system were then checked for
this gap thickness to invure that an adequate factor cf safety was available
with respect to the liquid and vapor pressure drops versus the available C‘)
capillary head. Figure 2-3 presents the performance curves showing the
vapor pressure drop, liquid pressure drop, and available capillary head,
versus the angle ¢ proceeding away from the sun normal point n for water
at 76°F. Note that the summation of all the losses is well within the avail-
able capillary head and a theoretical factor of safety of 4,04 exists for this
design at 76°F. At a calculated temperature of 104°F (the pipe operates
at this temperature during laboratory testiag), the pipe has an even higher

factor of safety (see Figure 2-4).

2.2.3 Ammonia Heat Pipe System

For ammonia at 76 °} and an assumed wetting angle of zero degrees

3
6 < 1.445 xgébo vx01.2g x 144. Al

For a safety factor of approximately &, § = 0.012 inch was selected which

gives a value of R of
max

-3
_1.445 x 10 “ x 1.0 x 144 _ . &9 |
max 38.0x 0.01¢ = 0.45 inch .
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With this gap thickness the ammonia pipe nmust be kept flat to £0, 20 inch
(0. 45 - 0.25); the associate factor of safetly for self-priming is
0.45/0.25 = 1, 8.

A summary of the pressure drops for a gap thickness of 0,012 inch
is shown in Figure 2-5, The hydrodynamic factor of safety is only 1.5 at
76°F., At a calculated temperature of 104°F, Figure 2-6 shown an even
lower hydrodynamic factor of safety 1. 15. In view of the possible manu-
factoring variations, it must be concluded that the design of the ammonia
pipe was marginal., Yabrication had to be carefully controlled if this pipe
was to prime and to operate at full load. Although the ammmonia pipe design
was indeed marginal, it must be recognized that there was not much oppor-
tunity to improve it with the arterial wick used. Increasing the pipe diam-
eter would require a smaller gap width for self-priming, and this would
lower the hydrodynamic capacity. Decreasing the pipe diameter to gain
capacity with larger gaps would increase the AT into the evaporator and

aggravate an already worrisome nucleation problem.

As noted in Section 3, it was necessary to fabricate the ammonia
heat pipe system first while the passivation schedules for the water heat
pipe system were being developed. It should be stated that there was sub-
stantially more confidence in the manufacture of the water system because

of techniques learned in the manufacture of the ammonia system,

2.2.4 Design Summary

In summary, the water pipe design had a substantial theoretical
nydrodynamic factor of safety for operation at steady state to absorb
potential variations in the manufactured system. However, the results
of the design study indicated that the water pipe would, in all probability,

not restart from a frozen state.

The ammonia pipe design, which could potentially start from the

frozen state using inert gas, had the following serious drawbacks:

e Marginal 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,

e Nucleation — Introduction of the noncondensible gas to

aid startup might cause nucleation in the artery with
resultant failure at very low power icvels,
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2.3 DEVELOPMENTAL SUBSCALE TESTING ¢

Developmental subscale testing was scverely constrained by schedule
commitments, However, some subs-ale testing was deemed essential to
verify the design concepts presented in the last section and to evaluate
manufacturing techniques for forming the artery and for fabrication of
the modular joints., The following paragraphs delineate these tests and

present the negative as well as positive results of this activity,

2.3.1 Wick Integrity Tests

A basic requirement for the heat pipe system design selected is that
the artery be compiletely sealed with respect to the vapor core, It was nec-
essary, therefore, to determine if the manufacturing methods and tech-
niques employed satisfactorily met this requirement,

The imitial design specified 1-1/4 turns of 200 mesh stainless steel ‘

screen held firmly in place against the wall by an internal spring. Six
longitudinal spacer wires were 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 was fabricated and tests performed to determine the integrity U
of the wicking system. One end of the artery was sealed with an 'O' ring
pasket, and the module then filled with ethanol from the secaled end.
FEthanol was used instead of water for this test because the module had not f
been passivated to promote good wetting with water (ethanol has essen- |
tially a zero-degree wetting angle with unpassivated stainless steel. Care
was taken to insure that the test module was kept {lat well within the

requirements for self-priming. The gap thickness for the test module

was the 0.015 inch chosen for the water sy tem.

Ml e R S S e e

This test established that the 0.015-inch gap would self-prime
(liquid was observed at the unsealed end). However, the artery would
not hold more 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

* o L

before the artery empties. It was clear in the test that either the welds ,
(wires 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 e l

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

2-20




%

(actually 2-1/4) and the spacer wires were welded directly to the tube, It
was felt that this approach would solve both of the aforementioned prob-
lems, The artery was then sealed in the same manner as before and the
test repeated, This configuration could be raised to a height of four inches
before the liquid ceiumn in the artery broke, This height, when converted
to an equivalent water value, was well within the hydrodynamic require-
ment for the water system., The fact that the full height of 6-1/4 inches
could not be achieved was attributed in part to the rubber 'O' ring, which
it was felt was not completely sealing the artery.

The module was then placed on a forming platform and bent on a
15-foot diameter, The artery was refilled with ethanol and the lift test
repeated, This time the liquid column in the artery broke at 4-1/4 inches,

approximately the same as before within testing tolerances,

2,3.2 Water Heat Pipe Module

After successful completion of the wick integrity test, the 5-foot
test module was converted into a water heat pipe. First, both ends of the
artery were sealed by trimining back the wire spacers for about 1/2 inch
from the end and spot welding the 200 mesh screen against the incide wall
of the pipe., After the entire module had been chemically passivated, a
wick integrity test was performed using triple distilled water. Results of
this test indicated that the sealed artery system could hold a total gravity
head of 11-3/4 inches., The maximum theoretically obtainable with
200 mesh screen and water is 15-1/2 inches, assuming perfect wetting

and sealing. Mo.e typically, a wetting angle of 45° with water would yield

a maximum height of 11 inches., The measured ’1‘1-3/4 inches showed that
the artery secal was successful. The pipe was then provided with end caps

and fill tube, and processed into a water 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 difft:re;xtial of 5°F (evaporator surface to
condenser surface), while transferring a total of 32 watts at ~ 176°F,
This power input was distributed over the entire circumference of the
first foot of the heat pipe, and corresponded to the same maximum power

density the pipe would receive in the final system configuration, To scale
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the hydrodynamic load the pipe was elevated at the evaporator end, Under
a 32-watt load at 176°F the pipe could be elevated to a height of 10 inches
before the artery failed, This condition represents approximmately 100
percent of theoretical capacity,

These limited subecale tests substantiated the validity of the water
heat pipe wick design both from the heat transfer (acceptable AT, no

boiling) and the hydrodynamic point of view,

2.3.3 Ammonia Heat Pipe Module

Original plans called for a 10-foot section with modular artery joint
to be processed into an ammonia heat pipe. The 10-foot section, however,
was fabricated using the initial wicking system of one wrap of mesh with
spacer wires spoited to it and did not pass the wick integrity tests,

Because of schedule, it wage then decided to convert the 5-foot water heat
pipe into an ammonia pipe. The 5-foot module was drained of its water
charge and vacuum baked for 48 hours under high vacuum. The pipe was
filled with the appropriate amount of ammonia and sealed off. Subsequent
thermal testing 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 since the
arterial gap width was larger than specifications (0. 015" versus 0.012")
and the input heat flux was higher than maximum design conditions

(e. g., 32-watt scaled load). Both of these factors increase the tempera-
ture drop into the evaporator and aggravate the potential nucleation prob-
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, nucleation .n the
artery caused failure, Thus, it was shown that the ammonia heat pipe, in
the absence of noncondensible gases, could sustain superheats of up to 7°F,
which exceeded requirements. Of course, as discussed in Section 2.2, 1.4,

introduction of noncondensible gases was expected to considerably alte
this result,

The pipe was then bent on a 15-foot diameter and the same tests
repeated with no significant change in the results. At this point the designs
of both pipes were frozen and full manufacturing efforts were exerted

toward the fabrication of the two deliverable systems. The design freeze
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Jecision was made because of schedule commitments even though no

successful tests had been conducted for the modular joint configuration,

It is interesting to note that, well into the fabrication phase of this
program, an additional potential failure mechanism was identified for gas
loaded arterial heat pipes in general. It was hypothesizea that the non-
condengible gas might dissolve into the liquid at the cold, gas-blocked
zone and be carried by the fluid to the evaporator, The gas should par-
tially come out of solution in the evaporator due to the higher [luid tem-
perature (gas solubility decreases with increasing temperature). Since
it could not be expelled because of the wetted wick, the gas might cause
blockage and failure., The only apparent me-hanism for escape was by
diffusion through the wetted wick as a consequence of the partial pressure
difference which would exist across it. The question of potential failure
was thus one of the relative rates of accumulation by virtue of solubility

changes and removal by diffusion,

To explore this question, the same 5-foot module was reprocessed
with water and a noncondensible gas charge (nitrogen) and placed on lile
test, Since it operated without failure for over six months before the test
was terminated, it can be concluded that the removal rate by diffusion was

gsufficient to avoid gas accumulation in the artery.
2,4 FINAL DESIGN
2.,4.1 General

Eack of the two 183 -inch diameter systems are made up to ten equal
length sections; i, e., modules. The manufacturing working drawing for

the uniis is presented as Figure 2-7, A standard "module' is approxi-

3
:
!
i
.
:
!

mately 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. The fabrication techniques associated with the 57-1/2 inch
long modules are applicable to any length up to about 7 feet so the discus-
sion in this section can be extended, without complication, to heat pipe
modul. s in this range. As noted previously, designs are presented for

water and for ammonia as the working fluid. General design information
i6 presented in this paragraph; specific data on the individual pipes are
presented in Paragir phs 2.4.2 and 2.4, 3,
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ihe concentric annular artery concept was achieved in an individual
module by placing appropriately sized spacer wires between the walls of
the tube and the screen surface providing the capillary driving force,
Although a single layer of 200 mesh screen was theoretically adequate,
two wraps were used to aid in sealing the artery and to eliminate potential
problems duec to 60 percent variation in wire spacing possible in commer -
cial screenwire, The screen was forced outward against the spacer wires
with a helical spring. Selection of six spacer wires was somewhat arbi-
trary; this number appeared to provide good control of the artery dimen-
sion without introducing excessive liquid pressure drop. The wires arc
all approximately parallel with the tube axis to minimize the liquid travel
length, The wires were spot welded periodically to the inside of the tube

to maintain their position during the bending operations,

Stainless steel (Type 316) was selected for all material in contact
with the working fluids. This approach was taken even though ammonia is
compatible with aluminum in order to have the fabrication of both pipes as
nearly identical as possible, To this end surfacc passivation procedures
were utilized for both systems althougl. only the water pipe required this
treatment, The intent of this action was twofold, First, welding schedules
for joining the two pipes would be identical thereby reducing cost and
adding to the confidence level of fabrication, Second, integrity checks of
the wick joints during fabrication could be made using water rather than
acetone or methanol, The passivation procedures utilized on the two heat
pipe systems were not developed on this contract and are considered

proprietary by TRW Systems.,

The heat pipe systems described Lere would, in 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
ke the subject of an extensive weight "optimization' study where the tube
and fin geometries would be "juggled' until the total weight per unit of heat !
rejection is a minimwn., The primary objective of this study concerned
specifically the operation of the heat pipe and a true weight optimization
study considering the structural requirements and characteristics of the
actual 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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cach of the heat pipe units, The dimensions (4 inch long by 0,032 inch
thick) were selected to give a reasonable sclar heat load on the system
without experiencing a significant temperature drop in the longitudinal

direction (this geometry has an effectiveness of essentially unity).

The {in also provided some stiffness to each heat pipe unit and was
used as a mounting surface for the eight fiberglass supports which tied the
ammonia and water pipes together, This aspect is described in more
detail in Section 2.4,4, Thermal heaters used for testing of the heat pipes

were also bonded to the copper fin (Section 2.4,7).

The joint between 5 foot heat pipe modules consisted of a 0, 80 inch
long solid bushing which had been stepped down on either end to receive
the screen wick without a change in the artery dimension. Sealing the
artery was accomplished by spot welding each screen to the sleeve; these
spots must overlap to provide a continuous seal., Attempts were imade to
use a screen inner sleeve for joining two modules. This approach was
desirable because vapor can escape at the joints and there is no danger
of a vapor lock with subsequent failure of the artery. IHowever, a screen
sleeve was abandoncd when 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. Insulation was provided around each joint to reduce the danger

of vapor lock,

The final seal was made by wélding a split sleeve collar to the two
pipes. This sleeve was stepped down to conform to the ID of the tubes
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 scicens,

The fill tube is also shown in Figure 2-7 and consisted of a 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 icakage between the artery and the external environment.
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2.4,2 Water Heat Pipe System

The water heat pipe design specifics a 0,015 inch arterial gap
thickness and two wraps of 200 mesh screen, The hydrodynamic pressure
drops were shown in Figures 2-3 and 2-4, JFigure 2-8 presents a plot
of the vapor mass flow rate as a function of the heat pipe position ¢ (Sun

normal is at ¢ = 0). As can be seen, the highest mass flow rate (0, 145

pound/hour) occurs at ¢ = 70°, This [low rate is substantially below the

sonic and entrainment limits for water heat pipe systems,

For the fin configuration shown in Figure 2-2, the contact between
the fin and the pipe is over only 1/3 the surface area of the pipe. Neglect-
ing circumferential and axial conduction of the hecat pipe wall and the axial
conduction of the copper fin represents the "worst case' for computation
of the overall temperature drop; Figure 2-9 shows the predicted tempera-
ture profile for operating with a "one sun' load at 76 °}, The fluid inven-
tory was calculated to be approximately 300 cc's. Hydrodynamic factor of

safety for the water pipe is 4. 0.

2.4.3 Armmonia Heat Pipe System

The ammonia pipe has a 0.012 inch arterial gap. The hydrodynamic
pressure loss carves were shown in IMigures 2-5 and 2-6, The calculated
vapor mass flow rate for the "one sun' load is shown in Figure 2-10 as a
function of pipe position. As for the water pipe, this flow rate is so small
that no concern for the entrainment or sonic limit need be expressed.

The "worst case' temperature profile predictions for "one sun' at 76°F

is shown in Figure 2-11. As can be scen in Figure 2-11 the predicted

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

of safety for this ammonia pipe is 1. 5.

Calculations were also 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 required for the startup with the solar input perpendicu-
lar to axis of the loop. These calculaticas were made using a gas front
analysis program developed by TRW Systems to study gas filled variable

conductance heat pipe systems. Neon was selected as the inert gas charge,

having a molecular weight very near that of ammonia (20 versus 17). It

was concluded from the analysis that the gas pressure must be at least
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1.0 psia at -300°F, a value shghtly greater than vapor pressure of
ammonia at its melting point (=108°F), The gas front during norme.l
operation in the vacuum chamber would then occupy approximately

21 inches of the hoop (<4 percent), The front during ambient operation
would be approximately twice as long because of the increased tempera-
ture level of the gas 'locked region., Allowing for a small safe(y factor,
a 4 psia gas pressure (at ambient temperature) was selected; the gas
front for this pressure was predicted at 37 inches for chambe ~peration

and 69 inches during ambient testing.

Predicted startup from -300°F is shown in Figure 2-12, [t was
assumed for this calculation that the pipe was uniform at -300°) when
solar heating wae initiated, Approximateiy 25 minutes are required for
the first hoop segment to reach -108°F (ammonia melting temperature)
and 275 minutes to completely compress the ncncondensible gas and melt
all of the solid ammonia. The relatively low equilibrium temperature
resulted from the assumption in these calculations, that the edges of the
fins would not be insulated, Figure 2-12 does demonstrate the velatively
long time constant of the systems and suggests that a spinning heat pipe
system (2 RPH) may restart without the aid of the noncondensible gas,

The latter condition is shown as a dashed curve on Figure 2-12,

2.4.4 Support Stand

A support stand was required to attach the heat pipe-systems to the
STB. 'The overall arrangement of the heat pﬁpe/etand assembly on the
STB is shown in Figure 2-7; the detailed parts of the stand are also
shown in Figure 2-13, Conceptually this stand consisted of four aluminum
posts (3 inches x 3 inches x 0, 125 inches wall) which were attached, on one
end, to four of the eight fiberglass brackets holding the two heat pipe
units together, The other end contained a nylon insulator block which, in

turn, connected to the STB., Support to the intermediate fibarglass brackets

was provided by aluminum tubular trusses, Four stainless steel guywires,
arranged in the form of spokes, provided rigidity to the assembly., The
guywires also helped prevent droop in the pipe systems at the intermediate

points not supported by the posts,
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Evaluation of the STB heat leak due to the support stand depends, of
course, on the temperature of the ST mounting peints as well as inter-
face resistances introduced at the relatively soft mount., Taking the
extremely conservative assumption that the interface resistances are
negligible (the only insulation is introduced by the nylon pad), that the
STD mounting temperature is 50°F and that the uninsulated support rod
"sees' only the L?\J;,‘ cold walls, the maximum heat leak from the STB
was computed to be approximately 13 Btu/hour for cach of the four sup-
port posts, It then concluded that the total STB loss for this condition

will total less than 17 watts,

The two pine gystems were physically separated with eight fiber-
glass brackets; intermediate fiberglass Mocks (1/2 inch x 3/4 inch x 1 inch)
were also used to properly space the two pipes and to give additional sup-
port to the fins, The overall thermal resictance between the tvio pipes
was estimated to be less than 3 hr-{t-“}/Btu. The net energy transfer
with the two pipes 50°1" apart in teraperature would be less than 5 watts

as compared to 172 watts absorbed solar load.
2.4.5 Insulation

Insulation on the back (i. e., inner) side of the pipe fin asserably
consists of 10 layers of aluminized mylar which has been crinkled to
provide separation between layers. The two outer layers are 3 mil thick
to minimize the danger of damage; all inner layers arce 1/4 mil. The
3 mil outer layer is reversed so the mylar side is facing outward 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,

¥ach heat pipe system is insulated individually to enable separate
testing at some later date. Separate insulation R + sections were pro-

vided for each of the eight fiberglass bracket assemblies,

2.4.6 Radiative Coating -—Fin

The fin required a coating have an a /e of 1.0 to maintain 76°F
with the sun incident normal to the side. A commercial aluminum paint
(Finch Polyurethane Coating No. 643-1-1) was selected. According to
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the manufaciurers literature, the o and ¢ can vary from 0, 18 to 0, 26

—

with the as/c ratio remaining between 0.9 and 1, 1

The results of preliminary tests by the Thermophysics J.aboratory

of TRW Systems are summarized below:

i!_i "“' (rS/(

- o

Sample Description

e —
L —

0, 26 0,32 0. 81 ! mil, with primer
0,21 0,29 0,72 2 mil, with primer

0. 24 0,32 0.75 { mil, without primer

One mil of paint over a primer was selected for application and gives an

equilibrium temperature of approxima‘ely 50" F, Average properties

of samples coated at the same time the fin was painted were as/c
0.217/0, 237, This gives an equilibrium temperature of approximately
65°F,

Finch Polyurethane Aluminum Paint is very susceptible to damage

s

during handling, Care must be exercised to prevent contact with the C‘
surface after application; all inoving, lifting, ctc., should be accomplished

using other, non-painted surfaces,

2,4,7 Test Heaters

Flectric resistance heaters were provided on each 5 foot module of
each heat pipe systern, These heate .5 were bonded to the fin bottom half
in the case of the ammonia pipe and ‘o na’f in the case of the water pipe,
and were approximately 50 inches long Ly 1 1/2 inch wide, Each heater
consisted of approximately 2000 feet of Manganin heater wire wound on top

of 3 mil teflon tape which had been bonded to ti.e fin; a second layer of

teflon tape was applied over the wire for total electrical insulation, Alum-
inurn tape applied over the top of the assembly aided in holding the heaters
in place. This design has been utilized with success on numerous TRW
spacecraft thermal model 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,

O

ml-lemispherical emittance de‘ermined by correction of near normal
reflectance data,
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Fach heater was cut to have a resistance of 7,0 Q at room tempera-
ture, The effect of temperature on heater resistance is shown in Table
2-1, Over the expected range the total variation in heater resistance is
less than 0, 52 Q, Thirty feet of leads (20 gauge) are provided for each
heater to permit mating with the NASA/MSC Chamber A Facility, These
leads on the average increase the total recistance (leads + heater) to
7.€ Q, The irput voltage reading (AV) to the lead must be corrected per
the following equation to determine the power (15’”) actually dissipated

at the hea’ pipe module

P, = —L0Q  Ay?

H . 6)

The above equation does not account for losses in the wirin, system

upstream of the heater leads,

Table 2-1, Resistance Change vs Temperature
Manganin Wire Stock

Temperature s % Change in Resistance
20 0
30 -, 0036
40 -~ 0150
50 -, 0357
60 -, 0621
70 -, 0963
80 -. 1270
90 -, 1890

The 40 heater leads were routed to a Cannon connector compatihle
with the NASA/MSC Chamnber A Facilities, This connector, specified by
NASA, was purchased from North American Rockwell and had the NAR
designation ME414-0584-0001, 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 ieads were bundled together after leaving the

Leat pipe systems and were wrapped with multilayer insulation to minimize

the heat leak. This bundle is located 90 degrees around from the fill tube

area (clockwise as viewed from above).
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2.4, 8 Instrumentation

A total of 85 thermocouples were applied to the heat pipe/support
stand assembly, Of these 30 were applied directly en cach of the two heat
pipe systems and 25 Jocated at various places on the fin, insulation, fiber-
glass bracketry and suppert stand; the precise location of each thermo-

couple is given in Section 4 of this report,

Faach thermocouple was a 28 gauge, copper-constantan pair with
fiberglass insulation, Junctions were formed by spot welding or by soft
soldering., ‘The individual couples were unshielded, However, the bundle
of wires (located 270 degrees clockwise from the fill tube arca as seen
from above) was provided with an electrical shield and was wrapped with
multilayer insulation to minimize heat losses, The eiectrical shield 1s
grounded 1o the cable connector, Each thermocouple was provided with
50 feet of extra lead for mating with MSC chamber, Originally 30 feet
was provided; the addition of an extra 20 feat was accomplished by splicing

and soldering each thermocouple pair.

The connectors used to mate the thermocouples with the NASA/MSC
Chamber A Facility were Cannon receptacles having the designation
DPDMA41700-215/FSC5935-1.N89772, These units were specified by
NASA/MSC and had 20 gauge copper and constantan removable pins.
Three connectors were used for the 85 thermocouples; the pin locations

of each if specified in Section 4 of this report, .

Thermocouple attachment in the ca~c of the heat pipes or the copper
fin was by direct spot welding or by soldering. Conducting epoxy with a
covering of aluminum tape was used for all others, Where possible
thermocouple leads were routed at least 12 inches along the attach surface
to minimize measurement errors due to the thermocouple conduction

losses,

2.4.9 Packaging and Shipping

Packaging and shipping, although not specifically tied to the develop-
ment of the heat pipe systems, represented a substantial amount of effort
because of the large size of the system. A drawing of the container is
shown in Figure 2-14; the unit measures 16 feet x 16 fecet x 1 feet and

weighs approximately 2000 pounds,
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3. HEAT PIPE SYSTEM FABRICATION

This section serves to highlight the fabrication ¢ffort and identifies
some of the more significant development problem arcas that had to be
resolved, A number of fabrication and processing procedures had been
developed by TRW Systems prior to initiation of this contract and are
considered proprietary by the company. Proprietary concepts are not

described in this report,

As nearly as was feasible, the fabrication of the ammonia and the
water pipes was identical, The following discussion, therefore, applies

to both, Necessary differences between the two are clearly identified.
3.1 DEVELOPMENT

Fabrication of heat pipe systems is typically carried out by skilled
laboratory technicians working in a closely controlled environment,
Building large scale heat pipes, on the other hand, necessitates use of
more conventional manufacturing facilities and personnel. The first of
the major fabrication difficulties associated with the 15-foot diameter
heat pipe systems described in this report centered around education of
shop personnel about the cleanliness required in heat pipe fabrication,
Use of gloves, copious amounts of acetone or methanol, and great care
to prevent contamination of the pipes were difficult to instill initially,

After some experience, they became routine operating procedures,

Besides these normal difficulties of cleaning and 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 overall process of joining two heat
pipe modules together, Each 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 welded directly to the screen. The
total assembly was then rolled up and inserted intn the tube, Two prob-
lems resulted from this mode of construction. First, sealing of the
artery was difficult with a single screen layer. Two layers were then
specified after unsuccessful attempts to make a joint, Also, maximum

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

e .. W




layers assures better control of artery pore size, The second problem
came from the danger of a blow hole in the screen due to the weld, The
capacity of the artery system is limited by the largest hole in the artery,
Any hole larger than the 200 niesh screen would cause a reduction in that
capacity,

It was, therefore, decided that the spacer wires would instead be
spot welded to the ID of the tube, The six wires each had to be tacked
every inch along the tube to prevent movement during bending, A special
welding fixture was developed to make these spot welds, With this
approach, extreme care had to be exercised when inserting the rolled

gscreen in the tube to prevent binding and tearing.

The problem of joining two modular sections fundamentally reduced
to scaling the arterial cavity, The first design called for the use of an
inner screen sleeve to which screens from both modules were welded,
This approach presented three difficulties, First, critical artery dimen-
sions were difficalt to maintain, Second, there existed a problem of weld
blow holes which would degrude the performance of the artery. Finally,
this approach required insertion of a bullet to support the joint during C
welding. Thus, the support spring could not be inserted in one of the two
five-foot modules untii after the joint had been made; the danger of damage

to the joint was substantial,

The final configuration utilized a solid internal sleeve to which the
module screens were welded, This sleeve needed no additional support
during the welding operation, thereby climinating the need for the welding
bullet. No major problems in the joint were encountered after selection
of the solid internal sleeve, It should, however, be recognized that at the

solid internal sleeve there existed no way for vapor to evaporate from the

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

i
E
;
j
artery surface, which posed the potential danger of nuclieation and vapor
views of a developmental screen/sleeve joint.

During the initial fabrication development effort, 5-foot modules ,

were scaled and processed as hea! pipes for detailed thermal tests; these _'
x

tests are described ‘n Section 2. The results of these tests, in fact, had . ‘

a significant impact on the selection of the final design configuration.
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Figure 3-1. Screen Solid-Sleeve Junction Between Two 5' Modules
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Additionally, to add to the confidence level of the joint fabrication
process, wick integrity testing was performed on selecteqd 10-foot sections,
These tests, also described in Section 2, were hydrodynamic in nature in
that they were designed to measure the maximum wicking head of the
artery/screen/joint configuration, The artery was first sealed with a
special end cap and plug, and the fluid introduced (water was used for
both pipes)., With the pipe in the level condition, the artery was allowed
to prime, The unit was then lifted in 1/2~inch intervals, each time wait-
ing until excesgs liquid drained past the spring coils, until the capillary
head "broke'" and the artery empticd., Typical heights for 10-foot modules
tested were 8 to 10 inches, .nonsealed artery would not prime and could
support no head. Affer successfully testing a series of joints, the confi-
dence in the fabrication technique was sufficiently high that the time-

conswning wick integrity tests were discontinued,
3.2 FARRICATION PROCEDURE

The procedure utilized in the manufacture of the complete heati pipe
systems, of course, commenced with fabrication of the individual parts
(cut tubes, screens, machine solid bushings, split couplings, etc.). The
following sequence was then utilized to complete one 15-{oot diameter

heat pipe system:
e Clean 2]l parts and annezal screens for easier handling.
e Spot weld spacer wircs to tube ID.
¢ Passivate critical pipe components,

o Roll screens and insert in tubes. TForce outward against
spacer wires with progressively larger balls or bullets,

e Insert springs and trim screens and springs to length.

e Make joint between two five-foot modules, This opera-
tion consisted of welding the screens to the intercon-
necting coupling, inspection of the joint, installation of
the split coupler and final welding.

e Wick integrity check the assernbly. On a few joints for
cach of the pipes, a wick integrity check was performed
to insure that the manufacturing procedure was producing

< acceptable joints.
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e Make three {0-focot sections and a 15-foot section,
which are then joined into a 45.-foot straight length,

® Bend straight length arocund "Ferris Wheel" fixture,
This fixture is shown in 'igure 3-2, withy water heat
- L
pipe system attached.

e Install the last five-foot module. WNote that this closure
contains the fill tube assembly which requires an addi-
tional weld on the split coupler,

o Evacuate the assembly and check for leaks with a mase
spectrometer leak detector,

e Solder the 10 copper fin sections in place and rivet the
interconnecting pieces,

@ Pressurize the completed unit to check structural inte grity.
A pressure of 720 ps. was us. ' to check the ammonia pipe
and 250 psi for the water pirc,
The first unit (ammonia) was then removed from the "Ferris Wheel"

fixture, placed in a horizontal position for processing and {illing, and

the fabrication of the water pipe initiated.
3.3 PROCESSING

Processing of the fabricated Leat pipe systems followed the proce-
dure listed below. For the most part, this procedure was the same for
the water and the ammonia pipes. Differences, when they do occur, are
specified in the following write-up:

® Pump Down and Bake Out — The completed unit was sub-
jected to a roughing vacuum (approximately 35 microns)

and heated to 300°F for a minimum of four days to drive
out volatile contaminants.

e Pump Down and Fill - Prior to fill with the appropriate
working fluid, the system was subjected to a haid
vacuum (10-4 terr or better) for approximately 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.
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Figure 3-2,
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Water Heat Pipe Systerm Formed into 15-{t Diameter
on Special "Ferris Wheel'' Assembly
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Filling the water heat pipe was relatively simple; the setup is shown
schematically in Figure 3-3a. A measured amount of triple distilled
water was filled directly into the evacuated pipe through a fill line which
also had been evacuated, Both the pipe and the fill line were carefully
checked for leaks prior to the fill operation. There was evidence that
initial water fille introduced trapped gasses into the pipe, Subsequent fills

were made with degassed water in a closed systemn (Figure 3-3b),

The fill ¢f the ammonia pipe was substantially more complicated;
a schematic of the setup is shown in Figure 3-3c¢, With the line to the
water column and 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
system were then closed, the reservoir chilled with an acetone and dry
ice mixture, and the regulator opened to allow ammonia flow into the
reservoir where it liquified, The regulator was closed after the reser-
voir was filled and ammonia distilled into the heat pipe by heating the
reservoir and opening (he heat pipe valve. The ammonia quantity enter-
ing the heat pipe each time was established by the volume of the reservoir;

both 50 cc and 300 cc reservoirs were used in the fill operation,

The initial fill was accomplished by freezing rather than liquifying
ammonia in the reservoir. This approach was abandoned because of
uncertainties in the manner in which the ammonia would freeze, This
led to considerable uncertainty as to ths: exact quantity of ammonia in the

svstem,

Introduction of the neon charge in the ammonia pipe after preliminary
testing was accomplished by first measuring the pressure of the ammonia
in the pipe and adding an overpressure of 4 psi of neon. This value repre-
sented approximately 2 x 10'5 pound moles of neon, The ammonia 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 {ill with ;:.5 before
adding the ammonia. This procedure was not followed because of the fear

(later justified) that the ammonia pipe would not operate with the gas load.

Fach pipe was instrumented and the heaters installed prior to
development testing (Section 4.2). See Sections 2.4 and 4.1 for a descrip-

tion of the instrumentation and the electric heaters.
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BURETTE WITH DISTILLED WATER

6o
TO HEAT PIPE «F—\JO G ~Q—= TO VACUUM SYSTEM

A. INITIAL WATER FILL SYSTEM

FLASK WITH DEGASSED, DISTILLED WATER

TO HEAT PIPE -@—é} 0 ‘l;, #= TO VACUUM SYSTEM

B. FINAL WATER FILL SYSTEM

_ ' 4 WATER COLUMN

TO VACUUM SYSTEM

il

FIXED VOLUME
RESERVOIR

REGULATOR

NHg SUPPLY

C. AMMONIA FILL SYSTEM

Figure 3-3, Heat Pipe System Fill Techniques
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A final closure of the heat pipe systems was planned after comple-
tion of the devclopment testing, but prior to the final assembly procedure
described below,
to TRW Systems and will not be described here. Because of a sequence
of difficultics, these closures were subsequently cut off the pipes and

replaced with vacuum valves and a mechanical pinch off backup. The

activities leading up to these circumstances are described chronologically

in Section 4,
3.4 FINAL ASSEMBLY

Final assembly of the two heat pipe systems intoc a single test unit
This

did not take place until development testing had been completed,

assembly included the following activitics:

e Coupling of the two heat pipe systems with eight fiber-
glass supports, The supports are shown in Figure 3-4,
Fiberglass spacers (3/4-inch wide) were also used
betwees: the supports to maintain constan: fin spacing.

Painting of the unit = An aluminum paint (Finch Polyurethane

(&)
Coating No. 643-1-1) was used (one coat) with the appro-
priate primer (Finch No. 463-6-5 primer).

¢ Insulation of the back of the individual fins and of the
individual joints. Figure 3-4 shows the back insulation
and Figure 3-5 shows the insulation of the joints.

e 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 thermo-

couple connectors,

Figure 1-1 shows a view of the completed heat pipe umt undergoing
thermal verification testing.
lated until final installation with the support stand on the STB. Final

installation of the thermocouples on the 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 Figure 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,

The closure technique utilized is considered propriectary

The fiberglass supports could not be insu-
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Figure 3-5, Heat Pipe System Joints Between Modules
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3.6 SUMMARY

In summary, it should be noted that the two units fabricated in this
program represented the first major attempt at the manufacture of large
scale heat pipe systems, IFurther, the time constraints prevented the
substantial fabrication development effort which would normally accompany
a program of this type, However, much has been learned during this pro-
gram about rel'able and economic fabrication of large-scale heat pipe sys-
tems which will be invaluable to subsequent prog ‘ams. Much, in fact,
was learned during the fabrication of the first heat pipe (ammonia) which
substantially increased confidence in the manufacture of second pipe
(water), The information presented in this section is, therefore, in-
tended to provide sound foundation for subsequent development efforts

on large scale heat pipe systems,
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4. HEAT PIPE SYSTEM TESTING

Two types of thermal testing were formally required on the heat
pipe system as part of this programn, The first, called Thermal Verifi-
cation Testing, was to demonstrate acceptable operation of each unit
under nominal heat loads in an ambient environment, This test was per-
formed at TRW/Redondo Beach prior to shipment and repeated at NASA/
MSC to identify any damage resulting from handling and shipping. The
second test required was a Thermal Vacuum Test to be performed in the
NASA/MSC Chamber A facilities. Planning and conduct of the Verifi-
cation Testing was the responsibility of TRW Systems (although NASA
perscennel actually performed the measurements at MSC), The Thermal
Vacuum Testing was the responsibility of NASA although TRW personnel
were on hand to aid in the planning and conduct of the effoyt, Data eval-

uation was the responsibility of TRW Systems in both instances,

Before initiation of the verification testing, however, a substan-
tial amount of development testing was necessary to;

e Determine if the two heatl pipe systems were operational
and under what conditions,

e Establish the appropriate liquid inventories,

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

@ Determine the effects of the Neon gas charge on the
performance of the ammonia pipe.
These tests and their results are described in this section. As will be
seen, a number of changes to the basic pipes were necessitated by these
results, The changes are summarized in a chronology of the pipe con-

figurations leading up to Thermal Verification and Thermal Vacuum

Testing.

As is clearly shown in the following 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, 7To
this end, the thermal vacuum testing cannot he considered a demon-

stration of heat pipe systems, but an indepth study of the operational




characteristics of the units in a simulated space environment, Since
analytical predictions for these typ: heat pipe systems are not fully
established (particularly transient nehavior), data from these tests will
be invaluable in the design and application of future large scale heat pipe

systems for manned spacecra‘t,

Before describing the test programs and their results, a werd is
ncecessary about the need to level the heat pipe systems. As neled in
Section 2, the artery in the ammonia pipe can, theorctically, prime only
. 9" in a one "g" environment. Since the pipe I.D. was 1/2 inch and scme
recogniiion must be given to manufacturing tolerances, a leveling require-
ment of 1/8" of flat was established to assure artery priming (the water
pipe requirement was 1/2 inch). Once the artery has primed, the pipes
can, theoretically, pump several inches against gravity under limited
heat loads., However, after a break develops in the artery, the pipes
must be again leveled before the heat pipe action can be restarted. These
regquirements were difficult to achieve for heat pipes systems as large as

15" in diameter and leveling posed one of the more serious testing problems,

1.1 INSTRUMENTATION ¢)

For purpose of easy identification, the ammonia pipe was given
the designation A and the water pipe the designation W. Instrumentation
pertaining to the vacuum chamber support stand has been labelled S.
Individual 5' modules of each heat pipe are also labelled; e. g. . Al, A2,
W8. .., to permit easy reference to any part of either pive system,
Figure 4-1 shows this designation; conceptually, the modules are
numbered sequentially around the pipe (clockwise as seen from above)
with the fill tube being between Sections 5 and 6. Heater identification
is identical with module designations; . g., heater A3 is on Module A3
(third module of the ammonia pipe). ¢ nector pin locations for each
heater arc provided in Table 4-1. More specific information regarding

heater design and application is presented in Section 2.4.7.
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Table 4-1, Pin Locations - Heat Pipe System Module Heaters
and Grounds

Heater/Ground ldentification Pin lLocations
Heaters
Al 1 & 2
Al 3464
A3 5 &6
Ad 788
A5 9& 10
Ab : 11 & 12
AT 13 & 14
A8 : 15 & 16
A9 17 & 18
ALD 19 & 20
wi 21 §22
w2 23 & 24
W3 25 & 26
w4 27 & 28
W5 29 & 30
wé 31 & 32
W7 33 & 34
w8 35 & 36
W9 37 & 38
w10 39 & 40
Grounds
Ammonia Pipe 41
Water Pipe 42 !
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Thermocouples attached to the heat pipe units ¢re also shown in
Figure 4-1, Figure 4-2 shows the relative position of the pipe, fin and
insulation thermocouples for a typical cross-section. As noted in /
Section 2.4, 8, the pipe and fin thermocouples are spot welded or soldered
to the surfaces to be measured., Figures 4-3 through 4-7 show the loca-
tions for the remaining thermocouples, Table 4-2 provides a summary
of the locations with reference to the appropriate figure., Conducting
epoxy was used to bond the thermocouples in place with aluminized tape

over the top to reduce the measurement error,

Not all thermocouples were utilized in the Thermal Vacuum
Testing, Table 4-3 presents the TRW designation, the NASA/MSC desig-
nation, the connector mumber and the pin location of each thermocouple
utilized in the MSC test chamuier., Pins 1 and 4 on each plug were used

to ground the shielding,

It is estimated that the copper-constantan thermocouples applied
cannot be read with accuracy better than #1¥° at the Cannon connector,
This means that all readings have an uncertainty of at least +1F°, and
that the uncertainty of the reading/recording equipment must be added
to this value, All stray EMF's generated between the connector and the
reading equipment must also be added to the total for a final determi-

nation of the instrumentation error.
4.2 DEVELOPMENT TESTING

This section presents a detailed chronology of all full scale devel-
ocpmental testing activity associated with both heat pipe systems leading

up to the thermal verification testing activities,

These data along with the eavironmental conditions associated with
the tests show the failures as well as the successes, and are intended
to pass on to the reader as much of the experience gained on this devel-
opmental program as possible., It is expected that these experiences
(positive and negative) will be extremely valuable in planning and con-

ducting the next large scale heat pipe program,

Sectinn 3 describes the fabrication and processing of the two
heat pipe systems up to and including the initial fill., The discussion in

this section initiates at that point in the program,
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N LOCATION FOR TC NOS, 16 & 27

LOCATION FOR TC NOS. 1-15,
17-26, 28-32 & 34-36.

/-— 'ESISTANCE HEATER

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

Figure 1-2, Thermocouple Application for Typical Cross Section -
NASA/MSC 15-ft Heat Pipe System

4-6




277
wr

NH3 HEAT PIPE

120032

120033 ® / '
|

- (.) -

|
- @®-
|

0.,

™X0042
TXQ(MS :

fuf

/
/

J

TX0048

TX0051 |

|

W
/>._.--_.__--_4<\

\

\

\

'....— B e —————

\ |

\

D)
| _TX0032
@7 TX0033
o
®© w
Q.
&
b
-
< 4
(@)
(o]
) b
|
(D-

Figure 4-3,

Thermocouple Locations - Fiberglass Support

4-7




Figure 4-4,
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{[ : TX0039

Pl /

. ’/ —— ) TX0043
j TX0046

TX0049

SEE
FIGURE 4-5
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Figure 4-7, Support Stand Thermocouple Locations and STB Interface \
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Table 4-2,

Physical Location-Auxiliary Thermocouples (S-Series)

-

TRW No,

MSC No,

Fig, No,

Location

D A DR o

po—

S1

S2
S3
54
S5
S6
S7
S8
S9
510
Sit
Si12
S13
514
S15
S16
S17
S18
S19
S20
S21
S22
S23!
524
S25

TX0033

TZ0033
TZX0042
TZ0031
TX0031
TZ0034
T™Z0035
TX0041
TX0032
TZ0032
TX0037
TX0038
TX0039
TX0040
TX0O051
TX0049
TX0050
TX0048
TZ0036
TX0046
TX0047
TX0045
TX0043
TX0044
TX0052

o b B D
1 1 ! i
- - - »

L !
" »
N —

S SR S S SR S R S
! '
g S e w3 ANl O W W

S B B A
1 ! ' ! 1 1
SN WO

4-3
4-7
4-6
4-5

Fiberglase Bracket between
sections | and 10

"
Fin extremity near TC A4
Fin extremity near TC W4
Inner blanket opposiie TC A
Outer blanket opposite TC A4
Diagonal Post P2 to Al (Midpoint)
Fiberglass bracket at post P2
Fiberglass bracket at post P2
Post P2, Top
Post P2 (See Fig, 4-4)
Post P2 (See Fig. 4-4), Bottem
Post P2 (See Fig. 4-4), Isolator
Fiberglass brackets-Section 3
Post P4, Bottom
Post P4, Top
Fiberglass bracket-fill tube
Outer Thermal blanket opposite A24
Post P?, Bottom
Post P7, Top
Fibergiass bracket-Section 8
Post P9, Bottom
Post 9, Top
Diagonal Support-Post P2 to A3

e R e T
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Table 4- 3,

Plug Pin l.ocations

Summary of Heat Pipe Thermocouple/Cannon

-

TRW TRW
MSC Redondo Pin Nos, MSC Redonde Pin Nos,
No, No, CU CON No., No, CU CON
TX0001 Wi 11 12 TX0048 Si8 40 39
TX0002 V3 2 3 1720049 S16 29 30
TX0003 W4 I4 15 TX0050 S17 43 42
TX0004 W6 5 6 TX0051 5156 44 69
TX0005 W7 17 18 TX0052 525 46 45
I'X0006 W8 8 )
TX0007 wWio 20 21 TZ0001 Al if 12
TX0008 Wil 34 33 TZG6002 A3 2
TX0009 wi2 23 24 TZ0003 A4 i4 15
TX0010 Wi4 37 36 TZ0004 Ab 5 6
TX0011 Wis 26 27 TZ0005 A7 57 318
TX0012 W37 40 39 TZ0006 A8 8 9
TX0013 Wi7 29 30 T20007 A0 e0 21
TX0014 W18 43 42 TZ0008 Al 34 33
TX0015 Wi9 44 (9 TZ0009 Al2 23 24
TX0016 wai 46 45 TZ0010 Al4 37 36
TX0017 W23 59 60 TZ0011 AlS ab 27
TX0018 W24 49 48 TZ0012 A37 40 39
TX0019 was 62 63 770013 Al7 29 30
TX0020 w26 52 51 T70014 AlS8 43 42
TX0021 W38 65 66 TZ0O0OL15 Al9 44 69
T30022 w28 E5 54 TZ0016 A2l 46 45
TX0023 W29 80 81 TZ0017 A23 59 60
TX0024 W30 r = M TZ00i8 A24 49 48
TX0025 Wil 85 84 TZ0019 A25 62 63
TX0026 W32 74 75 TZ0020 A26 52 51
TX0027 W39 88 &7 TZ0021 A38 65 66
TX0028 W34 77 18 TZ0022 A28 55 54
TX0029 W35 91 90 TZ0G23 A29 §0 81
TX0030 W36 103 102 TZ0024 A30 73 712
TX0031 S5 94 63 TZ0025 A3l 85 84
TX0032 S9 106 105 TZ0026 A32 74 75
TX0033 St 97 96 TZ0027 A39 88 87
TZ0028 A34 37 78

TX0037 Sit i} 12 TZ002G A35 91 90
TX0038 S12 2 3 TZ0030 A36 103 102
TX0039 S13 14 15 TZ0031 S4 94 93
TX0040 S14 5 6 TZ0032 S10 106 105
TX0041 S8 52 1B TZ0033 Sz 97 96
TX0042 S3 8 9 TZ0034 S6 109 108
TX0043 S24 20 21 TZ0035 57 100 99
TX0044 S23 34 33 TZ0036 S19 112 1114
TX0045 S22 23 24 ‘
TX0046 520 37T B

' TX0047 S21 26 27

4-13

Note: Pin numbers { and 4 are ground pins for the cable bundle shield.
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4,2,1 WNater lHeat Pipe System

e —

The initial fill of the water heat pipe unit was 350 cc¢'s and repre-
sented a 12% excess over a calculated requirement (312 ce) which was
based on the idealized gecometry of the eystem and on subscale develop-
mental testing, Subsequent testing under "one sun'' conditions® and 'with
the pipe level gave @ runaway condition; i, e., Section 1 w. s dry and was
20-30"F hotter than the other sections, The water inverntory was then
increased by 200 cc and the pipe retested in a level condition, Table 4-4
presents the results of these tests, *% As can be seen, the pipe success-
fully handled the "one sun' input condition but had a substantial cold front
(W19 - W26) which is approximately 96" in lengih. The true length cannot
be determined accurately since the ends of the front are undoubtedly

between thermocouple locations,

It was speculated, but not experimentally confirmed, that the cold
front was caused by non-condensible gas generated as the tubes became
self-passivated (the screens had been passivated prior to final fabri-
cation), Bzsed on discussions wich the NASA/MSC Technical Monitor,
it was decided to keep the water pipe operational until the reaction had

gone to completion and to "burp' the pipe once prior to final closure,

-

Prior to "burping' to minimize the cold front, however, a number
of tests were conducted to determine the operating characteristics of the
water pipe. These tests consisted initially of power dengity tests where
maximum heat flux (54 watts) was a;;plied 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 thermocouple reading per section was taken during these tests to
reduce the time required. A complete set of thermocouple readings (35)
were taken with 54 watts applied to Section W3. Note that the cold front,

although more difficult to distinguish because of fhe low temperature, was

i

"One sun conditions in this discussion is taken to mean 54 watts on
Section 1, 43.7 watts on Sections 2 and 10, and 16,7 watts on Sections
3 and 9 (Total = 174. 8 watts). These values were selected to approxi-
mate the magnituce and cosine distribution of the solar input.

- “The heat pipes were not insulated during prehmmary testmg Thus the

thermocouples were exposed to ambient drafts, etc., causing some loss in
accuracy.
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Table 4-4,

Date: January 9, 1970

Temperature Profile - Water Paipe

Conditions: One Sun Input, Max Heating on Section W1
Pipe Level

R ]

TC Temp. TC Temp,
No, of No., of
wi 93 W19 8o
w2 94 W20 76
W3 95 wet 74
W4 94 w22 74
W5 94 We3 5
Wo6 94 V24 74
w7 94 w25 15
w8 95 Ww2ab 78
w9 95 w27 96
Wwio0 94 wa8 94
Wit 95 W29 93
wi2 94 w30 94
W13 95 w3t 95
W14 95 w32 74
Wi5 94 w33 -
W16 67 W34 95
wi7 94 W35 95
W18 95 W36 95

4-15

P(W1) = 54 watts
P(W2) = 43, 7 watts
P(WI10) = 43, 7 walts
P(W3)
P(W9) = 16, 7 watts

'
ol

'h, 7T watts
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still approximately the same ( 100") after ten days of nearly continuous
cperation, Doiling in the artery in this test series would have resulted
in pronounced temperature rise of the heated section; ip no test did this

situation occur,

Table 4-6 shows the results of the "'um; sun'' condition applied to the
{fill tube area (Section W6 = 54, 0 watts, Sections W5 and W7 : 43,7 watts,
Sections W4 and W8 = 16,7 watts), These data show the operation of the
system as a heat pipe at cvaporator elevations (Section 6) of 1/4", i/2"
and 3/4", 'The unit had clearly suffered an evaporator dryout at 1" eleva-
tion, Actually, it may be argued that the pipe ha-d started to run away at

3/4'; the temperature on Section A6 had increased 4°F in about 75 minvtes,

Theoretically, th. water pipe should have operated at elevations up
to 8.3 inches under this load, Failure at 3/4" clevation suggests that the
arterial wick only gcncr:ﬁcd about 23 percent of the theoretical capillary
head. Thus, it appears that the artery was not perfectly scaled, reducing
the capillal.'y pumping head achievable, The fact that the pipe did operate
in an elevated heat pipe mode, however, indicates that the artery did

prime and function, albeit not as well as hoped.

When tested at higher heat loads in a level position, the water heat
pipe operated successfully at 1.25 "suns" but quickly suffered a hydro-
dynamic failure at 1.5 "suns". This result suggests an actual capillary
head equal to about 25 to 30 percent of theoretical. This is in close
agreement with the elevation tests described above, lending support to
the thesis that the artery was not perfect, seriously reducing the pipe's
heat transport capacity. It did, 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 reduce
the cold front prior to final closure of the water pipe. It 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 liguid or
that the noncondensible gas, if any, was hung up in the artery and couldn't
get out to the vapor space (ur to the fill tube area). However, the pipc
was operated level, in the heat pipe mode (+1/2'") and the refluxing mode
(-1/2'") during these burping operations without substantial change in the

front., This supported the preliminary conclusion that the front was indced

4-17
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gas, and pointed up what may be a serious problem with arterial heat
pipes. In ckarging such heat pipes with inert gas, either for start-up
from the frozen state, or for variable conductance control, there exists
the potential for some of the gas to enter the artery, If this happens, the
flowing vapor is isolated from the gas by the artery wall, and the gas is
not pumped to the end of the condenser, 7Thus, a much larger portion of
the condenser can be blocked by gas than anticipated, Also, as in this
case, it becomes very difficult to purge the heat pipe of noncondensible

gas by the common practice of "burping' it.

The cold front had been reduced 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
causing the water pipe to fill with air, It was, consequently, totally non-
operative, Opening the pipe required that the fill tube be cut off and the

positive closure replaced with a vacuum valve,

The system was again pumped down and baked out at about 175°F
for approximately 2 hours before refilling with 470 cc's of degassed water,
The water heat pipe with this charge would not handle the "one sun' con-
dition level without runaway; no cold front was observed. Addition of
250 cc's more of degassed water caused the pipe to operate properly
(level and in the heat pipe modc), However, a cold front of approximately
86' 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 :luded that excess liquid inventory was

the cause of the cold front.

The volume of the vapor space in the water pipe is about 0, 159
in3/in of length and 86" will hold approximately 225 cc's of liquid. It
then appcars 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 areca and, in fact, bridged the vapor space to form a
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 system was leveled.

4-19




Based on this information, the excess liquid was diminished by
centering the cold zone on the fill area and "burping' with a vacuum
pump through a IJ\'Z cold trap. A total of 200 cc's were taken out leaving
approximately 520 cc's and a cold front of around 14", It is concluded
that there arce still about 35 cc's excess water in the pipe. Since some
excess is necessary to assure a saturated artery; this was judged accept-
able, The vacuum valve was then closed and the line mechanically pinched
off before the valve; i, e., the valve was between the pinch off and the pipe.
This was the final water pipe configuration shipped to NASA/MSC; test data
showing its operaticn for the "one sun' condition are presented in the next

section,

It should be noted that all development test data collected in the
laboratory environment for the water pipe are valid provided the water
pipe had sufficient fluid inventory to be operational as a heat pipe. Sub-
stantially, the only differences from one fill condition to another were
the lengths of the cold front., Consequently, the data presented earlier
of maximum flux in the level condition (power density tests) and the loads
at varying clevations are also considered applicable to the final configu-

ration of the water heat pipe system,

4,2.2 Ammonia Heat Pipe Systems

The initial {ill of the ammonia heat pipe unit was with 300 cc's and

represented a 20% excess over the calculated requirement,

As noted previously, the initial fill procedure utilized a fixed volume
reservoir in which NH, was trozen 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 frozen ammonia is strongly dependent on
whether the NH3 freezes as '"ice'" or "snow'., GSubsequent fills of NI*I3
were made by liquilying in the reservoir rather than freezing.

The systerm was not operational with the initial NH3 fill and it was
decided to add another 300 cc's, After considerable difficulity in getting
the heat pipe level to within 1/8" (+ 1/16"), the unit was able to run in
the "one sun' condition in the level position; Table 4-7 shows equilibrium
temperature data taken for this condition. No data were recorded with
the ammonia pipe operating in a true heat pipe inode with the heated end

elevated,
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Date:

Condition: One Sun Input, Maximum Heating on Section Al
]

Table 4-7.

January 9,

1970

Temperature Profile -

Pipe Level, No, Inert (as

TC Temp. TC Temp.
No. of No. of
Al 88 Al19 87
Al 89 A20 g5
A3 90 A2l 87
A4 9% A22 87
A5 94 A23 87
Ab 88 A21 87
AT 88 A25 85
A8 91 A26 88
A9 90 A27 93
A0 88 A28 89
All 87 A29 88
Al2 88 A30 86
Al3 88 A3l 88
Al4 88 A32 89
Al5 87 A33 --
A16 87 A34 88
A7 87 A35 93
Al8 88 A30 92
4-21

NH., Pipe

)

P(A1) =
P(A2) =
P(A10)
P(A3)
P(A9)

it

54 watls

43,7 watls
43,7 watts
16, 7 watts
16, 7 watts

|
|




A series of power density tests s. nilar to those reported for the
water pipe were conducted on the system with the pure ammonia charge,
As before, 54, 0 watts power was input sequentially to each of the sections;
temperature data for these tests are presented in Table 4-8. Inadvertently
no data were taken with Section A3 heated. The data in Table 4-8 slhow a
tendency to be hotter at the heated zone but the system did not runaway

and did not nucleate, In all instances, the pipe was level,

An objective of thig program was to investigate the application of
a non-condensible gas into the ammonia heat pipe system to aid in start-up
from a frozen state., Conceptually, as explained in Section 2, the gas
expands throughout the pipe as the Nll3 cools and freezes, Upon reheating,
the gas front contracts slowly restricting the heat pipe action to the heated
area until all the NH, melts and restart is accomplished. This concept

was utilized in the ATS-E Solar Cell heat pipes, apparently with success,

Unfortunately, the addition of a non-condensible gas in the NI-I3
pipe can have a deleterious effect in a concentric artery system, Calcula-

tions show (see Section 2) that the nucleate boiling limit of NI{3 in the C—
presence of gas may be extremely low, In the case of a concentric artery
system, nucleation is disastrous; vapor generation in the artery wiil
eventually «zuse the artery to empty in the evaporation section and the

pipe to fail completely, After discussion with the NASA/MSC Technical

b

Monitor, it was decided to charge the system, and to experimentally
determine if these fears were real, With a molecular weight of 20
(NH; is 17), neon was selected for the inert gas fill, This fill was

accomplished by measuring the pressure of the pure NH3 charge and

B i Mg MW L Lalitin

adding a overpressure of 4, 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 levul
with the 1cllowing heat inputs:

54, 0 watts - Section Al
43,7 watts - Sections A2 and A10 ‘
16,7 watts - Sections A3 and A9 :

4-22
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Table 4-9, Temperature Distribuation - .“-3!!5 Pipe with Heon 1ill

| Date: 1/20 & 21/70
Conditiong: One Sun Input, Max. Heating on Section Al
Pipe Level
T LT - e . - - e
TC No. Section Iemperature °F
‘After 6 hours |  After 24 hours
e~ vk , s g ma
AT 2 90 92
Al 3 &89 90
ALS 4 89 91
AlB 5 89 91 —
A23 6 89 91 -
A26 7 78 81
A29 8 76 77
A2 9 90 91
A35 10 92 93
A6 Fin : RE 89

Al
Al
A10
A3
A9

54, 0 watts

43,7 watts

43, 7 watts
16, 7 watts
16, 7 watts

il
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The arnmonia heat pipe did not runaway nor was there any indication of
nucleation. However, left operational at "one sun' over a full weekend,
the pipe failed and could not be restarted in the level position, Apparently
sufficient neon had accumulated in the evaporator to cause nucleation and
pipe failure. The measured cold zone was approximately 10' long vhich
was almost twice the anticipated length under ambient test conditions,

This was likely due to a portion of the gas residing behind the artery where
it could not be pumped by flowing vapor, as discussed in the last section,
In addition, it is very difficult to accurately control the quantity of gas
introduced when adding it to a pipe already filled with a two-phase fluid.

This typically results in the addition of too much gas,

It was concluded at this point that the armmonia heat pipe with a
neon charge would not operate succesgfully at the required heat load, and
the decision was made to remove the gas prior to final closure, Three
sections of the pipe were immersed in LN;‘ to freeze the NI'I3 and the fill
tube connected to 4 vacuum pump, The smell of ammonia at the outlet
of the pump, however, indicated that not all the amnmonia had been frozen.
Removal of the neon was eventually accomplished by completely emptying

the pipe (neon + ammonia) and refilling with a pure ammonia charge,

The final anunonia fill consisted of 450 cc's (138 cc theoretical
excess) and was done ueing the fill procedure outlined in Section 3, The
fixed volume »-servoir was chilled with dry ice and methanol to condense
the NH3 from u.. container. Ammonia was not frozen in the reservoir
prior to fill into the evacuated pipe, Once the ammonia fill had been
completed, three sections of the heat pipe were immersed in LN2 to
reduce the pressure and the final closure was made, This closure did

not include a valve as with the water pipe because of the hazard of ammonia,

Due to schedule pressure, the ammonia heat pipe system was then
not operated for several days while final painting and insulation were
completed. When turned on, it was found that the unit would not operate
as a heat pipe even at 30% of the '"one sun' condition and, further, that the
failure appeared to be attributable to nucleation in the artery. Steady
growth of a cold front with time served to confirm that a substantial

amount of gas was being generated in the pipe.
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The gas front it was felt could only have been caused by the presence
of water in the pipe. Ammonium hydroxide was created which, in turn,
attacked the passivated stainless steel screen and pipe. Ultimately, if
left unchecked, the recaction could corrode through the wall and dump
armmonia to the environment with a considerable safety lazard. Con-
sequently, the pipe was opened, the ammonia emptied, a valve put on

the fill tube and the system evacuated,

Accidental introduciion of water in the pipe must have come from
the water column used to capture I\'ll3 during the emptying process (see
Figure 3-3). During a normal dumping operation, NH,j is "bubbled' into
,OH to minimize atmospheric contamination.

3

In all cases the amunonia was {irst condensed from the pipe to the reser-

the water column forming NH

voir before opening the valve to the water; the heat pipe valve was always
closed prior to the dump. As the pressure in the reservoir decreases,
however, it is poseible for water to back up into the reservoir where it
can remain until the next ammonia fiil into the pipe. It is postulated that

water was introduced into the ammonia pipe by this process,

At this point, time did not permit another attempt to {ill the pipe
with ammonia. The {ill tube had alrecady been used (it can only be sealed
once), Even 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

unacceptable from a safety point of view,

It was decided after discussions with NASA/MSC to refill the empty
amionia pipe with methanol. This was accomplished and the pipe closed
in the same way as the water pipe (valve plus pinchoff). No thermal data
were collected on the methanol system due to the shipping schedule. Cal-
culations indicate that self-priming of methanol in a 0. 012" artery is
marginal. In any case, the thermal load which can be handled at 70°F" is
minimal (~ 0.3 suns). Further, the performance drops off sharply with
temperature. Consequently the methanol filled, armmmonia he¢at pipe was
not expected to provide meaningful data in the thermal vacuum testing but

can perhaps be utilized in laboratory testing at partial sun loads.
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4,3 THERMAIL VERIFICATION TESTING

The primary objective of the Thermal Verification Testing was to

provide a simple means to verify acceptable performance of the heat

pipe systems for nominal operating conditions. By acceptable operation

is meant:

« The maximum power density associated with one sun
incident on one 5' module does not induce boiling in
the artery,

3 The unit is capable of operating level with one sun

incident on one side of the 15" diameter cylinder
. P ” 5
with «n overall AT not exceeding 10 F over the
active length,
In all cases the tests were conducted in air and utilized heaters and

thermocouple instrumentation installed for the thermal vacuum test in

the NASA/MSC chamber A test facility (see Section 4, 1),

The thermal verification testing was not intended to provide exten-
sive data regarding the operating characteristics of the heat pipe system
under a wide range of environmental conditions, These data must be
provided by development testing of the type described in Section 4, 2 or

the thermal vacuum tcstihg described in Section 4, 4,

4,3.1 Test Plan and Procedure

A detailed test plan and procedure for the thermal verification
testing is presented in Appendix A; the overall philosuphy and general
procedure are repeated in this section,

ment are presented in Section 4. 1 of this report,

Thermal verification testing calls for two different types of tests

to be performed. In the first, or power density test, 54 watts thermal

energy was supplied to a single section with all other heaters off., This

value represents the maximum flux absorbed by one module with the sun

3
Active length is defined to be the working portion of the heat pipe and
does not include that portion blanketed with excees liquid inventory or

by non-condensible gas.
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incident perpendicular to the fin, If the units do not experience nucleation
or boiling in the artery under this condition, we are assured that it will
not happen for the normal operating condition with one sun on half the

circunference of the cylinder,

For initial testing at TRW/Redondo Beach, each module was sub-
jected to the power density test to determine the manufacturing variance
from one module to the next, Subsequent verification testing at NASA/MSC

was conducted by examining only selected modules,

In the second serics of tests, electric heaters were powered to give
one solar absorbed load over half the circumference of the pipe. A tota)
of five heaters were used and adjusted to approximate the cosine distri-
tution of solar input, The following table shows the disiribution based on

a fin surface coating having aS/e of 1,0 and a = 0, 25:

l.ocation Power, watts
Center Heater (e.g., Module 1) 54, 0
Adjacent to Center (e. g., Modules 2 and 10) 43, 7(2)
Outer Heaters (e. g., Modules 3 and 9) 16, 7(2)
Total 174, 8

Sections 1, 2 and 10, 3 and 9 were sclected since they were opposite the
fill tube area and were to receive the solar input for the major amount

of the Thermal Vacuum Testing at NASA/MSC.

The heat pipe units were operated level for both portions of the
Verification Testing described here. It is not intended that this test will
serve to demonstrate operation of the units as heat pipes; this demon-
stration was provided as part of the development testing described in

Section 4. 2.

A detailed plan and procedure for the conduct of the Verification
Testing is provided as Appendix A of this report. The interested reader

is referred to this area for more specifics on these tests,

4,3,2 Analytical Predictions

Analytical predictions of the pipe performance in air are, of

coursze, heavily dependent on the laboratory environment and on the heat
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transfer characteristics of multilayer insulation, The latter was intended
for vacuum operation and is fairly ineffective in ambient conditions except
to block convection currents, An additional uncertainty is the position
and extent of the excess liquid or non-condensible gas cold front, The
subsequent analysis, therefore, neglects the cold front; the length of

this {front was experimentally detzrmined,

The input heat flux assumed in the predictions for the Verification
Testing is shown in Figure 4-8, The profile is symmetrical and only
half is shown, It was estimnated that both pipes would operate near 100°¥;
fluid properties were therefore evaluated at this condition, Figure 4-9
presents the calculated temperature drop for the water pipe for the
"one sun'' verification condition, Note that the temperature drops across
the artery (evaporator and consenser endg) account for 5, 0°F of the
predicted total of 5, 6°¥. The vapor temperature (pressure) drop is
only 0, 6°F. The total predicted A1 is, thus, very sensitive ‘o the
assumptions of heat transfer into the system., For the calculations

presented in Figure 4-9 it “ras conservatively assumed that heat input
through the artery occurred only over 1/3 of the circumference of the
pipe.

Predicted temperature drop of the ammonia pipe for the "one sun"
verification conditions is shown in Figure 4-10. The maximum predicted
AT is 5,0 and is almost totally due to heat transfer across the artery;

AT due to vapor pressure drop is negligible for these conditions, Conse-
quently, the predicted AT for the ammonia pipe is subject to the same

uncertainties as the predictions for the water pipe,

4,3.3 Test Results

4.3.3.1 Water Heat Pipe System

Results of the power density tests on the water heat pipe system
are reported and discussed in Section 4, 2, these results are repcated
in Table 4-10 for convenience. As expected, it is clear that nucleation

was not a problem with this unit,

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
W1, Sections W2 and W10 had 43. 7 watts, and Sections W3 and W9 had
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16, 7 watts, The maximum AT shown is 2F'° with all but three readings
being 92°F (the instrumentation system had an estimated uncertainty of
at lcast £1F° for these temperature readings), It is clear therefore,
that the overall 4T is substantially below the predicted value of 5,6°F,
a not unexpected result since the calculations in Scction 4,3, 2 were

extremely conservative in nature,

It should also be noted that the water heat pipe system had a 4 -14"
cold front caused by excess liquid inventory, This front does not appear
in the data of Table 4-11 because it was located between thermocouples,
The front was identified by carefully feecling along the pipe and neting

which areas had a temperature significantly below the rest of the pipe.

4.3.3.2 Ammonia (Methanol) Heat Pipe System

No verification data were collected after filling the ammonia heat
pipe system with methanol, All data obtained for the arnmonia filled pipe

were presented in Secticn 4,2,
4.4 THERMAL VACUUM TESTING

The heat pipe thermal vacuum tests had three primary objectives;
1) to investigate the steady-state operation and transient dynamic rezpsnsce
of large heat pipes under simulated gpacecraft conditions, 2) to explore
the potential {luid freezeout problem due to vapor diffusion into a portion
of the condenser blocked by noncondensible gas (see Section 2,2, 1,5), and
3) to investigate the feasibility of using noncondensible gas to effect start-

up of very large heat pipes from a frozen state (see Section 2,2, 1,4),

The firet two objectives were svccessfully 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 embodied several tasks other
than the T/V tests themselves, These included inspection of the heat
pipes after delivery to NASA/MSC, verification testing at MSC in the
laboratory, post test data reduction, analysis of results and comparison
with analytical predictions. Documentaiion of some of these tasks plus
the thermal vacuum test timeline is pros -uted in the Appendices of this
report. This scction will deal only with a brief description of the experi-

ment and selected test results which are pertinent to an understanding
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Table 4-11, Thermal Verification Test Results Water [Heat Pipe System

Heat Inputs: Section W1 54, 0 watts (2, 78 amps)
Section W2 & WI0 43, 7 watts (2, 50 amps)
Section W3 & w9 16, 7 watts (1, 55 amps)

TRW ! NASA Temp, TRW NASA Temp,
TC No.| TC No. | Pins | (°F) | TC 'o. | TC No, Pins (°F)
W1 TX0001) 11&12 92 W2t TX0016 45846 92
W3 TX0002| 2&3 02 W23 TX0017 598060 92
W4 TX0003| 14&15 92 W24 TX0018 | 48849 92
Wo TX0004| 5&0 92 W2a5s TX0019 628673 92
W7 TX0005] 17&18 | 92 .| W26 TX0020 | 51%52 91
W8 TXC006| 8&9 92 W38 TX0021 | 65866 92
Wio TX0007] 20821 92 w28 TX0022 | 54&55 92
Wit TX0008)] 33&34 92 W29 TX0023 80&K 1 92
wiz TX00091 23824 . W30 TX0024 | 71&72 92
wi4 TX0010| 36&37 92 w3t TX0025 | 84&85 92
wis TX0011 ]| 26827 92 w32 TV0026 | 74&75 92
W37 TX0012] 29840 92 W39 | TX0027 | 87&88 92
W17 | TX0013| 29830 | 93 w34 | Tx0028 | 77828 92
W18 TX0014 | 42843 92 w35 TX0029 | 90&91 92
w19 TX0015) 44869 92 W36 TX0030 1028103 92

Notes: 1) Temperature level depends on environmental conditions

2) 12-14" cold front nc.. shown on above data because
centered between thermocouples

3) Data collected 2/3/70
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of the heat pipe's performance and its relationship to the primary test

objectives previously identified,

4.4.1 Experimental Approach

The two full-scale experimental systems were tested with the Sub-
system Test Bed (STB) in the MSC Space Environmental Simulation
Laboratory Chamber "A" during the period March 10 - 23, 1970. Figure

4-11 depicts the heat pipe assembly in the "piggyback ‘est" configuration
! Pi] y PIERY {

atop the S7TB test vehicle,

Although both heat pipes were subjected to thermal vacuum testing,
it bad previously been established in the laboratory that the methanol
filled "ammonia' heat pipe did not function adequately, and successful
heat pipe operation was not anticipated. However, structurally the two
heat pipes had to be mounted as a unit. Further, the nonoperating
methanol-filled pipe would serve as a reference for evaluating the per-
formance of the water heat pipe. Since the methanol heat pipe was not
operational, discussion in this section is generally limited to the water

heat pipe test results,

In ali thermal vacuum testing, heat transfer from the heat pipes
was primarily by radiation to the liquid nitrogen cooled chamber walls,
Heat transicr to the heat pipes was provided either by electrical heaters

(see Section 2.4.7), solar simulation or both,

Since the heat pipe test was "piggybaék" and secondary to the STB
test program, the heat pipe timeline was developed about the STB time-
line, Solar simulation, culd soaks, roll and stationary modes were all
dictated by the STB tests. However, it was possible during the numerous
cold soak conditions to utilize the heat pipe heaters to generate various
heat source distributions and power levels. Thus, the test program per-
mitted the acquisiticn of data for a sufficient number of conditions to

characterize the heat pipe's performance.

The 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 resoluiion of

approximately #3°F for the thermocouples. This is not really adequate
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for heat pipe performance testing where one is looking for a much higher
degree of isothermal operation, In an attempt to compensate for this
situation, a data smoothing technique was employed. The data acquisition
system recorded the thermocouple signals every second, The smoothing
technique was to compute a line-averaged valve for five consecutive read-
ings of each thermocouple during the test periods of interest, and to plot

this average as a single point on the graphs.

4.4.2 Test Results

The method of heat pipe test data presentation has been selected
such that the temperature distribution about the heat pipe periphery are
readily apparent at specific timee., On all graphs the local temperature
is plotted against the NASA thermocouple number., Since thermocouple
Nos., 1 through 30 represent 30 thermocouples uniformly spaced around
the heat pipe, the data graphs represent "developments' of the heat pipe.
That is, position No. ! and position No. 31 represent the same physical
point on the heat pipe, and the abscissa is, essentially, a linear repre-

sentation of circumferential position.

Each figure presents several temperature profiles of the heat pipe
with time as the parameter. The code used in referring to time is the
day number, hour (24 -hour clock) and minute, (e.g., 70:23:02 means
23 hours and 2 minutes of the 70th day). This code is consistent with
that used in the test timeline (Appendix) and allows correlation between

the event and the overall timeline.

Superimposed on each graph are the heater loade in watts applied to

cach of the ten heat pipe modules during the particular test phase involved.

4.4.2.1 Cold Zone Due to Noncondensible Gas in the Pipe

The first test results obtained were during the initial pump down
and chilling of the test chamber. A series of water heat pipe temperature
distributions during the most significant portion of this test are presented

in Figure 4-12,

Far rraching observations can be made from this graph. The first
time slice (70:23:02) shows the heat pipe operating at near isothermal
conditions except for the region between thermocouples 15 and 18. This

cold zone, which is located diametrically opposite from the region of
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highest heat input, is characteristic of the presence of noncondensible pas
in the heat pipe. The gas is pumped by flowing water vapor to the region
opposite the heat input zone where it forms a gas slug, This gas slug acts
as a diffusion barrier impeding the flow of water vapor into the region
which it blankets. By reducing the partial pressure of water vapor in

this region, the equilibrium saturation temperature, and hence the heat

pipe wall temperature, falls to a lower value than the rest of the heat pipe,

The next twe time slices on the graph (71:00:11 and 71:00:38) supply
additional evidence for the presence of noncondensible gas, For a given
quantity of gas in the heat pipe, the volume it occupics varies as an
inverse function of the total pressure in the system. 'Thus, as the heat
pipe operating temperature falls, the gas blankets an increasing portion

of the heat pipe. This is clearly shown by the data.

Another situation which could yield a cold region on the heat pipe is
a slug of excess fluid bridging the vapor core. As mentioned in Section
4,2.1, the heat pipe did contain a small quantity of excess fluid when
shipped. However, if excess fluid caused the cold zone, it would not be
expected to grow in size with decreasing heat pipe temperatur2. Thus,
whether or not the heat pipe did contain some excess fluid, the data shows

it clearly also contained some noncondensible gas.

Final verification of this gas load was obtained subsequent to this
test program when the heat pipe was opened and its contents analyzed.

This is discussed later in the repor't.

$.4.8:2 Diffusion Freeze-out

! In addition to effeciing a cold zone, the presence of noncondensible
gas in a heat pipe has further implications when the heat sink temperature
is below the freezing point of the working fluid. Depending on the magni -

tudes of the heat sink temperature, the quantity of gas in the pipe and the

o ———— -

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 slug region.
Under these conditions, vapor continually diffuses through the gas to
regions of lower vapor pressure, condenses and {reezes on the wicks,

Once frozen, it cannot be pumped back to the evaporator system and the

T e I e

4-40

o
@ -

st - o
Mm i




4 Y
A

active portion of the heat pipe loses fluid inventory, If allowed to con-
tinue, this process will eventually cause the evaporator to dry out and

the heat pipe will fail,

The actual time scale involved depends on the fluid freczeout rate,
the fluid inventory in the heat pipe, and the naturc of the wick, Jor
homogenecous (conventional) wicks, partial desaturation can still allow
satisfactory operation., However, for arterial wicks, the artery must
be completely full. Any desataration of an artery represenis arterial
failure and hence heat pipe failure. Thus, for example, the arterial
wicks used in the heat pipes in this program coutd only afford a fluid
loss corresponding to part of that held by the double layer of 200 mesh
sereen forming the annular artery, When this double layer of screen is
depleted the artery fails, Unfortunately, this is a relatively small
quantity of fluid, meaning that these heat pipes cannot tolerate a diffusion

freezeout phenomenon for very long without failure,

This failure is clearly seen in Figure 4-12, The curves show that
the coldest portion of the gas-blocked region reached the freeczing point
3 of water at 71:00:11, DBy 71:01:02, the evaporator temperature began to

increase, indicating evaporator dryout and failure of the heat pipe.

Clearly diffusion freezeout phenomena in gas-loaded heat pipes is
a serious problem which requires careful consideration in heat pipe
design, Some techniques for avoiding this problem and their implications
are discussed below:
e Eliminate noncondensible gas., Clearly, the problem

exists only when noncondensible gases are present in

the pipe. However, eliminating noncondensible gases

is not always a satisfactory solution since they have

been shown to be necessary to allow start-up of long

heat pipes from a frozen state. If frozen start-ups

are not anticipated (low freezing point and/or high

effective sink temperature), the diffusion freezeout
phenomenon will also be obviated.

e Provide for sufficient fluid inventory to allow the
process to continue as long as necessary.

If the heat sources and sinks move around the heat pipes (e.g., slowly
@ rotating spacecraft, changing sun position during orbit), it may be possible

to tolerate some freezeout because this inventory will be melted and
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recaptured as the active portion of the heat pipe moves over the frozen
fiuid, Thus, it simply becomes necessary to provide sufficient {luid

inventory to accommodate the degree of freezeout anticipated,

Additional fluid inventory is a simple and straightforward solution
with homogeneous wicks since, as mentioned earlier, they can operate in
a partially desaturated state, In the case of arterial wicks, however,
special provisions are required, It is possible, for example, to provide
capillary excess fluid reservoirs, as developed by TRW for the Ames
Heat Pipe Experiment, at various positions along the pipe. These reser-
voirs are small homogeneous wick structures with pores sized so that
they retain excess fluid in the pipe but do not draw liguid from the primary
wick or artery structure. Since these are homogeneous wicks which can
operate in a desaturated mode, they wil) supply liquid to the primary
wick when needed for freezeout but will retain this fluid when not frozen,

Thus they permit filling the heat pipe with excess fluid without incurring

TS SR T

adverse dynamic effects due to shloshing and without having the excess
fluid pumped by flowing vapor to the cold region where it would simply

freeze and be unavailable to serve its evaporator make-up function, C:)

i
]

Figure 4-13 shows schematically how one might employ such excess fluid

reservoirs in circular heat pipes of the type studied in this program,

CAPILLARY EXCESS
FLUID RESERVOIRS

ARTERY ._\ WALL —\
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Figure 4-13, Schematic Diagram Shows Capillary Excess Fluid |
Reservoirs in Concentric Artery Heat Pipe
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There was approximately 35 cc excess liquid in the water heat pipe
system., However, this liquid was pumped by the vapor to the cold zone,
froze and was lost to the system., The use of capillary reservoirs would,
cf course, prevent this condition. There must be a sufficient number of
reservoirs so freezeout of one or two in the cold zone does not so delete
the liquid inventory that the pipe fails.

e Assure sufficient axial conductivity in the pipe wall and
fin such that the gas-blocked region does not fall below
the fluid freezing point,

The noncondensible gas in the heat pipe immpedes vapor flow into the
gas-blocked region., However, heatl is still conducted to this region,
primarily by the pipe wall and fins, 1If this thermal conduction is high
cnough to prevent the pipe wall from falling below the [reezing point of

the working fluid, the freezeout ‘problem cannot exist,

This approach is most promising where the fluid has a low freezing
point and/or a high operating pressure. A low freezing point means the
wall temperature can be permitted to fall close to the sink temperature
minimizing the axial conduction requirements. A high operating pressure
meane the quantity of noncondensible 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 a high
freezing point and a low operating pressure. Thus, under design condi-
tions, even the axial conductivity of thz copper fin was insufficient to
prevent a portion of the gas-blocked region from falling below the freezing
peint. Note, however, that this problem was recognized in the design
phase of this program and the water heat pipe was not processed with a
noncondensible gas inventory. The gas present in the pipe was a conse-
quence of 1) leakage through the valve, 2) generation as a result of
chemical reaction between the water and stainless 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

hydrogen) was the gas source.
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The design phase called for a gas-dosed ammonia heat pipe to study
frozen start-up and the diffusion freezeout phenvmenon, Ammonia has
both a low freezing point and a high vapor pressure, making it a good
candidate for this purpose. Unfortunately, as discussed in Section 4, 2, 2,
the introduction of inert gas into the ammonia filled concentric annulus
arterial heat pipe caused nucleation in the artery and pipe failure. This,
in addition to other difficulties, resulted in not delivering a gas-dosed
ammonia heat pipe, Thus, in one respect, the leakage of gas into the
water heat pipe was fortuitous, for it provided a substitute with which to

study the diffusion freezeout phenomena,

4.4.2,. 2,1 Side Sun Soak

A principal phase of the test program was to demonstrate the ability
of large heat pipe systems to "isothermalize'" a spacccraft under an inci-
dent solar load on one side., Thus, the test time-line included conditions
wherein the heat pipes were held stationary and exposed te a simulated

one sun side load without power input from any of the electrical heaters,

Theoretically, under these conditions the heat pipes should serve to
transport absorbed heat from the sun side to all portions of the pipe for

re-radiation, resulting in near isothermal operation,

Results of this test for the water heat pipe are shown in Figures
4-14a and 4-14b, It is apparent that the heat pipe did not perform as
desired. However, it is clear that the reason for this failure is the same
diffusion freezeout phenomenon discussed earlier. As scen in Figure
4-14a, the operating temperature of the heat pipe was so low under these
heat input conditions that a portion of the gas-blocked region fell below
the freezing point (32°F). Thus, as vapor diffused intc the gas zone and
froze, the evaporator became depleted of working fluid and exhibited a

dryout condition.

The anticipated stecady-state operating temperature of the heat pipe
under solar simulation conditions was calculated to be 65°F assuming
aa/‘ = 0.217/0.237 for the {in surface (Section 2,4.6), However, due to
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heat leakage and possible changes in surface properties (post test mea-
surements by MSC yielded ¢ = 0,27), the actual equilibrium itemperature
was considerably lower., From side-sun roll tests (discussed later), the
mean steady- state temperature for the water pipe at 77:12:10 after long
exposure to the side-sun was measurcd to be «3°F, Being below the 32°F
freezing point made it impossible for the water heat pipe to operate pro-

perly in the side-sun condition,

- -

4.4.2.3 f_t__t_{a_u}): -State ;n~13c!*f,_l’x';1)*n s i_(_-pt Operation

4.4.2.3.1 QOperation at Higher Heat Input Loads

The previous discussion has shown that the combination of 1) nen-
condensible gas, 2) a high freezing point, and 3) larger than expected
heat losses, did not permit successful steady-state operation of the water
heat pipe under solar simulation conditions. However, to demonstrate
guccessful heat pipe operation, one wey of overcoming this problem was
to increase the input heat load so as to raisc the operating temperature
of the pipe (particularly the gas-blocked section) an amount sufficient to
avoid {reezing, In other werds, conditions were established such that
‘axial conduction in the fin and tube wall was sufficient to keep the gas-

biccked region above the freezing point.

An example of such a test is shown in Figure 4-15, This test was
run during a stationary cold soak portion of the STB timeline, so all heat
input wns supplied by the electrical heaters. Three heaters, spaced iz a
"Y' configuration around the heat i)ipe, were energized at 90 watts each.
This compares with a calculated total heat input of 174, 8 watts under

solar simulation conditions, which was insufficient to avoid freezeout.

Figure 4-1% shows that, under these conditions, the water heat pipe
operated successfully, exhibiting only about 12°F total AT around its
active circuniference. The gas-blocked region was located approximately
at the center of the longest condenser section, as expected. The iength
of the gas-blocked region cannot be established since only one thermo-
ceuple (T/C No. 2) was affected. However, it clearly was less than

3.2 feet, the distance between thermocouples 1 and 3.
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Of particular interest is the fact that, at the higher operating tem-
perature and pressure associated with this increased heat load, the
coldest point of the gas-blocked region remained above the freezing point,
Thus, vapor diffusing into the gas-blocked region condensed but did not

freeze, allowing continuous oparation of the heat pipe,

Along these lines a particularly interesting test result was obtained
with the same three heaters (Y configuration) energized at 62, 5 watts
cach, The test began at 77:21:15, Figure 4-16 shows the heat pipe tern-
perature profiles after 57 minutes (77:22:12), 1 hour and 47 minutes

(77:23:2), and 16 hours and 47 minutes (78:14:2) of continuous operation,

The nominal heat pipe operating temperature was about 55°F, As
one can see from Figure 4-16, this was not high enough to prevent part
of the gas-blocked region from falling below the freezing point, At the
end of this test phase, the minimum temperature in the gas-blocked
region was about -10. 5°F with a total of two thermocouples recording
subfreczing temperatures. In spite of this, the heat pipe operated in this
mode for over 16 hours (when the test was terminated) without suffering

a diffusion freezecout failure,

The reason for this behavior has not been conclusively determined.
However, it is possible to hypothesize a mechanism which is consistent
with the results. This would be for the fluid to have frozen in such a way
as to bridge and block the heat pipe on both sides of the noncondensible

gas slug, as shown in Figure 4-17, The ice would then prevent diffusion

of vapor into the gas zone where it would continuously condense and freeze.

The ice plugs and liquid on their hot sides would serve as end caps on a
shortened heat pipe, thue eliminating diffusion effects and permitting

steady-state operation.

To reiterate, this hypothesis has not been proven to be the 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.
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Figure 4-17. Hypothesized Model for Steady-State Operation
with Subfreezing Gas-Blocked Section
-l

4.4.2.3.2 QOperation with Uniform Baseline Heat Input

to Avoid Local Freezing

The previous section demonstrated that diffusion freezeout failure
could be avoided, and steady-state operation achieved, by increasing the
heat input load and operating temperature such that the gas-blocked cold
zone remained above the freezing point. However, it was also of interest
to exarnine heat pipe operation at heat input conditions equivalent to solar
simulation and below., To accomplish this, all ten heaters on the water
pipe were uniformly energized so as to keep the entire heat pipe above
the freezing point. After some experimentiing, it was found that a heat
input of 15,5 watts per heater was sufficient tc maintain the pipe at a
"uniform' (see Figure 4-18) temperature of 43°F, This was established

as the baseline heat load.

Q Note that under baseline heating conditions, the heat pipe ideally
transfers no heat. Heat is uniformily radiated to the cold walls, matching

the uniform heat input, and thus no axial heat transport is required. Under
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actual test conditions, localized heat pipe action probably occurs at
nuinerous positions around the pipe due to nonuniformitics in heat input,
radiative properties, ete., lHowever, these are scecond order effects in

terms of wotal heat pipe capacity.

With the baseline heat load established, it was then possible o
operate the heat pipe at varying net heat loads by increasing the power
input to selected heaters. Thus the five heaters on one side of the pipe
were energized to simulate a cosine heat input function characteristic

of various fractions of a solar load.

The steady-state results for total net heat inputs (heat input in
excess of bascline level) of 45, 87.5 and 131 watts are shown in Figure
4-19, It is secen that the pipe operated successfully at each of these

TP 1
conditions,

Of particular note was the transient behavior of the heat pipe in
responding to input power changes during these tests, For example,
Figures 4-20a and 4-20b show the transient response in going from the
baseline condition (Figure 4-18) to the 45-watt net throughpuat condition,

It should be noted that the test conditions were changed before equilibrium

was achieved,

These curves clearly demonstrate one of the major positive features

of heat pipes. That is, the heat pipe responds to nonuniform changes in

heat load by uniformly altering its operating temperature level,
The steady state data at the end of the transient also show:

1) The resolution of the thermocouple nmcasurements is
only about 5°F, and all data presented should be viewed
in that light. (There is no physical basis for the oscil-
latory behavior seen.)

2) At a mecan operating temperature of about 64 °F, the gas
occupies less than 1,6 feet of the pipe (it cannot be
observed at 79:20:32, irndicating it was bounded by two
adjacent thermocouples with this spacing).

Following the 131-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 temperature). However, after a short

period at this power, the center evaporator section, with highest input
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PRECEDING PAGE BLANK NOT FIULMED

power (V5.5 waits total), exhibited a rapidly increasing temperature
indicating pipe failure, This failure was apparently a hydrodynamie
crigis rather than arterial nucleation since the pipe had previously
operated successfully with a higher inpul power (90 watts) to the same

module (see Figore 4-15),

After reestablishing heat pipe operation (see timeline for details),
a more modest attempt was made to operate with a net throughput of
154. 5 watts, The transient results of this test are shown in Figures
4-21a and 4-21b, During the initial portion of the test, which began at
£0:04:00, the heat pipe operated successfully, However, the np«"ralin;f
lemperature wes quite high—about 194 “F -—duc to the high input power
used to reestablish heat pipe operation after the failure at 183 watts,
With passing time the heat pipe fell towards an equilibrium temperature
corresponding to the 154, 5-watt net plus 155-watt baseline load, As
this occurred, the heat pipe continued to operate successfully until it
rearched an average temperature of 1531 (80:04:48), when it again failec

near the center of the evaporator,

This transient yields further evidence that these failures are due to
a capillary pumping limit (hydrodynamic crisis) rather than nucleation in
the artery. The ability of a liquid to withstand superheat increases with
decreasing pressure, * Thus, a nucleation failure is more likely at high
temperature and pressure (where the pipe operated successfully) than at
lewer values (where it failed)., On the other hand, within this temperature
range the hydrodynamic heat transfer capacity of water heat pipes in-
creases with increasing temperature, This (s consistent with the observed

behavior.

The highest successful net cosine load (131 watis) represents only
about 13 percent of theoretical capacity. This compares with about 25
percent of theoretical obtained in laboratory testing prior to shipment
from TRW,. It was believed that the pipe had suffered some wick degrada-
tion during rail transport from Redondo Beach to lHouston. IHowever,

laboratory testing by NASA subsequent to the thermal vacuum tests

="‘:B. D. Marcus, On the Operation of Heat Pipes, TRW Report No.
No. 9895-6001-TU-000, May 1965,
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confirmed results obtained in a laboratory environment at TRW. The (
differences between laboratory and thermal vacuum test results have

not been explained.

4.4.2.3.3 Side-Sun Roll Tests

The side~-sun scak tests (Section 4.4.2,.2,1) were unsuccessful
because a portion of the gas-blocked region fell below the freezing point
of the water, causing a diffusion freezcout failure. However, as men-
tioned in Section 4.4. 2.2, this situation can potentially be overcome by
rotating the heat pipe so that the cold zone constantly changes position.
Thus, any fluid that freezes is remelted shortly thercafter. The amount
of fluid frozen at any given time depends on the rotational speed, among
ower variables., 1f the speed is high enough, the frozen fluid inventory
can be rendered low enough to avoid evaporator dryout and permit
successful heat pipe operation. This condition is not, of course, desir-
able from an application standpoint since one of the reasons for inclusion
of heat pipes on a spacecraft was to eliminate the requirement for rolling.
However, this test phase presented an opportunity to study the transient ,
aspects of diffusion freezeout. The rotational speed of 2 revolutions C

per hour (RPH) with a return of 15 RPH was part of the STB timeline.

The results are shown in Figures 4-22a and 4-22b. The test began
with the pipe at a high temperature due to previous application of electri-
cal heat. With the passage of time the temperature fell towards an equi-
librium value consistent with a simulated solar input. Since this tempera-
ture was below 32°F the total pipe system was frozen. However, the roll
rate ¢f 2 RPH was high enough to prevent a significant temperature
gradient around the circumference of the pipe. The inoperative methanol
pipe (Figure 4-23) demonstrated approximately the same temperature
gradient although the average temperature level was slightly higher

(29°F versus 32°F).

4.4.2.4 Frozen Start-up Attempts

As mentioned earlier, one of the cbjectives of this program was to
study start-up of very long heat pipes from the {rozen state. Of particular
interest was the usc of noncondensible gases to aid start-up by controlling }_,
the rate at which vapor flowed {rom the thawed to the frozen section of the

pipe.
4-60
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The program plan called for performing these studies with a
pas-dosed ammonia heat pipe.  Ammonia's low freezing point and high
operating pressure at design temperature promised a high probability

of success for this start-up scheme (see Section 2,2, 1,4),

Unfortunately, as discussed in Section 4. 2.2, the gas-dosed
ammonia heat pipe would not function preperly due to nucleation within
the artery, Thus, the planned gas-aided frozen start-up studies could

not be performed with an ammonia heat pipe,

It was possible, however, to perform several start-up tests with
the operational water heat pipe. Clearly, successful start-ups under a
solar heat load distribution were not to be anticipated. Without non-
condensible gases the high freezing point of water requires a great deal
of heat transport to thaw the pipe, and the evaporator section would be
depleted of sufficient working fluid to desaturate the artery before this
could be accomplished., With sufficient noncondensible gas to effect a
progressive start-up, the gas-blocked zone under steady-state operating
conditions would be so large that a portion of it would be below the

freezing point, leading to a diffusion freezcout failure,

Indeed, it was this predicted inability to start up long, frozen,
witer heat pipes which prompted the attempt to build the gas-dosed
ammonia pipe.  Thus, the primary objective of the design load start-up
tests with the water heat pipe was not to demonstrate successful start-up
but to allow observation of the transient behavior. In addition, several
distributed load start-up tests were run to determine whether frozen

start-up could be affected under less severe conditions.

Several start-up attempts were made under varying heat input
conditions. One such attemnpt was with no electrical heater power and a
radiant heat load (side-sun modules 19-23) with the heat pipe stationary.

The results are shown in Figures 4-24a and 4-24b. * After allowing a

~T/C No. 16 exhibits what appears to be anomolous behavior on this and
scveral other graphs. This is likely a result of its location at the insula-
ted valve and fill tube. The large mass of th: valve and the fact that it
was insulated gives rise to substantial thermal lag at low temperatures
when the heat pipe is not operating. Also, there was a 6-inch segment at
the fill tube area with no intercornecting {in.
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cold soak period to uniformly freeze the heat pipe, the radiant load was
applied at 81:11:58, The first time slice on Iigu.e 4-24a is four minates
later (81:12:62) where one sees that the illuminated side of the heat pipe

is increasing in temperature while the shadow side is not., Note that as
time passes the temperature profile on the illuminated side is first peaked
in the center and then progressively flattens out as the temperature in-
creases and the hot zone grows, Since the heat input varies as a cosine
function, it appears that the heat pipe was operating in the hot zone as
temperatures above 0°F were attained., Furthermore, the progressive
growth of the hot zone is characteristic of a frontal start up caused by

the noncondensible gas present in the pipe. Heatl pipe action in the
Hurminated side would cause the formation of a gas {ront which moves

out with increasing temperature and pressurc. 7This behavior is evidenced

by the data.

Note also that for all of the time slices on Figure 4-24a, the fluid
is frozen-—even on the hot side. Clearly, frozen working fiuids do not
mean that heat pipes cannot transfer heat, Vapor simply sublimes from
the ice surface rather than evaporate from a liquid surface. Of course,
it is not pot sible for the wick to pump a frozen fluid, and thus such opera-
tion is limited to a transient basis. It car continue only until the evapora-
tor region depletes itself of working fluid whercupon its temperature rises,
signifying pipe failure. This, ioo, is evidenced by the data of Figure

4-24b and during the side-sun roll tests (Figure 4-21),

One might surmise from the above discussion that, had the amount
of noncondensible gas in the pipe been somewhat higher, forcing the
illuminated side to operate at a higher temperature before the front could
move out, the fluid would have thawed and a successful start-up have been
achieved. This is not the case, however, since it was previously shown
that, even with the quantity of gas already in the pipe, n fails by the
diffusion freezeout mechanism at solar sirmulation loads hecause the

gas-blocked cold zone remains below the freezing point.

Additional frozen start-up attempts were made during a cold soak
roll period of the timeline using the electrical heaters. In one case, two

diametrically opposed modules were heated with inputs of 90 watts each.
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In this way the heat pipe was effectively divided into four symmetrical
sections (af opposed to two under design conditions), This reduces the
maximum length of nonheated sections, thus reducing the energy transport
required to thaw that section, The results of this test are shown in

4 ) ¢ S ]

Figure 4-45, I'he behavior is seen to be similar to that of the solar
simulation start-up attexapt, The evaporator zones first increased in
temperature with a peakea distribution (81:01:12); as temperatures
exceeded 0°F the hot zones flattened and spread showing the beginnings

{ of a frontal (gas-aided) start-up (81:01:25); and finally, the evaporator
temperatures ran away due to depletion of working fluid as a consequence
of the absence of a liguid return mechanism (the entire pipe except for
the heated zones was below the freezing point). Dividing the pipe into
four symmetrical sections was not sufficient to affect start-up from the

frozen state,

In another case, three modules in a "Y" configuration were used
for start-up, cach with 90 watts of input power, The results of this test

are shown in Figures 4-26a and 4-206b,

As with the two heater start-up, the evaporator temperatures
increased and, after exceeding 0°)°, the hot zones {lattened and grew.
However, in this case, only two of the three evaporator regions
exhibited "dryout'. The third hot zone continued o0 operate as a heat
pipe and continued to grow in length duc to melting of the frozen regions
on each side of it, Apparently, the bulk of the noncondensible gas was
in the long condenser section (TC's 1-7 and 28-31), as expected, allowing

( +  the opposite hot zone to operate without freezing out. This process con-
tinued until the two short condenser sections (TC's 10-16 and 19-25) were
completely melted, whereupon the two runaw~y evaporator sections were
able to reprime with working fluid and "recover'. The fact that the run-
away evaporator sections could recover under load is of considerable
significance. This type of behavior was also observed by McDonnell-
Douglas Corporation in developing the pedestal artery heat pipes for the

ATS-E spacecraft,

.

By the end of this test phase (80:21:01), the bulk of the pipe, includ-
ing all three evaporator zones, was operating successfully as a heat pipe.

Only a portion of the longest condenser (TC's 1-5) was [rozen. lowever,
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as discussed in Section 4,4.2,3.1, by hypothesizing ice blockages as
shown in Figre 4-17, steady-state operation with the gas-containing

portion of the pipe frozen is entirely feasible (see Figure 4-10),

The last start-up attempt was with a radiant heat load (side-sun
modules 19-23) while theSTB and heat pipes were rotating at 2 RPH. Since
it was previously shown (Section 4.4, 2, 3. 3) that rotating the heat pipes
altered the evaporator position rapidly enough to prevent significant
temperature gradients, one might have zxpected a successful start under
these conditions., This probably would have been the case but for the fact
that the radiant load was insufficient to keep the water heat pipe above
the freezing point.,  An attempt to supplement the radiant heat ioad with
an clectrical input of 67 watts to one of the healers was still insufficient
to bring the entire pipe above freezing and a freezeout failure follewed.

This is shown in Figures 4-27a and 4-27b.

4.4.3 Summary and Discussion of Thermal Vacuum Test Results

Thermal vacuunm testing of the operational water heat pipe provided
a significant advance in the technology of large heat pipe systems. Mean-
ingful data were obtained with respect to each of the primary objectives

of the pregram.

4.4.3.1 Stecady-State and Transient Opecation

Successful steady-state operation of the heat pipe under simulated
cosine net heat loads up to 131 watts, and "Y"" heat loads up to 270 watts,
established the fact that very long, arterial wick heat pipes can be suc-
cessfully fabricated using modular concepts., Although the 131-watt net
cosine load represented only about 13 percent of theoretical capacity,
this must be viewed in light of the extraordinarily short time period
available to design, develop, fabricate, test and deliver these heat pipes
(3 months). Thus, neither design nor manufacturing techniques could be
optimized to assure perfect integrity of the arterial wick structure, which
has extremely large influence on performance. There is little doubt that
with further manufacturing development, much higher heat transport

capacitizs can be achieved,
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In addition to successful steady-state operation, the tests also
demonstrated the uniform temperature transient response under changing

loads, characteristic of heat pipes,

14.4,3.2 Diffusion F'reezeout

Several of the test phases provided demonstrations of the diffusion
freezeout failure mode., This is of major importance in large heat pipe
systeme such as imight be used on Space Base. If such pipes are to be
required fo start-up from a frozen statc, they will likely contain non-
condensible gases to aid the start-up process, It was amply demonstrated
in these tests that, if low sink temperatures cause a portion of the gas-
blocked region to fall below the {reezing point of the working fluid, the
pipe can fail by continuous freezing of vapor which diffuses into the gas

zone, resulting in evaporator dryout.
It was also shown that such failures can be avoided by:

1) Rotating the heat pipe such that (a) the cold zone
continuously changes position, allowing remelt and
recapture of the frozen working fluid, or better
still, (b) a gas-blocked cold zone does not even form.

2) Establishing a combination of working fluid, cold
zone length, pipe to sink temperature differential
and axi:l conductivity of pipe and fin such that no
portion of the gas-blocked region falis below the
freezing point of the working fluid.

From an applications standpoint, the latter procedure is clearly preferable.

4.4.3.3 Start-up from the Frozen State

The program plan called for studying this aspect of large pipe
technology with a gas-dosed ammonia heat pipe. Because such a heat
pipe was not available (see Section 4.2.2), whatever was to be learned
about start-up had to be accomplished with the water pipe. Fortunately,
the water pipe contained some noncondensible gas which allowed the

gathering of some meaningful test data. ; \

Several frozen siart-up attempts were made, under various com-
binations of stationary or rotational conditions with both radiant and
electrical heat loads. A successful start-up was achieved under station-

ary conditions with a Y-configuration electrical load (3 heaters), thus
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proving the fcasibility of [rozen start-ups with very long heat pipes.
However, even in the unsuccessful start-up attempts, it was possible to
establi h that the appropriate start-up mechanisms were operating, sug-

gesting that success would be achieved under proper conditions,

The stationary start-up transients under both electrical and radiant
heat loads clearly showed the formation of noncondensible gas fronts
which resulted in the desired progressive, rather than uniform, tempera-
ture transients. However, the quantity of gas in the pipe was such that
the evaporator remained below freezing as the hot zones expanded, lead-

ing to eventual dryout in the absence of a fluid return mechanism.

A different approach to start-up, that of rotating the heat pipe with
respect to a radiant heat source, also yielded promising results., Rota-
tion prevented evaporator dryout, as expected. The start-up was not
successful for the simple reason that the radiant heat input load was
insufficient to bring the pipe above the freezing point. If the working
fluid had a lower freezing point (e.g., ammonia, methanol, Frecon), this

start-up technique would have certainly succeeded.
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Specific conclusions associated with each aspect of the program are

embodied in the text, Major conclusions derived from this study were:

5. CONCLUSIONS

Modular type construction of long arterial heat pipes is
feasible and was successfully demonstrated,

Very long heat pipes can be fabricated with concentric
annular arteries to handle heat loads of interest in large
spacecraft, However, development of modularization
techniques for internal-type nonsuperheated arterics
promisecs superior performance,

At spacecraft thermal control temperatures, ammonia
can sustain at least 7°)" superheat if the heat pipe is
carefully processed. lHowever, the presence of non-
condensible gases drastically reduces this superheat
tolerance. On the other hand, water can tolerate
substantial superheat even in the presence of non-
condenegible gas,

Use of inert gas for start-up of long frozen heat pipes
is feasible., However, with ammonia as the working
fluid, the heat pipe must be designed to avoid appre-
ciable superhcating of the artery so as to prevent
arterial nucleation.

Diffusion freezeout is a significant problem which
must be considered in the design of heat pipes using
noncondensible gas. The preferable design approach
is to assurc that the gas-blocked region does not fall
below the freezing point of the working fluid, at least
for long periods of time while the heat pipe is under
load.

If diffusion freezeout and arterial nucleation are
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 does not necessarily
lead to arterial failure.

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 internal-type arteries where gas block-
age does not interfere with condensing heat transfer,.
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APPENDIX A

THERMAL VERIFICATION TEST PLAN AND PROCEDURE
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SYSYRME 190 REY, dugY

’
C}"‘T‘? e . ~7
l) L2 >
YNNG €L P
UITEROFFICE CORRTUPONGENCE
[=0506,13-)
YO pictribution = . e 1 January
| )
SUBJECY .01, Plan % Procedure - Thermal Verificatio: FROM ,, W, Ciaoen
Test = HASA/M3C 15' Heat Fipe S,stems oo . wmansra UCE exy, (0 5]
- - - —— T TN N s o g A e s SRl = S - R EIRREEY SINISSCESSTITETST = e —
TRW' Systems is building two 15' diameter hula hoop hest vine ayotenms for
NAGA/MSC.,  'The primary objective of the thermel verificarios ‘cots decerited

inn this report is to verify acceptable operation of thc.oe hest pire syctems,

Ry ucceptunble operation is meant the ability of the pire 1o aininlae the tene
perature gradient around the circumference for the cotdition ot o mun ineident
on one cide of the cylinder.

In al) cases the tests are to be conducted in uir for rimp.ici's und are
to utilize the heaters and instrumentation installed ...c b Jherqas! Vacuun
Test in the HASA/MSC Chamber A Test Facility.

TEST UNITS

"he test unite are both 183" diameter hula hoop heat of o0 with hest
rejection Tins attached. One of the pipe systems uses wator n. "he working
fluid, the other uses ammonia. The units may be tested {opether with Lhe &
interconnecting fiberglass supports, or may be tested scparateiy; the thernal

- £ ) .
interchange between the two during normal operation is negligivlie,

The fins are coated with an aluminum paint (Finch Polyurethane Coatling
No. 643-1-1) which is very susceptible to damage during ha: iling. Consequentl:,
there should be no contact with this surface after application; a1l moving,
lifting, ete., is to be accomplished using other, non=-painted surfaces. It 1is
not necessary that the heat pipe systems be painted for verjfication testing:.

Thermocouples attached to the test unit are cshown in Fipgure J; the
ammonia pipe has the prefix A and the wacer pipe the prefis 4. 'There are 3°
copper-constantan TC's (28 gauge) attached to each heat! pipe o etems  The TCa
are spot welded directly to the heat pipe on the insulation cide of the copper
fin and are strung along the fin for at least 12 inches from the point eof
application to minimize corduction errors. Exceptions erc TC': 16 and 07 which
are positioned at the extremity of the fin to measure tne Jorgitudinal gradient of
of the respective fins; see Figure 2 for the application of the fin TC's. All
thermocouples are bundled together at Module 3 and supplied with 30' of extra
cable for mating to the appropriate connector in the NASA/MOC Chamver A Thermal-
Vacuum Facility. All TC's are unshielded. However, the tundle will have RE
shielding to prevent induced EMF's.

.

Thermocouples A33 and W33 will be positioned on two legs (P4 & P4Y) of the
support stand. These TC's are not used during verification testing.




‘et Plan & Prodedure - Thermal Verification Test - NASA/MSC 15' Heat Pipe
watem: :

Hest input is provided with electric resistance hesters bonded to each
“' module. A typienl heater is 50" long (the fin length is 57-3" long) by
f« " wide and concicts of approximately 200 feet of Manganin heater wire.

‘ne wire 105 wound on twp of 3 mil Teflon tape with a second layer applied over

“he top of the wire for total electrieal insulation. Aluminum tape applied
rer the top of the mssembly aids in holding the heaters in place. The design
bar been utilized with success on numerous 'IRW Spacecraft thermal model tests.
ne heater designation ie identical with the module designation: i.¢.., heater
5 1 on Module A3 (third module of the ammonia pipe). FEach heater is capable
¢ inputting 100 watts at 28 VDC input (mea: ired resistance = 7.00) and will
vequire control of the input voltage to achicve the specified power input.
ne of'fent of temperature on heater resistance is shown in Table 1., Over the
cocified range the total variation in heater resistance is less than .05,

.-

Heater jeads (20 for each pipe) are bunaled together at Module 8 and
provided witnh 30 of extra length for mating with the NASA/MSC Chamber A
iurility. 'The average resistance of each heater and lead wire is 7.0l

LRET THSTRUMENTATI ON

-

Test instrumentation required to comduct the Thermal Verification Test
it 1isted below:

e Recording potentiometers to read and record tne individual copper-
constantan” thermocouples. The potentiometers must be capable of
oroviding a reference point (ice point) for reading the TC's.

e 'Iwo 2 voll DC or AC power supplies, oue for each heat pipe system.
Each unit snould have a 15 amp capacity.

e Six DC variacs for adjusting power inputs to the individual hecaters.

Turee variacs (or separate, adjustable power supplies) are required
for each hea. pipe system.

* Two voltmeters (O to 35 volts) and tvo ammeters (O to 10 amps) one
for each pipe unit are required for power measurements.
Tne hookup for the power supplies and variacs is shown in Figure 3.

TEST PRCCEDURE

Detailed prodedures for coanluct of the 'inermal Verification Test are as
foliows:

e Level the heat pipe systems to be testel. All elements of the

pipe must be leveled to within 1/8 iren to insure priming of the
liquid artery.

e With all power suppliec off and the neat pipe systems in thermal
equilibrium read all 72 thermocouples. Note deviations from the mean.

e Adjust variacs Al, A3, Wl & W3 to zero> and adjust variacs A2 and W2
to slowly provide 55 watts input hea* to heaters Al ani Wl.

Measure all 7C thermocouples every 30 minutes until reading does not
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Peg> 3
Test Plan & Procedure - Thermal Verifieation Teot - NASA/MSC 15' leat Pipe

Syntems.,

1970 January 7

deviate from the last reading by more than 2°F (ealled equilibrium
in subsequent discussions). Record alco the AV acrose the veriac
and Al to the heater.

e Connect the A? and W2 variacs to heaters As and W4, respectively,
and adjust the input power to 55 wattis as before. Hecord all them.
ocouples until equilibrium is established. Record elso the gV and
Al. 'The voltrge measurements at the power supply must be corrvectled to
account for line losses,

e Repent the woove testis for heat inputs tc A5 und W5, A7 sand W/ and
A and WG, For each test, the preceeding hester sharld be set to
zeroy ¢.g., Al and W1 power=zero for AS und WS tect,

e Connect the power supplies ns shown in Figure 3. Olowly, adjust the 7
variancs to give power inputs per the following table. {
Variac Heaters Power., Watts %
Al, W1 A2, ALC, W3, W10 3. Watts 3
A2, W2 Al, Wl 54,0 Watts ;
A3, W3 As, A9, W3, W9 16,7 Watts

e Record all TC's every 30 minutes until equilibriua is established.
Measure alco the AV's across each variac und the wnmeter readingeo ;
(Al ond W1). Voltage measurements mugt be corecled to account for
line losses.’

- i et VA S

PREDICTED TEST RESULTS

A non-operating heat pipe system of the test geometry with 55 watts
heat input to & single module will have & predicled overall AT of approximately
100°F. These assumptions are sensitive to ambient air temperature and velocity,
and can vary somewha! from one test to another. An operational pipe (water
and ammonia) i: calculated to have & AT of less than 15°F for the same test
condition. This AT is to be measured over the active portion of the pipe;
i.e., that portion not blenketed with excess liquid or non-condensible gas.
In lhe case of the water, the active length is essentially the entire lenth
(65%); the active portion of the ammonia pipe will be determined during the
thermal verification testing at Redondo Beach.

For the one sun solar input run (last case) the total pipe AT should also
not exceed 15°F over the active portion of the pipe. The emctive portion of
the pipe is defined as before. A non-operating pipe under the same conditions
is expected to have a maximum AT of spproximately 100°F. Note that these
calculations are based on assumed environmental conditions and convective film
uncertainties. The temperature gradients, however, should remain valid over
reasonable variations in the absolute temperature level.

OPERATING RESTRICTIONS

The water and ammonéa heat pipe systems should not. be subjected to temp-
erature in excess of 300 F. The lower limit can be a3 low as LN2 temperatures

A-3




g,u“ % Pro crmal Verification desi = NASA/MEC 15' Heat Pipe

Junuary |

“OF) but U I will be frozen (watcr al 32°F and ammonia at
). Reste 28 18 uncertain nnd is one objective of tin
or A Ther voting. The conditions and effects of a rectart
. n frozen cnot be reliably predicted at this time. Note
treaking aring testing requires shut down of the pipe to
w:low priming ¢ can be recumeld.
{ 2 pOUSIBILITE
hic Test 5 under the control of the appointed Test Zonductor
a3 variations ‘zdure must be authorized by him. 'The Tesgt Conductor
o the Redord fication Test is O, W. Clausen .nd W, Picke for the
‘erification | - nducted at NASA/MSC,
&
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See FIGURE 1 for Plan View of TC's.
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APPENDIX B

THERMAL VACUUM TEST TIMELINI

The following pages depict the actual test timeline. It presents the
test events and all heater settings with appropriate remarks to explain
the rationale used during the test to implement the timeline, The time-
line, as implemented, was basically trial and error changes to explore
many alternative heat load profiles under which the water heat pipe would

operate, The planned test timeline is contained in the Subsystem Test

Bed Thermovacuum Test, Test Procedures, Test No. 25-A-70, Space
Environment Test Division, MSC, NASA, dated March 6, 1970, Because

the planned test timeline was not carried out during the test, it has no 3

:

relationship to the recorded data and, therefore, will not be repeated

here.




i ‘i.i“iisni
¥ S O
Z2-d 4eak 3y3 30 taqunu Aep 3yy sy ( ) &
Sil=§ 0 =¢Y
§°L =2 0=23Y
"Butazss ,meyy, 03 33s susieay ¢°L = M 0= 1Y sweg "S4Y Q€S0
(LLhL/zL/e
*bulzasdy adid
4 30 UCLIRDIpUL 3ISUid 3yl <i.0p Buipesd z100xL Jamed sweg Nz + umopdung 0£E2
JaMC 3weg sulbag uMop|o03 wmq co81
| €°2 = 0N 0 = Olv
?P°L=6 0=6
0=28 8" =8
0 =1 sl S
0=9 °’L=9
0=28 e
0=1% - dige 1
yili=g 0=¢
*0L-Y-SZ °ON 3S3. Sa4npsdodd Al 0=2
#5391 A/L 81S ‘| atqey 4ad Buiyas ,pioH, G2 = LM 0= 1tY uropdung TS4u 9rel
(02)oL711/¢
il 43m0d 0} pa3423s uropdung *S4y 0zZL1L

«(69)0L/01/¢

P F—

Sadiiiad Sdiv - SONILI3S SNOTLICHOD TII
d31yY3H 1831
INITZHIL 3414 1Y3IH TYNLIY



(]
LR 19 tn
| i o {
| . 4 ‘- '
| =) mw Q) ~
' P o) (2] " .
° e 4
! . Q) 4 - |
| =3 5 (8]
{ o R w ¢
) s - = N\ P
' ol o
2 o~ 0O O
L (&) il
— g0 )
| 42 4 <) O
’ . F 0 4
(&) 4 - (%)
o O = . -
- a (& ] . Q
O I -~ D . 4 o o
. ¢) S ] © Q
w Q) W [ s LA O " (1% ]
o 4 R o oS - tn &
v - w) ' o O - o i
4 D 49 o~ q Q 5
(8% +2 9 = 3 - S o (Sv] .
<L ) 42 Ny 5. < i,
p Vi :) . (&) © » 1/1 ;_'; o
il ! O . 1 W o) W & h
o s o (&) ¢ £ >
- = = . - wi g v wd =
n Q e (] O O o
‘.C £l - o = 40} ({ (&) Q -
Jo- - (®) 4 vy X
s = ®© 2 i) - o 0
QO 3 Q O fis)
(@] - L. 4 ) . Q O on
“+2 n 0 w :1,} v o wnv W - |
W V) - . L) o
+ o (48] r— < v 3 |
O (48} . -  FEEE T W
vy . e G N W Q>
@ . [ = (&)
v w = (@] (&) s C D o~
5. g.: + QO . Q 0N T .
W W . o aQ o
+ s O ¢ § (&) . .. M
(8] O () 5 S 3 F oJ
Q | s a (&} par_ < (S o=
- — by P W L S A
!03
5]
(%]
n un 0 IO W ﬂl”
- . . . . . . . “
} g e g g e e 8
vy (]
G e Eee Sen By b= e r—
- . L]
7 T OO N oo - o
g =l © & - (e} s y
:}7 I T . i =
- )
(= c” () o 2 o '\n
W o> e~ D ™M < " Q n I e PR o W = TR T
e = 0 W oW w0 et G B % 5. & SN "L e
o e . iy L@ = = ool ® Ol o - N U e .
L s T - T T e s S T e
n % 9 % 5 517 = Ty e i -5 )
oJ ™~ 4 (QN]
T W N N D " o -~ C\L lnm s 2 " q ’\0 - ‘\L
el = W Y 0 o wr] & - L r—~ < D L I U |
L <X <€ < < & R] = = = —_ X X = = & R
o oJ
) = -
- = +
bog
(7o = s
Lid by = = :
) 3 =
- O O \
o © e
(&) = % (o (9] g @
g S = = =
=3 ¢} [} %]
a. Q. (%2] v w
4
8 P I e TP
) o
. 3
— 3 ‘
—— . 3
&J.] r— 42 3
=] N = §
- ~—r O
el - St 1
~N
S
o o
= ™
3 10
T o




je

-~

*yde g1
I s
TRl -1 ’ T r -~ 3
UIN3ad yI M ydag S4noy QLEl 3° PIjJRIS UG LIRI0L
o thiE Na DIHINS “CInn ~t i = AL AN ST - -
gud U LUl =40y $SI1tL 32 U CP1CaO outldellia 0}
A B T - -~ - - - R -
Sdi3sesS ,pioy, 03 peldniad sSdsiesu oM PUR " -

oA .

bl = oY

€L = LSy

8°0 = 8°pY

0 = oL°6°c*2°Ly

LN

S

R

W

w

bl = 6°9°¢M
oL*8“s s v 2 1n
8°0 = 8°9°Cy
oLs“ s s vz Ly

o
]

o
Ll

oueg

Py
G -
-
o
'~
(&)
o+
R
(o)
V)
w
.
w
4
(8]
Q
o
<4
O
|~
n
:1

0 =89St
b°L =6 “eN
€2 =0l

¢°2 = M

bl = o
€'l = 'Sy
8°0 = 8°¢Y
oL‘s‘ece 1y

(e
n

umopdung
uMmopdund utBag

PRI BT, v e

*S4y 8280

(s¢) 04/31/¢

A
43GuRYD 3INpad 03 AJL|Lgeul 03 @np 340Qe 3s3)

0=0lM0Y LN
0 = 0L¥ 02 |y

aweg

gv8L

()

i

(Y
(&)
LGN
b
Yo
(&)
()
e)
oy
w
o)
)
s
(B}
(&)
(& ]
£
o
o
4+

0=8L°9°¢"pM
L = 6°¢eM

€°2 = OL2M

M
Ve

o

E I
n .
i O\
[ "

qu + umopduing

"4y 2c21

(L) oL/2t/e

SNOILIQNOD
1531

31l




ressmn VMR AR IR N 0

C =8°L°9°S vM
9°L = 6°¢EN

§°2 = 012N

6°¢ = iM

suesS = QLY 03 LY

sues SLSL

(8]

0 =8°2°9°5°HN
€°L = 6°¢EN
S°2=0L“2M

L°2 = IN

swes = Q| 03 {1y

L10d
+ °N7 + umopdung 0051

0=8"29°5"pM
S°L = 6°EM

v°2 = 0L°2M
9°2 = M

SWeSs = Q| 03 Yy

[ Lo
+ %7 + umopdung vl

0 =8°L°9°¢ pM
L = 6°EM

€°2 = 0L%2M
§°¢ = LM

umopdung ("3u02) pett

2

L
s
b

T

(S£)0L/8L/¢

%y
5
[
(2

o)
(A

SNOILIGNOD WIL
1S31




m 'L = 8°pM
w £°2 = L°GN
m S°Z = 9
1 : C =06 2 M L1o4
AJBACI34 403 ,PICH ASY, 03 33S Su33e3Y M, W swes = Qly 03 |y + Nzg + umopdung
B . 0 = 8°,°G“pN
| 'L = 6°¢M \
| P°L = 9M £°2 = 0L°2M
‘butzaaay | G°Z = Lp
UCLS34 P03 ULRIULBL 0} P33PALIIR 43223y SM m swes = gLy 031 Ly awag
_ 0 =8°2°9°c M
w b°L = 6°EN
! €2 =012
*Ai3A0234 Joy W G2 = IM
30 SPLS 331s0Cd0 _pyoy, ¢3 313§ sisjedy M, m uesS = QLY 03 1Y swes
‘ 7°L = 8°pM
. €°2 = §°/n
*3did 0°H 3y} Butada0IaL UL IUS1I11L3 §°2 = g
). il gl - ! §¢ =9
oA Sem powgsw syl *Suirzesuy JjeRuULUL{3 pue | 0= 0Ll°6°E°2°LM {104
L10q 33npad 23 PIOH A3y, 03 13S 4332y M. uwes = Qly 03 |y + Nzg + umopdung
SAdYA3Y ally = SONILL3S SKROILIOMOD
! ! Jd31Y3H . 1831




.
| i
! §°2 =0 M
‘sSuiyzss | 82 = M :
|
<893%3§ UCLIROLJLiaA [RWASY] MHI 01 S433B3y «M 138 m 3ues = QiY 03 LY sweg
butllas .+ meyl, | Ll = QLM O3 M ~ -
*A43A0234 dn pasds o3 s4 jeay wM, SSe3aLdU] sWes = Qly 03 1y suRg .
3d1d %K Sl =0 o3 (W
43A0034 03 jCudle Ui ,MPU), 01 S4I1BAY «M, 298 “ 3ueS = QLY 03 LY weg
Swes = Qf 03 [N
8°L = 9y
L°] = 1°GY
*SuL3338s J4s3eay usuSty e [OuRyjaW 3324300 C2 0°L - 8°by

T 03 S483jesy .y, 03 Jemod sseadou] 0 = CL*6°E*2°1Ly sueg

©
o+
)
N

0°L = 3°£°9°G 9
| 6°EM
6°L = OL*2M

A0GR 1°2 = LM

2URS = QLY 03 |y sweg

"

.
(&)}
(-

oy
N
<)
<8
'
w

A R o ane o1
€23 PLOJ uUlelLted 0] ,uwueM, 03 39S sS4

Q)
+
(8]
(o8}
A
e

TS4Yy 5261

. ("3uU0d) 0//91/¢
LR 94y - SONILLIS SNOILIQHOD ML
RERE]T 1831

R —— S -

™ mmw



-~
ok
Pl

o

2°0
0°L

¢°L

sires

aues

o

L&)
~

*L104 Ou Y3 lm uang

03 39S SJ43e3y |iyY

¥eos

Uns 3pLS pazi|Lqess
L[eMD10D 4403

. gL XEq daqueyd
13U SUOL}LPUO2 3S3)

|~
w
1
.
-
pom
(&

4
2
o
po =
>
(84

104
+ NZJ + umopdungd

%
vy

L1o4
+ %7 + umopdung

"S4y £100

(S1Y0z7117¢ §

AQQe pautejuiew 3Q
~ BT -

C3 S4ejEcl M, 38S
-~ S 1m DS a4 -~
Ve V-)CtﬂLL. TLEYH Mwﬂ\U

~
.
oo

oues

5URS

sS4y 0CEe

(*3u0d) Qr/31/¢

LS -
AV

8°L°9°G vM

6°EM

oL*ZM

LM

OlY 03 [¥

OLM 03 (M

oLy 03 1Y

oM

£°SM

8°tM

0L°6°€*2° N

olY ©3 1LY

8L 3G N

6 ‘en

OL“2M

LM

OiY 03 LV

OIM 03 (M

oLY 03 LY
INILL3S

4

SNOILIANOS
1531

HIL




)

i 4
. |
w -~ e o b |
8 s r .. O
«© a e @ 5
4 . N o Q) oo -
b~ > f s O Y- W)
f (&) e (& g Y e e (]
| = 5. - | - WS ) + e Q)
o £ v w O QO O i
© Q 'S - ¢ Y-
4 (8] Q) . O O v O Ww
o © T ) @
() 4 o «© » "N Q (&)
¥ - " w o 2 o O n
L i o) n = (s}
Q) oy (4] © O Q@ M 4
L. [ - o » 3 o . e ) w
Pt - e 4+ Bt 8 5
w +) L an o - (- - O .0 V)
" “+2 Q = (] o
o $- [ = ogne . NT s B
= Q) (& 4§- e = - = Ps) Q)
) (&1 O S O O +°
v N Q - v - . = - (5] .
NG . O O (& ] oo ) s
("4 o [ s = i f= = r ™ (16 B N L
<1 42 o) = 48 ) - 4 () "W
_— v w o = f > O — Q L ) .
(V8 (%] = @ E O W e L U 2
ns o [ w = 2 B n B 'k S
. by | - ~ VU = LA i= | 1 a’ (&) Q)
- ) -3 | Yo o
o (%) o o th & O wn D -0 &
el ol & 4 « 0O 4 S Q v Q
o) - sdee Y Q o= Lo (&) (§]
b w o 42 4 > PR . o = £ =
W b ST ) O ¢V [} 2 v @ Q@ 2D M re— ©
vi () w (&) (V) S vViown ) . oo 420
B & n Q O s > 0y
2’) Q s vy v o4 B ) - )
- a0 o . | 3 o S . . (&) Q O
o . -— Q) (&) q a (48 o Q) | - vi (& Cr
4 @ 0 m| + 42 “ = - AT IR S 1+
ot (S 8 | & - (18] () ns w 'O (8] (&) th
Q@ - L o~ Q@ @ D = Q© @ Q 3 U 4
LI A N 3] . e R i A = s B
oy S (8] ., QO = o=
© o - Q] = & = s o = . u o 5.
el o - = e <4 - -8 ¥ O =z ™y E O 5
z - L r~-] = s 4 = | s O s T
i
1
w
[an @ w
- o N = [ n M < n M < E M m— < un
L O . . J . . . . . . . o O o O
o . [ o r= = YNIO OIO =]l O OIN N = O N N ™ O]l 0 . . . .
'Lu o 1] n ] i 1 1 " ] ] ] L] I 1 ] 1 1] I ] I 1] 1 1" 1] 1
<‘fJ (&) o o o
i s 4 o [ -~
- b » O o O o O O " ol O o
3 = :{ o o . T "
Ld (48] (32 ™ ™~
(%) Ly 02 O O O 0O O © " ol O "
o O N ] 4 4| 4R I 4D 4D ~ 0 o 0 ¢ | +« U1 & W O
L L - . " . " " s - . - " .
— < 1 W = == e~ =l g =N O W DD
L I I & Bl B L Bl S & < =2 Z=ZE 2 - S S BB
(%2}
_—
o
= =~
n -
| 5
- O
=
8 [ (4] (O] ()
£ & £ % <] E
o o 0] & o
vi (%] (2] (%2] v (%2
.
)
=
o
w] o
z el
(=
- ©
r~
e
~ o o o < N
o=l N = oJ ™ oJ oJ
e B o (€8] [¢o] o O
™M O (&) (&) o e -

B-9

B dost



O >
A 3

01-€
“ 8°2 = LM M
| 5’2+ e |
m 0= OL*P°c*2*INM w
paads oy | 0= OLY 03 1y swes sg
8°2 = M
£°2 = 8°9n .
_ L= 6°cH
0= OL'p°c*2°IM
oL D= Sl & Iy awes 02¢e2
"l §819M
LY 0= oL*pcezIn
esned3qg 4 p3yg 0= Oy 03 Ly awes S0E2
€L = 68.°9%M
0= OL°p°e2“In
o B o e
0= OL‘6°€°2°LY * aueg 8512
G2 = T
£°2 = 8°9M
#°l = 6°SM
0= oL°vee‘
$°2 = gy
20 £°2 = AT
pa12304 edid p°L = 8¢ by
OH ASY, 03 33S Ss4aje oW e MLy sweg L£61
. (*3u0d) 0L/11/¢
SaWY - SONILL3S SNOILIONOD WIL
¥3LY3H 1531




' '
! [ ad r- th n -
w1 ns $ L S | @
i (&) R f a0
\ 49 <) N o - Y-
! . ' ) oI o Y-
i O e Q) 4+ = Q
) . . . o) -
: v I Yy by -
aQ (4] s i '
| » W (&%) +? y § $
' O S. O W 5 o § (&
=9 e ¢ =3 A5
- 2 P P .
‘ . .f: Y ) ' ' n
e . ) & .. (& Sa
: (] Vi - © Q e QD r= P> w
e S W - O . s D A
! +2 Q O 4 . Y- o = ©
! | 8 ) S 8] & e O "
; O s > O — = N o ©
fa QO £ e & ™M D s~ M M
| - 42 5 . Q) o= spm e
| 3 e (8] o & O =€ 0O .
o7 | - - ) i . fe -
3 O T ) 2 - Q “ ) o+
s | 8] - Y o KT o e ns
Pl pan. % = (&) ol ) (W)
o | o w) Q 4 “ O = o "
\ ! e . 4 o) oJ L m o
! 5 M o o S i e QW O @ 5.
42 K- . W (4 ’— N L () ©
= e o r— . R vy Q) o Y-
e ~ v o Y 5. (%) 5. W) (&) W)
m Q) (@] E (8} ') - o &2 S (&)
&= w O 5. <l - n E g =
S~ & - (& ] (18] (8 O . ) ) 42 e
O G- [ () Q) 98 () - | 42
= S.. - [ Q SRS TS 1 - Q 4
s w) (o] vy O N ok (48]
N ep= Y= - ~ Q v )y ¢ v
) 2 i (38 o+ = e L S -
] . 0 O - (18] F n o o) (%] 4 (18]
o o o) e (@) (@ 49 o3 §=
. = (L | W v (4] v O -t o " s~ |
Q - w— o £ s ) QW §-2
(S8 (] (&N - [ = [ Q) 8] w " e <2 s opw
(& w o e 9 0 [
@ (o] (&) (& )) = 2 m [ =3 s = >
(&) S o @ L] (] -9 <1 (&) w (= [ T O
b= Y= —~ S 0 P -2 = s . U 0 o2
NI S
) >
0 - n o M <= LS <t - g M
o . . . . . i . . . . . .
<J O O O O N N O O © ™ m O o _ 0 O ™~ o N
o | ] |} 1 " " ] " 1l 1] 1 i i I r— I i " ] I i I 1
(98] »
= v (&) w
e LD o o [ = » ® o©
W o= - On P - P~ ~ ot
T o . ol - e R - o " . o "
- — < Q| — < O r~ r~| ) | N ~ O
‘, - o - o =T . " < = - = © "~ el "
1as ™ P~ ™ o (S0} M~ & 0 < O (0]
) o & O L Q0 . s O h.n -8 N B »
+ N Wl + N W 2] o 2 W) LI N W N W NS
-~ e ’ " Y . " LA - L Ly L L -
= pam - SFN] e pa AfY - Pand open sl e () {# o poo (F) e ()5 pus  pes - WP WY D
<< =X B < =2 2 2 B 9 9w B € X B 2= =
E
v  ad
- pom g
) o
T 2
Vi k-
il »- = =
= - -3
'E’. w) (%]
(8 Q E,) Q Q) (&) (3]
% = o e - = =
e o— oy 8] 8]
(%] ) (%3] w v v
" aan -
.
42
= ot
«© —~ r—
il © ~ 0
2 Bt TR ~ . o
bt v ~— U
=] ] % £ o
I~ 5 ~ &2 42
. .
- o0 o= (Vo)
. - P O
~ e ) (oo ]
4 ) [

B-11

it

oy gt el i i

s emat P o SN it



o i-
A e
oy ' 4
- (&) 'y
apas W
49 4 o v 5.
. - i- a
e © . Y 5. 2
- [~ W a Q >
vy Q o . W
v - (" - © ot
8 (@] W O (&) X .
N Y s G- Q 0 -
£ 0. 5. £
t ‘2 =
(9] () | 2~ O ¥ L
W (W) (@] - { Vi -
49 Y- O T (&)
s. by o a = o
< o = ) J1 49
T O vy P~ . o
r— . w (13 B | 42 .
wy - B . | O O e (§) nt g
N " m it m (e¥] o) O w
n (@] (&) (&) 0 ™ e
(= ' — fa r~- . Q Y.
s ni o> O L S vt
tud D e w- ) ™ O
(A O O cm ™ A a ) v O
M . - . ) N - S
- Q v
Q L] (@] o (&) o o+ o
43 4 42 0O (B L ([ &
4 QU r~
43 49 4 4 4 4 -
o Q Q o () ) (03] &
v v v fe v v v b -
d o B
w v ¢ D Wi (4] [ =
) . . ™ - S [~
< [ ] | Q) () () (48] ) -
- 4 (&) - O 42 - b O
(%] 0 o o 42 "y . (%] (i8S (" >
()] Q49 Q 2 B 1 [ S A
Y GEER o L - & s e Q -
5. (@) (%] . W
- = Q 8 o= 3 (8} = = CEES -
a2 fa. = s pu 4 (1 < = 9. (V)]
& = Q 3 . 3 5. 8 = e B |
v) () o (o} (] o o
n ¥s] (V) i -~ s M D E » < M IO & o~J
-— 1 . " . 1] . . v . . (8] . . . . . 1] . "
™ o N r~ -~ N N " e N NLOD ™ = 4y
(8] o o . (&) (&
(5 | - it o I s 1" ] ] i I " W ] N ] I H r~- I n r-
l‘J .~ -« - Ly . -
- Wun Oy 0 o o0 o0
Q: (&) a . - o - o
i = r~ I~ I~ r— (€0 ~ ™~
oy [ - - o " " (& ] . o o ) "
‘: n Lo 0 (o2} ~— M~ "~ (Vo) e Lo
n . " o <L “© < -, <[ "
W S 0O <« O OO ™M (¥} O < oy «F
(%) . - s s " ' " O " = (&) - 3 (&} - ~
N W NN VNN O N O = U0 N r- + W + W N
~ - - a8 * L - L L L .« - - e "~ "
~ ™M = M - N < D O] >~ < M i e ) = (M
< (X B QR E R = & & Xl B >» < =X X
"~
(%] gane o
> (o} o
5 o 5
=
(Ve I S N K4
O o o
- O (& o
= v v)
(&)
(&) o (8] Q o W
g k= = — =
(&) U8 (48] (&) o
(88 (%] v (& (2]
-
-
)
=
(@] ]
Wy o (e8]
Sl e . S~
= w S
- O | o
o B r~
S S~
@ O I~ (a0 un Oy IS
g g o <t ~ 4 = N
! B Uo) o > r— SN o<
o o (N} o ™) -

B-12

-

(

o




"DULZ334: 3A0qe [’L= OlX 03 |N
utzjuiew 031 sasjesy .M, 403 Burjlas e Burysss 0 = OLY ©3 v swes £291
- 6°L =  OLM 03 [N
sueg 0= OlY 63 Ly auweg 009t
L°L=0OLMOY LN
awes 0=  ‘Uiwyolty aweg 0ss1
‘uotsny | S°L= OLM O} IN
40 3°3Y jusje| N0 330 Isnu “Burzasuy moyag 0 = Oly 03 |y aweg 02SL
1L = OIM 01 M
"Bbuizsauy mciag 0= OLY 03 Ly 104 X2OS p1o) S0st
6°0= OiM O3 IM
sweg 0= OLly o3 Ly aueg Ot
"BUtZosJ; aA0qe 8°0 = OLM 03 M
ulejulzw 03 saeiesy ally 4C3 mc.rwwmm 2 mr_“.ymmw 0 = O~< Cl LY suieg 00%1
0 =0L°8°2°G*p°2° N
9°¢ = 6°9°cM
"A8°L 03 33S saajesy M, J= Olyo3 Ly LLo4 ¥e0s plo) "say Qiol
“ (600L) 440 ung dog
(6L)oL/c2/t
0 =01°8°L°¢ 9 2" IM
*A1QeaapLsuod *dway Suijeaad pasesJdul stul $°€ = 6°9°EM (9Lg2) uo uns doy
(9i£2) uo uns doy °xs9°| 03 33s sJajeay M, 0= 0Ly o1 |y awes *S4y /931
. . (*3u03) 07/6i/¢
SHu T3 SdiY - SINILL3S SNOILIQNGD WIL
¥3LY3H 1S3l




(%)) (8 W
4 4 1 o
ope M .
49 {8 4 P
4 N '
Q) I. W@ W
Vi LT I .
{ (F) )
w & 3 . .
o N 3B v O f
- & 3 \
<+ 4 .
w vi O
(Ve F=—9 .
O c w o o
) oy £ (B ’
Lo ope o -
(2] 0 ) ®
(¥ ) ) olee )
~J o O o <
. o~y S
E () ol Q) o
v s ) [
- Q 5
Q - . . - 4) (&) ) =
P ©C Ol v v n 4y (&)
=2 " - «) ) v - 4 (4]
L1 { Gy (8] 0 - (s} L~ g
(A RS a . . o 490 @ 8
A (] Le) - " - "
() Q Vi o O 0
i wn O O o B
© ] 49 4 (@) e e
] 4 o D (&)
vl 4 42 vy
5. v (88 () Vi ‘- v
- v wi s - . "
(@] Q) s V)
s - vy vy -+ 2. <) 0
Q) - s (s ) i O (W8
N e Q) Q [F] Q . v
v +42 42 b~ v O b
& " o3 (8
r— (] () LS o o o o
S - B g J= s we 4 L
} C) o i8]
?’, 4 4D - 42 4 42 '
({8 ] G v = o a Ny Q ]
(Vo B ¥ Q v (V) O wn Q
b )
et
1
. m J
v
0. L0 w0 ™~ o e n o ™M N W O N N © & o
P . . . . . . . . . . . . . - . . .
~L o - O rm rm - NO — = N NO NN == v NN
{‘.:] ] " 1 n " i " n I 1" I " " " 1] [l " 1 ] " n 1
- v
“ (88) < o o
W = P e  aped
o - oo SO L) ” (48] " - »
t-— r— - ~ O ~ ) — o
— n'( :.: g‘( " q: - . "
(V8] (38} ™ ()] ™
vy o (@] (&) L o - » »
4 4D = N O M~ + N0 I~ o un 80 O 8 M~
"~ - L - - " " " " L - Ll
r— e =S N WOlr e~ I Ol M O N~ o 10 W
< = L B X 2 B X R R B L L L R e S :
r—
v g
e (&}
| o -
[ o
(Zo I S o
W o
- C o
— v
) \
© o 7 W ©
£ &= = r—
n (5] n (&)
w1 (%2} w (88 )
¢
-
. Y i .
49 ( ) ;
g :
o ¥
wl o i
— S . N
(= w £
-] ©] s .
~| © :
N b |
] r~- [ (e8] 3
ol on <y o
(\’\ 0 —




g1-4d

8Ly
gV

2 = Gey
w 1°¢ = Y
*STLTL 03 39S S433°3Y M, PUR Y, | 0= L°6°2° LY L 104 >ROS PLOJ 00%0
m 3. i LM j
. 0°¢ = oL2M
m G2 = 6°8°L°9°S v eN
w ¢l = A
0°2 = v
9°2 = ceey
6°2 = Y
L300 110Q, wody J43A023d4 03 psbueys s4a3esy M, 0= oL¢6z Ly aueg 00€0
1°2 = 8° oM
C°E = L°GH
€°¢€ = oM
'L = 0L°6°c*2° LN
¢l = 8¢ LY
LR oy
0°¢ = gey
€€ = by
"SUE*| 03 13S S433IRAY .M, B Y. 0= OL°6°2°LY swes "S4y 2020

(og)oL/12/¢

SdiiYf

d

()

HILL3S

RED

o~ LR

(%]
(Sa)
—

NOILICKNOD
1831

NIl




9i-d

s 9°t = 8°EM
0 =0L°6°L°9°S p°2°IM
9°¢ = gcy ‘
5uL33ss ,ieng 2|, 03 S43323Y M, 2 Y. POS2340U] 0 =0L°6°L°9°S v 2Ly swes SC60
*yo29 40 doJp
a4nssaad ¥oim 3yl saonpas ydiym sadid esy sALoe £°C = gcH ;

» O3ul adid sy3 peplaLp SLul “s433esy peascddo 0= 01°6°2°9°6°“¢+°2° LM
AL1edol433uelp OM3 UC uns jualeainbs gp°L = 3ndul €°C = g°cy

3eay “Buy3las ,|eng 90°Ll. 03 S4a3edy .M, 2 .Y. 39S 0 = 0L°6°L°9°s p 2 LY aweg §550

€€ = A
0°¢ = oL‘2H
§°2 = 6°8°L°9°S p EN
§°L = 8° LY
0°2 24
9°2 = g gy

"But3jes leng, Surdsus 6°2 = i
03 40LJd A8A0334 03 S43323Y M. B .Y. 3°S 0 = oL¢e‘2¢1Lv sweg 00

o
.
oJ
I
(&9]
.
b

(e8]
.
QN
I
I~
.
Lo
=

1°E = oM
*GvL°l 03 335 s433e3y M, Pue Y. 6'L= 0L°6°t‘2°M L104 3=CS p(0) (*3u03) 0090
. 0L/12/¢€
SHITHIE SdkV - SSNILL3S SNOILIGNOD 311

d31Y3H . 1531




Li-€

0 = oL°8°‘c v 1N
p°E = 6°5°EN
0 = OL6°L°g“p 2°LY

i
]
*(4.,062+) €Y pue £H 43323y U0 dusy _
xeou Buryszoudde 10 3sSnEISQ p3dnpad sdsiesy (LY w p°€ = g¢9‘cy aues g1zl
m 0 =018, p 2 LN
w 9°¢ = 6°9°EM
| 0 = OL*6°L°S ¥ 2° LY :
*3303S USZO4S WA 4RSS A3JedY A 8°La m 9°¢ = g“s‘ey aues 2091
W 0= OL 03 M
*3¥e0S PlO3 404 043z 4amod LY M 0 = 0l 03 1Y awes COEL
W Sz =68L95y N
0°t = oL*2%
£°€ = "
*320S P102 40} asedaudd pue _ G2 = 8°/°9°c°p°ey
300 [ L0Q wWO4} JIACO3L 03 39S mgmwuorﬁ\ue 2 Y. 0= oLée‘2°Ly awes 00
0=016"2°9°S"p°2 "IN
* 9°¢ = 2°eM
*212N0 2°La 03 39S My B u¥au 0 = 0L°6°L°9°s‘p2°iy
9°¢ = g ey sues 6201

' - ~ e Ty,
—'.rnr— .I.u(.\.* “oAU

234 C2

XS
<IN

(o8]

€ = LM
0°¢€ = oL “2M
G°2 = 6°8°L°9 S pen
62 = 8°L°9°S°p°ey

L104 ¥20S P[0)

"S4y 955

("3u0d) 0//12/¢

ST

SdiY = SSNILLIS

¥3LY3H
GQIAN 3!

SNOILIGNQD
15831

A1l




o) o
[ LR "~
- ' (&
" O W
. +) "
™ Vi O 0
) $. '
O 5 (1 (&)
v (40 £ ()
4 o
0 ny 4
.- Q) tn >
(] ¥ ol e W
(&) - -~
r o
49 e A2 ()
> " 4>
Q) - | N
' = (88 ] = s
. ol [ .
s o o 4 " N
O " . . 8 1+
“ (&) = b9 o) | (]
v Vi - " - W)
a | . i 5
($H ) 5 o » o) ©
el - - ) Y. (58] o ¢
i ) O & B O o
Wl (¥ . 4 (. ')
(- 4 Q) ) @ & . w
s S ) »n O o 5. |
s = . O
O Y 1/: . " e O Y-
4+ - Q) ) - 4 . )
&) Q 4 @ M L O
o . “ £ I oS 40 5-
(V) Q n 42 4 Q Q)
vy "~ w Wi © v ¢ v r
o= o
vy v = W Q 49 ) )
S. e Q) b R (&) S |
() <) : "~ | &) " = o) )
4 4 4 (&) () @ ) 4
(5 o & 5 5 v i "
(W [+3] Y- L o) ()
v = o3 _ - A = £
& W W ?;
- - s (& & 5 s -~
- -~ L S (&) [ T o re-
= «J = Y- a. 3 A = (S o
PUS——
o o :
. LN L !
v . | H . !
. "m0 -~ 0 0 < < M O N
- . . T s O . . . '
«J, = M M ] e O o l‘; o) r-'ﬂ M O M OID M M "
= 4 ] ] " i o " " ) h ]l Ch " " 1" I i i [} (&3]
(8] ” L oy - B -
-~ v (ew] I~ I~ (e8]
< (9 . . 4 ol 0o
W = | (Ve (Yo o — i ~
de b o N O - " wi vl »N L £
— (o Wl i~ = w (V] } S| O/l r=- -
- << N e = - e (4] W er oM m
(¥8] un LS ) < S L. n
V) O o BN - " s > g B (] s O O
4 — s 4 4D O N 0O yj®O® O W O] & r~ <] 2 W
- '1 . " - . L N ” LS g " L
r— = N M| r~ ™M = ™M =] M (o] ~ = N M r~ -
<< B =2 X =L X2 o € N N < « X B« X X i< =
—
v r—
& o
« 38
b=
[Zo I o -
| R o]
- 0 o
= v
a3 o )
r- = f:, E g =
(&) (¢} 8] o " < o
L8] (%) (%2} v v) v
C
-
Fe
=
(&) —~
Ll QO p—
Cn ] S . w .
bt w) S
=] O] 5. = 5
-~ r o B
b, o
1 ™ - o O (Yo w n
NN O oy <r < <t
- o ) (Ve ) r~
.. == -

i
T




|
|
5
'
O
| (&)
O
.‘,l
|
| S
{ (&)
ope
| -
(&1
&
Q)
O
. (&)
™ (W
o) -~
'
M o .
- 4 r- Kl )
[ o i Y
. (V)
- ) Q)
1 - ") (48}
f M | 4 1)
g . (8] "
© "~
& o) .
L. [
- ﬂ) r
4 4+ ¢
e ) (48]
= {
S.
49 ™ v
5 r— ¢
n (& Q)
) g {-
(¥, (4]
Y- W
. (@] s .
(¥ o2 w [« W
po- O s 4] = [ S
(@] e - (&) o 8] U
v) L) = w v (9] vy
e Aa——— - - e — -
O~
. ~1 . m ‘ Nl
\ Lo * !
o ) . o
Q. M O o M O n wnw o m n wn o m M
o . . n . . . . . . . . v .
L - TR ~ A o ES B R B ™M MO N M M OO NN - ™M ™M
0o i il il " I ]} [®2) 1 o L} 1 I “ ] ] I on il i L} I
L) - -~
- v (e8] (#))
1 D . o
W = I~ N [e)]
b ~ T o o O . () L] (e
- g g r— O] ~ =« [ Lo e (o))
- g = <L ol e “ T " el o -
(V) LN o < 9]
(%] o (&) o o o O " 2 0 » o G "
+ 2w 4 ~ <l 2 oy ] 42 = ™M 42 - -~ 0
I - 3 " 2 - -~ o . - ~
e d B el ool . e i | o N OWlre= = o0 W N - ™M = O N
<< =|lnv < 2 B i< = = = B 2 I | <& - - S B
—
.. 4
N} r—-
v O r—
= Y w| o
[ | G-
= O o v
Ui - |l X
U0 - ol O it
- O - - pes | o (]
— Vi - v ~14 wn
< o
A U ]l v ~]| O fp (3] W
© O - — = s i
- O] ~ O] O o o ©
(%} =] n i O v (%2 ] v
U
- g i
& 3 |
[ :
Ll (&) 1
}: S . i
[ w) i
(& ] e 5
N o &
i 3
i [9V] B! wn r~ ~ Lt e~
Oy < L o) o r—
N - O Vel ~ (SF) (G}
™M - r - — r— ——




0z-9
5 $°2 = oM
£°2 = L°SM
/€ SuOL3Lpuod 6°L = ym.¢z
2yd aunssaudad G°L =. OL°6°E°2°IM L1eM pLOd
35S s433e3y 0= Oly o3 LY i Y3 LM 34nsssudsy 00€0
{104 0o}
aues 430 uns 3pLs #510
dspun 3n0 1134 0= _ OL-L°S-IM
4333y “493e3y i SM
1s 30u pLnom g%y 0= OLY 03 LY awes S£10
L{04 LU0,
ales ss|npow uns 3pts (1Y *say 000
(238)oz/¢z/¢
0= OlM C3 LM LLoa €2-61
"LIO4 Y3 im 2.4e3S 4R|CS _ 0= OlY ©3 1Y s3|npow uns 9LLS av02
0= OLMO3 M
t4d 3eas po) 0= OLlY °3 LY awes pes!L
£°C = M
g°¢ = oM
G2 = 6°G P EM
*3eos 0 = 0L*2°IM *say 8781
03 J40t4d 43A0234 404 BW S4933234 M. ] 0 = o1y 03 LY 1104 %e0S p|O) (*3u0d) 07/22/¢€
_ SAlly - SONILL3S Si0ILIQNCD WIL
¥ILY3H 1531




APPENDIX C

DELIVERY AND PRELIMINARY INSPECTION AT NASA/MSC




APPENDIX C

DELIVIERY AND PRELIMINARY INSPECTION AT NASA/MSC

Upon arrival at the Houston rail receiving agency, the heat pipe
shipping container was examined to de.ermine the extent of externally
observable damage. No visible damage was apparent except that one of
the thice steel tie-down straps had broken at the top of the shipping con-
tainer, probably due to a fatigue break at a bend in the strap. 7The heat
pipe shipping container was then trucked on a flat bed in a horizontal
position (side-load) to the receiving depot at MSC. After delivery to
Building 32, the heat pipes were removed from the shipping container,
and assembled in the high bay area adjacent to Chamber "A' of the
Space Environment Test Division, The assembly was optically leveled

to #1/8 inch using shim stock under the nylon thermal isolator pads.

The verification test procedure, Appendix A, was not followed due
to a shoriage of power supplies., Instead, two heater sections were
cnergized until the water heat pipe operated in the heat pipe mode within

the acceptance level established by the MSC monitor,

When power was applied to the four methanol pipe heaters (A, A2,
A9, A10), there was a current leak from the heaters through the heat
pipe structure to all T/C's. This leakage was large enough to cause the
thermocouple recorder to severely deflect all T/C's to an off-scale
condition. Electrical resistance measur-ments showed the values to be
much less than the heater design value of 7.0 ohms. In order to meet
Chainber "A' test scheduling requirements, it was necessary to com-

pletely eliminate the use of these heaters during vacuum testing.

A word here is appropriate regarding the history of the test heaters,
Initially, stainless steel wire was used for all twenty heaters (ten on cach
system). However, there was a tendency for the units to peel up at the
corners after prolonged use because of the spring of the steel wire All
twenty heaters were then removed and rewound with manganin wire. Also, ;
a layer of heavy aluminum tape was used over the top layer of teflon tape :

to aid in keeping the wire from lifting off the surface. Visually there was

4 s

no difference in the twenty units. Also, no further difficulties were

encountered in the development testing effort.




During the operation to seal the ammonia (methanol) pipe, it was
necessary to freeze the ammonia in the area opposite the fill tube (see
Scection 4. 2,2), To accomplish this, modules A1, A2, AY and A10 were

submerged in LN,; these four were, in fact, the inoperative heaters for
2

the thermal vacuum chamber testing, No heater which had not been gub-

jected to cycling in and out of L,Nz malfunctioned prior to or during the

testing, It should be noted that all heaters including the four inoperative

units were operated at TRW/Redondo Beach after the freezing operation,

Also, the resistances of all twenty heaters were checked just prior to

packaging and shipment,

It is speculated that the LN, immersion was the principal contribu-
tor to the failure of the four heaters although subscquent attempts to
duplicate the thermal cycling has not produced a similar malfunction,
Possibly, a secondary contributor was the shock and vibration encountered
in the rail tramnsport to NASA. However, the combination of events causing
the malfunction of the four heaters could not be reconstructed from the

limited evidence available. .

The unit was then installed in the NASA/MSC Chamber "A'" Thermal
Vacuumn Facility using a special handling fixture provided by TRW Systems
and leveled to within the required £1/8 inch, Leveling was accomplished

with a laser beam.

The real-time test support function performed by TRW was to man
the heat pipe console in the Chambér "A'" control room, monitor the
continuous on-line visual display cathode ray tube (CRT) which displayed
all heat pipe thermocouples, verify the heater setting with the power
control operator, record the thermocouple data in real-time in the event
it was required prior to the availability of a hard copy, act as a consul-
tant to the Test Conductors regarding heat pipe operation and assure the
heat pipe timeline was accomplished. In addition to the cathode ray tube
readout, the Chamber "A'" Data Acquisition S'ystem supplied on-line data
printout, Thermal Uplink Data Display (THUDD), every half-hour with
about a half-hour to one-hour lag from real-time. The Heat Pipe Monitor

maintained a file of this data in addition to the other duties. =

Test results arc presented and discussed in Section 4.4 of the main @

body cf this report.
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