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FOREWORD

This report is submitted by the Space Division
of Rockwell International Corporation to the National
Aeronautics and Space Administration, Ames Research
Center in accordance with the requirements of Contract
NAS2-8830. The work was administered by the Project
Technology Branch of the Space Projects Division, with
Dr. Craig McCreight as Technical Monitor,

The program was performed under the direction of
J. P, Wright, Program Manager. Technical and Laboratory
assistance was provided by G, W, Gurr, Jr,, C. D. Rosen,
D. E, Wilson, A, M, Lehtinen, and T. T. Cafferty.

: - 14~
S P - TC R P P 7P S B UGy UOV NI ST G N



CONTENTS

Section

1.0

2.0
3.0

4.0

5.0

SUMMARY AND BACKGROUND « ¢ ¢ o ¢ o o o ¢ ¢ o o o o o o
WY ® & 8 & ® 6 o ° * & O ¢ 0 & & s 6 2 o 0+ * 0
BACKGROUND e o 8 & & 6 s & & 5 0 2 s S 0 4 & 8 b o°o
SPECIFICATIONS AND REQUIREMENTS « ¢ ¢ s ¢ 4 o o o o &
DESIGN PARAMETERS AND TRADEOFFS « ¢ ¢ o ¢ o o s o o o
WORKING H‘Um L4 . * * L3 . . L] L d L] . L] * [ » * . * L] Ll
CONTAINER DESIGN - L] . L] L] [ ] L] L] L] (] L] L] L] L] L] [ ] L] . L]
"ICK DESIGl‘ L] 1] L ] L] . L L] L] L] . L] L] L] L] L] L] [] ) . L) -
ANALYSIS AND DESIGN . o . o ¢ o ¢ o o ¢ ¢ s o ¢ » o o
PARAMETRIC ANALYSIS . ¢ o o ¢ ¢ ¢ o o o ¢ s 6 ¢ o o o
SELF—PRIHING @ & & & 8 ©® e @ ° 8 8 e & o =+ & & & & @
TRANSPORT CAPABILITY . « « o s o ¢ s o s o ¢ o s s o o
HEAT PIPE DESIGN SUMMARY . & ¢ o o o o & & o o ¢ o ¢ '
PARAMETRIC PERFORMANCE ¢« ¢« & o ¢ & ¢ 5 ¢ o ¢ ¢ o s o o
EIGH POWER HEAT PIPE PABRICATION AND TEST , . . . . .
EEAT PIPE FABRICATION ® e e & * & 6 5 & 5 O 0 B O » o
Flexible Container . « o« o o s o ¢ o ¢ ¢ 2 s o o o o
Primary Wick Fabrication and Testing « « « ¢« o o .+ &
Wick Standoffs (Bridges) « « o« ¢ o o ¢ ¢ ¢ ¢ o s o o
F1l1l Tube and End Cap o o o ¢ ¢ o o s 6 ¢ o o s o
Final Assembly s & s & e 8 4 % 8 8 2 s s 6 & b s @
BAKEOUT AND FILLING . « ¢ o o o ¢ 6 o ¢ ¢ s s o o o o
BakeoUt =« ¢ s o ¢ o o« o o 8 6 3 6 o s 0 ¢ 8 8 o & o
Filling L) L] . L ] . L] L] L ] [ ] * L] . L] L] L] L ] . . . L] . L]
msr PROGM - L ) * . L] L] L] * L] L . [ ] L] [ ] L] * L] [ ] L L] L]
Methane TeStB8 .« o o ¢ o o o s s s ¢ o ¢ ¢ o o ¢ o o
Gas Analyﬂis TEBLS ¢ ¢ o ¢ o 2 o ¢ & ¢ o o 6 0 0 o o
Ammonia Tests. « & 6 % 8 o % o & & & © 0 + s 6 s s @
Visual Examination « « « o o ¢ s ¢ ¢ o ¢ ¢ ¢ ¢ o s &
EVALUATION e & o 4 o & 8 2 5 06 5 6 8 0 8 0 6 e s b &
- & laen - ——— - ‘ 8 ' -m- -

R e L 4 S N . . - P U S S\ S YO

QA% Rockwell Intemational
Space Division

Page

e & o & o o
e
[

.
.
.
w
[ ]

.
.
.
w
~N

Y

L

[ ] L] L ] [ ] [ ]
o
P

";/_r\‘

e
. . PN

SR
—teane Lol L b



@@ Rockwell Intemational

Space Division

CONTENTS (CONTINUED)
Section . . - Page

6.0 LOW TEMPERATURE HEAT PIPE FABRICATION AND TEST « o« « o o « & 71
HEAT PIPE FABRICATION ., + o ¢ o o o o

Flexible cOntainer . L ] . L] L] L2 . - LJ L ] L d . L) . L] L ] . e L ] * 71
Primary Wick Fabrication and Testing . . ¢ ¢ ¢« o o« s o & o 75
Hick Standoffs (Bridges) « o ¢ o o o o s o o o s o ¢ ¢ o o 79
Fill Tube and ENd Cap « « o « o o = s ¢ o o o s o o s s & 79
Piml Asaembly * L] . i ] L] - L ] . e L] L ] L ] [ ] L] [ ] L ] . L ] L . L ] - 79
_ BAKEOUT AND FILLING &+ ¢ o ¢ ¢ o o o o o o s o s 6 s s s s & 82

Bakeout_.........'................ 82
Filling.o.oc........-.....o..... 82

TESTPRoGRm‘Ql..l...ll..l.......'l. 82

7.0 FLEXURAL CYCLE TESTS o « « o o ¢ ¢ o6 o s ¢ o o s s o o o o 91
TEST SET-UP « v v ¢ o o o o ¢ s o s o o s s a s s o oses 91
TARE TESTS o « « o ¢ o o o o ¢ o e o s e s oo o seaees 93
FLEK TESTS + o o o o « o o o o o o s ¢ o s s oo oeeees 93
EVALUATION o « o o o o o o s o o s o s s a o a s o s s o oo 93

8.0 " CONCLUSIONS AND RECOMMENDATIONS .« « ¢ s o o o « o o o o o 99
GENERAL . ¢ o ¢ o ¢ ¢ ¢ o ¢ o o 6 8 5 06 06 06 0660600 02 99
FPLEXIBILITY « 4 o o ¢ 6 ¢ s ¢ o 5 6 ¢ 0 0 0 0 0 0000 08 99
PERFORMANCE . 4 ¢ s o o« ¢ o s o s ¢ o o «a ¢ 0o 0 0 ¢ 00+ 100
RECOMMENDATIONS & o o o ¢ o o s o o o s o o e 6 060 ¢0 .4 101

Rm“czs ® & 8 0 ® & & & P & 6 O & o 9 " e o & & 4+ e+ 0 103

APPme A L ] * e . ® [ ] L] L] L] L] L] L] L L] L] L [ ] L] L] L] L] . L] L]
WICKPER PROGRAM UTILIZATION MANUAL

APPENDIX B
PARAMETRIC PERPORMANCE PREDICTIONS

. - 4
. g
. - . TNl
- N © - >
r
- . ’ 4
é o . 4 s
i N < ‘
. N
N . « L -
3 ‘

- - -
: T e ~ PN e -

- s " -
% ! - / . . - 7( : P

) . . ) . ) . N LowEe

! - i - . . s ... . -, - .. '-1“_ " . . v . . ~ PN - .
Y [ L, : L, . - 5 PR AT P Sy WA 3
B L et i I RO AN S S0 S A M S SOt A DUPE s IR 1L P ST AIRE <L X Rkt Tt o S IR Lo )

—



‘L‘ Rockwell Intemational
Space Division

LIST OF ILLUSTRATIONS

Figure Page

2-1 Plexiblelleatl’ipel.ayout.................. 8
3-1 Liquid Transport Factor Vs, Temperature . . « « « « « o« s « + 10
3-2 Wicking Height Pactor Vs, Temperature « « « « o« o« o« o » o « o 10
3"3 Vapor ?ressure Vs. Temperature. s 6 8 o & s 0 v s @ 8 v s s s 10
3-4 Thermal Conductivity Va. TemperatuUre .« . + « o s ¢« o o « s « 10
3-5 Flexible Composite Wick Deaign ® & 5 & o 8 e e " s 0 0 s o @ 15
4-1 Wick Pemability Test Set-Up e 8 8 8 8 o & o 0 e e e s s o @ 19
4-2 Heat Transport Summary Based on Theoretical Wick Permeability 24
4-3 Heat Transport Summary Based or Measured Wick Permeability. . 26
4-4 Theoretical Performance of High Power Flexible Heat Pipe in
"°°8"(m8thane)oooo.o.o-no..o.-.ccc-o 28
4~5 Theoretical Performance of High Power Flexible Heat Pipe in
"o‘g"(ethane)...n..o.oc‘l‘l'c.o.b!’o 29
4-6 Theoretical Performance of Low Temperature Flexible Heac Pipe
1n"0-g"(oxygen)......-..-........-. 30
4=7 Theoretical Performance of Low Temperature Flexible Heat Pipe
1“ “o-g" (nitrogen) L] L] L) - - L L] L] . L) . [ ] L] - L] L] L] L ] [ ] 31
4-8 Heat Transport Capability of High Power Flexible Heat Pipe vs,
Elevation(methane).................o. 32
4-9 Heat Transport Capability of High Power Flexible Heat Pipe vs.
Blevation(ethane)......-----.....-... 33
4«10 AReat Transport Capability of Low Temperature Flexible Yeat
Pipe va. Elevatfon (OXygen) . « « « ¢ ¢ o o o o o o o o 34
4-11 Heat Transport Capability of Low Temperature Flexible Heat
Pipe vs. Elevation (nitroger) . « « o o o o o« ¢ o o o s o 34
5-1 High Power Heat Pipe Design Detafls . .. v o + o o o « o « 39=40
5-2 Heat Pipe Fabrication Sequence . ¢ o « ¢« o 4 o o ¢ ¢ o & & 41
5-3 As Received Flexible Bellows Assemblies . « v « o ¢ ¢ o o & 43
5-4 High Pwer Pipe Bellow Pailute ® e & 8 & & o & & o 8 &+ * 44
5-5  Flexible Bellows Assemblies After Machining . . « » o o« o & 45
5-6 Heat Pipe Wick Static Pressure Test Set-=Up . . « o o o o & 46
. 5-7 Flow Permeability Test Results with High Power Heat Pipe Wick 48
: . 5-8 High Power Heat Pipe Components « « « « ¢ ¢ ¢ ¢ o o o o » o 51
[ PR IS Y B YO S-S Y D - o o '

.
LT e PR - - ¥ .
L= e I VN SN PO I e ava



‘l‘ Rockwell Intemnational
Space Division :

LIST OF ILLUSTRATIONS (CONTINUED)

Figure Page
5-9 High Power Heat Pipe Heater and Thermocouple Locations ., . . 54
5-10 Instrumented High Power Heat Pipe . . o ¢ o ¢ & ¢ o o o o o 55
5-11 Test Set-Up Schematlc o o o ¢« o o ¢ o o o o ¢ o o o o & « o 56
5-12 Reat Pipe, Test Fixture and Cooling Block . ¢ « « o« o o o+ o 57
5-13 Methane Test Dat8 4+ o+ & « » o 5 o o o o o o 2 0 o o s o o o 58
5=14 Methane Test Temperature Profiles . . o ¢ ¢ ¢ o o o ¢ « o o 59
5-15 Troubleshooting Test Plan for Methane Heat Pipe . « . . . o 61
5-16 Test Results with Ammonia at 280°K . . o « o « ¢ o ¢ o o o 66
5-17 Schematic of Capillary Interface Between Screen Wick and

VeGrooves . « ¢ ¢ » o ¢ ¢ ¢ o s o ¢ o 0 s 5 ¢ 6 8 0 o 0 0 o 65
5-18 Maximum Heat Transport Vs. Ammonia Charge . « « « « o o o o 68
5-19 Thermal Conductance V8. Tt ¢ « « ¢ o « o o o o » o o o = 68
-1 Low Temperature Heat Pipe Design Detalld . . . « ¢« ¢« ¢« ¢« +» » 73=74
6-2 Wick Closeout EFud for Low Temperature Heat Pipe ., . . . . 77
6-3 Flow Permeability Test Data, Low Temperature Heat Pipe Wick. 78
6-4 Evaporator Standoffs for Low Temperature Heat Pipe . . « . 80
6-5 Low Temperature Heat Pipe Components . « . « o« « o s o o o o 81
6-6 Low Temperature Heat Pipe and Pressure Reservoir Assembly . 83
6-7 Heater and Thermocouple Locations for Low Temperaturve Heat Pipe 84
6-8 Low Temperature Heat Pipe Test FIXture . o« « « o o ¢ o o » o 85
6-9 Transie.t Cooldown Data . ¢ o o ¢ o « o o« o o o ¢ s o o o o 87
6-10 Teat Data With Oxygen Vs. Theoretical Perfo}mance ¢ o e 0 s 89
7-1 Flex Cycle TeSt S@L=UDP ¢ o ¢ & o s o o o o 6 o ¢ o ¢ ¢ o o o 92
7-2 180 Degree Contour Plate « «™>wgge o ¢ o o o o v 3TN 94
7=3 Flexural Bending Force Profiles ., : e e o s s s e s s e o s 95
1-4 Peak Bending Porce Vs, Flex Cycle . . ¢ ¢ ¢ o ¢ o ¢ s o o o 97

B »
- M- - . RV SN .:‘A_.,;"..; IRPURESVEPNVI G, DY O



aib Rockwell Interational
Space Division
TABLES

Number Page
2-1 Specified Heat Transport and Static Height . « ¢« « o « + « & 6
2-2 Specifications for Flexible Cryogenic Heat Pipes . . . . . » 7
2-3 Heat Transport and Static Height for Design Temperature Ranges 8
3-1 Film Coefficients for Oxygen and Methane . , . o+ s ¢ o o« o & 12
4-1 ?emability'featlleaults e 5 8 ¢ 6 8 s 8 s 0 8 s 0 s 0 0 s 19
4-2 High Power Heat Pipe Design Summary o ¢ o « ¢ o ¢ » o ¢ o o 21
4-3 Low Temperature Heat Pipe Design Sumary . o o o « ¢ o s o 22
5-1 Bigh Power Heat Pipe Burnout Data . ¢ ¢ o ¢ o o o ¢ o o o o 58
5-2 CGas Chromatography ResultS ¢ « o ¢ s o ¢ s ¢ o 6 s 0 ¢ o o s 62
5"3 Burnout Test ReSullS « « « ¢ ¢ o ¢ o s ¢ ¢ o o 8 o o s o o o 66
7-1 Results of Cryogenic Heat Pipe Cyclic Testing . « « « & « & 9%

.x

P
e W 4d
*e

i e ey ey v
¥

s

TR o " < '
A 2SN - S . -3 .
. " - L
L v [ . s
(e

e ) “lh
OO o ST U AL S Gl =7 AL NS Yy DURRA




’A Rockwell Intemational
Space Division

1.0 SUMMARY AND BACKGROUND

SUMMARY

This report summarizes the results of Contract NAS2-8830, "Development
of a Flexible Cryogenic Heat Pipe Program.” The program was initiated in
July 1975 and was completed in July 1977. The program was an analytical
and experimental teclmiology development effort to develop the technology and
experience necessary for successful application of high performance flexible
cryogenic heat pipes. Two pipes were designed and fabricated for testing
and evaluation. One was designed for operation in the 100-200 K temperature
range with maximum heat transport as a primary design goal; the other vas
designed for operation in the 15 - 100 X texperature range with maximum
flexibility as a design goal.

Parametric performance and design trade-off studies were performed to
determine the optirum geometry and materials for the container and wicking
systems. The 100 - 200 K pipe was designed for operation with methane and
ethane, and was optimized for methame in the range 110 - 140K, The 15 - 100 K
pipe was designed for operation with nitrogen and oxygen, and was optimized
for oxygen in the range 75 - 90 K.

The selected wick design was a multi-wrap composite, consisting of a
spirally-wrapped coarse mesh screen encapsulated by a fine mesh outer wrap.
Screw thread type V-grooves were machined into the evaporator and condenser
walls for circumferential 1iquid distribution. A braided flexible stainless
steel bellows assembly was used for the flexible gsection. The container was
designed for a pressure safety factor greater than four, with an ultimate

design burst pressure of 10.3 x 107 Pa.

The high power (100 - 200 K) heat pipe was tested with methane at 100 -
140K, and test data indicated only partial priming with a performance limit
of less than 50 percent of theoretical. A series of tests were conducted
with ammonia at ~280 K to determine the performance under varying fluid
charge and test conditions. The low temperature heat pipe was tested with

. oxygen at 85 - 95°K and with methanol at 295 - 315°K. Performance of the

- A
. - ’ * )
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low temperature heat pipe was above the specification (6 - 8w vs. 4.5w) but
was below theoretical predictions. Results of the completed testing are
presented and possible performance limitation mechanisms are discussed in
sections 5.0 and 6.0, The lower~than-expected performance was felt to be
due to small traces of non-condensible gases which prevented the composite
wick from priming. Additional investigation and parametric testing 1is
recommended since all cryogenic composite wicks are subject to the same
potential degradation.

BACKGROUND

As performance and lifetime requirements for future spacecraft systems
and experiments become more stringent, the need and demand for reliable and
efficient passive thermal control systems becomes more critical. This has
been evideaced by the increasing number of spacecraft systems utilizing
ambient temperature heat pipes over the past five years., More recently, the
advantages of heat pipes for thermal control have been realized on systems
operating at cryogenic temperatures. The RM-20B radiator (Reference 1) was-
the first application of cryogenic heat pipes into a space qualified
thermal control gystem.

Preliminary design studies of future DOD and NASA programs and experiments
indicate increasing applications of cryogenic heat pipes. In many cases,
flexibility 1s required because of co-planar ground test requirements or to
facilitate on-orbit deployment, orientation or scanning. ﬂiiﬁohgh‘the tech-
nology of rigid cryogenic heat pipes is reasonably’&ell established down to
80°K, flexible cryogzenic heat pipe development to date has been limited. A
flexible cryogenic heat pipe with methane as the working fluid was tested
at 110°K during 1974 (Reference 2)., Although test data indfcated that
the concept was feasible, a highly flexible cryogenic heat pipe has yet
to be developed and qualiffed. Below 80°K, little or no data exists although
there appear to be applications with requirements as low as 20°K or lower.

In addition to providing a flexibla heat transfer link for deployable
or moving spacecraft systems, flexible heat pipes offer several advantages
over rigid heat pipes in many applications. A flexible heat pipe:

. -2- o

e e i om ATl s ¢ e e bt e d B i Bt s



* Rockweil international
Space Division

(1) Pacilitates fabrication by eliminating the need for
accurate bends and alignment tolerances. Flexibility
also facilitates installation and allows more accurate

alignment of the heat pipe at critical interfaces.

{(2) Minimizes or eliminates stresses in a system due to
differential thermal contraction between the heat pipe
and the system as the system is cooled to operating
tezperature levels. This feature is critical in
applications where heat pipes interface with optical
or infrared sensors which require extremely accurate

alignment tolerances.

(3) Allows meaningful ground testing of heat pipes which
require multlple plane bends in the installed

configuration.

Potential NASA applications include the Shuttle Infrared Telescope
facility, the NASA/JPL Gamma Ray Spectromecer, and the NASA/JSC Super-
conducting Magnetic Spectrometer., The use of flexible heat pipes to thermally
1link a detector or sensor with a cryostat or radlator provides needed
flexitility of detector location, whereas in many conventional systems, the
cryostat or radiator location is constrained by pointing requirements for
the detector. This flexibility of location could result in reduced space
and weight, lower dynamic loads, and lower environmental heat loads.

Cryostats could also be better located to minimize center-of-gravity changes

as the cryogen evaporates.

The two flexible pipes reported here were each chosen to be represent-
ative of a particular class of applications. The 100 - 200 K high power heat
pipe is of the type useful for deployable radiatore, where large distances
or heat loads and a small number of flexures are generally required. The
low temperature, unaximized-flexibility pipe is applicable to cooling of
moveable cryogenically-cooled detectors.
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2,0 SPECIFICATIONS AND REQUIREMENTS

The high power heat pipe was to be designed for a specific operating
temperature in the range of 100-200°K, with che heat transport capability
as great as possible. The low temperature heat pipe was to be designed for
a specific operating temperature in the range of 15-100°K. The heat pipes
should meet or exceed the heat tramsport and static height values shown in
Table 2-1 for various fluids. As discussed in Reference 3, the specified

heat transport and static height values for neon may not be achievable
with a single design for all of the fluids because of its poor surface

tension.

The high power heat pipe was designed and optimized for operation with
methane at 100 to 140°K. The low temperature heat pipe was designed and
optimized for operation with oxygen at 77 to 90°K. The heat transport and
static height corresponding to these temperature ranges for the high power

and low temperature heat pipe are shown in Table 2-3.

In addition to the above gpecifications, the primary wick must be
capable of self-priming apainst an adverse elevation (0.2 cm was selected for
design purposes). The heat pipe must also be designed to withstand a burst
pressure of four times the internal pressure of a fully charged pipe at the
maximum service temperature (315°K). A schematic of a flexible heat pipe
is shown in Figure 2-1 for reference.

mﬁ PAGE BLANK NOT FILMES
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Table 2-1 Specified Heat Transport and Static Height

High Power Heat Pipe
Working Approximate Horizontal Plane Static
Pluid Operating Heat Transport Height, cm
Temperature °K Capability, W

CH4 110 40 1.7

CZHG 140 35 1.7

Freon 13 180 20 0.6

NH3 200 100 3.0

Low Temperature Heat Pipe
Working Approximate Horizontal Plane Static
Fluid Operating Heat Transport Height, cm
Temperature °K Capability, W

Hz 20 4.0 1.4

Ne 30 0.5 0.2

Nz 77 2.5 0.6
y 02 90 4.5 0.6
- cu, 100 20.0 2.0
E; B .‘_: - . ;(«x :- %, .0 sl \.' - N 1
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Table.2-2 Specifications for Flexible Cryogenic Heat Pipes

High Power Heat Pipe

Dimensions:
Overall Length 95 em
Evaporator Length 15 .m
Transport Length .65 cm
Condenser Length 15 enm
Evaporator and Condenser Diameter TBD
Flexible Section Dismeter As small as possible
Weight As low as possible
Operating Temperature 100 - 200°K
Heat Transport and Static Height See Table 2-1
Allowable Temperature Differential . 4°K

Flexibility Requirements:

Minimum Bend Radius 20 cn

Bend Angle {(Primary Plane 0 - 180°

Bend Angle (All other Planes) 0 - 90°

Lifetime > 1000 Cycles before failure at Oper.
Temperature

Elongation from Cryogenic to Ambient Temperature As small as possible

Low Temperature Heat Pipe

Dimcnsions:
Overall Length 95 cm
Evaporator Length " 15 em
Transport Leangth 65 cm
Condenser Length . 15 cm
Evaporator and Condenser Diameter TRD
Flexible Section Diameter As small as possible
Weight As low as possible
Operating Temperature 15 - 100°K
Heat Transport and Static Height See Table 2-1
Allovwable Temperatura Differential . TR

Flexibility Requirenments:

Minimum Bend Radius l4 e
Bend Angle (Primary Plane) 0 - 180°
Bend Angle (All other Planes 0 - 90°
Bend Force at Operating Temperature < 13.3 Nt
' ) Lifetice > 1000 Cycles before failure at Oper.
. Temperature )

Elongation from Cryogenic to Ambient Temperature As gmall a8 possible

e
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Table 2-3 Hea: Transport and Static Height
for Design Temperature Ranges

Operating Horizontal Static
Temperature (°K) Heat Load (W) Height (cm)
High Power Pipe
100 20 2.0
110 40 1.7
140 35 1.7

Low Temperature Pipe

77 2.5 0.6
90 4.5 0.6
FLEX HOSE ASSY
316 SS Tube 316 SS DOUBLE-BRAIDED
r (s =

N ‘ L :
CONDENSER SECTION  FLEXIBLE SECTION TV EVAPORATOR

SECTION

" — TRANSPORT SECTION

Figure 2~1 Flexible Heat Pipe Layout
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3.0 DESIGN PARAMETERS AND TRADEOFFS

Although design procedures vary with applicatf{on, the heat pipe design
methodology generally consists of selecting a working fluid on the basis of
its physical and thermodynamic properties in the required operating temper-
ature range, and designing an envelope which will meet the specified
performance and pressure containment requirements. Optimization generally
involves either maximizing the transport capability within a fixed physical |
envelope, or minimizing the size and/or weight for a specified transport and i
conductance requirement.

The requirement for flexibility, particularly with cryogenic heat pipes,
imposes a number of additional design considerations on the wick and
coatainer. The following paragraphs discuss the various factors as they
relate to the optimization of a flexible cryogenic heat pipe.

WORKING FLUID

In general, the best working fluid {3 one which is compatible with
applicable container materials and whose liquid transport factor (Ng). wicking
height factor (H), and thermal conductivity (k) are the highest. In addition,
it 35 desirable to have the fluid's normal boiling point below the operating
range in order to avoid excessive vapor losses. Furthermore, maximum
flexibility and minimum'container strength and weight are realized if the
fluid has a low critical pressure and a high critical temperature. Pertinent
fluid properties for the specified heat pipe fluids are shown as a function
of temperature in Figures 3-1 through 3-4,

In the cryogenic regime, especially at the low end, there are a limited
number of sultable fluids, and each has a relatively narrow operating range.
For example, helium, hydrogen, and neon are probably the only fluids suited
for operation in the 0 to 40°K range. Meaningful thermal tests with helium
in the O to 8°K range are questionable. Hydrogen has adequate transport
properties in the 15 to 30°K range but poses safety requirements. Neon has a
relatively high liquid density and a very low surface tension which result
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in an extremely low wicking hLeight factor in the 3" to 40°K range. As a
result, 1-g testing with this fluid 1s extremely difficult even with
optimized wick designs. It should also be pointed out that between the
critical temperature of neon (44.5°K) and the triple point of fluorine (54°K)
po two-phase fluids exist. The 40-60°K range is therefore lmpractical for
heat pipe operation.

Oxygen and nitrogen are the most suitable for the low temperature pipe.
Fluorine was discounted on the basis of safety and handling; argon, on the
other hand, has comparable transport properties, but its melting point is higher
than either oxygen or nitrogen (84.2°K). Oxygen was selected as the working
fluid for the low temperature pipe.

In the 100 to 200°K range, fluids have a broader operating range and
their perofrmance is generally better. Methane and ethane have the highest
heat transport and wicking height factors (with the exception of ammonia
whose melting point is slightly below 200°K). Several of the Freons (e.g.
F-13, P~14, and F-21) are also useable but their wicking height factors are
approximately 1/2 that of either methane or ethane in the respective operating
ranges. Consequently, less permeable wicks are required to satisfy the gelf-
priming criterion and this in turn results in substantially lower transport.
Mettane was selected as the wicking fluid for the high power heat pipe.

CONTAINER DESIGN

Design considerations for the container include flexibility at operating
temperatures, pressure containment at the maximum service temperature, flex~
ural fatigue after repeatad cycling, elongation, compatibility with the work-
ing fluid, and machinability and weldability. The thermal conductivity of
the container wall is an important consideration in the evaporator and
condenser., The material properties corresponding to pressure containment,
elongation and flexibilityv are yield strength, thermal coefficient of
e;pansion, and ductility, respectively. Various materials and designs for
the flexidble container were evaluated. The selected design is a 316 stainless
steel braided flexible bellows assembly with a 316 stainless steel tube
brazed at either end for the evaporator and condenser sections. In addition
to satisfying requirements for flexibility, compatibility, containment, ete.,
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this type of flexible hose 1s readily available as an "off the shelf" item.

The inside diameter (ID) of the container is determined by flexibilicy,
thermal conductance, containment and transport requirements. Nominal 0.953 cm
(3/8 in) and 0.635 cm (1/4 in) flexible hose sizes were selected for the high
pover and low temperature pipes, respectively, on the basis of a preliwninary
transport analysis and flexiblity requirements.

Evaporator and condenser I.D.'s must also be consistent with thermal
conductance requirements. Available literature was reviewed to establish
film coefficients for the methane and oxygen pipes (References 2, 4, S and 6).’
There are limited data for both flulds and in fact oxygen has been tested !
only in an axial grooved heat pipe (Ref., 4). Since axial groove film
coe.ficients are generally lower than those for screw thread secondary
wicks, the axial groove values were used to predict conservative conductances '
for the flexible pipe. A summary of film coefficients available in the
literature for methane and oxygen is presented in Table 3-1.

LI VI

Table 3-1 Pilm Coefficients for Oxygen and Methane

Fluid Temperature| Wick Design Evaporator Condenser
°K (W/a?-°C)| (BTU/hr | (W/m2-°C)| (BTU/hx
-ft2-°F) -ftZ-°F)
Oxygen {100 | Axial groove 2900 500 4900 865
Methane |100-130 Axial groove 31730 300 6100 1070
100-120 Axial groove 2300 400 3300 570
125 Spiral artery/ 1700 300 - -
screvw thread .
grooves
120 Multiple artery/ Average
screw thread 3060 W/m2-C (530 BTU/hr-ft2-°F,
grooves

The relatively low heat loads specified for the low temperature pipe
allow the 3°C design goal to be satisfied with a tube ID less than 0.635 cm
(1/4 4n), and the specified 15-cm evaporator and condenser lengths. A
0.98 em ID was selected for the evaporator and condenser sections to
accommodate the uxygen pressure without using a reservoir.

12~
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It was necessary to increase the evaporator leangth of the high power pipe
to 20.3 cm in order to limit its temperature drop to 3°C. Evaporator .and
condenser IDs could have been increased but these sections would become
_ unnecessarily bulky and would impact the self-priming ability of the wick,

WICK DESIGN

The various factors that affect the wick design include self-priming
and transport requirements, flexibility, and materials compatibility. Screen
18 readily available in 316 stainless which is also the container metal,
Optimum flexibility in a screen wick is obtained by orienting the crossmembers
or fibers on a bias relative to the longitudinal axis of the wick to avoid
normal compression of the fibers in bendi~~. With the square mesh screens
that are commonly used to fabricate conventional wicks, bias angles between
30 and 60 degrees provide the greatest flexibility. In addition this also
provides the axial pliability needed for expansion and contraction. Maximum
flexure in all directions requires a wick which has a circular or annular
cross-section and is concentric with the container. The cross-section should
be as small as possible, consistent with transport and wicking height

requirements,

Examination of the transport and static height specificatfons indicates
that composite wick designa are required. Axially graded wicks are a possible
alternative but they were not sufficiently developed to be considered for
this application. A variety of composite wick designs have been tested.

These include the pedestal artery, multiple central artery, spiral and
tunnel artery, and multi-layer slab, The slab used in the feedback controlled

heat pipe for the ATFE (Ref. 7) has demonstrated reliable zero-g start-up
with a non-condensible gas preéent. Since some amount of gas generation must

be expected over the life of a heat pipe, a multiwrap design with a circular
crosg-section was selected as the baseline. This wick consists of a

circular core of coarse screen which is encapsulated by fine mash screen at
the {nner and outer surfaces and at the ends, The coarse mesh provides high
permeability for liquid flow while the outer mesh gives high capillary
pumping. Spiral artery designs which utilize annular flow passages
estanlished by spacer wires between layers of fine mesh screen vere considered

13-
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in the analysis as an altcrnate. Each design includes a centrally-located
tunnel with both evaporator and condenser ends sealed with the fine mesh
screen. This was done to permit operation with a Clapeyron-primed tunnel
artery. No attempt was made to optimize with regard to the tunnel
diameter.

Cross-sections of the two wick types are shown in Fig. 3-5. Four
equally spaced interconnecting screen bridges are used in the evaporator and
cundenser sections to interface the centrally located primary wick with the
circumferential screw thread grooves on the container wall, The bridges

consist of two wraps of the fine mesh screen used in the primary wick,
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4.0 ANALYSIS AND DESIGN

PARAMETRIC ANALYSIS

A parametric analysis was conducted to establish wick properties and
erosg-sections which yield optimized transport capability consistent with
the previously specified design and pexrformance criteria.

SELF-PRIMING

Once a container ID has been chosen, it is necessary to establish the
wick parameters which satisfy the "1-g" self-priming requirement. The
hydrostatic priming head (BS?) associated with priming a concentric wick of
diameter Dw which 1s supported by bridges of diameter D_ and has an adverse

B
elevation of 0.20-cm is given by

“sp = nw + 1)B + 0.20 (cm) (4-1)

The corresponding pumping radius Tep required for gself-priming is

.20

r
) go uSP

Sp (cm) (4-2)
vhere o 18 the surface tension, P2 the 1iquid density and g, the gravitational
constart. The self-priming radius was determined at 100°K and 140°K fuv
oxygen and methane, respectively, since this will guarantee priming over the
temperature range specified for each of these fluids, Also, in order to
initiate the analysis it was necessary to estimate the diameters of the wick
and bridges. This was done by assuming that the liquid and vapor flow areas
are equal, Hence for a given container ID, values for D" and DB are readily
determined. In general this agssumption proved slightly conservative. Since
transport requirements were easily satisfied, no iteration between self-
priming and transport capability was performed.

In the case of the multi-wrap design, the corresponding mesh size of the
coarge screen can be determined as (Reference 8)
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Once the mesh size has been established, the coarge screen can be completely
specified by defining its wire diameter dw « This consists of maximizing
the permeability within fabrication limits. The permeability of screens is
determined from the Kozeny Equation (Reference 8),

ol €2 a2 2
K= 122 Tz ¥ (9 (4-4)

vhere dw 18 the wire diameter and

Md -
x (1.05) W

Althout it is not explicit in the preceeding equations, for a given mesh
size, the porosity and correspondingly the permeability increase as the wire
dianmeter 18 decreased. However, experience gained in fabricating development
samples of the wick for the low temperature pipe indicated that screens with
wire diameters less than 0,.17-mm are very sensitive to compression and  tend
to deform readily.

Flow permeability tests were rund on shcrt spirally wrapped wick samples
with various mesh sizes and wire diameters, The test get up i{s shown in
Figure 4-1, Water was allowed to flow across the test specimen from a
constant pressure head resarvo’r. The differential pressure scross the
specimen was measured with an open V-tube manometer, The mags flow rate was
measured by collecting the efflux in a container and weighing it after a
measured time interval. Test results for several wick samples are shown in
Table 4-1.

Wire diameters of 0.33 and 0.1l4-mm were selected for the high power and
lov temperature heat pipes, respectively, on the basis of adequate permeability,
and availability. For the spiral artery, the self-priming requirement dictates

«18-
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Figure 4-1 Wick Permeability Test Set-Up

Table 4-1

Permeability Test Results
Run| Specimen/ Test Test | Diam | Length |m/ah K .
Description |Condition |Date | (cm) (em) g/cm-sec m2x10‘°
1 #1 - 200/36 }Tape 9/15 } .80 7.62 .099 18.8
composite wrapped
(uncom~
pressed)
2 " Shrink Pit T4 8.26 047 11.4
tubing (un- .
compressed)
‘ 3 02 - 200/30 |Tape 9/15 | .81 11,04 |.066 17.6
composite wrapped
: 4 " " 9/23 | " " .0656 17.5
i 5 " Sheink Fie [9723 | .81 [11.35  |.092 25.2
i . tubing . :
i (compresaﬂ
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the diaweter of the spacer wires which in turn determines the wick's
permeability.

TRANSPORT CAPABILITY

A computer program was written to determine the heat transport capability
of the wicking system. The program models the secondary wick standoffs
(bridges) and the circumferential screw threads as well as the primary axial
wick. The program, called WICKPER, is described in Appendix A, Sample
results are presented in Appendix B.

Once the wick parameters have been determined, the WICKPER program is
used to establish the optimum wick area which gives the maximum transport
capability at a specified temperature. The program calculates transport
capability considering laminar liquid losses through the primary wick, the
evaporator and condenser bridges, and the evaporator's screw thread grooves.
Laminar or turbulent vapor flows are also taken into account. In order to
evoild excessive vapor losses,which are less predictable than the laminar
1liquid flow, acceptable wick areas were limited to those which resulted in
values of the friction parameter (F) being larger than 0.70, where

s®, ,

FeTE v, (=6
v 2

This criterion was only applied in the wick optimization with the tunnel
unprimed, Once the wick had been determined its performance with a primed
tunnel was then predicted ind generally the corresponding values of F were
less then 0.70. The optimum wick area was determined at the low end of the
specified temperature range (f.e., 75°K for oxygen, 100°K for methane), since
the lower the temperature the more dominant the vapor losses.

HEAT PIPE DESICN SUMMARY

A summary of the geometry, materials, and wick properties for the
selected designs is shown in Table 4-2 for the high power heat pipe and in
Table 4~3 for the lcw temperature heat pipe. These values were used for the
parametric performance analysis described in the following section.

The methane pipe utilizes 200-mesh screean for the composite pumping and
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Table 4-2 High Power Heat Pipe Nesign Summary

CONTAINER GEOMETRY -
LENGTH (CM) .0, €
EVAPORATOR 2.3 .2
FLEXIBLE SECTION® 4.5 0.9%4$
CONDENSER 15.0 1K)
WICK GEOMETRY
PRIMARY WICK MULTI-WRAP CIRCULAR CROSS-SECTION FORMED
FROM 30-MESH COARSE SCREEN CORE WITH
200-MESH PERIPHERY
0.0, (CM) 0.74
TUNNEL DIAMETER (CM) 0.24
INTERCONNECTING BRIDGES TWO WRAPS OF 200-MESH SCREEN
NUMBER 4
1.0. (CM) 0.25
' CIRCUMFERENTIAL GROOVES SCREW THREADS, 60° ANGLE
NUMBER (GROOVES/CM) 72
WICK PROPERTIES
30-MESH WIRE DIAMETER (CM) 0.0
PERMEABILITY, THEORETICAL (CMD) 2.70 x 103
FLOW CONDUCTANCE (KA), THEORETICAL (CM% 0.82 x 103
FLOW CONDUCTANCE (KA), MEASURED (CM% 2.54 x 105
200-MESH PUMPING RADIUS (CM) 6.5 %1079
MATERIAL 316 STAINLESS STEEL
’ WORKING FLUID METHANE
) OPERATING TEMPERATURE RANGE 100 - MO K

L7777 . eNOMINAL ¥/B IN, FLEXIBLE HOSE
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Table 4-3 Low Temperature Heat Pipe Design Summary

CONTAINER GEOMETRY

EVAPORATOR (CM)
TRANSPORT (CM)
FLEXIBLE SECTION (CM)®
CONDENSER (CM)

LENGTH (CM)

15.0

7.9
$3.9
15.0

1.0. (€M)

0.
0.M
0.63
0.

WICK GEOMETRY
PRIMARY WICK MULTI-WRAP CIRCULAR CROSS-SECTION FORMED
FROM S4-MESH COARSE SCREEN CORE WITH
250-MESH PERIPHERY
0.D. M) 0.445
TUNNEL DIAMETER (CM) 0.150
INTERCONNECTING BRIDGES TWO WRAPS OF 250-MESH SCREEN
NUMBER 4
1.0. (€M) 0.24
CIRCUMFERENTIAL GROOVES SCREW THREADS, 60° ANGLE
NUMBER (GROOVES/CM) n
WICK PROPERTIES
S4-MESH WIRE DIAMETER (CM) 0.014
PERMEABILITY, THEORETICAL (CMY) 1.1ax 103
FLOW CONDUCTANCE (KA), THEORETICAL (CM¥) 0.126 x 10°5
FLOW CONDUCTANCE (KA), MEASURED (CMm¥4 0,38 x 108
250-MESH PUMPING RADIUS (CM) 0.508 x 10~2
MATERIAL 316 STAINLESS STEEL
WORKING FLUID OXYGEN
OPERATING TEMPERATLRE RANGE 70 - 110 K
*NOMINAL 1/4 IN, FLEXIBLE HOSE
~22- ] e
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the bridges. This was selected since it is about the smallest mesh size that
is compatible with the screw thread grooves. The oxygen pipe uses 250-megh
screen only to insure that equivalent 200-wesh pumping is attained even with
degradation due to screen imperfections or as a result of fabrication.
Theoretical and' measured values are listed for the liquid flow conductance
{KA). Theoretical values were used to define the wick geometry and verify
that the heat pipe's performance satisfied the specified transport. After
each wick had been fabricated, permeability tests were performed and the
actual KA was measured (see Section 5.0). Transport capability was then
recalculated using the measured values which are three times greater than
theoretical for both wicks. The wick diameters which were determined from
the analysis and subgequently fabricated are also listed in the Tables for

completeness,

PARAMETRIC PERFORMANCE

The maximum zero-g transport capability that was detexrmined for the
multi-wrap design using theoretical wick properties is presented in Figure 4-2

as a function of temperature. These results are with the turmel unprimed and

were determined utilizing the wick area which gave the maximum transport at
the low end of the specified temperature range for the oxygen and methane
pipes. Performance with nitrogen and echane is also indicated, as well as
the effect of bellows size. The transport capability with oxygen or
nitrogen is almost twice as great when the bellows size is 3/6-in. vevsus
1/4-in. Since the performance specified for the low temperature pipe was
easily met with oxygen, the smaller diameter was selected to maximize flexi-
bility. There is negligible improvement with a 1/2-in. bellows versus a
3/8-in. bellows with either methane or ethane. In this case, the area
increase 18 not as pronounced and the gain is more than offset by the decrease
in permeability which results fromw the higher self-priming requirement.
However, sufficient performance margin is available with the 3/8-in. size.

The maximum heat transport capability is presented in Appendix B for
each of the systems shown in Figure 4-2. Primed and unprimed tunnel perfor-
mances are compared. The effect of the tunnel 1s to increase the liquid flow
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LOW TEMPERATURE HEAT PIPE HIGH POWER HEAT PIPE

. (NITROGEN AND OXYGEN) (METHANE AND ETHANE)
MULTI-WRAP WICK MULTI-WRAP WICK
TUNNEL DIAMETER = 0, 160-CM TUNNEL DIAMETER = 0, 241-CM
0.635-CM (1/4-IN.)) BELLOWS 0.953-CM (3/8-IN.) BELLOWS
(KAHeoR = 0.126 x 1013 mé KA HEOR = 0.816 x 1013 M4
0.953-CM (3/8-IN.) BELLOWS 1.27-CM (1/2-IN.) BELLOWS
0 A) rHEoR = 0.368 x 1. - 13 M4 (KA)rHeoR = 0-740 x 10°13 M4
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conductance . (KA) where

KA = (KA) (KA) (4-7)

wick ¥
‘Hence, the smaller the wick's conductance, the more dominant is the effect of

Tunnel

the tunnel. As a result, improvements are most pronounced for nitrogen whose
wick permeability is inhibited by the self-priming requirement and, correspond-
ingly its relatively low wicking height factor (H). On the other hand, the
higher the vapor losses (i.e., the smaller the values of F), the smaller the
gain dus to a primed tunnel. '

Also included in Appendix B are the performance predictions for optimized
spiral artery designs with methane and oxygen and 3/8 and 1/4-in. bellows,
respectively. A comparison of Figures B-l and B-3 shows approximately 20X
higher performance for the spiral design with methane. In the case of
oxygen, there is about a 2:1 increase (cf. Figures B-6 and B~-8). The higher
transport is derived from the higher flow conductance of the spi.al wick.
However, this wick is more difficult to fabricate than the multi-wrap design,
particularly in smaller diameters. Furthermore, the realiability of the multi-
layered system has been established with a non-condensible gas present. As
a result, since its predicted performance margins are adequate, the multi-
wrap was selected as the baseline design.

The maximum zero-g heat transport predicted for the as-built systems
18 presented in Figure 4-3 as a function of temperature for both a primed and
unprimed tunnel. Performance with nitrogen in the low temperature pipe and
ehtane in the high power pipe is also shown. A maximum of 27 W at 100°K can
be attained with the baseline oxygen system. Its performance drops off to
5 W at 70°K due to high vapor losses. Performance with the tunnel primed 1is
virtually identical at 70°K due to the predominance of the vapor loss. In
the 90 - 110°K range, the primed tunnel offers approximately a factor of two
(2) improvement. A maximum of 15 W at 82°K can be attained with nitrogen
with the tunnel unprimed. Again the primed tunnel increases ‘the maximum
performance by about a factor of two (2). The resultn iadicate that nitrogen,
vhich has the same wicking height and therefore self-priming ability at 80°K
as oxygen at 100°K, would be preferred at temperatures below 80°K.
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LOW TEMPERATURE HEAT PIPE

HIGH POWER HEAT PIPE

(NITROGEZN AND OXYGEN)
MULTI-WRAP WICK

0.635-CM (1/4 IN.) BELLOWS
TUNNEL DIAMETER =0.160 CM
(KA)ugas =0.385 x 1075 Cmd

(METHANE AND ETHANE)
MULTI-WRAP WICK

0.953-CM (3/8 IN.) BELLOWS
TUNNEL DIAMETER = 0,241 CM
RApEAs = 2.5 % 1075 Cmé
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8 8 8
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. MAXIMUM HEAT TRANSPORT, WATTS
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UNPRIMEO TUNNEL
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“ 12 uo 10 80 200 220
TEMPERATURE, K
Figure 4-3 Heat Transport Summary Based on
: Measured Wick Permeability
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Approximately 110 W can be transported with either methane or ethane
at the midpoint of their respective operating ranges. The improvement
afforded by the primed tunnel is only 50X in the high power pipe. This is
due to the higher flow conductance (KA) of the multi-wrap wick in this
system.

Although the measured (KA) of the fabricated wicks is approximately three
times grcater than the theoretical value, the overall heat pipe performance
is generally only 2-2,5 times better, This is due to increased vapor losses
and, as will be discussed shortly, the screw thread grooves are also limit the

periormance.
LY

The zero-g transport with the wick performing as an open-artery

(1.e. pumping derived from coarse mesh screen) is compared to the primed
cases in Pigures 4-4 through 4-7 for each of the fluids. In all cases, the
performance is approximately 20X of that provided by the composite with the
tunnel unprimed. Also shown in these figures are the friction parameter (F)
and the pumping ratio (y). As just discussed, the higher permeability obtained
with the actual wicks leads to higher vapor losses and thus the values of F
become less than 0.70 over a large fraction of the temperature range. As
expected, the vapor losses are also more pronounced when the tunnel 1s primed.
Turbulent vapor flow (Re > 2200) will exist in both pipes if the tunnel is
primed. The vapor is turbulent with and without the tunnel primed for both
methane and ethane.

The pumping ratio (y) 1s defined as the ratio of the actual pumping
developed by the priuary wick to the maximum that can be obtained with the
fine mesh screen. When this parameter is less than one (1), it indicates
that the secondary wick in the evaporator (i.e., screw thread grooves) is
limiting the heat pipe's performance. The vapor losses tend to be higher
in the oxygen pipe and ac a result the secondary wick, which represents a
14quid loss, 1is limiting only when the tunnel 4{s primed with oxygen. The
gcrew thread greooves limit the performance of all other fluids in either
tunnel condition. These results point up the need for improving circumferential
1iquid distribution in the heat pipe évaporator sections. An fncrease in

. the groove area covered by the bridges would tend to alleviate this situation.
4
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MAXIMUM HEAT TRANSPORT, WATTS

3

MULTI-WRAP WICK - 0,953 CM {3/8 IN.) BELLOWS
TUNNEL DIAMETER » 0,241 CM
KAhgas = 2.5x 1075 cmé

-
8

1 | 1 1
120 130
TEMPERATLRE, K

UNPRIMED TUNNEL .
—— e S— OKN .ARTERY

nsuu 4-6 rheoroued Patformee of High Pover S

> &
«»
o
o ) 2
: : |
’ . '.Qt"‘
ot
. - _ . - Ne
PR -
- o
3 - . R e N ,
oAt 1 i 1 1 - e v TL
o7 s Y00 1" 120 130 40 158 o :
4o . s, B . . L. I R R s S L
SN ‘,tEMPERA_TmE,K S A SR
) : - Tooe L e :.f ’ :.'\ V D Y " LE S "~ N . ’
T il . . Rt W e, 3,
. d - ' - - -\.4 -r,n ~ o aut e et ”, S
¥ : Sl e T A e

Ml. u“c Pip‘ ‘.ﬂ ”o-s %thm) . .': E "l ‘;‘:' st



MAXIMUM HEAT TPANSPORT, WATTS

FRICTION PARAMETER (F)

@A@ ::::::::tumuoml

200

o o e e an e —e TURBULENT woe e o o e e e
160 |- -

//’” .
- : ‘
-
//

120 P

|

MULTI-WRAP WICK - 0.953 CM (3/8 IN.,) BELLO™S
TUNNEL DIAMTER = 0,241 CM

o (KAhygas = 2.5 x 1073 M
- - - -— - e
#‘/
3 1 1 1 1 ) )
%5 160 170 180 ) 200 210 220
TEMPERATURE, OK
= o= == = PRIMED TUNNEL
UNPRIMED TUNNEL
1.0 —— - e QPEN ARTERY . —-2.0
L]
g
2
a3
o
Z
£
3
e
TEMPERATURE, °K _ T
,.‘_' ‘. ‘. t (;1_‘\:3"‘
. s i oo - : T BRI P .
_¥igure 4-5 Theoretical Performance of Righ Power S
T Flexible Heat Pipe in "0-g" (Ethans) Tl
' ) L RN l/o— S .29f . . e -'>l _“.: ‘: ‘:\‘-.‘, -":*3{.”‘- v
AT T U DU P S S UL




@AQ Rockwell Intemationa
Space Division

TUNNEL DIAMETER = . 160 CM
MULTI-WRAP WICK - 0.635 CM (1/4 IN.) BELLOWS
KANyg as =0.385 x 10°5 M4

8

A e |

Z TRBULENT REGION (PRIMED TUNNEL) !
|

MAXIMUM HEAT TRANSPORT, WATTS
: 8
i

J

TS S S D S, ‘

" -T 1 1 1 . |

% ) % 00 110 : |
TEMPERATURE, K

— UNPRIMED TUNNEL
1.0~ = = === OFN ARTIRY . 2.0

-
.
(-3

FRICTION PARAMETER, (F)
PUMPING RATIO, (%)

-

i N,
gl
¥

Eo ' - B

‘[‘ A K N 0 . . .

Y ' ’. 1] . ¥,

«
.
<.

g m e e = p——
.
.
7
'
.
)

TR
RS

;;;A,.; g l'im &6 'nuorotieal Performanes of Low T\ ratex
o .+Tlextble Heat Pipe 1a -vo.,n (o,,“:n)° ¢

7

—.'u_ ,‘),, o

.
A
- > - ", "‘-f -
- R ERUON KRR T
By %
L N
[ ;
l: '




\ .
e aiase Casal e T St s e
N, N M
“ B .o
o
. v A

e e T

g USRS
Wanet e

. Loraten

arvyy

«”m“.o 398 = ‘0 -1 ‘

P
//

”~
”

10~

MAXIMUM HEAT TRANSPORT, WATTS
3

) xwmﬂmmw

MULTI-WRAP WICK - 0,835 CM (1/4 IN,) BELLOWS

-‘————§\

~
\\_

ﬁ-— e == TURBILENT AEGIOM = e e ==

- 1
. % )
TEMPERATURE, OK
———  UNSRIMED TUNNEL

o emses  PRIMED TUNNEL
~—swws  OQPEN ARTERY

‘.s

P
R o ‘,%* [ = p—

FRICTION PARAMETER (F)
.
L

PUMPING RATIO (7)

VR - TEMPERATURE, °K

el -

-

nguu &7 neoretiul Perfonlncc of Low 'l'uporamc
rhxibh aoat Pipc in "o-g" (Nicrogen)

90

[
.
N .
S S - - ,
5 -
¢ - ST ALY y "
- " ;".J,“‘,; ey A -
= (TN I g ‘




- r

. : AP . S e L o
PRSP A GRS ATy u_uﬂﬁbmammnéwﬁb@Lm;’ME&_& O s @I —’7-”4088 NS, 3 b

VAQ Rockwell International
Spece Division

The “i-g“ transport capability of both heat pipes at various temperatures
with the tunnel unprimed is shown in Figures 4-8 through 4-11 for each of the
fluids. The change in slope exhibited by several of the curves is associated
with the secondary wick limiting the system's performance at the higher heat
flows. As the elevation is increased and the heat flow decreases, the ratio
(y) increases to a value of one (1). At this point the screw threads are
no longer limiting and the curve changes slope.

120~
MULTI-WRAP WICK - 0.953 CM (3/8 IN.) BELLOWS
TUNNEL DIAMETER = 0,241 CM
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Figure 4-8 Heat Tranaport Capability of High Power
Flexible Hast Pipe vs, Elevation (Methans)
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5.0 HIGH POWER HEAT PIPE FABRICATION AND TEST '

This section summarizes the results of the fabrication and test program
for the high power heat pipe which was the fizst to be fabricated. Since
this was a technology development program, both the fabrication and test
efforts necessarily involved some degree of trial and error. The discussion
below highlights some of the problems encountered and describes the method
of solution., The test program involved several thermal performance tests
with methane and with ammonia as well as investigative tests to help explain
the behavior of the pipe. Preliminary test results were presented at

the 1lth AIAA Thermophysics Conference in 1976 (Reference 9).
HEAT PIPE FABRICATION

The high power heat pipe was fabricated in accordance with the assembly
drawing, Figure 5-1. The container consists of a 0.95 cm (3/8 in) flexible
matal bellows assembly with a length of schedule 80 tubing welded to each
end (Figure 5-2). The bellows is covcred with a double braided wire sheath
to provide a design burst pressure of 1,03 x 108 Pa (15000 psi). The ends
are machined and internally threaded with 72 threads /cm to provide circumfer-
ential wicking. The primary wick, as discussed in Section 4.0, is a spiral
multiwrap of 30 mesh screen encapsulated by a 200 mesh outer wrap. The
gcreen i3 cut on a 45° bias to provide flexibility. Four screen bridges are
used at the evaporator and condenser ends provide radial liquid distribution
(Figure 5-1) and are also 200 mesh screen.,

The fabrication and testing sequence for the high power heat pipe is
shown in Figure 5-2. A summary of the detailed fabrication and assembly is
described bdelow.

Flexible Container

The flexible container was purchascd as an integral unit with a length
of schedule 80 316 SS tubing welded at either end. The flexible container
geomatry is shown in Figure 5-3 in the as-purchased configuration. Dimensfons
are shown for both the high power and the lowv temperature heat pipe con-
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figurations.

Upon receipt from the outside supplier, the assemblies were successfully
" subjected to a proof pressure test of 2.4 x 10" Pa (3500 psig) and a helfum

leak at 2.1 x 107 pa (3000 psig). One of the hose assemblies, identif.ed as H8,
was then hydrostatically burst tested. Failure occurred at 77.9MPa (11,300 psig)
in the longitudinal weld of the bellows section (Figure 5-4).

The evaporator and condenser ends were subsequently drilled and reamed
to an internal diameter of 1.23 cm (0.485 in). The inside walls were then
internally threaded with 72 grooves /cm as indicated in Pigure 5-1. Threading
was accomplished with a "blind"™ boring bar developed by Rockwell under a
previous IR&D program (Reference 10), The guide bar was modified for this
program to match the I.D. of the tube. Problems were encountered during
initial threading attempts due to galling between the guide bar and the tube
vhich were both stainless steel. The problem was remedied by honing the
inside diameter of the tubes and switching to an aluminum bronze guide bar.
After threading, the ends were cut to length and the 0,D., was turned down to
a final diameter of 1.59 cm (.625 in). The final dimensions are shown in
Figure 5-5.

Primary Wick Pabrication and Testing

The primary heat pipe wick consists of two types of annealed 316 stain-
less steel screen wrapped, on a 45 degree bias, in multilayers. The inner
layer was 200 x 200 mesh <0058 cm (0.0023 inch) diameter screem with a tunnel
+24 cm (0.093 in). After continuous resistance .relding of the longitudinal
overlap seam, the tunnel was static pressure tested to determine the minimum
bubble pressure of the wick assembly. The test set-up, shown in Figure 5-6,
consists of a methanol bath in which the wick 1s inversed, a regulated GNZ
supply and a micrometer needle value, and an open U-tube manometer. 1he
wick is held level just below the surface of the methanol. Pressure is
gradually increased and read out on the manometer. When the first leak
{bubble) occurs, the pressure is reduced slightly and recorded. The
pressure is then increased and the number and location of the first leaks

48 1ecorded.
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N R
=§= MANOMETER
(WATER)

\METHANOI. BATH

- . 5
Figure 5-6 Heat Pipe Wick Static Pressure Test Set-Up
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An acceptance level of 80 percent of 200 mesh pumping was established
for the high power heat pipe wick. For a methanol bath and a water manometer,
the required & K 2s giver by

AR=0.8 X %
(5-1)
Pn 8

vhare M {3 the mesh size, % is the surface tension of the test fluid
{mathanol) at the measured test temperature, and ° is the density of the
fluid in the manometer at ambient temperature. For a methanol bath and a
water manometer at 20°C, the minimum acceptance lavel is 5.84 cm. On the 1
first try, the wick had a single leak at 5.6 cm. The leak was found to be’
due to an enlarged pora caused by movement of the screen wires during tack
wvelding. The wires were repositioned and a 5.85 c¢cm head pressure was |

achieved.

The wick assembly was then tested for flow permeability in the set-up
described in Section 4.0 (Figure 4-1). The wick was tightly sealed with
plastic and tape, leveled, and water at a fixed head pressure allowed
to flow through the wick. The pressure drop across the wick was measured by
pressure taps at either endleading to an open ended manometer. Flow rate
samples were collected at 5 pressure settings in the range of 2,54cm to 15.24ct
(1 to 6 in) of water. Results of the test are shown in Pigure 5-7.

The test was repeated without the mandrel to determine the flow permeability
of the system with the tunnel primed. These results are also shown in

FPigure 5-7. The permeability z area (KA) product was determined from the
expression

hLy

vhere ’
; is the flow rate (kg/sec)
L1s éhe overall length (m)
u is the viscosity R—slgz

o is the fluid demsity (xg/m>)
K is the permesbility (a’) and
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A 1is the flow area (22)

For the unprimed tunnel, KA was calculated to be 2.5 x 1().13

n‘. The
theoretical value for 30 mesh screen with a .74 cm OD assembly is

0.86 x 10'13gﬁ. or a little over one-third of the value calculated from test
data. The difference in permeability was hypothesized to be due to gaps
between the layers of 30 mesh screen. An analysis was performed to det:rmine
vhat size and geometry of gap could reconcile both the permeability data

and the total volume of the wick. The coarse area vf the wick was formed

from a 4.45cm length of 30 mesh screen with a thickness of .06lcm, for a

total area of .271cm2. The available area between the inner and outer

wraps of 200 mesh screen is 0.346cm2; thus the area of the gap is .075:m2.

The gap was aséumed to be a rectangular channel of thickness t with width v,
where the permeability is defined as t2112. The KA of the gap was assumed

to be the difference between the measured KA ot the system and the theoretical
KA of the 30 mesh screen, or 1.3 x 10713 2
from the relationship

. The gap thickness was solved

2

t - -13
i3 A8 1.8 x 10 (5-3)

vhere Ag is the area of the gap = 7.5 x 10-6 ﬂz.

Solving for t and w yields t = .0537¢m, and w = 1l.4cm. The calculated
gap size was felt to be ccenservative since the additional flow area of the
inner and outer screen was not accounted for, and because the gap would be
expected to be uniformly distributed over the length of the 30-mesh spiral
wvrap. For the wors¢ case, hovever, the question arose would such a gap, if
it exists, be able to prime? Using nroperty data for methane at the upper
end of the 180 to 140°K range where the surface tension {s lowest, the
predicted priming height is ~ .85cm which 1s just equal to the maximum
elevation of the top of the wick from the bottom of the inside of the pipe.,

The gap would therefore be eipected to prime.

After the permeability test was completed, the wick assembly was
cleaned and the end close-out caps (Figure 5-1) were installed. The wick
f clogse-off caps and the wick were cleaned as follows:
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FAN Focot nmatons

(a) Hot flushed with trichlorethylene for 5 minutes

(b) Flushed with MacDermid S487 at 160F for 10 minutes

(c) Rinsed with tap water - followed by a DI water rinse
(&) Tmmersed in 20X HNO, at 170F for 10 minutes

(e) Rinsed with DI water

(f) Dried at 300F for 1 hour

One wick close-off cap with a hole and one without a hole were butted up
against each end of the 30 mesh center layers and the overlap of the outer

- 200 mesh screen was resistanca welded to the circumference of the close-off
caps. A final static pressure test was acceptable - the first “leak"
occurring at 6.3 cm A H. A solid tapered stainless steel plug, approximately
0.25 cm long, was pressed into the hole of the one end cap.

Wick Standoffs (Bridges)

Eight pieces, 2.0 cm wide by 25 cm long, of the 200 mesh screen were
wrapped around..zb cn diameter mandrel and resistance welded intermittently
along the 25 cm length. Four were cut to 21.6 cm and four were cut to 16.5 cm
long to become the standoff wicks for the evaporator and condenser sections
respectively.

Eight 347 stainless steel rods - 0,16 ¢m diameter were cut to the same
lengths as the standoff wicks, These rods, when insertud into the standoff
wicks, keep the primary wick centered in the evaporator and condenser
sections and insure coatinuity between the primary wick and the internal walls
of the heat pipe.

F11l Tube and End Cap

A £111 tube and end cap were machined from 316 ss per the ¢’ mensions in
Figure 5-1. The 1.D. of both ends was counterbored 0.064 cm deep by 1.27 cm
diameter to match the step in the fill tube and end cap.

Final Assembly

All the parts for a complate high power heat pipe assembl& as shown
in Pizure 5-8 were cleaned with the same procedure described above. After
the wvick wae {nserted into the flexible hose assembly and the standoff wicks
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and rods were ir>talled, the end cap and fill tube were gas tungsten arc (GIa)
welded to the condenser and evaporator sections respectively, using 316
stainless steel filler alloy.

7

The unit was successfully procf pressure tested at 2.4 x 10° Pa (3500

peig) and helifum leak tested at 2.1 x 107 Pa (3000 psig).
BAKEOUT AND FILLING

For the bakeout and filling operations, a high pressure high vacuum
valve wag attached to the fill tube end of the pipe. Initially, a Vhitey
model 3NBS4 valve was used, but problems with leakage through the stem |
packing were encountered. The valve was subsequently changed to a Nupro model |
S4UK which is a high vacuum cryogenic valve with a bellows sealed stem. The
Nupro valve worked exceptionally well during all filling and testing phases.

Bakeout

The heat pipe assembly was inserted into a bakeout shroud and hooked up
to a high vacuum system. The pipe was baked out under vacuum at 121°C
(250F) for 16 hours. The vacuum was maintained below 10™® micron after the
initial decay.

Filling

~ The theoretical fill determination was calculated based on the measured
weight and dimensions of the primary wick, tha standoff bridges, and the -
container. The theoretical 100 percent £111 charge is 13.8g based on
operation with methane at the minimum test temperature of 100°K. The pipe
vas charged with 14.8g (7 percent excess) and was weighed to verify the charge.

TEST PROGRAM

The high power heat pipe was subjected to a series of thermal tests to
determine its performance under various conditions of temperature, tilt, and
fluid charge. Initial tests were conducted with methane at 100 to 140°K.
Initi{al test results indicsted that the wick was not achieving full pumping.
A series of parametric tests were run using ammonia at 280°K to try and
determine what wags causing the lower-than-expected performance., Mass
spectrometerand gas chromatography tests were also run on the methane to see
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if their were excess impurties that might have caused bubbles to form in the
vick. Results of the overall test program are discussed in the following
paragrzphs,

_Methane Tests

‘ Test heaters and thermocouples were installed on the heat pipe as .
indicated in Figure 5-9. Thirty copper-constantan thermocouples were spot
welded to the heat pipe. Each leg of the pair was separately attached so
that the heat pipe wall becomes part of the electrical circuit. This ensures
that the temperature indicated will be a true reading and permits cbntinuity
checking between the wires and the wall as well as between the two wires. A
single roll of calibrated 28 gage thermocouple wire was used for all hookups.
Figure 5-10 shows the heat pipe after installation of the heaters and thermo-
couplas. The heat pipe was then installed in the test fixture and leveled.
The test fixture, shown schematically in Figure 5-11, consists of a level
test platform which is supported off a mounting plate by low conductance
standoffs. Cnoling is provided by an aluminum LN2 reservoir which has a
heater block between it and the heat pipe for temperature control. The
heat pipe, mounting tray and LN2 resexrvoir are shown prior to final
installation in Figure 5-12,

The pipe was thermally tested in a straight configuration in the range
of 100 to 140°K., Figure 5-13 shows burnout data at 140°K as a function of
tilt compared to theoretical predictions. The 67 watt burnout at 0.5 cm
indicates that the wick was primed. Detailed temperature profiles for
62w, 72w, 77w and 82w are shown in rigure 5-14. At 62 watts, the pipe was
nearly isothermal with an averaga evaporator-to-condenser temperature drop
of about 2°C (at 40 watts, the pipe was isothermal within 1°C). The profile
for the 72w case seems to indicate a secondary wicking system burnout since
thermocouple numbers 1-5 are still near the vapor temperature.

As shown in Figure 5-13, the bdurnout values at higher tilts were all
significantly below theoretical, and all indications were that the wick was

not primed. In fact, the 62 watt burnout point at 0.5 cm tilt could not be
duplicated in subsaquant tests. A summary of the burnout points for the
entire test matrix 1s shown in Table 5-1.
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Pigure 5-10 Instrumented High Power Heat Pipe
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" MAXIMUM HEAT TRANSPORT, WATTS

g RN TR

MULTI-WRAP WICK - 0.953 CM (/8 IN..}.BELLOWS
TUNNEL DIAMETER = 0.241 CM
(KA) e s = 2.5 1075 Cmé

. ELEVATION, C™m

Figure 5-13 Methane Test Data

Table 5~1 High Power Heat Pipe Burnout Data

Test Temperature (+ 5°K)

Tile 110°K 120°k 130°K 140°K
0 15w - - -
0.5 ca 8w - - 67w
1.0 en 1liw - 4w 35w
2.0 em ’ 8w - 5w 18w
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The pipe was evacuated and recharged with methane. The pipe was
refluxed for 4-6 hours and vented several times to purify the fluid. It was
nypothes.zed that the low turncut levels were caused by non-condensible gas
impurities which caused the pipe not to prime. In all subsequent tests, the
burnout power levels did not improve, and the 67 watt burnout point at 0.5 ca
tilt or at any other tilt includirg a 0.5 cm reflux could not be duplicated.

At that point, the test results were reviewed in detail with the NASA
Technical Monitor. It was decided to forego other tests in various bend
'configutations in order to further investigate the problem. Three possible .
causes were postulated: (1) depriming or bubble formation due to trace
contaminants or gas generations; (2) a secondary wicking system limitation;
and (3) a hole or open seam in the compostite wick assembly.

In order to ascertain which of these might be the cause, a trouble-
shooting plan was formulated. The troubleshooting plan, shown in Figure 5-15,
consisted of a series of tests and evaluation to systematically narrow dowm
the possible causes of fallures to a single alternative. The plan called
for gas analysis of the methane, teating with ammonia; and reversing the
evaporator and condenser of the heat pipe and t2sting with either methane

or ammonia.

Cas Analysis Tests

Gas samples were taken from the heat pipe, the methane supply bottle
(ultra high purity grade) and from a newly purchased supply bottle of
research purity methane. Samples frem the heat pipe and supply bottle were
inictially tested at Rockwell on a gas chromatograph. Results of the analysis
are shown in Table 5-2. Matheson purity specifications (typical analysis)
are also shown for comparison.

Several conclusions are evident from Table 5-2, First, the impurities
in both the heat pipe and the supply bottle are considerably higher than
quoted by Matheson. This had been suspected based on previous experience
cited by the Technical Monitor. Second, the impurities f{n the heat pipe
and supply bottle are of roughly the same order. Therefore, evidence of
corrosion or internal gas generation is not apparent. The slightly higher
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concentrations of 02H6 can be explained by the refluxing/outgassing operation
which would tend to concentrate condensible imputities as the pure methane

and the non-condensibles are burped out,

Table 5-2 Gas Chromatography Results

onstituent Heat Pipe Supply Bottle “fatheson Spec*
Bz 3 ppm 2 ppm -0
02 + Ar 12 gpx 115 ppm 8 - 10’ppm
Nz 40 ppm 165 ppm 40 - 50 ppm
C2H6 - 37 ppm 28 ppm 20 - 30 ppm
CyH, < 2 ppm < 2 ppm 5 pp
002 < 2 ppn < 2 ppm 40 - 50 pp

A mass gpectrographic analysis was also performed to determine water
content and to corroborate the gas chromatogrph data. The constituents
identified by the gas chromatography were confirmed by the mass spectro-
graphic analysis. The conclusion from these tests was that the research
purity mechane had significantly higher impurity levels than the supplier
specification. Refluxing and venting of the heat pipe appears to have been
successful in reducing the non-condensible impurities (which can be seen by
comparing the heat pipe sample with the supply bottle sample). The mass
spectrographic analysis also indicated the presence of about 7 ppm of water
which 18 nearly within the supplier specifications.

The relatively high concentration of nitrogen was felt to be a potential
cause for the apparent lack of priming of the wick. It was discovered that
nitrogen is extremely soluble in methane, and has a very steep slope of
solubility as a function of temperature (solubility decreases with increasing
temperature). From Reference 11, the solubility cozfficient was given as

O - cn -0.0821es—:.-9-
2" %%
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vhere 0 18 the Ostwald coefficient which is equal to the weight ratio of the
dissolved gas to that in the vapor, and T is the temperature in degrees
kelvin. At 130°K, the Ostwald coefficient 18 5.6 which means that 85 percent
of the nitrogen is dissolved in the methane. Thus, for a single venting, &
maxioum of about 15 percent of the nltrogen would be vented. At 77°K, the
Ostwald coefficient is 103, This explains why attempts to remove the
nitrogen by freezing the methane in LN2 failed - over 99 percent of the

nitrogen had gone into solution.

Ammonia Tests

The heat pipe was thoroughly evacuated ard charged with 22.4g of ammonia,
which corresponded to the 14.3g methane charge (107Z). The pipe was tested
with a 1 cm adverse tilt and burned out at 40 watts. With a 1 cm reflux tile,
the pipe burned out at 55 watts. At that point, it was hypothesized that
there was an insufficient fluid charge in the pipe. The pipe was then
filled to a charge of 24.7 g of ammonia and was retested in the same con-
figuration. This time, the pipe burned out at 70 watts with 3 1 em adverse
tilt and at 100 w with a 1 cm reflux tilt. The cooling system was then
1 ditied so that the pipe could run below ambient temperature. The water
was run througis a bath circulator which provided a vater inlet temperature of
“ 2°C, It was felt that this would preclude condensation of the working fluid
in the bellows by exposing the bellows to ambient air temperature and running
the heat pipe below 20°C. Upon retesting, a substantial improvement in the
performance of the pipe was noticed. At a 1 cm adverse tilt, the pipe burned
out at 120 wv. The burnout data are shown in Figure 5-16 for the various test
cases. Theoretical predictions are also shown fov comparison. The burnout
data i{ndicate a static height of approximately 7 to 8 cm, compared to a
theoretical static height of 10 cm. The reduced static height is probably
due to the screv threads rather than the axial wick. The axial wick was
definitely primed during these tests.

Although the burnout da;a was substantially higher, the theoretical
maximum heat transport capacity with ammonia is over 400 watts. In accordance
with the troubleshooting plan, the pipe was reversed and tested with the
heaters on the 15 cm (condenser) and removed at the 20 ecm (evaporator) end.
For this test, the pipe was installed in the straight condition for subsequent

—63-
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testing with methane. Although higher performance was expected, the burnout

values were actually lower (see Figure 5-16). As a matter of fact, they were
lover almost exactly by the ratio of the heater surface area for the two cases
(the heater area in the forwared test was ~ 77 cmz vs. 52 cm2 in the reverse
test). At zero tilt, the pipe burned out at 110 watts compared to 160 watts

in the forward mode. This noints to a limit in the secondary rather than the
axial wicking system. A subsequent test showed that this was indeed the case.
In this test, the pipe was taken to burnout at a 3 cm adverse tilt (- 30 Watts).
After temperatures in the evaporator were substantially elevated, the power

was reduced by 5 Watts and the system was allowed to stabilize. When the

power was reduced, the evaporator temperature dropped and stabilized,
indicating recovery. The test was repeated at a 5 cm adverse tilt with similar
results. If the burnout were in the primary wick, the axial wick would have
deprired. Since the wick can only prime against a 0.2 cm adverse tilt, the

pipe could not possibly recover with a 3 cm or 5 cm adverse tilt.

The low burnout limit in the secondary wicking system was somewhat
surprising since both the standoffs and the screw threads were sized to carry
considerably greater heat loads. One explanat.on which was hypothesized is
that a capillary limit is reached at the interface between the wick standoffs
and the screw thread grooves. This effect is illustrated in Figure 5-17
which shows a magnified physical model of the intersection of the 200 mesh

screen standoff with the V-grooves.

When the axial wick is stressed (note meniscus depression between screen
wires), the meniscus in the V-grooves recedes down the wall to a stress level
consistent with capillary and hydrodynamic flow requirements. In this model,
both the screen and the V-grooves may be capable of handling the liquid flow,
but the connecting flow area may be insufficient. When this occurs, the
meniscus in the V-grooves will recede more, further reducing the interconnecting
flow area until dryout eventually occurs. Loose contact between the standoffs

and the V-grooves would produce the same effect.

Further support of this conclusion can be drawn from the data in Figure
5-16. The burnout points for the 20 cm evaporator case with a 24.7 g charge
indicate a static height of only 7 cm compared to a theoretical static height
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installed in the test fixture. Burnout tests were run at 140°K and at 120°K.
At zero tilt (level), the pipe carried 20 watts but burned out at 30 watts

at both 120°K and 140°K. An attempt was made to prime the wick by tilting
the pipe to a 1 cm reflux with 5 watts of power applied. The pipe was held
in this condition for approxiamtely one hour. The tilt was then changed to

3 cm adverse to check 1f the wick was primed. The pipe burned out at the

5 watt load. Successive attempts to prime the wick were equally unsuccessful.
Burnout tests were repeated with reflux tilts of 2 cm and 4 em. Results of
the tests are summarized in Table 5-3.

Table 5-3 Burnout Test Results

Temp., Tilex Max. Power Bafore
(°K) (cm) Burnout (Watts)

0 20
120 -2 30
=4 110
0 20
140 -2 40
<4 130

#®* Negative sign indicates reflux cilt

Results in Table 5-3 indicate that the wick was not primed. During one
test the pipe carried 70 watts at a 2 cm reflux, but this could not be
repeated during subsequent attempts. The test results were reviewed with
the Technical Monitor at which time it was agreed that the flexural tests
should be suspended and the heat pipe opened and inspected.

Visual Examination

The end caps were machined off and the ends were inspected - no
corrosion was evident. The wick was static pressure tested before it was
removed by replacing the wick closeout plug and inserting the gas pressuriz-
ation tube. The pipe was submersed in methanol and the wick was pressurized
with nitrogen. The wick held ~ 5-3 cm of water pressure without leaking
(at higher pressures the pressurization tube leaked due to the difficulty
of installing it in situ). The wick was then removed and the teat was

-66~ ,
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of 12 cm. The static height 15 a measure of the pumping ability of the wick
and affects both the slope and the zero tilt intercept of the performance
curve., If a line drawn through these data points were shifted to a 12 cm
‘static height, the zero tilt intercept would be - 300 W, or about 64 percent
of theoretical. The slope of the curve is approximately 90 percent of that
of the predicted curve, indicating that the wick permeability is nearly as
predicted.

Other tests were performed tc determine the sensitivity of performance
to fluid change. Figure 5-18 shows the maximum horizontal heat transport
as a function of the fluid change. Based on these data, the optimum charge
appears to be between 24 and 25 g (this would correspond to a methane charge
of 16.1 to 16.8 g).

Based on the above results, it was decided to retest the pipe with an
increased methane charge. The pipe was charged with 18 g of methane and was
installed in the chamber in the straight configuration. Tests were run at
140K and at several elevations to determine the burnout capacity. At 2 cm
reflux, the pipe carried 90 W and burned out at 100 W. However, at positive
elevations of 1 em and 2 cm, it burned out at 20 W and 15 W respectively.
The thermal conductance of the.pipe was also appreciably lower at positive
elevation compared to the reflux test. A plot of the calculated thermal
conductance as a function of tilt is shown in Figure 5-19. The thermal
conductance was calculated at a maximum power input before burnout in each
case. The condenser was evidently blocked by excess liquid at positive

elevations. (The 18 g methane charge compares to an ammonia charge of ~ 27 g
of ammonia).

Although the positive elevation burnout data were below expectations,
the 100 W burnout at a 2 cm reflux tilt was nevertheless encouraging. If
the -2 cm burnout point is extrapolated to a 7 cm etatic height, then the
projected burnout at zero elevation would be approximately 80 W, At 0.5 cm
tilt, the projected burnout limit would be 72 watts which compares very

favorably with the early test data which in our case showed burnout at
about 70 W.

The high power heat pipe was charged with 16.9 g of methane and was

67~
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repeated. The wick held a minimm of 5.6 cm (2,2 in) of water. This
corresponds to a capillary radfus of 8.3 x 10-3 em which is equivalent to
approximately 80 percent of 200 fnch pumping. This is approximately the same
level to which the wick was qualified before it was installed in the pipe,

hence there was no degradation in static zapillary pressure.

Inspection of the wick showed no signs of corrosion - the screen was
clean and bright except at the very ends of the standoffs where the screen
had discolored due to high temperature during welding of the end caps.

EVALUATION

In both the ammonia tests as well as the rethane tests, the achieved
burrout values were one-third or less of the theoretically predicted values.
The single exception to this was the 67 watt burncut point at 140°K and 0.5 cm
adverse tilt with methane (approximately 70 percent of theoretical).

Ammonia tests results seem to indicate that the wick was at least partially
primed, and that the screw thread grocves may have been limiting. In general,
the methane test data indicate that the wick was not primed. This was most
probably due to the presence of a non-condensible gas such as nitrogen which
was a substantial impurity in the methane supply, Pressure depriming has
also been considered as a possibility. The open tunnel in the composite wick

may be causing the problem if pressure depriming is the answer,
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6.0 LOW TEMPERATURE HEAT PIPE FABRICATION AND TEST

The lcw temperature heat pipe was fabricated in the same manner as the
high power Laat pipe, except that the design of the wick standoffs in the
evaporator was changed based on the test results of the high power pipe.
Results of the fabrication and test program are summarjzed in the following

text.
HEAT PIPE FABRICATION

The low temperature heat pipe was fabricated in accordance with the draw-
ing in Figure 6-1. The primary difference between it and the high power.
heat pipe are (1) the flexible huse diameter is reduced to 0.64 cm (1/4 in)
to provide greater flexibility; (2) the diameter ¢f the evaporator and
condenser sections are smaller; {3) the wick uses 54 mesh screen internally
and 250 mesh externally; and (4) the standoff bridges in the evaporator are
changed to a four element web design as shown in Pigure 6-). This d=sign
was felt to provide better communication and a greater interconnecting flow
area between the standoffs and the screwthread grooves, The fabzication
sequence and procedures were identical to those for the high power heat pipe
(Figure 5-2).

Flexible Container

The flexible container was purchased as an integral unit with schedule
80 stainless steel tubes welded to the bellows, The geometry of the flexible
container is shown in Figure 5-3. One flexible hose asgsembly was burst tested
8 Pa (16,500 psi). This is
over four times the estimated containment pressure at 315°K (2.4 x 107 Pa =
3500 psi). However, the yield point of the bellows is 2.76 x 107 Pa
(4000 psi), which means that if the pipe were proof tested to 1.5 timas the

and failed i{n the bellows at a pressure of 1.14 x 10

vorking pressure, permanent yield would occur in the bellows. To avoid this,
a 75 cm3 reservoir was attached to the end of the pire prior to filling (see
BAKEOUT AND FILLING).

The evaporator and condenser sections were drilled and honed to an
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internal diameter of 0.93 cm (.368 ifn). The long thin tubes proved to be
extremely difficult to machine to the tolerances required for threading. In
the first attempt, eccentricicty, axial alignment, and cylindricity were out

of tolerance (a tolerance of ,002 to .004 cm TIR is required since the threads
are only ~ .013 cm deep). The assembly was then sent out to a gun boring
specialist and was subsequently internally hLoned. The pipe was then success-
fully threaded. In future applications, it is recommcnded that high tolerance
standard tubing be used such that no internal drilling is required. This
approach was employed on a subsequent progcam to fabricate a flexible variable

conductance heat pipe, and the threading operation was very successful.

Primary Wick Fabrication and Testing

The primary wick was rolled stainless steel (type 316) screen of two
different size wire and mesh. The inner layer or tunnel had an 1.D. of .16 cm
and was 250 x 250 mesh x (,0041 cm diameter wire screen, while the middle
layers were 54 x 54 mesh x .01l4 c¢m diameter wire screen. The cover or cuter
layer was of the same screen as the tunrel., The tunnel was fabricated from
a 1.27 cm wide by 1.02 cm long, 250 mesh screen cut on a 45° bias, wrapped
tightly on an 0.16 cm diameter mandrel and resistance welded longitudinally
for the full length. With only one patch repair, the tunnel, static pressure
tested in the methanol bath, achileved a level of 7.4 cm 4 H with no leaks.
The minimum required 4 H was 6.55 cm (90% of 200 mesh pumping). After a
4.2 cm wide by 102 cm long section of 54 mesh screen was tack welded to the
overlap of the tunnel, and unit was retested in the methanol bath. A leak
in the seam of the tunnel at 6.7 ¢ . H was left as is and the 54 mesh screen

was tightly rolled on the tunnel to a final 0.D.of .44 cm, and then cut to
89.5 cm.

Attempts at wrapping the 54 mesh middle layers with the outer 250 mesh
screen and resistance welding longitudinally proved to be unsuccessful. It
appedrs that the thin 250 mesh screen is too sensitive to minor pressure
variations to provide consistently acceptable welds. The difference in
stiffaess between the 30 mesh and the 54 mesh §s enough to adversely affect
the welding conditions. To overcome this problem, the outer wrap was made

separately by welding a tubular sleeve cf 250 mesh screen, cut on a 45° bias,
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on a special chem milled copper mandrel. The mandrel was a .465 cm diameter
rod chem milled to .439 cm diameter except for approximately 1.27 cm (1/2 in)
on one end. After testing the welded sleeve in the mcthanol bath (no "leaks"
at 7.4 cm 4 H), the sleeve was slid back on the mandrel and then slid over
the larger mandrel 2nd on to the existing wick assembly. 7o insure tight
contact between the outer and middle layers, the O0.D. was spirally hand wound
with 0.0058 cm diameter 316 stainless steel wire at about a .16 cm pitch.
With the wire tied off at both ends, the wick was subjected to a static
pressure test. Since the first leak did not occur until a level ¢” 7.1 cm

A H was reached, the wick was considered acceptable.

To close off thc cuds of the primary wick, two subassemblies were made

as follows:

(a) A tubular section of 250 mesh was welded longitudinally

on a .439 cm diameter mandrel.

(b) After being cut intn 2.54 cm (1 inch) lengths, a close-off
cap - one with a hole and one without s hole (Figure 6-1)
was inserted into the end of each piece and resistance
wvelded circumferentially.

(¢) Both subassemblies v~ e test. a.n the methanol bath
with results no lower than 8.6 cm 4 H.

(d) The subassemblies were cut to 1.27 cm (1/2) inch long,
slipped over the ends of the wick and wrapped in
place with the 0.0058 cm diameter stainless steel wire.
Figure 6-2 shows an as-fabricated subassembly and a
subagsembly on the primary wick.

(e) The completed unit was weighed and found to be 23.98 grams,
Again tested In the methanol bath, the first "leak"
appeared at 6.9 cm & H,

A flow permeability test was performed both with and witlout the fnside
mandrel. Test results are shown in Figure 6-3. The data indicate a

permeability of 3.8 x 10'é n[' with the mandrel in (no tunnel;, and
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Figure 6-2 Wick Closeout End for Low Temperature Heat Pipe
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2,48 x 10713 1n% with the mandrel out (tunnmel primed). The permeability of
the wick wit: the mandrel in was approximately three times theoretical, as
the case wita the high power wick. It was concluded that this also wvas

due to the gaps between the layers.

Wick Standoffs (Bridges)

To complate the heat pipe wicking system, the standoff wicks and rods
for the evaporator and condenser sections were fabricated. For the condenser
section, four sections of 250 mesh 316 stainless steel screen were wrapped
around a .24 cm diameter mandrel, welded long“tudinally, and then cut to
14.7 cm long. Four 316 stainless steel rods, >f the same length, were cliem
villed to a diameter of 0.19 cﬁ.

The evaporator stand-off wick was fabricated from four 23,5 cm long
sections of 250 mesh screen formed fnto "U" sectiuns, welded together
longitudinally along 3 seams, wrapped on the primary wick and then welded

along the fourth seam. Figure 6-4 shows the configuration of the avaporator
standoff.

The four separate wick standoff bridges were used in the condenser
section rather tnan the web type in the evaporator. This was required to
permit installation of the wick into the flexible hose assembly without
damage to the wick standoffs. (The diameter in the flexible section is
only 0.64 cm compared to .93 cm in the evaporator and condenser, hence the
webs could not be pulled through the heat pipe).

Fill Tube and End Cap

The f1ill tube and end cap were machined from 316 stainless steel rod
stock in accordance with Pigure 6-1. The ends of the evaporator and

condenser were counter bored .064 cm deep by 1.02 cm diameter.

Final Assemblv

Subsequent to LOX cleaning per Rockwell Specification No. MAO110-018,
all the components as shown in Figure 6-5 were assembled to complete the
heat pipe fabrication. After the primary wick assembly was installed and
located with the condenser stand~off wicks and rods, -the end cap was GTA
welded to the evaporator eud and the fi11 tube was GTA welded to the

§D 77-AP-0088
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evaporator end and the fill tube was GTA welded to the condenser end - both
with 316 stainless steel filler alloy. The assembly was proof pressure tested
at 2.76 x 107 Pa (4000 psig) and helium leak tested at 2.07 x 107 Pa (3000

psig). This was followed by a recleaning to the MAO110-018 specification.

BAKEOUT AND FILLING

The heat pipe was baked ovt and filled in the same manner as the high
power pipe. Based on the final fill caiculations, it was determined that

the pressure at 315°K could exceed the design value of 2.07 x 107 Pa (3000 psi).

Since the pipe was only proof tested to 2.76 x 107 Pa, it was decided to add
a 75 cm3 reservoir onto the condenser end of the plpe. This reduced the

expected pressure by about 30 percent and was acceptable. The reservoir was
LOX cleaned before installation. The final assembly is shown in Figure 6-6,

Bakeoit

The heat pipe assembly was installed in the bakeout fixture and hocked
up to the high vacuum system. The pipe temperature was maintained at 7.50F
(121 C) for 18 hours and the vacuum was maintained below 10'6 micron after
the initial decay.

Filling

The theoretical 100 percent fill charge for the oxygen based on an 80°K
minimum operating temperature is 16.1 g includiag the vapor space in the
pressure reservoir. The pipe was initially charged with 21.6 g of oxygen
to provide excess for venting. The vent line was installed through the
vacuum chamber with a 1/8 in ss line to allow the hsat pipe to be vented

during operation in the vacuum chamber.
TEST PROGRAM

Heater and thermocouple locations for the low temperature heat pipe are
shown in Figure 6-7. The pipe was installed in the test {ixture shown in
Figure 6-8, leveled, and installed in the vacuum chamber.

Tests vere conducted with oxygen inventories ranginz from 17-20 g to
provide sufficient cuarge for priming of the tunnel, The nominal operating
temperature was 90 + 5°K, The heat pipe system was vrapped with multi-layer
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insulation and tested in an ambient temperature vacuum chamber. A liquid

nitrogen bath was attached to the condenser to provide cooling.

The first tests were conducted with a 17.6g charze and with the heat
pipe in a straight configuration. Results showed that the heat pipe was
burning out at 6 W to 8 W horizontally. Although the burnout values were
higher than the 4.5 W specification, there was some concern since the
theoretical transport capability was over 20 watts. The pipe was recharged
with 21.5 g of oxygen, was refluxed for 4 hours, and then vented to a final
charge of 17.9 g. Burnout values were unchanged and indicated that the wick
was only partially primed.

The test fixture was modified to allow venting of the heat pipe through
the vacuum chamber wall during testing. The pipe was charged with 20 g
oxygen and installed in the chamber and test fixture. The pipe was this time
installed in an 80 degree bend configuration to provide comparative test data
with the straight configuration (a 90° bend would not fit in the chamber).

Results obtained during cooldown from rcom temperature conditions with
the heat pipe horizontal shown in Figure 6-9 (the fluid inventory was still
20 grams which represented approximately a 20X excess without tunnel
priming). The .results in Figure 6-9 show the condenser having been cooled to
below the critical point of oxygen (155°K) in less than 20 minutes after
1iquid nitrogen cooling was started. Approximately two (2) hours are
required for the liquid to advance through the flexible section. Cooldown
proceeds much slower through the evaporator because its relatively high
thermal mass is directly coupled via the wick bridges to the main wick. There
are no bridges in the flexible bellows portion and hence the liquid advances
more rapidly through this section since the heat load is smaller being due
only to radiation between the bellows and the liquid. Also, as the liquid
front progresses toward the evaporator the rate of cooling decreases due to
the increasing transport length. The evaporator becomes isothermal after
about three (3) hours after the 1liquid has advanced through the flexible
section. The slight gradient (<2°C) in the condenser end is probably due to

excess fluid since transport tests indicated that the tunnel never primed.

The maximum transport capability that was measured for the pipe is shown

SD 77-AP-NNAR
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in Figure 6-10 versus heat pipe elevation. Also showm is the theoretical
performance for an open &rtery and for a closed artery without a primed tunnel.
Nominal operating conditiors are 90°K. It should be noted that "0-g"
equivalent performance corresponds to operation at an elevation which is

equal to half the diameter of the main wick (in this case, 0.5 D" = 0,23 cm).
At a horizontal elevation the wick must pump against gravity across its
diameter and the transport capability will be less than what would be obtained
in llo_gll . ’

The extrapolated "0-g" transport for the straight configuration {s 7.8
vatts which 18 42X better than predicted for the open artery but only 30% of
the closed artery's capability. The transport with the 80° bend appears to
be slightly below that of the straight configuration.

The static height for a concentric wick is given by

hs - ho + tb

where
ho = Heat pipe elevation where the heat load is zero

tb = Thickness of the wick bridge between the tube
wall and the main wick

An examination of the data shuws that the static height extrapolated from
the measured data is twice that which can be obtained with the coarse mesh
screan, but only 447 of the theoretical for the 250 mesh outer layer. Since
the static height is equal to the maximum capillary pumping head, these
results would indicate that composite pumping which is twice that of the open
artery and about half the theoretical maximum has been achieved. This in turn
implies that the "0-g" extrapolation s3hould also be a factor of two better than
that of the open artery. The foct that the equivalent "0-g" performance is
only 422 better means that the flow losses nre greater than predicted. The

higher logses could be attributed to lower liquid flow condurtance (KA), highe:

vapor losses which are perhaps due to perturbations in the flexible section,
cr inadequate flow within the circumferential screw thread grooves. Perfor-
mance at higher evaporator heat fluxes is essentailly the same which would

eliminate the grooves as a performance limit., The increased performance
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(14.5 W) obtained at a 1,27 cm positive orfentation and at an operating
temperature of 113°K would indicate that vapor losses may be causing the
reductlon. However, the same performance was also obtained at 90°K with the
80° bend. In addition, 19 W transport was also ueasured at this elevation
at 90°K with the straight pipe which would indicate that the degree of
arterial priming could be a variable. Hence ¢t would seeuw that the reduced
performance can be attributed to incomplete priming of the arterial wick and
to a reluction of the liquid flow conductance over what was measured for the
wick when it was tested before insertion into the pipe.

The lower-than~theoretical turnout data may be due to pressure depriming
of the composite, or to a non-condensible gas bubble in the wick which limits
the realizable capilary head to less than 200 or 250 resh pumping. In
hopes of determining which of these two it umight be, two additional tests
vere performed. First, the pipe was tested with methanol which has a law
vapor pressure, and then with a special ultra-nigh purity grale of oxygen to
minimize any trace contaminants of non-condensible gases. No improvew:nt was
observed in either test, but the gas bubble hypothesis does appear to be the
most reasonahle explanation. The high solubility of cryogenic fluids to other
non-condensible gases (e.y., methane/nitrogen) makes purification and out-

gassing very difficule.
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7.0 FLEXURAL CYCLE TESTS

One of the original contract objectives was to subject both the high
pover and low temperature heat pipes to a series of flexural cycle tests to
determine the bending force required and the effect of repeated cycling on
their performance as heat pipes. However, when it became clear that additional
investigative thermal tests would be required, it was decided to eliminate
the flexural cycle tests on the high power and low temperature heat pipes
to provide additional time for parametric testing as well as testing with
other fluids. A limited amount of flexural testing was completed on a high
power heat pipe burst specimen (the burst specimen was identical to the high
power heat pipe except that it had no wick inside - all ocher details were
the same). Results of that testing are summarized below,

TEST SET-UP

A flex cycle test fixture was designed which would allow the heat pipe
to be flexed through a 180 degree arc at a controlled bend radius at ambient
and at cryogenic temperature. A schematic of the test setup is shown in
Figure 7-1. The pipe is supported in the flexible bellows section by clamp
on pivot blocks. One pivot block is attached to an overhead swing arm which
is ugsed to move the heat pipe through a prescribed bend pattern. The other
pivot block is attached to a stationary support structure. The swing arm is
moved by a hydraulic cyclinder (Figure 7-1). A load cell is placed in line
with the hydraulic cylinder to measure the bending force. A\ linear motion
transducer is also used to accurately measure the deplacement. The heat
pipe and pivot structure are lowered into aE/I;sulated tank which 1s filled
with LN2 during cryogenic tests.

During initial checkout of the system, it became apparent that the
flexible bellows would not bend at a constant radius because of the greater
stiffness where the braid attaches to the evaporator or condenser end. This
results in the pipe tending to bend to tighter radius in some areas and a
more gentle radius in others. The manufacturer's specification specifies a

minimum bend radiuas of 15.2 cm (6 in) below which permanent (plastic) yield

~0v_
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could occur in the bellows. To prevent this, a contour plate was made up

‘a8 shown in Figure 7-2. The contour plate forced the heat pipe to follow

a constant bend radius of 15.2 cw. The heat pipe was attached to the contour
plate at the top by a hold down wire as indicated in Figure 7-2, As it turned
out, this increased the required bending force substantially because of the

stiffness in the bellows near the evaporator and condenser ends,
TARE TESTS

A series of tare tests were run to determine the added load due to
friction in the test fixture as well as gravity forces on the heat pipe and
test fixture. First, the system was set in motion without the heat pipe

installed, the measured tare load was 18.5 Nt. This value was used for all
subsequent calculatfions,

Next, two tests were run at ambient temperature with the heat pipe
specimen installed. In the first test, the pipe was bent such that the two
ends pointed upward when the pipe was bent to 180° (upright). Then, the
test was repeated with the two ends pointing downward where the pipe was -
bent to 180° (inverted). The difference between these two gives an indication
of the effect of the weight of the heat pipe on the bend force measurement.

As it turned out, the difference was negligible (69.6 Nt vs. 68.7 Nt).
Subsequent tests were fun in the upright configuration.

FLEX TESTS

A flex test measurement was made at ambient temperature. The tank was
then filled with LN, and the system was alloved to stabilize in temperature.
The pipe was then run for ~ 1000 cycles at approximately 10 cycles per
minute. Strip chart measurements were made at cycle numbers 1, 150, 290,
515, 745, and 995. Figure 7-3 shows the bend/load profile at cycles # 1, 515
and 995. An ambient test was also run after the cryogenic tests. A
summary of the peak loads for these tests is shown in Table 7-1.

EVALUATION

The bending loads were considerably higher than the initial design
objective (- 13 Ne) for two reasons. Pirst, a double braided rather than
an unbraided or a single braided bellows had to be used to provide a burst
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Table 7-1 Results of Cryogenic Heat Pipe Cyclic Testing

Cycle Test Temp. Peak Force (Nt)
Pre-LN2 test room 69.6
1 LN, 83.6
150 LN, 89.8
290 LN, 95.9
515 LN, 99.0
745 LN, 105,2
995 LN, 108.3
Poat-LN2 test room 108.3

safety factor of 4.0. The double braid significantly increases the overall
stiffness of the assembly. Second, the pipe had to be controlled to a
constant bend radius to prevent possible damage to the bellows. In an
application, this could easily be precluded by making the bellows a little
longer such that the minimum bend radius would always be greater than the
specified minimum.

Another notable conclusion from the tests f{s that the peak load continual
increased during the 1000 cycle test from an initial value of 69.6 Nt at room

temperature to a final value of 108.3 Nt in the post LNZ test run (cycle
No. 1001). This is most likely due to work haidening of stainless steel
bellows or the braid. It could also be caused in part by movement of the
braid wires during motion so as to increase the system stiffness. Figure
7-4 ghows the peak force as a function of the test cycle number. As
indicated in Figure 7-4, the slope is tapering aft but the peak force was
still f{ncreasing even at 1000 cycles. Furtler testing is recommended to
determine the long term effect of cycling on bending force.
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8.0 CONCLUSIONS ANC RECOMMENDATIONS

GENERAL

Tha concept of a flexible cryogenic heat pipe has been demonstrated
succesgfully, although the ultimate performance capability of the spiral
multivrap composite vidkiﬁg system was never realized in either the high
pover (methane) or the low temperature (oxygen) heat pipe. The wicks were
very flexible but the flexibility of the container vas severely restricted
by the double braided stainless steel bellows vhich was required for pressurc
safety. Notwithstanding the difficulties which were encountered, the pipes
guccessfully demonstrated the concept of flexible cryorenic heat pipes over !
a range of temverature, and the demonstrated performance levels are
sufficient for many potential space applications., Additional research in
the area of composite and artery wicks with cryogenic (as well ag ambient)
temperature fluids 1s strongly recommended since it affects not orly
flexible heat pipes, but alsc rigid heat pipes and especially gas controlled
heat pipes.

FLEXIBILITY

The bias-wrapped spiral screen wick design proviced excellent flexibility,
The wick can be bent to a very small bend radius (1 or 2 cm) and flexed
repeatedly without damage., The flexibility of the systeam wvas limited by the
flexible bellows container. Because of the high contaminent pressure
agssociated with cryogenic fluids, and the requirement for a pressure safety
factor of at least 4.0, the bellows had to be double braided vhich signific~
antly increased the bending stress. The flexural cycling test program was
not performed, however, Lecause i: was felt that the thermal test program
wvas more demanding.

The high temperature heat pipe nsed nominal 3/8 in (.95 cm) flexible
hose and had & minimum bend radius of 15.2 em compared to a specification
of 20 cm. The bending force was seasured on a burst test facsimile
of the high power heat pipe. The Lending force at a 180 degree bend angle
was {nitially ° 70 Nt and iocreased to 108 Nt after 1000 cycles. Although
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the low temperature pipe was not tested for flexibility, it was considerably
more flexible than the high power pipe, and may have met the 13.3 Nt bending
force requirement, No degradation in performance was observed during tests
in which the heat pipe was bent 80 degrees(a 90 degree bend could not ba
accommodated due to limitation of the vacuum chambder ).

PERPORMANCE

Conpared to the original specifications, the thermal perfortance results
were mixed. The low temperature heat pipe exceeded the specification by
more than 30 percent (>6 w versus 4.5 w). The high power heat pipe excceded
the 40 W transport requirement in only one test (67 W at 140°K and 0.5 cm
adverge tilt). In other teste, the pipe carried approximately 35 W at the
upper end of the 110 to 140°K temperature range, and only 15 W at the low
end.

In terms of the theoretical performance, the results were more disappoint-
ing. The theoretical heat transport of the high power heat pipe was over
100 ¥ ac 130°K, and that of the low temperature pipe was over 24 W at 90°K.
It should be noted that these values are based on the measured permeability
of the wick vhich vas approximately three times theoretical. In both cases,
the wick appesred to be only partially primed, and the 200 nth capillary
punping was not achieved.

The most probable explanation for the reduced capillary performance is
that s non-condensible gas bubble was present in the wick. When the wick
is stressed, the bubble grows in size and length as the surrounding liquid
pressure drops, until it eventually blocks the enéire evaporator, This
conclusion is based on the following rationale:

(1) The slope of the burnout versus tilt data was in accoriance
with the theory and the measured permeability, hence the
transport conductance was not the cause.

(2) The wick in the high power heat pipe waa removed after
the methans and ammonia tests, and there was no degradation
in bubble pressure.

=100~
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(3) Maass spectrometry tests on the methane indicated relatively
high concentration levels of methane and other non-condensible
trace contsninants (40 ppm of nitrogen in the heat pipe after
outgassing). The impurites were due to trace contaminants
in the supply bottle and not due to corrosion as evidenced
by the fact that the impurity levels in the heat pipe vere
generally lover than in the supply bottle, and hydrogen
levels were insignificant.

(4) Test data with both the high power and the low temperature
heat pipe indicate that the wick was pumping ac levels
vhich exceeded the open composite pumping capability, so
the wick must have been primed at least to some degree.

The problem of composite and artery wicks in the presence of nor-
condenaible gas is not mew, With cryogenic fluids, the problem is even
more acute because of the high solubility of non-condensibls gases., In
addition, the solubility decreases with increasing temperature for most gases,
the dissolved gas in the condenser section would tend to come out of
solution at the slightly warmer evaporator.

RECQRMENDATIONS

It is etrongly recommended that further research and testing be
conducted to determine the mechanisms of permature burnout ia composite
wicks with cryogenic fluids, and to develop syatems or processing procedures
to overcome this problem in fixed conductance heat pipes. Methods of
reducing the room temperature contaminent pressure should 2lso be investigated.
These may include solid or liquid absorbant materials, or techniques such
as on-orbit charging from a pressure bottle. Applications for flexible heat
pipe technology are many, and further research should be continued,
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WICKPER PROGRAM UTLIZATION MANUAL

1.0 INTRODUCTION

This is a utilization manual for the digital computer code WICKPER.
The WICKPER program predicts the performance characteristics of the multi-
wrap and soiral-artery wick configurations. Input variables aliow the
user to select various working fluids, operating temperature ranges, wick
cemponent chargcteristics and heat pipe geometries. The code determines
the wick cross-sectional area and the corresponding fluidAinventory which
provide the maximum transport capability for a specified configuration and
set of operating conditions. Performance characteristics for this design
are then generated over a specified temperature range. Three possible
operating modes, the open artery, and a closed artery with and without a

primed tunnel, are evaluated for both “0-g" and "1-g" environments.

2.0 ANALYSIS

2.1 Wick System Configuration

Cross sectfons of the multi-wrap composite and spiral-artery _
wicks are illustrated in Figures 1 and 2, respectively. Both wick systems
have four common elements: )

(1) Main wick - This wick runs the.lengtn of the heat pipe and

provides the flow path and pumping head for condensate re-

turn from condenser to evaporator. Two types of wicks are

considered.

(a) Multi-wrap -~ This consists of alternating layers of
coarse and fine mesh screen. A homogencous core con-

sisting of continuous wraps of coarse mesh screen can

LR - - - -t PR - - - -4~ e n [ S . -
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also be handled by setting the fine mesh wire
diameter equal to zero. This core is completely
enclosed by a fine mesh screen which develops lhe
composite pumping.

(b) Spiral artery - In this configuration spacer wires
are placed between successive wraps of fine mesh
screen. The periphery is again enclused with fine
mesh screen to establish the composite effect.

(2) Tunnel - This is centrally located in the main wick. In the
primed mode, the tunnel significantly increases the liquid
flow conductance (KA), therein increasing the transport cap-
ability of the system. The tunnel is assumed to be primed
via the Clapyeron mechanism.

(3) Interconnecting bridges - The bridges, each formed by cir-
cular wraps of fine mesh screen, 1ink the main wick to the
secondary wick in the evaporator and condenser zones.

(4) Secondary Wick - These are screw thread grooves which provide
circumferential distribution of the working fluid in the evap-
orator and condenser sections.

2.2 Wick Properties

Each component of the wick system has a characteristic permeability
and effective pore radius. The WICKPER code has the capability of either
calculating these theoretical wick properties or using specified values.

The theoretical permeability of the wire mesh screen is defined by
the Kozeny Equation.

A-2-
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The smalleét effective pumping radius characteristic of a

particular mesh size is

rp® —L (2)
M .

The permeability for the concentric annuli in the spiral artery

wick 1s defined by ; 3
Dz
K=_h_ (3)
48

The tunnel permeability is determined by
DZ
=_h (4)
K 32

Equation 4 also defines the permeability for triangular grcoves

A FAORT KRR STl SRS L2 05 2. . 2 L,

(i.e. the circumferential grooves). The hydraulic diameter in

each case is defined as

-4 ' 5
D, .ﬁ. _ (s)

The area (A) and wetted perimter (WP) of the wick elemeats are
further defined in Table 1.
2.3 Heat Transport Capability of Wick Elements

A thermal impedance schematic of the heat pipe's wick system is shown
in Figure 3. The heat transport capability of the heat pipe is defined by
a system of equations which specifies the hydrodynamic flow through the in-

dividual wick elements and also through the vapor core.
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TABLE 1. GEOMETRIC EQUATIONS USED IN DETERMINATION OF WICK
ELEMENT PERMEABILITIES.

W SO Y

Wick Element Geometric Equations
Spiral Artery Ay = TD(D,-D 4 (4Dg+20.)) - A
WP = 2n (n"-mf")—znus«-g; Do
Tunnel A = “o: /4
Wp = nDt
Secondary Wick A s ¢‘r'

WP = 2(cot a)r
¢ = cota- ‘;7-* a

¢ = Zoilcotu

PO VR

r r r r r r
Po hn P P3 Pa P
evaporator- bridge main bridge condenser
grooves wick grooves

Fig. 3 Schematic of heat pipe wick impedance system.
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2.3.1 Main Wick
The closed form solution for the steadv-state hydro-

dynamic heat transport capability of the main wick is:

0 r
. Z(KA)"F (1 + n) cos e Q- r:Z ) (6)

Leff rpz 3

The parameter n is defined as the ratio of the sum of all
pressure differences due to body forces to the avaflable
capillary pressure.

P, Ot M ()
2H cos ©

where H, the wicking height facter , is a property of the

working fluid and is defined as

"He GO ' (8)
Py 9

The contact angle of the fluid (0) is assumed to be zero for

this analysis. The height of the main wick in a horizontal
posfr'un is defined by hw and the elevation of the heat pip;

by h. The friction parameter F represents the ratio of the flow
pressure drop of the liquid to the sum of the flow losses for the

14quid and vapor.

b pz -
Fe . 1 (9)
Ap, +0p v (xa)
L v ¢ v L 1
Ve (w{,v

The permeability of the vapor area in the annulus betwean the wick
and heat pipe wall s defined by Eq. 3. The wick tunnel has a vapor
core in the unprimed mode whose permeability s defined by Eq. 4.
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The factor ¢ depends on whether the vapor flow is laminar or

turbulent.

¢ = VLR, < 2200
v

¢ = 0.0031 (Re )o-7s Ry > 2200
v ' Ty

with
oVD
s(—h_ 40
Rev ( u ) v ’m'v(oa + D')

This analysis assumes that the diameter of the adiabatic region
(Da) {s equal to the inner diameter of the bellows. The Liquid

Transport Factor Ng is defined as:

(] '_OX
14}

g

The parameter Lofs is the effective transport length. Single
evaporator and condenser sections with uniform neat addit.on/

removal are assumed and, therefore,

Loge 0.5(L, + i)+ L,
2.3.2 Bridges
Closed form solutions simflar to Equation 6 exist for

the interconnecting bridges. In the evaporator,

(kA)
Q - 2K b N 1 - : )

N " Py

-P-6- g 77-ar-0088
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m)

(12)

(13)

(14)

(15)
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and in the condenser

: (r)
Q@ = 2N b N rl - rl ) (16)

These equations neglect the small elevation head associated
with pumping across the bridge. The parameter l.b 1s the distance

across the bridoe and N, the number of bridges. The meniscus re-

cessfon in the grooves :n the condenser siection 1s small and there-
fore they approack ' completely filled :ondition (i.e. ry = =).
Consequently, the hydrodynamic losses in the condenser grgoves are
small and have negligible effect on system perfonmaﬁce. These
smail losses result in a pumping radius at the groove-bridge inter-
face (rp4) that is large in comparison to the pumping radius at the
bridge-wick f{nterface (rps). Cnnsaqaently.(lerA)can be neglected
when determining the heat transport capabilfty of the wick system.
2:3.3 Secondary Wick

The heat transport capability of the circumferential grooves 1s

defined as

"g b0 n (r’- l")‘ (A-17)
192 R ¢ L P PR

where the parameter Ng is the number of grooves per unit length,
Le is the length of the heat pipe wall in contact with this bridge
fn the evaporator and 0‘and el are dimensionless factors determined

by groove gecmetrv.
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The parameter R is the inner radius of the heat pipe and ¢

is the distribution angle or half the angle between a bridge
pair. A uniform distribution of bridjges is assumed and hydro-
static losses assocfated with pumping the 1iquid around the
grooves are neglected. It is further assured that the grooves
are sharp and therefore the pumping radius of the evaporator
grooves at the maximum distance from the bridges (rpo) approaches
zero at maximum stress.

2.4 Heat Transport Capability of the Heat Pipe

The heat transport capability of the heat pipe is defined by the simyl-
taneous solution of the system of individual transport equations. As illustrat-
ed in the wick system schematic in Fig. 3, the pumping radif of the various
wick elements are equal at common interfaces. Additicnally, these radii adjust
to provide uniform heat transport across each element within the system.

_The maximum transport capability of a heat pipe will be limited generally
by either the main wick or the grooves. If the maximum heat transport of the
wick system requires a pumping radius at the groove-bridge interface (rp‘) which
{s greater than the pore radius of the fine mesh screen used for the bridges and
the main wick envelope, the grooves are limiting. If the grooves are capable
of providing the maxizum heat pipe transport with a value °f('p,‘ vhich §s less
than the fine mesh pore radfus, the main wick is limiting.

The system of fndividual transport equations is highly non-1inear in a
*1-g” envirenment. The WICKPER code uses an incremental type cvocedure to con-
verge on the system solution. For the "0-g" environment, the transport equation
for the main wick (Eq. 6) fs simplified and explicit solutions for the effect-
ive pumping radii and corresponding heat transport are used.
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2.5 Fluid Inventory
The mass of the working fluid required for heat pipe operation is

430 o s o

T+
b

determined for the optimm wick design. The mass of fluid required to
satisfy each individual wick element §s calculated and then susmed to

determine the total inventory. For the main wick and fnterccnnecting

bridges, the 1iquid masses are defined by

P8

g " o,_(ALr.)' . (18) %
4

and i ’ ﬂ
' ' i

n‘b v pl(ALc)b (19) 72
For the mafn wick tunnel in the primed mode ' g

B, * py(AL), . (20) .
The mass of liquid required for the circumferential grooves is

m o e, (HAC) (L, ¢ L) (@)

9

The mass of vapor contained in the annulus between the main wick
and the heat pipe envelope 1s

LI av( (AL)e + (Al)a* (A), ) (22)

The mass of vapor present 1in the wick tunnel in the unprimed

b e 5o Wl W0 KT, AL i e BN B wl' g

oode s

u't . a'(lu.)t : (23)

© The sum of the Viquid and vapor mass charges for the {ndividual
elements ylelds the total fluid requiresment.
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For the unprimed tunnel mode: Spsce Civision
m, =" My *Mm, ¢, ¢m *+m B (28)
! ln "b zq v vt
and for the primed tunnel mode ©
. m, s p, *t0, +n +t0 *n
o h g e (25)

3.0 PROGRAM QES;R!PT!Q_&
3.1 General
The HWICKPER program and the supplemental subroutines were written

in FORTRAN EXTENDZD and designed to operate on the COC 6500 system.
The program 14sting and flow charts are contained in Appendix A. Al
of the constants and varfables utilized within the program are fdentif-
fed at the beginning of the program listing. The prograsm deck consfsts
of job control cards, a progran source deck, fnput data cards and pro-
gran ternination cards. The heat pipe geometries,wick properties,
fluid properties and program options are defined by the input data.
NICKPER s structured in two stages. The program initially deter-
mines the wick cross-sectional area which provides optimm performance
for the closed artery/unprimed tunne' operating mode in a "1-¢” environ-
ment. The performance characteristics of this wick configuration are
then generated either for a “o0-9" or *1-¢" environment in three oper-
ating modes:
(1) Open Artery - The main wick's pumping head is linited to the
maximum head developed by the coarse mesh or spiral annulus.
(2) CIoged Artery/Unprimed Tunnel - The main wick's capadility
1s 1inited by the maxioum punping head daveloped by the fine
sesh screen envelope. . o
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(3) Closed Artery/Prize¢ Tunnel <~ The puaping head developed
by the fine mesh screen s 1imiting and the flow conduct-
ance of the tunnel (KA), is added to the Tiquid's flow con-
ductance in the main wick.
Several subroutines supplement WICKPER. Their names and functions
are Jisted below:
@ FLUPRT - Inputs and outputs fluid properties.
©® MULWRAP - Calculates wick and vapor core geometry and flow con-
ductan-e for the multi-wrap wick configuration.
® SPIRART - Calculates wick and vapor core geometry and flow conduct-
ance for the spiral artery wick configuration.
@ BRIDGE - Calculates and outputs geometry and flow conductance of
interconnecting bridges.
® NFMWP - Calculates and outputs the fluid mass charge for the
multi-wrap wick configuration.
Sazple inputs and outputs are presented in the following section and
in Appendix A to 1l1lustrate WICKPER program operation.
3.2 1nput Description

A Yisting of the input deck is shown in Table 2. The FORTRNM var-
fables and constants are identified at the start of the program 1isting
in Appendix A. The input cards allow the user to select heat pipe geom-
etries, wick element characteristics, fluids, operating tesperatures,
environments (“o-g* or “1-¢*) and overall wick configuration (multi-wrap
or spiral artery).

A sample input sequence is presented in Table 3. The program options,
specified by the {nput on card fo. 3, are detatled below:

A-11- 8D 77-Ar-0083
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TABLE 2. [INPUT DATA CARD LIST

o g‘:_:i“qtn_o_. Format Fortran Hames Description
‘ | 4€20.5 DIE, 01, 008, DIC Heat pipe geometry
‘ 2 8£20.5 XLE, XLA, XLC . e
i3 815 KCAL, IMICTYP, ITEMP, IEL  Progran Cptfons
4 8I5 _ KF, MC, HBR, NGV, KBR, NWVBR  Wick element characterfistics
5 4€20.5 0T, OFW, OCW, DBRY ° ° |
_ 6 4£20.5 S, DS, SP, ALPHA - " t-
E 7 4E20.5 THD, THW ‘ *
g 8 Al0 WICK ' ° .
v 9 4E26.5 RPF, XKB, POROS ‘ "
* 10 4£20.5 XK, PORGN ) °.
N Ao FLUID Fluid properties
4 e F16.3 BP =
+13 7€10.4 RHOL, RHOV, SIGMA, - °
, XLADA, XL, XUV, H ‘ .
1 aE10.4 RHOL, RKOV, TENP - .

* Input cards used only {f KCAL § 1

+  Card set repeated several tines for fluid propertfes
at different operating temperatures.
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(1) XCAL = 1. This specifies that the pore radius and
permeability of the fine mesh screen are calculated
rather than specified.
(2) INICTYP = 1. The overall wick configuration in this
an2lysis s the multi-wrap composite wick.
(3) ITEMP = 6. This is the number of discreet operating
temperacures at which the optimized wick §s evaluated.
(4) IEL = 0. This indicates that the heat pipe s evaluated
in 3 “0-9" environment.
Hote that since KCAL = 1, the input cards {dentified as Nos. 9 and
10 in Table 2 are omitted. A tctal of seven sets of fluid preperty
data cards (Nos. 11, 12, and 13 in Table 2) appear, one for wick
optimization and six for different operating temperatures (!TEMP = 6).
The final card specifies the 1iquid and vapor densities at the temper-
ature at which the mass charge s determined.
3.3 Output Descripifon

A Visting of a typical output, correspending to the sample input
data listed in Tablc 3, follows the program listing in Appendix A. The
program output s presented in two stages: data relating to the wick
optimization and performance data in efther "0-4" or "1-g".

3.3.1 Wick Optimfzation

The geometry of the heat pipe, basic wick characteristics, and
the fluid propertfes at the optimization tesperature are tabulated
initially. This is f;)lloved by main wick and bridge geometry and
corresponding heat pipe performance characteristics for successive
concentric wr?ps of the =ain wvick. The optimum mwoer of wraps is
the f{na) output of chis stage.
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3.3.2 Performance of Optimized Wick

The fluid properties at the operating temperature are listed
first, foilowed by the heat pipe performance characteristics for
the three possible operating modes: open artery and elosed artery,
with and without a primcd tunnel. This includes heat transport
capability, flow pressure drop ratio, Reynold's number of the vapor
flow and the effective pumping radii at the wick element iﬁterfaces.
If the heat pipe is evaluated in an "IQg" environment, the heat pipe
performance characteristics are output at several heat pipe elevations
ranging from a horizontal orientation to thg static wﬁcking height.

This entire output is repeated for each operating temperature.
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Symbol

L "m 6 O O oo >

xl"x::"':r

RO v o2 2Z 3

-

NOMENCLATURE

Description

area

circumference

diameter

hydraulic diameter
wire diameter
pressure drop ratio
wicking height factor
wick height

elevation of heat pipe
permeability

length

mesh size

mass

number of . . .

1iquid transport factor
pressure

axial heat flow rate
heat pipe inner radius
groove meniscus radius
Reynolds number

pumping radius

distance between spacer wires

-A-16-

‘l‘ Rockwell Intemational
Space Division

a 3 3

W/m?
N/m2
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NOMENCLATURE (Continued)

Symbol - Description Unit
v . velocity m/s
| WP wetted peremeter - m
a groove half angle rad
8 heat pipe orientation with rad
respact to gravity '
€ porosity
n gravity factor
© contact angle (fluid and wick) rad {
A heat of vaporization - ‘ J/kg 4
u dynamic viscosity N-s /m? - |
v kinematic viscosity m/ '
o density kg/m’
c surface tension N/m |
¢ groove geometry factor
v fluid .distribution angle rad
Subscript
a adiabatic
b bridge
c condenser
e evaporator
eff effectﬂe
fw fine wire
' ~ groove -
L liquid . '

voow ’ .

| -A-17- gp 77-aR-0088 S
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NOMENCLATURE (Continued )

Subscript Description
n ' nth wrap of wick

s spacer wire

t tunnel

v vapor L
w wick

wr wraps
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PROGRAM NICKPER
/ —
START ]
A CALCWATE OUTPUT
- HEAT TRANSPORT WICK GEGMETRY
e st 18
OR N
GEOMETRY L
oumr ]
BASIC HEAT PIPE
GEOMETRY
!um cm. KO
WICK COMPONENT mmp SPIRART ~
PROPERTIES SUBROUTIAE SUBROUTINE / vxcxkgg&:giv
|~ AND PERFORMANCE

AN NIC
~ MULTI-WRAP

OrR
SPIRAL ARTER

Mep.
CAL CULATE CALCULATE SPECIFY CRITERIA
OR DEF I1E OR DEFINE AND INTTIALIZE
NICK NICK
PROPERTIES PROPERTIES -
i I .
} CALL
FLUPRT
OUTRIT SUBRQUTINE
BASIC WICK
CHARACTERISTICS 3
CALCULATE
| SECONDARY wiCK
CHARACTERISTICS
L Pla A_1%

REDEFINE
OPTIMIZED WiCk
GEOMETRY AND
PERFORMANCE

uirvorR flowchart - wick optimization section.
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HEAT TRANSPORT JF
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§
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CALCULATE
HEAT TRANSPORT OF
CLOSED ARTFRY W/
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!

oUTAUT
PERFORMANCE
CHARACTERISTICS

CALCULATE.
HEAT TRANSPORT OF
CLOSED ARTERY W/
PRIMED TUNNEL

OUTPYI
PERFORMANLY.
CHARACTERISTICS

PROGRAM WICKPER

e Rockwell Intemationel
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00 72001 = 1,ITEMP

CALL
FLUPRT
SUBROUTINE

I

CALCULATE
ELEVATIONS
INCREMENTS

DO 710 M

CALCULATE
HEAT TRANSPORT OF
OPEN ARTERY

OuTPUT
PERFOPMANCE
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CALCULATE
HEAT TRANSPORT QF
CLOSED ARTERY W/
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-

OUTPUT
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-
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1/[UBROUTINEJ/]

CALL
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Space Oneion

SUBROUTINE BRIDGE SUBROUT INE FLUPRT
( START ) , START
CALCULATE opé::‘gm
BRIDGE DIAMETER TEMPERATURE &
AID FLOM AREA FLUID
PROPERTIES
i ’ CALCULATE
CALCULATE LIQID TRANSPORT
BRIDGE FACTOR
FLOY CONDUCTANCES

L ouTAuT

FLUTD
WTPT PROPERTIES

BRIDGE

CHARACTERISTICS

RETURN

Fig. A-3. WICKPER subroutine flowcharts,
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SUBROUTINE KULMRAP/SPIRART SUBROUT INE MFIMP/IF SPART
s «<>
INPUT WICK
CALCULATE AYD FLUID
wIcK g’xmmsn PROPERTIES
FLOW AREA 1
[ m&&?f LIQUID
N
CALCULATE EMENT
MAIN WICK vick B s
FLOM CONDUCTANCE :
|
3 wﬁxs.m VAPOR '
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CALCULATE
VAPOR SPACE AREA HEAT PIPE
AND v
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CALCULATE FLUID
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. - §1g. A-4. VWICKPER subroutine flowcharts.
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APPEHDIX B
PARAMETRIC PERFORMANCE FREDICTIONS
{Theoretical Hick Properties)
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Fig. 8-5. Perforvance characteristics of high power flexible
heat pipe in “0-3" (ethane)
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