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FOREWORD

.This report was prepared by Grwrman Aerospace Corporation for
the Murned Spacecraft Center of the Naticnal Aeronautics and Spece
Administration. The work was performod under Contract NAS 9-1203k and
was administered by the Thermal Technology Branch of the Structures and .
Mechanics Division; with Mr. R. Bullock as Project Technical Monitor.

The work c‘es;cribed herein was performed from July 6, 1971 to
April 30, 1972. This report is the final report for Contract NAS
9-1203% and consists of two volumes:

Volune I .: . Syncpsis of Final Roport - o brief sumary of
the atuly and results

Volume II : Final Report - o deteiled presentation of the
heat pipe aprlications formulation, evaluation,
supporting analyses and deéaigns.

Major contributors to the study were:

Thermal Anelysis: J. Alario
P. Domingucz
D. lehrfcld
R. Pragor
M. Tawil

Weights Analysis: J. Sims

Structural Design: J. ?1orcllo
J. Valentine
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SECTION 1
ABSTRACT

An investigation was made to formulate and evaluate heat pipe applications
for the space shuttle orbiter. Of the twenty~seven speciflc applications whieh
were identified, a joint NASA/Grumman eveluation resulted in the selection of
five of the most prémising ones for prototype development, The formulaticn
process is described, elong with the epplications which evolved. The bulk of
the discussion deals with the "top" five applications, namely:

heat pipe augmented cold rail

avionics heat pipe circuit

" heat pipe/phase change material modular sink
®* air-to-heat-pipe heat exchanger
® heat pipe radiating panel for éompartment temperuture control

The philosophy, physical déaign detalls, and performance deta are presented
for each concept elong with a compariscn to the baseline design where

. applicable. A sixth application, heat pipe space radiatof for waste heat
rejection, was also recommended for prototype developmentubut its development

would be mor. efficiently handled under a separate contract.
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SECTION 2
INTRODUCTIOR

The heat pipe, as a component, 15 an extremely efticient thermal control

~ device that can transfer heat with very little temperature drop., This heat

transfer is accomplished by the evapordtion, vapor transport, condensation and
return by cepillary aetion of a working fluld within a sealed contaiper. In
addition to superior thermal performance, heut pines have no moving parts,

require no electrical pover and can be made self-regulating. These characteristics
make heat pipes attractive for aerospace applications since they can benefit overall
vehicle performance by providing thermal control systems which ere lighter, are
simnler and more relieble, reguire less power, operate at much lower noise leV°ls
minimize fluid leak probabilities and have improved maintenance features.

In rezent years there hae been a veritable explosion of information about
various heat pipes, their design and thermal performance. 4&s a result, the ‘
feasibility of various types of heat piuve devices has been established. For
example, flight hardware or working models cxdst for siuple heat pipes, isothermalizers,
cold and hot reservoir variscble conductence pipes, diode pipes and feedback control
heat pipes. They encompess a performance renge from cryogenic to entry temperatur.s
with corresponding thermal capacitics from a few to a few thousand watts.

Heal pipes have recached the point where their unique performance qualities
can benefit space shuttle orbiter themmal control systems. With this in mihd, a
study was undertaken to formulste, evaluate and design practiceble heat pif’ syctems
offering tangible benefits over beselinc designs, with a realistic chance of being
implemented. The primnry objectives of this study were:

identify potenticl heat pipe epplications for the space shuttle orbiter
evaluate the applicatiuns and recormend ‘the most pr--ising ones for
further developuent

rerform de%ailed design and annlysis on the recommended applications
prepare design drawings with recessary moteried specifications to

~permit fabrication of prototype hardware for at least three of the recommended
applicatiors ‘

v

®. prepare test plans for performnnce ver.fication of the three.or more prototype»
systems. '




Secondary objectives were to:

evaeluate a general design concept employing “off-the-shelf" heat pipe
components to be used in minimizing costs, in the event of an exteasive
comnitment to heat pipe systems

create study plans for the development of Protntype heat pipe haraware:
for space staticn; spac:2 shuttle and common shdttle/station applications
(including space raaiators)
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SECTION 3

SUXMARY

Each of the shuttle subsysteans, i.e., structvre, propulsion,

avionics, power and envirormental control and life support were reviewed

in detail, with possible heat pipe applications areas indicated by the
heat sources and sinks located throughout the shuttle vehicle. Twenty-
seven initial applications werec defined, from which eleven were chosen
for further design and analysis. The procedure used ta evaluate these
eleven was based on & better than/worse than comparison with the baseline
system for each of six criteria: temperature gradient, capacity margin,
power requirementé, control requirement, weight, and safety. Because of
the lack or factual data, parameters such as cost, maintainaﬁility, reli-
ability, durability, end development risk vere only evaluated on a

secondary pasis. )
;

The eleven prime cortenders are briefly summerized below:

1. Isothermalization cf the leadirng edge of the wing to lower

peck temperatures and to increase mission life

2. Vheel well radiators to mairtain minimum temperatures suffi-

cient for tire survival by supplying waste heat

3. A design similar to (2) for the air breathing engine cor-

partments

4., A HP avionics circuit to collect and transfer the thermal

load from electronics boxes to the heat +--~nsfer system

5. Modular heat sinks for ccoling remotely located components
without the need for long extensions of the numped coolant
system

6. An adaptation of (5) for the flight/voice recorders located-
in the tail ' '

3-1
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Ve A modular heat pipe heat cxchanger system for adapting aire
ayLed corzaercial and military aviorics to tre shittle

(5]

. An all HP radiator system for waste heat rejection

9. A modified version of (8) incorporeting e pumped fluid

loop header

10. A HP augmented cold rail capable of absorbing an order of
magnitude greater local power density when compared to a

simple fluid cold rail
1l. A high tempers*ure heat fejection system for the fuel cells

The porliminary design studies of these prime contenders included
o description’of iLa overall system, supporting drawings showing the heat
pipe systems and shuttlelinterfaces, and heat pipe design details including
capacity requircments, working fluids, wick decign, pipe lengths and
diameters, ' '

Further evaluation resulted in six of the eleven concepts teing
selected for detailed design and analysis. These six are noted in

Table 3-1, which summarizes the results of the evaluation process.

SELECTED CONCEPTS
ileat Uive Augmented Cold Rail

The heat pipe augmented cqld'rai1 is made by inserting a heat pipe
in the center of a standard two-passage fluid cold rail. The heat pipe,
by distributing localized heat inputs over the length o the rail, allows
it to acconmodate the higher power densitics of prese, ., generation vower
conditioning and co~trol equipment. Without heat pipe sugmentation, the
pfevious generetion electronics would have to be eubstitﬁted for the newer
and more conmpact equipment resulting in heavier avionics and fewer com-
ponents mounicd per rail. Since more cold rails would be required, not
employing heat pipes in the cold rails causes increased weight and {low
pressure losses. The heal pipe augmented cold rail is capable of trans-

ferring simultuncously an average heat load of .83 watts/inch/side

3-2
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nnd a concentrated load of 39 watts/inch/side (over 1.8 inches) to the

fluid loop, while malntuining equipment flange root temperatures belo.
140°F,

Avionics Hent Pipe Circuit

This system consists of an equirment rack comprised of all-heat

' pipe cold fails, 8 heat pipe header to colleet and carry the cnergy away

from the rack, and a heat pipe~to-fluid heat exchanger to transfer the
wéﬁte heat to the pumped fluid (water) loop system, Heﬁt pipe cold rails
can nore conveniently provide greater cocling cabacity than all-fluid
rails, both on a power density and a total load per rail basis; and 2irre
heat pipes operate near isothermal conditions they provide fléxibilit& for
cQuipmcnt location within the circuit. In addition to the twin benefits
of capacity and flexibility, the problems ussocinted with flow balancing
and pumping losses in the fluid rualls are eliminated. The absence §f
fluid connections at the rails alro minimizeé fluid leaks und possidble
equipnent contamination.

Heat Pipe/Phase Chanze Material Modular Sink

This system provides autonomous thermal control of heat generating
packages located in remote portions of the vehicle, where fluid-loop
cooling would require very long lines with their inherent installation and
leak problems. As applicd to the flight data/voice recorder electronics .
the modular heat sink thermal control concept couples the electronics basge

plate (heat sourcc), via heat pipes, to either a structural or phase change
material heat sink, a3 required.

During most phuses, heat would normally be transferred to structure.
During times of high structural tcmpératures the pipes would self-regulate,
minimizing thermal feedback from gtructure, while uti .ing the phase change
3ink fcr adequate equipment cooling.  This system controls the baseplate
temperature betweeu -20°F and 130°F while the surrounding structure ranges

between -LOSF and 207°F.‘ The modular heat sink thermal control concept has

~ broad spplicability to remotely located heat sources utilizing any number

of possible sinks -- e.g., structure, expendable fluids, phase change
materials, jcolated radiators.
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Air-to-Heat Pipe Heat Exchanger

The air cooling requirements of "off-the-shelf" available com-
merciel and military electronics can be satisfied, without modificaticn,
by using a heat pipe-to-air heat exchanger in conjunction with an air
circulating enclosure within which the equipment is mounted. The heas
load picked up by the heat pipes‘iu transferred to the main header cf
the heat transport system. Heat pipes are more cttractive than e straight
fluid-to-eir heat exchanger becausze they do rot require any fluid con-
nections near the eqdipment, thereby decreosing the chauce of fluid
leakage and equipment contamination,

Heat Pipe Rediating Panel for Compartment Temperature Contrasl

A heat pipe radiator system for compartment temperature cdntrol
has pover and weight edvantages over an electrical system and ccatrol
end reliability advantages over a conventionai fluid radiator. The
heat pipe radiator system described in this study has been designed for
the orbiter's main landing gear compartment, although in principle and
concept it can be used elsewhere. It consists of a heat pipe radiator
panel and a dicde heat pipe header, Waste heat from a convenient fluid
heat source (in tﬁis case the Freon-21 heat rejection luop) is extrected

'by a diode/heat cxchanger coupling and directed to the feeder heat pipes

of the radiator panel. The heat pipe radiator cystem, as described, is
capable of maintaining the on-orbit moain landing gear temperatures between
40°F and 117°F with a heat exchanger flow rate of 150 1b/hr, or only 30%
of the maximum available rate. - The system weighs 0.74 powais per ££2 of
rediatcor surfece vs. .78 lb/ft2 for a cenventional fluid radiator. The

weight penalty for a system which usce electrical heaters would be
1.61 1v/£42,

35 GRUMMAN
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SECTION 4

IDENTIFICATION/PRELIMINARY EVALUATION
No single configuration wus used as "the" baseline Shuttle concejpt
for the purpese of identifving wnd formulating heet ripe spplicaticns.
Rather, the contigurations of thres Phase A/B Shuttle cortractors were
used (Rererences 1 - 3). Howévcr, Grumman's concept served ag the prinary
information sourco pince it more closcly reflected current NASA thinking
and the supporting documentation was more readily évailable.

The approach was to analyze o typical Shuttle vehicle, using desipgn
data from one contractor to supplement that of another, which serves to
incerporate the largest anount of avellable engineering information in the
bageline cbnfigurutlon. However, there still was insufficlent design date
to provide detulled f1light requirements for all of the Shuttle's heat
sources and ginke, ¢.g,, temperature, heat ioad, operational timelines. As
a result, nuuy of the preliminnry evaluationas and tradeoffs were qualitati&e,
relying heavily on sound engincering judgemens. They wer: supported by

analynis whenaver poanible.

Grumman's gubsystem definition (see Table L-1) was used to categorize

the major functional arcas on the Shuttle. Each of these subsystems were

then reviewed 4n detell for feunible heat pipe applications by scrutinizihg
all the heat sources wnd heat sinlty which comprised them. Examples of typlcal
shuttle heat sources are given in Ta%le 4~2. A ist of shuttle items that
have low operating temperaturcs and sufficient capacity to be designated as
heat sinks is given in Tuble he3,

The factora conaidered in developing the ap. ..cations were temperature
and capaclty rcauirement:., physicql location on tke vehicle, mission environ-

ment, gcomctrlc or operational counntraints, and effects of tnertial forces on

-the movement of the working fluld.. Inertial forces during powered flight and

entry can be a¢ high as 3 g's and, as geen Trom Fig. 4-1, the direction of
these forces can vary through 180 dugrces during the various mission phases.
For'a hcat pipc mounted parnllel to the fuselage reference line, these forces
will drivc the working fluid af't during ascent end generally forward during
CRUMMAN
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TABIE L-), - GrC SUBSYSTEM DEFINITIONS

Structural

1.

Fuseloge

[:

b"

C.

d.‘

e.

Nose Module .

Forward Mid Module (Crew Compertment, Payload
Compartment)

Aft Mid Module (ABPS Engine Support)

ALt Fusclage (Thrust Structure and Mounts)
Tanks (102, OMS, ARPS)

Acro 3urfacces

a.
b.
c.
d.

Externusl I3

Wing
Elevon
Fin
Rudder

2 Tanks

Thermal Protection

Crew Station/Equipment and Passenger Accommodation:

Flight Control Mechanical Equipment

Recovery System (landing Gear)

Propulsion

1.

2'
2

pY)

L,

Avionics

1'

Main Propulsion System '

\ir Breathing Propulsion System

Orbit Maneuvering System
Attitude Control Propulsion

Guidance and Navigatién
Flight Control
Datr. Munagement

Tnstrumentation

Telecommunications and Air Traffic Control

Displays and Controls
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D.

TABIE 4-1 (Continued)

Power
1. Power Generation
2. Electrical Power Distribution
3. Hydraulic
Environmental Control Life Support
1. Atmospheric Revitalization
2. Heat Transport/lleat Rejection
3. Atmospheric Supply and Composition Control
L, Water Manegement '
Vaste Management

4-3




TABIE 4-2 - TYPICAL HEAT SOURCES ON THE SPACE SHUTTIE

Internal

Avionics

- "Black boxes™
- Aircraft avionics
~ Spacecraft electronics

- Radar antennae

- High power wiring & connectors

Electrical power aquipment
« APU )
- Fuel cells

- Batteries

Hydraulic cquipment

~ Pumps

~ Hydreulic lings & contrel velving
~ Actuators

Environnental Control
Equipment

- Radiators

- Heat exchengers

Main propulsion eguirment
- Glwbal rings

- Hext exchangors

Air breathing engine equipment
- Lubricants
- Propelleat

Structure

- Ianding'gear

- Engine compartments
~ Wheel wells

External

- Plvots and attachments

TPS
- Aerotnermodynamic heating
- Post-flight soakback

- Plume impingement

Environmental
- Solar radiation
~ Earth radiation

- Direct and reflected
rediation from other
space vehicles

[ 4
P L-—n

o
et

ot ]



TABIE 4-3 - ICAL SPACE SHUTTIE HEAT SINKS
At
Internal External
0 Structure o Space
% Cryogenic tanksge and piping 0 Deployahle space radiators
6 tjz-yogehic voilofr 0 Fixed space radistors
0 Water boilers o Other space station modules
0 Water sublimators pr vehicles
o Freon bol’ers Grovnd support cquipment ,
¢ Fluid loop elements giu:s:onditioning, inert gas
0 Cold plates,; cold rails, .
heat exchangers

o Alr cycle ecuirment
0 Propellants

[T VPRI 1



entry.  CThas,

shhpier e

reflux condition must exist.

of the working fluid f‘..o the evaporator.

I aperntion I requl red during eaher thorn orbital nloatan

e Bein wasy te

3

cltber wumaal o Lhe gravivy vector or e
The latier implies a gravity assisted return
Considerution was given to opera-

tion during five mission phases:

Duration
Phase Deseription ( Hr )
Launch Prior to 1lift off o 2
Boost Ascent to orbit 2
Cn-orbit . 270 nmi, i = 55° 164
Entry De-orbit to sea level . 2
Lending Up to GSE hook-up 1/2
~ oraw - —o— - -
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ﬁ‘ .‘*

FIGURE
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ORMTAL PLANE
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HEAT PIPE FLUID
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Identification sheets for each proposed ap-~lication are contained

in Appendix A-1. Each sheet gives a description of the application, itz

requiremerts and its advantages and disadvantages.

They have been evaluated and grouped into three general categories.

Prime Contenders (Rating = 2): Those appliceticns offering tangible
benefits over the baseline theimal coutrol system and a realistic

chance of being implemented. They arc minimum ris* systems with
potentially large payoffs.

Possible Ccntenders: (Reting = 1): Those applications providing
marginal improvements over the baseline systems, The potential

enefits are uncertain and mey not warrant {he development effort,.

Rejected'(Rating = 0): Those applications offering no significant
tenelit over the baseline., Insufficient definition exists to warrant
further consideration a2t this time,

Table u4-I lists the sroposed applications and their ratings. A

description of ex.h application is given in Appendix A5,

Additional work was done in areas related to applications previdusly

identified, in response to changing Shuttle definitions. These discussions’

for

and

(1) coupling the wing leading edge to the upper wing surfaces to
equalize temperatures,

(2) lowering the backface temperatures of superlight ablator panels,

(3) usirng heat pipes in a lube oil/hydraclt luid neet exchanger
for a hypergolic fueled APU,

are contained in Appendices A-2, A-3, end A—h,'respectively. Nene of then

were evaluated as prime contenders,

b _ _ : ﬁMAN
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TABIE L-4 - SHUTTIE HEAT PIPE APPLICATIONS CANDIDATES

Prime Contenders (Rating = 2)

w N

.

€0 o = 0\\:!" £

| ol
e

11.

TPS Ieading Edge
Landing Gear

Avionics HP Circuit
Modular Sinks

ATR Equipment

Flight & Vcice. Recorders

HP Radiator W/HP Header

HP Rediator with Integral HP/Fluid Header

ECS Cold Rail
HP Radiator for Fuel Cell
Air Breathing Engine Compartment

Possible Ccntender (Rating = 1)

12,
13.
14,
i3.

16.

oMs IH2 Boiloff

High Intensity Lights
Baﬁtery

Tracking Radar

Fluid Evaporator

Rejécééd (Reting = 0)

17.
8.
19.
20.
21.
- 22,
23.
2k,
25,
26.
a7.

Fuselage TPS, Interference Heating
TPS Panel

Control Surface Pivots

OMS IOp Boiloff ,

Main IOp Tank Boiloff

C-Band Directional Antenna
Electrical Wiring

Hydraulié Actuators

APU ‘
10, Natural Recirculating System
Water Chiller

Subsystem
Structure
Structure
Avionics
Avionics
Avionics
Avionics
ECS

ECS

ECS

Pover

Propulsion

Structure _
Avionics
Avionics
Avionics
ECS

Structure
Structure
Structure

Structure

~ Structure

Avionics
Avionics
Jer
Power
Propulsion

ECS
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SECTION 5

'PRELIMINARY DESIGN STUDIES

Eleven prime contenders for heat pipe applications on the space
shuttle have been identified in the previous section. They represent
applications offering tangible benefits over their counterpart baseline
thermal control systems and & realistic chance of being implemented. This
section gives the preliminary design studies of these prime coatenders in
eleven self-conteined write-ups. Each write-up'includes a written discussion
of the arplication, supporting drawings showing the heat pipe systems and
shuttle interfaces, and preliminary heat pipe design details including capacity

requirements, working fluids, wick design, pipe lengths and diemeters. The

-write-ups are presented in the following order:

Section : !EEES
5-1 TPS Leading Edge (SPL-1ik)
5-2 Ianding Gear (SPL-103)
5-3 - Avionics HP Circuit (SPL-102)
5-4 Moduler Sinks (SPL-112)
5-5 ATR Equipment (SPI-105)
5-6 Flight and Voice Recorders (SPL-111)
5.7 HP Radiator with HP Header (SPL-101)
5-8 HP Radiator with Integral HP/Fluid Header (SPL-1i2)
5-9 ' HP ‘Augmented Cold Rail (SPL-104)
5-10 HP Radiator for Fuel Zell (SPI-11C) . -
5-11 Alr Breething Ergine Compartuent (SPL-105)
5-1




2-1 - TPS IEADING EDGE (SPI-11k)

The beseline thermal protection system for the leadinge edges of
the shuttle wings and vertical fin is an oxidetior resistant carbon-car
reinforced pyrolyzed plastic (RPP) cemposite structure. This cless of
mateiials, although still under developrnent, has shown the potential for
long term exposure in an oxidizing atmosphere at temperatures exceeding the
limits of coated metals. The substrate materiels, compriséd of graphite
cloth or filaments, offer low density (~~ 2 lbs/ft2 of surface srea) with

bon

good ‘strength at elevated temperatures. The development work is being done
for NASA by Vought Missiles & Space Co., Dallas, Mexas, Their phase I '
evaluation is given in VMSC Final Report T143-SR-00044 (MSC-02557) and
covers tbﬂ performance period through February 1971. Two diffusion coating
systems are ceandidates for the oxidstion resistant coatings: siliconized
RP? and zirconium-boron-silicon coated RFPP..

The report indicates that éiliconized RP? is projected to meet a 100
mission life cépability at SSOOOF radiation equilibrium temperature and a
10 mission life capability at 3710 F. The former temperature exceeds vhe
’ 2900 F which was previously considered the limit for a 100 mission life.

However, it must be emphasized that the 3500°F limit is projected, it does -
not exist now,

The report also points out the imporfance'cf minimizing thermal stresses
in the carbon - carbon material. It is the most sigunificant design parameters

for coated RPP with a high elastic modulus but somewhat less important for
base and coated RPP with a low elastic modulus, The baseline approach for

P

Ao

S ol

redircing circumferential temperature gradients is to increase material thick-
ness. But the RPP's low thermal conductivity (2 - 7 Bt ‘Hr-Ft-°F) makes this
prohibitive from a weight viewpoint when applied to arcas of severe temperature

gradients. Gradients were reduced only 7.5% when the thickness was increased
from .20 to .50 inches.

High temperature liquid metal heat pipes can be applied to the leading
edges in areas of high aero-heating to reduce the adverse circumferential

temperature gradients in the carbon-carbbn. Sheet 2 of Figure SPI~11lk4 snows

5ep BRUMMAN
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the radiation equilibrium temperature distribution st the wing lealing cdge
during peek heating (400 seconds after re-entry).. It includes the equalizing
effects of internal reradiation between the beckface surfaces. Accounting for
this cross-radistion reduces the maximum surface temperature at the stagnation

point by 370 F. The corresponding thermanl gredient across the .20 inch thick-
_ness is 278°F. '

_ It should be noted that failsafe considerations demand that the minimum
material thickness be determined by the stngle mission capability of unccated

RFP wkich has a recession rate of 4 to 5 (10° ) in/sec. This meens a minimum
thickness on the order of .20 inches.

A rreliminary evaluation of the use of high temperature heat pipes was
done by D. Ernst, P. Shefsiek and J. Davis of the Thermo Electron Corp.,
Waltham, Mass, under an informal agreement with Grumman Aerospace. The subge-
aquent application is based upon their contributions for the design of the heat
pipes.

Three configurations for %‘he epplication of heat pipes to the leading
edge are proposed.- They cre all based on isothermalizing the surfaces to
vhich they are attached and all of them use lith;um as the working fluid
since the operating temperature range 13 on the order of 3000 F.

The first configuration, shown on sheets 1, 2 and 3 of SPI~114, involves
isotheimalizing the entire wing leading edge. Heat pipes located along the
elcment lines of the airfoil (see sheet 3) carry heat to a secondary HP header
which follows the circumferential contour of the foil section (see sheet 2),
Each secondary header, in turn, feeds the primaery HP header which runs’parallel
to the leading edge at about the 7% chord line. The theoretical effect of this
application would be a uniform temperature of abou. _450 F along the entire
leading edge.

Preliminary evaluetions have raised objections to the number of HP to
HP joints that ure required (excessive A T's), the long length of primary
Leader called for, and the obvious weight penalty incurred by these many
pipes.:

5-3 - GRUMMAN
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Configuraticn II (ohcet 4} involves isothermalizing only a small
seetion of the leuding odge by attaching heat pipes which follow the circum-
ferential contour of the edge. Huat Pipes (1" wide by 1/4" deep) are pluced
slde by side, as necessotry, to equalize the temperatures in high hecating
rate areas. Application of an isothermslizer heat pipe to the gection of
sheet 2 would result in o theoreticel uniform temperature of 2630°F, u re-
ductiion of uco°F from the maximum stagnation lire temperature. It would
require e hest plpe copeble of transmitting 26 watts/cm of surface urea,

which 1s low compared to heat pipes which have been built and tested as seen
in Table 5-1. '

The heat pipe enveiope could be made from one of the materials shown
in Tuble I on gheet 4. One of the areas requiring further investigation is

“the bonding mechaniom of the HP envelope to the RIP backface. Materials
~compatible with lithium might also ha a problem elthough Thermo Electron

has successfully run a TZM-1ithium heat pipe at 3300°F and 150 watts/cm2 for
4600 hours. It wsed o 60/60 Molybdesum screen mesh for its wick. They have
also @emonatrated a tungsten-lithium pipe using 50/50 tungsten mesh at
3730“F end 100 watta/cma. The demonstrated operating temperatures snd
power densiticn nre well withir the requi-ement for this application (2600 -

- 2800°F and 26 vatto/cn®),

An approsch to ovorcame the ettachment bonding problgm is to fofm a
loading edge atructure that contains enclcsed internal éhannels which act
as heat pipe envelopes (sce Configuration III). Thus, the heat pipes ore
intcgral to tho RPP structure and also contribute to the structural stiffness
of the pancl. About 50% of the heat pipe weight can then be credited to

structure, thercby dccreauing the ueight penalty eassociated with using the
heat pipes.
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5-2 - WHEEL WELL RADIATOR - ON-ORBIT MINIMUM
TEMPERATURE CONTHOL (SPL-103)

A system for heeting the wheel assembly while in orbit is npececsery,.
a8 rubber tires cannot survive temperatures belcow -65°F, and should not Le

used for lendings below -SOOF.

Under normal operating ccnditions waste heat is brought {rom the
low-temperature cabin electronics back to the arezc of fuselage station X212,
where it is carried outboard and then up to the rearmost low temperature
radiator panel, At this point, some heet cculd be diverted to panels in the

main landing geer wells as shown in SPL-103.

It was decided to use the heat obtained from the circuit to heat two
radiator panels in each wheel well, one on each side facing a tfre. In this
configuration, the energy emitted by the radiator wculd mairntain an acceptable
tire temperature. - , :

In choosing the ceapacities required in the heat pipes to be used, the
heat loss to the skin at -180°F from an assumed wheel well wall temperature
of -20°F was calculated to be 300 watts per wheel well. I was then assun.ed
that this amount of energy must be supplied to the radiators.

The wheel well radiator neaders are connected to the main heat transport
circuit by a diede heat pire to each well. A diode heat pipe, vermitting flow
only toward the wheel well, was chosen to prevent leskage of heat back into the
heat trensport circuit during re-entry. '

This diode could te made of a half-inch diameter heat pipe, which, in
the required dimensions, has a cupacity of Skl wai . gnd a meximum loading
requirement of 300 watts.,

From each of these diode heat pipes, thare are two half-inch diameter
headers supplying each radiator panel with 150 watis. If the heeaders are
filled with cmmonie the capacity. of each is close to l.h.kilowatts;.if filled

with Freon-21, 285 wetts.

5-11 . ' GRUMMAN
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From this header, there are six feeder pipes into the radiator,
euch of which must supply 25 watts. If ammonia~filled feeder heat pipes
ere used, the capacity of each will be in excess of 2.5 kilowatts; if

Freon-21, the capacity of each will be about 500 watts.
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5-3 - HEAT PIPE HEAT TRANSPORT SYSTEM (a), AVIONICS HEAT Pi =
CIRCUIT (b) (SPL-102)

(a) HP Heat Transport System

When the vehiclie is in orb;t, much of the internal load is generated
by electronics in and around the cabin arez and by the fuel cells which are
forward of the cabin area. This heat is to be dissipated by a group of
radiator ranels on the inside of the cargo bay doors. It is necessafy to
transport this heat energy some distance through the ship and the heat pipe
circuit described herein has been designed for this purpose.

The electronics gear in the cabin area may be divided into two.cate-

gories: "high-temperature" electronics (operating at around 90°F) and "low
‘temperature" electronics (operating et around 40°F). These high and low-

- temperature sources make it thermally more efficient to use separate "circuits"

for each, to transport ard reject the waste heat load.
\ .
In désigning such heat pipe circuits, there is a trade-off involved -
the longer the transport section, the less the maximum heat pipe cspacity, in

an almost hyperbolic relstionship. Yet the designer would like to minimize

* the number of series connected heat pipes between points in order to minimize .

contact conductance temperature drops between them. In the present case, with
loads on the order of 5 kilowatts, it is necessery to do so.

It was decided to use a series - parallel design {as shown in SPI-102)
in order to maintain the necessary heat transfer capacity in the event of
failure of one heat pipe. Iarge capacity pipes (1" ID, ammonia-filled) are
specified, in view of the large cepacities and‘comparatively iong effective
lengths required. ’

The "hot" circuit consists of two parallel links of three heat pipes
in series, connected fore and aft by isothermalizing “crossover" heat pipes.
These pipes in series each have a capacity of over 4.9 kilowatts,Aand, at
msximun hea’ production by the fuel cells, are required to carry only 2,110
watts. In the event of a complete failure of one of the series links, the
other is capable of carrying the full load.

5-15 - | GRUMMAN




When this heat load reaches fuselage station X 918, it is carried to
the radiator header by two "leader" heat pipes, one on each side, with eaca
having a capacity of 4,164 watts and a load-carrying requirement of 2,110 _
watts.

" The "cold" circult is similar, but, du: to the larger maximum load
produced by the cabin area electronics (6,780 watts), it was necessary to go
to four parallel links of three heat pipes each. This circﬁit is shown es
originating in the center of the cabin area, as few details are available

concerning specific placement of equipment.

Each of the four parallel links has a capacity of 4,064 watts and is
required to carry a maximum load of 1,690 watts. If a heat pipe in one link
failed, the other links would then have to carry a maximum of 2,260 watté,
stiil well within the predicted capacity of the heat pipe. If a.less cfitical
margin of safety is acceptable the system needs only nalf the number of pigpes.

At fuselsge station X1110, heat flow splits between the itwo forward

‘ "eold" radiator penels (with a capacity of 3,917 watts and a requirement of
2,260 watts) and a continuation of two of the parallel links by two "terminal"
heat pipes (with a capacity of 5,397 watts and a requirement of 1,130 watts),
attached at fuselage station X1212 to the headers of the aft radiator panel
on ecach side.

At this point, some of the heat energy is taken from the area o this
aft leader/header interface to the radiator panels in the main landing gear
. wheel well (see Section 5-2).

(b) Avionics HP Circuit (SPL-102B)

While the foregoing discussion dealt with an all heat pipe heat trans-
port system, it is possible (and perhaps advisable) to use a comventiomal fluid
loop as the transcort system'between smaller heat pipe circuits and an ultimate
sink (e.g., radistor, fluid boiler). This would allow the newer heat pipe tech-
nology to be graduall& integrated with more common systems and controls. The
avionics subsystem is an ares Qhefn such & hybrid system might be particulérly

edvantageous.
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Standard avionics equipment which has beei. designed for {1wid cold
rail or cold plate cooling will instead be sttached to all heat pipe reil
or plates. The mountirg interfuces would be unchanged. The "feeder" heat
pipes from the cold rails will then be joined to intermediate heat pipe
headers which, in turn, will be connected to the main fluid heeder. Figure
SPL~-1023 shows one such arréngement. Its main advantages are more flex-
ibility and improved mauintainability.

The absence of fluid paths within an equipment rack eliminates flow
splits and flow baiancing problems - especially when requirements change and
items are modificd and relocated. The complete lack of fluid couplings
permits entire racks to be removed without contaminating the heat transport
fluid system and reqﬁiring endless cycles of purging and recharging - a

" quite common occurrence oz previous spacecraft fluid loop systems,

One-half inch diameter heat pipes will be used in the cold rails, with
water as the working fluid for applicatioas inside the pressure shell and
-Freon~-21 used outside. The heat transport capacity for a typical % inch water
pipe is 850 watts at 100°F and 250 watts at hO°F.
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5-4 - MODULAR SINKS (SPL-112)

Sheet 1 of SPL~112 illustrates this concept. It would be simpler
to cool u remotely located, low power output (except for short periods of
high power dissipation) compeonent by soame local means rather than extending
a pumped fluid coolant loop to these remote locations. Thls concept
describes one means of accomplishing this.

Heat could be removed from the component by means of heat pipes
(sheet 2), in u manner similar to that used to cool electronic components
with cold rails. This heat would be caerried by a header rumning through ‘
the modular sink to a diode heat bipe. The latter is in turn attached to
a oink (structure or 8 small radiator) capable of dissipating the smell
steady losd produced Ey the component.

Under low-power conditions, the modular sink would be unaffected.
When the component switches to its high power mode, the conventional sink
would be ‘nable to absorb the extra energy. As the sink temperature _
increased, the heat pilpe vapor temperature would increase until it reached
the melting point of the phase chaage material. The absorber would then

retain the extra heat and hold the vapor temperature in the heat -pipe steady.

When the cumponent returred to its low power mode, the phase change material
would reanlldify, glving up the heat it had absorbed to the sink, thus
resetting tne device for the next cycle.

5-21 ' GRUMPMAN
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5-5 ADAPTATION OF MILI'ZARY AND COMMERCIAL AIR AVIONICS
TO THE SHUZTIE ($PI1-105) - AIR TRANSPORT
RACK EQUIPMENY

Extensive use of available commerciel airline and military aircreft
avionics is planpned for the Shuttle because they are about onc-fifth to one-
tenth the cost of "space-tailored" equipment. However, much of thie equiv-
ment has ° ~n designed for standard mounting fixtures (racks) and requires =
conve e atmosphere for proper temperature control. Some means for marrying
these requirements, without alterstion, is necessary to take full advantage of

the potential cozt savings.

Modular designed heat pipe-to-air heat exchanger elements in cohjunction‘
wi‘h sn air circuleting enclosure can provide a standard approach for tbe
adaptation of aircraft avionics to the shuttle orbiter, A typical enclosure
- for cabin located equipment would consist of suitable shelving or bracketing
for mounting standard military air packeging or stacked priovted circuit cards.
Forced air circulation would be provided by a centrally located fan or blower.
The blower air is diverted from a supply plenum to parallel passoges w-ere it
passes up, through and over the equipnent.

Current ATR mounting configurations (Sheet 1 of SPI~105) feature
passages which lose & portion cf their air to an adjacent passege. The cooling
alr which passes up and through the equipment comes from the adjoining vassege,
through‘hole- in the mounting plstes. Air which passes over the teps of the
equirment comes directly from the supply plenum. The projected ATR mounting

. configuretion (shect 2) calls for completely aeparate, non-cormunicating,
parallel passages where all the flow passes up, through and over the equipment.
Each charge of air ma&es only one pascs.

In toth configurations the hested air from each chennel flowe into a
weturn plenum where 1t mixes end fe direcied 4o the tlowe: intak:. IDimediately
before reaching the intake, the air flows through the finned heat pipe heat
exchzoger modules where it rejects its heat. The heat load picked up by the
heat pipes is then transferred to either a heat pipe header or fluid header
for eventunl tran*port to a final sink (e.g., radiator, prcndable fluid).

=25 e B



The AR enclosure would be designed to hold sufficient internel
pressure to survive temporary loss of crew compartment air. Adequete
vibration and shock attenuation would be designed into the enclosure to

eliminate shock mounts on each individual comporent.

The proposed heat pipe designs. would bé more desirable than similar
coolant system liquid-tc-air exchangers in tlat thev would pfovida more
flexibility and elininate flow splits, pressure drop or flwid connection
problems assocjated with the liquid loop systeims.

There are additionel Yenefits in that some degree of inherent control
. (for example, the use of a VCEP) could be pussively involved, giving bether

temperature regulution and thus wore reiiable ecleztronics performance.

.Improven temperature reguwi:tion and forced eir circulation pacterns
would also preclude the need for additional thermil tecting beyond the
requirements or the governing specifications.

The use of heat pipes woui& also improve meintainability and —elia-
bility. 'Tne repeir or removal of an “TR enclosure would be simplified since
it would not require the opening or resealing of fluid lines. Also, a heat
pipe puncture cr leck would not endanger the electronics as much as & similar
leak in'a pumped loop heat exchauger, since it contains & limited emount of
non~conductive distilled water es compared with the 2r.ire voiume of rela-
tively impure (pump contemination) ECS fluid.
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5-6 - FLIGHT VOICE RECORDER/DATA RFCORER TEMPERATURE
CONTROL (SPL-111)

The flight data and voice recorders for the Shuttle are FAA Type IIT
(ejectable, unrestricted location). They are currently located in the lower
af't portion of the vertical fin as shown on SPL-111, sheet 1. The standard
recorders are required to function in an embient thermal environment from
-68°F to +160°F and must not be adversely affected by exposure from -86°F to
+160°F. The published electrical power profiles (Grumman Shuttle Mcho B35-
160M0-61) call for continuous operation of both recorders (100% duty cycle)
throughout the 7 day earth orbital mission (168 hrs;). Tke flight date

recorder dissipates 21 watts and the vcice recorder 20 watts.

The temperature extremes of the surroundirg fin struciure are:

100°F :  launch & Boost
-40°F to 110%F . ;. On-Orbit
600°F Max :  Re-entry

Thus, the surrounding structure can be used as a heat sink durirg on-orbit
operations only.

Using conventional circulating fluid techniques (i.e., ECS loop) to
control the temperature of the equipment would require iong, out-of-the-way
runs for the coolant lines. This creates sdditional pressure losses snd flow
balancing problems in the fluid loop system in the event tr.at the recorders
are relocated.

Heat pipes internal to a common cold plate type mounting surface can
transfer heat from both recorders to either an inte- ediate sink or the local
fin structure, as the situation demands. See shee., 2 for a typical inetalla-
tion. Heat flows from the recorders through the mounting plate to the internal
heat pipes. These heat'pipes, in turh, couple the mounting plate to diode heat
pipes and also to the intermeldiste sink. During cold conditicns; vhen the sur-
rounding structure is cco:ier than the tewperatire ¢? ihe -quipment, the diode
pipes complete the ccanection to Structure, bypessing the intermediate sink,
ard creating a direct path from recorderz to the structural sink. When thé

| ' GRUMNAN
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structure gets warmer than the a2quipment the diode rev 'rseg, breukinﬁ the
heat {low path to gtructure. Now the heat is transferred to the intermecdicte
sink which can be elther a phase change material (used if the recorders are
on intermittently) or an expendable fiuid such as water (used when operation
ig continuous). )n either case, the intermittent sink and the recorders are
vell insulated from the structure to prevert their absorbing heat during

extreme heating conditions.

The recorders are mounted so that the inertia vector assists the return

' of fluid from tl.c condenser sections to the evaporator sections (mounting plate)

of the heat pipén during bocst and reentry mission phases. Sheet 2 shows a
configuration using u phase change muterial as the intermediate sink; The
configuration shown on sheet 3 uses :n expendsble fluid heat sink, This
would be the only sultable intermediste sink for a 100 percent duty cycle
and would require up to 21l.4 pounds of water, depending upcn how long thé

fin structure can be used as a heat sink.

The 3/8 inch I.D, heat pipes would employ a spiral artery wick using
Fréon—Zlvas the working fluid. Esech pipe hes a capeacity of 200 watts, more
" than cnough to satisfy operaticnal requirements while also providing a good

measure of redundancy in cese one of the pipes malfunctions.
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5-7 - HEAT PIPE RADIATOR SYSTEM (SPL-10:)

The baseline concept uses fluid-loop radiators in orrit to dissipate
the heat generated by the fuel cells and various cabin and remote electroalc
systems. Alternativsely, the radiators (and related Lizaders) couli be made
using heat pipes.

The fuel cells and "high temperature electronics" must be maintdined
at temperaturcs in the 85 - 5C°F renge; the "low-temperature” cabin eiectronics
must be maintained st around LCCF. Although it is possible to operate all the
radiator panels at the same temperature, it is more efficient to segregate the

load into two radiator systems: a high-temperature system and a low-temperature
system, )

2 ic divided among 10 panels, 5 on

€ach cargo bay door, the forward two panels on each side (the high-temperature
panels) being 9' 10" by 6' 5", and the three aft panels (the low-temperature
panels) 11' 1" by 6' 5", ' '

The haseline radietor area of 700 ft

Heat is brought from the internal heat transport systcm “o the rediators
by means of 1" diameter variable conductance heat pipe heuders, and transferrrd
throughout the panel by means of small (1" diameter) feeder heat pipes.

The six "éold" (~ 60°F) radiator panels must dissipate a load of 32,500
Btu/Hr from the low temperature electronics. This is 3,750 Btu/hr =r 1,130
watts per panel (and therefore per header). Computer stulies indicate that
an amronia-filled heat pipe, with an eleven-foot condenser, n twenty-five inch.

transport section, and a four-foot evaporator has a capaclty of over two
kilowatts.

Sheet 2 of SPI-~101 shows one possible configuration for the twenty-five
inch transport sectionm. v assumes heat is tiought %o the eveporator of tne
header at the shuttle wall, then carried around a flexible transport section
consisting ¢ a wick inside flexible hosing, and tinally given up to the

- feeder pives in the raiiator panel by the condenser seztion.
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Several alternate headers are being considered, with rotati;. cbn-

ductive couplings between heat pipes (rather than direct transport within
a heat pipe) at the hinge line.

One such coupling is shown on sheets 3 and 4 of SPI~101. fThe radiator
header would have its condenser section unchanged, would reguire no transport
section, and would have an evaporator section shaped like a trapezoidal flat
piate rather than a cylinder. It would be Placed c¢n the hinge line, und on
elther side of it, in a "sandwich-like" configuration, would be placed ‘
identically shaped condenser sectiont of two other heat pPipes fixed in posi-
tion relative to the shuttle wall and carrying heat to the hinge line frem
the internal heat transfer circuit. Heat would be transferred across tn»
hinge line by conduction from these condenser to the evarorator of the header,
(The requirement that there be no rrojections through the skin when the curgo

bay doors are closed dictates the shape of the evaporator and condensers
involved.) -

A variable cﬁndﬁctance heat pipe header was cﬁosen to provide controul.
As the heat production 6f internal systems decreases, the operating texpera-
ture of the header drops, causing the non-condensible gas in the reservoir to
expand, blocking off a part of the condenser section. This, in effect, cuis
off part of the radiator arees ard so pPrevents the working temperature from
dropping too low, acting a3 a control device on the radiator, By properly

designing the header, it would be possible to cut the radiator off entirely
in no-load conditions,

From the condenser section of the header, heat is picked up Ly a
large number of small feeder pipes extending out into the radiator Panel,
spaced at six-inch intervals. As shown, each feeder pipe has an evaporator
length of 5 3/L4" and a conderser lcngth of 6' 5", * Lputer studies show that
such a pipe, with an ammonia £i11, is capable of traneporting over 600 watts;
the load it would be required to carry is 51,3 watts (1,130 watts d‘v1ded by
22, the number of feeder pipes per "cold" radia% or).
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5-8 -~ HEAT PIPE RADIATOR WITH INTEGRAL H/P.
FIATID HEADER (SPL-1i13)

An alternate approach to the heat pipe radiator is shown in drawing
8PL-113. This configuration assumes that a pumped fluld loop system has

been chogen as the basic heat transport mechanism from heat sources to the

radiatora,-and it 1s desired to connect a variable conductance heat pipe-
controlled radlator to this system as the heat rcjection device.

The use of VCHP control has advantages over conventional fluid ioop
bypass and regenerative systems in that it is self-controlled - there is no
need for external monitoring or control devices. Reliubility should be very
high, as there are no moving parts. ‘

A proposed coﬁriguration for the VCHP i.ceder/fluid header interface

"is shown in sheet 2 of SPI-113. The evaporator section of the heat pipe

header 13 immersed in the fluid and held in place bty mcans of many small fins
wnich are brazed to the cutside of the heat pipe to luncrecace the heat
transfer. The condenser section of the heat pipe header lies above the fluid
manifold, with an insulating block between them. Small feeder heat pipes
eitend perpendicularly from the heat pipe header into the radiator panel,

" gpaced at six-inch intervals.

There are two pancl configuretions to te studied, On a 132 inch by 77
inch rodiator panel, with the short dimension parallel to the cargoe bay door
hinge linec, the header cculd be pleced either along the short dimension

(paraliel o the hinge line, as shcwn on sheet 2) or along the long dimension

(perperciicular to the hirge line, 28 g-own on shect 3). 'The former, having a
shorter cxposed fluid heeder, requires:less meteoroid protfiection and therefore
is lipghuer; the latter, though it exposes 264 inck. of.the‘pumped fluid lipe
to space: (Tluid header ani return), gives better themmal pertormance because

of the increased area of.fluid—to-héat pipe contact.

In cither configuration, the ammonia-filled heat pipe header can easily
carry the required load ol 1200 watis per panel: the long header has a capezcity
of 4,300 watts and the short header of 6,450 watts,

-




In both cases, the feeder pipes have an evapcralor length of ‘.75
inches; the feeder pipes used with the long header have a condenser length
of 77 inches, and those used with the short hesder have a condcenser length
of 132 inches. OJf these two feeders, the lorger would be required to carry
92.L watts and has a calculated cepacity of 815 or 330 watts (with ammonia
and Freon-21 fills, respectively), and the shorter has a required load of
54.6 watts and a calculates capacity of 1,260 watts or 460 watts (with
recpective ammonia and Freon-21 fills),

Use of a variable conductance heat pipe header for thermal control
requires the heat pipe operating temperature, and therefore the entire. :
rediator panel, to be telow the fluid outiet temperature. This results in
a less thermally efficient radietor panel than e punped fluid loop panel,
part of which would be operating at a relztively high temperatufe. If this
low operating temperature requirement should make the shuttle radiator area
ingufficient to dissipate the required heet energy, an alternate dosigh not
having this restriction, consisting of a fluid header (rnqulring conventional
controls) and heat pipe feeders, will be investigated.

Iwo such cornfigurations are shown on sheet U4, having possible advantages
over the baseline system. As meteoroid bumper; ar: unnecessary except for the
fluid header, the configurations shown may be lighter than {he baseline; fluid
iressure drops in these systems must be compared to those in the buseline systemn.
Dy employing a hybrid syster, waere only some of ithe feeders are VCHP's, much
of the requirement for conventional-type thermel control nay be eliminated.
Another approach would rely on load segregation or serics panel arrcugements
resulting in each panel radiating at a different tempnruture For example,
one panel would have a 100°F f£luid inlet with a 90 F outlet, the next punel a
90 F and etc.

Any of these alternate systems would use feeder heat pipes similar to
those of the flhid/heat pipe header design, so capacities and requirements
would be similar.
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5-9 - HEAT PIPE AUGMENTED COID RAIL

Examination of the Power Conditioning- Electronics propcsed for the
Space Shuttle Orbiter depicts dissipation levels of some of the flange-
" mounted modules in the range of 40 watts per lineer inch per side. This
value is approximately 16 times greater than the maximum design values
reflected in the Iunar Module cold rail design and exceeds the ~apability
of simple fluid cold rails. If not thermally corrected. this condition
would necessitate a less efficient (in terms of weight and volume) redesign
of electronics packages.

An evaluation of the entire pcwer inverter assembly, vhicl. contains
the high dissipation component, showed total dissipation for ite 20-inch
length to be 260_watts. This can be further translated to an approximate
requirement of 200 watis for the entire 2C-inch rail. This range (200 w/

20 in., or 10 w/in.) is not far from present cold rail capacitics considering
the use of both coolant passages simmltaneousiy. Evaluation of cold rail
designs showed the limiting parameter tc be the resistance beiween the srort

Jength of heat input section on the rail and the wetted coolant interfacw,

An izprovement would be achicved by spreading or diffusing heat =c
increase the effective coolant wetted area. An increase in rail meterial
thickness is simble but would cause an undesirable weight penalty. Using a
heat pipe to provide high-capacity longitudiral isothermalizing is simple
and light. Figure SPL-104 depicts the proposed configuraticn. The heat pipe
is an integral part of the extruded reil and it serves to distribute a localized
high heat load over the length of the rail, ‘

All dimensions for coolunt paccages and rail thicknesses are sized for
approximate capacity. An optimization of capacity, widt' , and weight trade-off
will be performed during detailed design.

The capacity of the rail is to be defined by two parameters:

(1) Peak localized input, limited to any two-inch long section of
the rail's mounting flange, and
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(2) e total maximum average hecat absorption rate applicablc

to the entire rail length.

Both rarameters must be satisfied for adequate rail performance. The

overell rail capacity is also a function of the mean coolant tempereture.

ILength:
Coolant Passages:

Heat'Pipe:

Total load Capecity:

Max ILocal Dissipation Density:

Operating Temperature

Heat Pipe Augmented Cold Rall Summary

5-k9

20 inchas
(2)--3/8", I.D. extended fin

1/2" diameter Spiral Artery Heat
Pipe--Water fill

200 ¥
40 W/inch for 2" maximum

40 to 90°F
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5-10 - HP RADIATOR FOR FUEL CELL {SPI-110)

) The fuel cells, as provided by the vendor, have an internally pumped
fluid loop cocling system using FC-75 as the coolan%, which is connected
through a heat exchanger interface to the user's hzat rejection system.

An all heat pipe system for transporiing the waste heav away from
the exchanger to high-temverature radiators is discussed in Section 5-3,
and the high-temperature radistor itself is described in Section 5-2.

The total system is shown on sneet 1 of SPL-1.0. Sheet 2 i3 a more
detailed view of the fuel cell and heat exchanger arrangement. Hot FC-75 is
pumped out of the fuel cell by an internal pump, through a servo valve, and

. then through a heat exchanger where the fluid is cooled by contact with the

finned evaporator section of a heat pipe. The cooled FC-75 then returns to
the fuel cell.

Sheet 3 shows two semple approuches for design of the FC-75/heat pipe
heat exchanger. The basic design concept encloses the heat pipe evaporator
in a baffled chamber through which the hot FC-75 flows.

"The structufe of the heat exchanger on the left is like that of e

_conventional shell-and-tube heat exchonger with segmental baffles., In.

additien to causing the fluid to pass repeatedly over the heat pipe, the
baffles, if brazed or welded o the pipe, would increase efficiency by acting
as fins. :

An alternate approach, shown c¢n the right of sheet 3, consists of a
concentric arcangement of a neut pipe und a ¢ylindrical menifold, with a
spiral-like fin arcund the heat pipe. ‘Thia fin wo» . act as an extended
surface and, by making the FC~75 filow in a spiral about the heat pipe instead
of along the tube in the axial direction, incrcase the length of the fluid
path. Both effects tend to increase the amount of heat transferred.

- The choice of these or other configurations depends upon fhe_ua yet
unanelyzed thermal performance of each of them, and the pressure drop in the

FC-7% across each of them,

5-51 : GRUMMAN
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5-11 ~ ATR-BREATHING ENGINE COMPARTMENT - ON-ORBIT
MINIMUM TEMPERATURE CONTROL (SPL-109)

It is desirable to use as many currently existing engine components
as possible in order tc minimize cost. In order to do this, an acceptable

non-operating environment must be provided during the applicable mission

. phases, Most engine components are designed to meet present MIL specs:

vhen non-operational, they must be able to survive and hence must be kep:
within the -65°F to +160°F temperature range.

To estimate the required survival heat input, the heat loss by con-
duction through the wall of the compertment at an assumed temperaiure of
QEOOF to the skin at -lBOoF was calculated and found to be 300 watts per
engine comparvment., |

Heat from the fuel cells and cebin area electronics is normally brought

‘back to the radietor panels. Some of the heat that would have gone to the

rear-nost radiator panel could be used to heat radiator panels in the air-
breathing engine compa*tmeﬂt.

Drawing SPI-109 shows a typical configuration for heat pipe radiators

in this compartment. Three penels are shown for each ccmpaftment: one on

the inboard wall, one above the ungines (in the stowed position) and one
below. The positions of these radiators relative to those of the stowed
engines are shown in section B-B, sheet 1 of drawing SPL-109.

Header D brings heat from the vertical header lcading to the rear-most
radiator panel, to header A, which supplies the engine compartment panels.

t should be a diode pipe, to prevent heat from leaking back into the environ-
mental control system during re-entry.' If a 3/5 inc* i.D. Freon-21 heat pipe
were used, it would have & capacity of more than a .ilowatt, while its load
would be only 300 watts, thus providing a suitable safety margin.

Header A takes the heat from header D and distributes it to panels 1

and 2, For parts of its length, it must carry 300 wetts. A 1 inch I.D.
Freon-21 heat pipe can be used; its capacity wculd be 543 watts. Header C

5-55 ' : BRUMMAN



takes some of the heat load from A and cerries itAto hesder B, which
feeds panel 2. Bsased on panel areg, the load in both ¢ and B would to
86 watts. A one-half inch I.D. Freon-21 heat pipe can be used with a
capacity of 250 watts for B and 427 watts for C.

All feeder pipes could be made as 3" I.D. Freon-21 heat pipes.
Those on panels 1 and 3 would have capacities of 460 watts but r.eed only
be capable of carrying 17.2 watts. Those on parel 2 have capacities of
400 or 425 wetts, depending on éondenser length; theilr maximum required
capacity is 25.8 watts. These pipes are overdesigned and some additional
effort can be extended to provide smaller lighter designs.

5-56 . BRUMMAN
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SECTION 6
STUDY PLANS

Early in the program Btudy'plans were formulated which outlined procedures
for the hardwarc devolopment and teost verification of promising heat pipe applications
in three related areas: ' '

Spsace Station
Space Shuttle
Commeon Space Shuttle/Station applications anc. space redietors

The purpose of the study plans are to provide a timely sud comprehensive asmessméﬁt

of the resources which would be>required te effectively deamonstrate the most practice
avle heat pipe systems,
~ The following information wes provided fcr each heat pipe application cited
in the study plans in order to present a clear picture of what is to be done,
why, and hov to do it.

¢ A description of each task proposed and the technical approach to
accomplish it

e A scheduling chart with appropriate mannour esiimates

@ The type and scope of analyses reeded ior hardware deeign'and reriormance
-verification

o An estimete of the design work required to support menufacturing
o The steps needed to manufacture the hardware
¢ A manufactvilng schedule

e A detailed plan for verification testing of the HP hardware includi-g
test setup, instrurentation, data acquisition, procedures, ete.

® A test schedule

¢ A list of the facilities needed to analyze, manufacture and test the
haxdwaro

6-1
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vdtudy Plan

Upuace Station Heat Pive Hardware Febrication and Testing

The primary inputs to this plan were thé results of the Syace Station thermal
control concept stud& which Gruman recently completed (Referance ). It prﬁyided
o waalth of well-understocd, specific heat pipe applications information which
was uvailable for immediate evaluation. »

The following heat pipe systems for the Spece Station were recomnended
for aardwure development. |

1. A multiple heat pipe circuit to demonstrate operation of a system

| for transporting thermal loads from a number of sources to a singié

sink.
. 2. A high-capacity beat pipsheader to verify the opcration of a "random"
nultiple input pire capable of transpQrting large loads over loné )

lengths.

3. An air-to-heat pipe heat exchanger module capable of functioning in
e life support system &s a self-controlled atmospheric temperature

regulator.

Study Plon - Space Shuttle Heat Pipe Hardware Febrication and Testing

he following heat pipe systems for the Shuttle were recommended for
hardwure development.
1. A2 avionicec heat pipe circult for transporting themmal loads from a

mumber of equipmeut sources. to either a pumped loop or heat pipe sink.

2. A heat pipe/phase change material modular heet sin ¢o demonstrate
the operational Ieasibility of a self-sufficient modular thermal
control system which could be used to regulate the temperature of

remotely located power dissipating equipment.

6-2 ‘ GRUMMAR
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3. A heat pipe augmented cold rall capable of cooling high thermal
load density electronics packeges which cannot be accommodated by

conventionel cold vail systems,
4. A heat pipe radiator system for compartment temperature control.

5. An alr-to-hcat pipe-to-fluld heat exchanger to control the thermal

enviromment of air cooled electronics.

Study Plen - Common Space Station/Shuttle Applications and Rediator Heat Pipe

 Hardware Fabrication end Testing

This study plen concerned only heat pipe rediator applications which were
found common to both the Space Station and Shuttle, since all of the major Space
Station appiicatlons previously cited were also common to the Shuttle and need
not be repeated.

The study plan concentraﬁed on the development of the components needed
to0 construct a'heat plpe radiator system for waste heat rejection. These
componenta,vwhich were detailed as separate tasks, consisted of the following
items. |

1. A flight weight variable conductance heat pipe header (VCHP) to serve

as the distribution and control device for a heat pipe radiator panel.

2. A heat pipc/fluid header to enablé o pumped loop heat transfer system
to reject waste heat via a heat pipe radiator. ‘

3. A combined VCH® and fluid header which would p1. .ide the required
interface between & pumped loop and a heat pipe radiator as well as:

provide auvtomatic load control and dietrioution.

4. Simple heat pipes which cen serve as load distribution elements

(feeder heet ripes) on a radiator panel.

6-3




5. A heat pipe radiator panel to demonstrate the 1.zcibility i

of rejecting heat to space using heat pipes as the primary control

and distributed elemento.
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SECTION 7

NERAL DESIGN CONCEPT

A significant reduction in the number of different heat nipes
required for the Shuttle is possible if a single or limited number of
modular decigns are developed. These standerd modules could then be
combined to satisfy the requirements of many applications. Two modulsr

concepts are proposed: the self-contained moduler design and the modular
sub-assenbly design.

In the selr-contained modular design, the heat pipe building bloéks
are single closed units capable of independent operalion. Multiple
~modular units are used waen performance in excess of a single unit's Qupu-
bility is nceded., These modules are placed in parallel for laiger cabacitics
and in series where long lengths are required. ’ )
In the modular sub-assembly design, heut pipes are coufigured by

cambining standard lengths of major subassemblies. The basic subnssemblies
are the pipe tube, wick, reservoir, low-k section, mitered joint und flexibl:
joint. These pieces ure Joined together to create the desired heat pipe.
configuration,

Fo: either concept to be usged ih ady Shuttle Jocution without r'"tric-
tion, it is also necessary that they function satisfactorily with at least
two working fluids. Thls allows the same heat pipe hardware to be used both
ingside the pressure shell, where low toxicity is important, and outgide,
where thertal transport properties might be paramount. Thus, a standardized
wick compatible with either modular scheme and cperating with e¢ither of two
working fluids is central to a truly general desip concept.

Table 7-1 categorizes the heat pipe requirements for all 11 27 the
candidate Shuttle HP applications of section 5 of this veport. They are
classified, in crder, according to general shape, pipe I.D., evaporator
length, condenser length and transport length, The number of pipes nand
applicatica reference are also indicated. By reviewing this listing any

T7=-1 ’ QRUMMAN
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TABIE 7-1

HEAT PIPE ROSTER (EY SHAPE)

fcat Pipes Shaped Like: .

Jrading Number
SP1~101
SPL~103
5P1~103
SPL-105%
S5F1~109
SPL-109
SP1~109
3P1~109
3PL-209
SP1~109
SPI~105

Heat Pipe Name

" Radiator Feeder

Vheel Well Header
Wheel Well Feeder
Finned Heat Pipe
Header A

Header B

Header C

"Header D

Panel 1/3 Feeder
Short Panel 2 Feeder

Iong Panel 2 Feeder

X
5.75"

8"
9.8"
3.2"

Lt
4.5
Lt
L
3¢

30"

30"

X, Y Sections threaded

_Y  Ppipe ID Flui¢  # Required
" 0.5" NHg or F-21 212
60" 0.5 MH3 or F-21 L
2L 0.5" NHg or F-21 24
20" 0.5" 1,0 b/unit
18! 1" F-21 2
13" 0.5" F-21 2

5! c.5" F-21 2

#t 0.75" F-21 2
54" 0.4" F-21 20
62" 0.5" F-21 6
72" 0.5" F-21 i

#Modified - Lesge number of fins added to evaporator.

. o i~<~ X’ >=< - Y >ﬁ«& 4 unl )
Heat Pipes Shaped Like:. o X, Z Threaded
Y Unthreaded
Drawing Number lieat Pipe Name X Y Z Pipe ID Fluid # Recuircd
SPL~102 Basiz  Member{uct) 48" 62.5"  u8" 10" NH3 6
SPL-102 Basic  Member(cold) 48" 95"  L8" 1.0" NH3 1w
SPL~102 Terminsl  Member(cold) 48" 51.6" 48" 1.0 - NHo 2
ot X
Heat Pipes Shaped Like: "y X Section Threaded
Y Y Secticn Unthreaded
prawing Number Heat Pipe Name X Z Pipe ID Fluid # Pequired
SPI-102 Crossover Unit (hot) 48" 58" 1.0" NH3 2
SPL-102 Crossover Unit (cold) 48" 24" 1.0" NH- 2
SPL-113 Radiator Header 6.4" 2" 1.0" NH4 10
7-2 GRUMMAN
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TABIE 7-1 (Continued)

Y Tofg-

Heat Pipes Shaped Like: \\\ ¢
- v
Y
y o
Drawing Number  Heat Pipe Name X r Y Pipe ID Fluid  # Requirad
SPL~113 Rodietor Header 79 g 2" 1O"  NHy 10

Note: Radiator headers of this type and those mentioned imnedictely above are
alternate systems; only one wculd be used.
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heat pipe designs common to one or more applicetiont are plainly apperent.

After careful examination, it was determined that self-containad
modular heat pipes would rot satisfy eﬁough applications to warrant further
serious consideration as a design approech. There are four basic caonfigura-
tions, each with significantly different requirements for its evaporator,
transport and condenser sections - a total of 17 different sizes. Satis-
fying the requirements of these varied applications with self-contained
modules would mean many series/parallel circuits with many pipe to pip=s
conductive attachments. This would result in heat pipe installations which
are inherently heavier and less efficient (large temperature drops) than
customized designs. Appendix. B-1 contains several examples of the héat pipe
Joining technigues which were investigated.

While the self-contained moduler epproach is not feasible, thé modular
subasgembly approach presente a compromise between modulﬁr and custom designs;
It offers same of the savings intrinsic ir a modular design withodt weight
and performance penalties. Table 7-2 describes the basic modular sub;
assemblies that can be used to satisfy the assorted requirements of the
Shuttle HP applications. They can be machined end fabyricated in large lots
beforehand, drawn from stock., cut to length, end assembled when required.

The modular subessembly concepts offers rmanufacturing, assembly, scheduling,

maintainability and reliability advantages over customized designs.

In addition to the outer shell of the heat pipe, modusar wicks can te
established for relatively efficient performance with two working fluids.
The first step in the process of choosing sucih wicks must be to determine
which fluids are to be used.

Because it is non-toxic, the working f£1:id of ¢¢ ce I'dr heat vipes
inside the pressure shell is water. 'Outside this area, sammonie appears to
be the best working fluld because of its high transport capacity. Neither

fluid is suitable for use es & kack-vp fcr the other, as regions vutside the

- pressure shell can attain tempersatures below the ffeezing point cof water, and

ammounia, being extremely toxic, should not be used in a life-supperting .area’

of a spacecraft. Further, each fluid is incompatible with the materiels

7ok . CIRUMMAN
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: ' TABIE 7-2
- Heat Pipes of Table ! could be made of the following
o subassemblies:
Threaded Lengtiic Unthreaded(trensport) r‘tﬁ. bends
- One-inch ID: 50 - Lg" 10 - 2" 30
20 - " L 2.~ 24"
N 2 - 216" 2 - 4"
. 2 - 51.6"
a 6 - 62.5"
E 12 - 96"
- Three-Quarter Inch ID: l L . ug" 2
< _
One-islf Inch ID: 212 - 5,75" : 274
5 ‘ 2k - 9.8"
- - h - 181'.
ak < 2yt
BE 30 - 30"
Ej:-‘z 2 - Lg"
i~ o 22 - sh"
< 6 - 60"
- 6 - 62"
h - 7 "
7
! 212 - 7" -
2 - 156"
B
3 *Neglecting the finned heat pipe of SPI-105 and the curved heat pipe header 'of
SPL~-113. , .
i
i
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usually used to construct heat pipes for the other: water reacts unfevorably

wiph aluminum and stainless gteel, and ammonia with monel and copper.

Freon-21 can be used as a back-up fluid for both water and wmmonia
because of its low freezing point and because it is relatively non-toxic.
It presents no materials compatibility problems with monel, aluminum, copper or
stainiess steel. Table 7-3 summerizes the compatibility problems resulting
from using one working fluid in a wick which has been designed Tor another.

Due 'to the compatibility problem, there can be no one multi-fluid wiek
used on the shuttle with these fluids, and two éeparate two. 'luld wicks must
be manufactured. Since it 18 necessary to make two sepavate wlcke, it ig
more cfficilent to maximize performance of 4the wick for the two f'luids involved
than to try to>produce onie wick design which could be produced of +two dif-
ferent materiels and used by all three fluids.,

Outside the pressure shell, the wicks developed for Freon-21 can be
used for beth ammonia and Freon. Analytical studies show that ammonia, when
wsed in a heat pipe with these wicks, shows little loss of trunaport capac.ty
compured to its performance in its own wicks (see Figure 7-1).

Inside the pressure shell, wicks similar to those developed for water,
but with a small envugh qap spacing to allow & Freon-21 - fil;cd heat pipc
to self-prime under a one-g graviity field may be used without scvere per-.
formance penalty (see Figure 7-2).

CONCIUSIONS

1f it is desired to use a design employing two-fluid heat pipes, the
use of two different wicks is r-commended: one which permifs the use of‘>
water or Freon-21 inside the pressure shell, and one :~ .h allows the use
of ammonia or Freon-21 outside._ '

0f the two general design concepts which were evaluated, the modular
snbassembly approach is recommended over the self-contained moduler design.

The latter 1s heavier and less thermally efficieni than customized designs,

~while the module: subassembly concept gives heat pipe systems ncarly as

efficient as the custumized systems and with improved fabricability.
. el al¥




ABIE 7-3
HEAT PIPE WORKING FIUTD/WICK DESIGN INTERCHANGEABIIITV

Inside Pressure Shell Qutside Pregsure Shell .
Fluid Water Wick | NHz Wick | F-21 Wick Water Wick { Hia Wick | F-21 Wick
Water X No(l) No(l) No(e) No(e) No(a)
Armnonin N0(3) No(3) 'No(3) X . X X

ll . *

Freon-21 No(") No(h) X NO(L) No(u) X

STANDARD HEAT PIPE MATERIALS

Fluid Pipe Wick
Water ' Monel, Copper Moncl,_Copperf
Ammnonig Alumipunm . Stainless Steel

~ Stainless Steel

Freon-21 Aluminum 8tninleaz Steel
Stainless Steel

X - Vorking fluid/wick design gives acceptable performunce.

(1) - terials incompatibility
(2) - Freézing problem
(3) - Toxicity problem

- Doesn't self-prime

(k)

GRUMMAN
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WATER/FREON TWO-FLUID WICK
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Before actually using a general heat pipe design concept for the
Shuttle, the basic question of its precticality must be raised. The 1.2
of the modular heau »ive designs becomes competitive with customized systems
only when an'extensive cormitment to heat pipe systems over baseline systers
has been made. Certainly, it would meke little sense to manufacture standard
sub-assemblies beforehand if there‘ére only one or two realistic heat pipe
applications contemplated. Tor a limited number of heat pipe systems there

is no alternative to using customized designs.

Tt there are'enough heat pipe applications to make the use of modular
subnssemblies practical, the following subassemblies would be manufactured

using the appropriate materials:

4", 3/4", and 1" ID threaded sections in 12' lengths
1" unthreaded sections in 12' lengths
", 3/4", apd 1" ID mitered right angle joints

3", 3/4", and 1" Freon wicks (for external Frecn and ammonia pipes)
]

[ (VR

and 1" compromise wicks (for internal water and Freon pipes)

7-10
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SECTION 8
FINAL EVALUATION

The feasitle Shuttle heat pibpe applications have been identified and
categorized in section 4 of this report as prime contenders (11), possitle
contenders (5) and rejectsr (11). Thio section establishes a logical evaluation
procedure to choose the most promising applications (at least six) for detailed
design and anslysis. The selection 1o based on how well they compere with their
counterpart baseline thermal control systems. In other words » the highest ranking
avplications are those most likely to be implemented on the Shuttle - and these
are the onesthat pr sent the most ‘mprovement over corresponding baseline systems.

The comparisons ere made on the besis of performence, weight aad saiety
a8 gauged by six eriteria: temperature gradient, capacity margin, powef re‘quirement,
control requirement, weight and Be.feﬁy. These parameters were ehosen because
thay arevme&niny,ful msesures which can be readily defined and understood on an
objective besis. Some obvious parameters such as cost, maintainability, reliability,
development risk,end dursbility ave only ev&lua_ted on a gecondary basis since there
is not enough factual d\ata to make an unblased comparison between heat pipe aud -
baseline systems. This keeps subjectivity in the initiel definition steges of the
evaluation to s minimum. »

RATING COMPARED T BASELINE

- CRITERIA WORSE TEHAN BETTER THAN COMMENTS -

e

l. Tempercture Gradient

R. Capacity Marzin

3 Pover Requirement
4. Control Requirement
5. Weight

6. Safety

Figure 8-1 - Evaluation Matrix

8-1 . CRrRUMMAN
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The basic evaluation procedure is a hetter tlmn/worse thau comparison
with the basaline oystem for cach of the six cxiteria. Figure 8-1 suows the
evaluation matrix used. Definitloas of the parsmeters arc listed below:

1. Temperature Cradient - Adverse temperature differences which exist

in a system dur to thermel inefficiencies in the heat transport

mecaantiam. These temperature losses can occur within a heat transfer

element (c.g. heat pipe, fluid line) or across a required attachment

interface (c.g., tube-saddie). The more thermally efficient design

can transfer the required emount of heat from one point to another with
o the sxmﬂ.ler resuliing temperature drop. Th's impacts the overall desiga
F by requiripg smaller capaclty sinks, in Yerms of area and weight? to

reject the specified heat load, ;

2. Capucity Margin - The usable heat trensport capacity vhich 1s available

in & syntem above the design requirement. It can be used to aécommodate
future increase in heat lond or to afford a measure ¢f redunddncy in a
heat, transport system with dual transfer paths.

1

" 3. Fower Requircment - Tho amoimt o1 electrical power required to opcrate
the heat transpory device; it iacludes power for control systems.

4. Control Requircrent - Is en active control device (e.g., heater, valve)
required for proper operation of the system? The preferred system
is self-~controlling needing no aupplemental devices.

"€, Weipht - The total weight of the heat transport device including its

basic componenta and aay cpecial attachments, fittings and control
elements . '

6. Safety = Freedom from chance of injury or loss to personnel and equipment.

The evaluation of "safety" 1o quantificd by using a scoring matrix similar to.
that used for the Bafecty criteria of Reference 5. As shown in Table 8-1 the
' factors éompr:'.aiug pafety ure essigned ccores of 0, 1 or 2 -~ the highest score
indicating the moot desirahlo situation. The system with the highest cumulative
score for the four factors ic coﬁaidered the safest. |
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i FACTORS
Inflammable ~ Toxic Hgh-Prescure lotential
. Score Materinlo Materials Fluide Bainvrds
2 None Jone None None

f 1 Bcternal® External Exteimal Externel

. o Internalx Internal Interrnal Iﬁtomal
e ' *vith respect ©o ihe pressure shell
; PABLE 8-1 SCORING OF SAFETY FACTORS
‘f. For purposes of this salety evaluation, high prescure fluids arc defined as
i fluids operating at presoures greater than 100 pala. Potential hazards are
i thoge situations or hardware to which exposure for periods greater than one
P
i hour could cause death or injury. This category also includes substancen which
{,‘:{ are themselves not dangerous but which could react with other substances and
,,P
f_.)

either be hazordous or cause further reactions such es ‘corrovsion.

This type of evaluation essumes that all criteria are equally importaunt,
i.e., they have equal weightn, The procedure can be made more discriminating
|2 by assigning relative welghts to the evaluating paremeters as in Reference 5.

However, this would be of limited value considering the level of dctall in this

preliminary cvaluation. Thin effort is regarded as a filtering process to

PR

reduce the number of application for detailed design to a menageablo lavel.

P ' The individual and collective enzineering judpment of the Grummen cvaluating
team was usad to evaluate cach of the prine'contendem according to the criteria

and rating sheets. The completed evaluation sheets exce contalned in Appendix Cel.

The best possible score for a given application is six "better than" ratings -

: onc for cach of the evaluation criterion. The worst possible score io six

"worae than" ratings when compered to the vaseline system.

e

R
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To help determine the relative worth of cach application a simple
aantitative rating systom was cstabliched, A (-1) wei'ghtin.g factor was
scigned to tha "worse than" catngory and a {+1) weighting factor to the
cetter than" eategory. Criteria which were considercd to be the same as the
aseline, i.c., nclther clearly worse than nor better than, had a zero weighting
actor. The cumulative numerical rating for an application was determined by
dding the weighted scores for the six criterie ma.kir:é wo the complete evaluation
heet. The moot desirable Applicatioxm would be those with the highdst positive
waulative score - hhe ones offering the most benefits and least disadvantages
hen compared to their correspouding baseline systems. Table 8-2 contains a
umpary of the evaluabion shects for the contending applications along with their
et numerical ratings. Yhe highest rated application scored +4 and there were
even of them. One scored +3; two +2, and one zero.

Since many of the applications wera similar in that they used a heat pipe
adlator, it was decided to consider six generic heat pipe application categories
or the detailed design ead analysis taske. Thus, the landing gear wheel wells
ection (5-2) and air breathing engine compartment Section (5-11) were considered
art of the heat pipe rodlator, compartment temperature cortrol 'ca.tegory. In the
.*e fashion upplications 5-7, -8 and 5-10 were considered heat pipe radiators
or waste heat rojection. Teble 8-3 vumarizes the six generic categories which
csulted. The advantagzs and disadvantoges of both the accepted and rejected
pplications are discussed below:

ACCEPTED APPLICATION: .
5-2/5-11 - ll2at Pipe Redlator, Cowmpartment Temperature Control

Doth o these gpplications involve on-orbit temperature control of
structural compartuexts. The baseline system uses Freon-21 (F-21) radiator
panels end tr_xe HP syntem use3 F-21 heat pipes. Thermal gradients in both
systems are about the same since they both employ brazed tube-to-sheet
joints. Tho heat pipe panels are cepable of rejecting more heat to the
compartment, if requived, since the fceder pipes have excess capécity. The
heat pipe system is self-contivlling due to the bullt-in dicde which prevents
heat transfer to the 105 loop when the tempei-aturea of the coupartment are’

higher than the source temperature c.g., during entry.

- | GRUMMAN
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Also, the heat pipe radiator pahel can continue to function even
if several of its panel heat pipes heve been accidentally punctured. This
15 not the case with the conventional fluid rediator where at worst, the
entire ECS loop can be dralned of fluid, and at test, it requires involved
leak detection systems with shut-off controls.

5-1/5-8/5-10 - Heat Pipe Radiator, Waste Heat Rejection
Several variations to the basic heat pipe radiator panel will be

investigated to determihe the most viable HP radiator system. They will
involve three different supply header configurations:

1. A VCEP header coupled to an all. heat pipe transposrt loop.

2. A hybrid VCHP/Fluid header serving as a heat exchdnger interface
“between the heat pipe radiator panel and a fluid heat transport
loop. :

3. A fluld supply header coupled directly tc the individual feeder
heat pipes on the panel. !

These systems will show various degrees of self~-regulaiion, dependiag, Sn the
utilization of the VCHP. All of the EP radiator systems will eliminate flow
apiits end flow balancing problems and provide & high degree of reliability
by minimizing the effect of single point fallures.

5=3a - Heat Pipz Circuit

The heat pipe circuit consists of avicnies equipment racks utilizing all
neat rire cold rails which are then manifolded to a heat pipe header. The
heat pipe header is coupled to the mein ECS fluid header of the heat transport
system. The heat pipe provides greater cooling capac’ty than the cold rails
both(on a power density'and totglbload per rail besis. Since the pipee are
isothermal they provide flexibility for box relocation within the circuit.

In eddition to the twin benefits of capacity and flexibility, the problems
asgsociated with flow balancing and pumming losses in the fluid rails are
eliminated. The absence of fluid connections at the rails also minimizes
fluid leaks and possible equipment contamination. '

8-5 ' | GRUMMAN



- 5.4 - Heat Pipe Augmented Cold Rail

The heeat pipe agmented cold rail enables present fluid cold rail
configurations_to be used with the current generatica cf high power density
avicnics. Standard fluld cold rails, which are adequate for other types

of Shuttle equipment, cannot handle the higher power densitles of the power
corditioning and distribution elecironics. Without heat pipe augmentation,

the previous geperation electronics would have to be substituted for the

newer and more compact equipment. This would result in heavier avionics and
fewer components mounted per reil. More cold rail would be required, resulting
in increased weight end flow pressure losses.

5-5 - Flight Data and Voice Recorder - Modular Heat Sinc
 Temperature control of the remotely located (vertical fin) flight and
voice record-rs would be provided by a self contained system which couples

these rexcte heat sources to a structural cr phase change heat sink, as
required. During most pheses P-at wduld pormally be transferred to structure.
During times of high structural temperatures the pipes would self-regulate,
minimizing thermai feedback fn structure while utilizing the phase change
sink for adequate euuipment coc 'ng. This type of a thermal control system
is self-regulating, requires no )jumping power and eliminates long runs c¥
" fluid coolant line which would & needed in the baseliné system. The absence
of fluid connections also les ns that chance of leakage and equipment. con-
tamination.

5-6 - Air-Cooled Equipmen’
The air cooling requirements of "off-the-shelf" available commerical

and military electroniés can be saticfied, without modification, by using

a heat pipe-to-zir heat exchanger in conjunction with an air circulating
enclosure within which the equipment 18 mounted. The heat load picked

up by the heat pipes is transferred to the main header of the heat transport
system. BHeat pipes'dre more attractive than a straight fluid-to-air heat
exchange. because they do not require Any fluid connections near the equipment,
thereby decveasing the chance of fluld leakege and equipment contaminacion.

8-6 ' GRLUNMRMAN
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This would also eliminate the elaborate fluid loop fill and purge
procedures that would have been nezcseary whenever these fluid couplings
were disconnected.

Rejected Applicaticns
5-1 - Leading Edge TES

Th: application of heat pipes of the leading =dge TES would require
extensive development effurt in the area of heat pipe to ca.r‘bon/carbon

bonding. The alternaie scheme, where the heat pipe envelop is made of
ca.rbon/c:xrbon and formed as part of the leading edge siructure, would also
require development to solve heat pipe end capping problcms.

Thic application is not state-of-the-art. While the nescessery
heat pipe technology exists, using it in an area which itself is still

under development would be a very quéetion&ble cormitment of Shuttle
Ies0urces .

A successful ca.rbon/carbon development progrem would eliminate the
need for high temperature heat pives in tiis area. If leading edges
capable cf withstanding a 3500°F rediator equilibrium temperature for 100

missions are producible, standing a 3500°F radiation equilibriim temperature

for 100 nmissions are pmducible, 1t would obviate the need for reducing
the leaiing edge temperature (-~ 3100°F mex) to lower levels more conducive
to multi-ndicsion use. Since the Shuttle TPS design must be failsafe in any

case, using supplementary heéat pipes rupresents an unnceessary weight penalty.
Thiz runs contrary to the minimum riek, low cost philbsophy whichk is prevalent

in current Shuttle concepts.

5-3 - Heat Transport System

The complete heat pipe heat transport system ic an all heat pipe
system which transfers heat from internal equipment sources to a heat pipe
radiator sink. On the Shuttle, this means transport lengths on the order -
of 100 feet requiring many heat pipo cou;plings‘ and splices. The excessive
transport.iengths and the great number of heat pipe interfaces presently
rgsult in large temperature drops which would demand increased radiator
avea (above the baseline requirements) to reject the same heat loacs at
the new lower temperature levels,

8-7
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5-4 - Heat Pipe/Phase Change Remote Sink

The cyclic heat lcads from a remotely located source are tmhsferred,
via heat pipes, to a phase change mcterial. When the equiyment is ofi,
the liquified phas: change material is allowed to solidify by rejecting
its heat to local structure. Although this 18 a feasible system, no specific
applications areas have been found on the Shuttle at this time. It is ex-
pected that appli.cations' will arise a8 more shuttle definition becomes
available. A similar scheme for thermal control of the flight data/voiee
recorders is covered in epplication 5-5. '

The accepted selections are considered reasonable from the standpoint of
rall engineering feasibility. They were approved by NASA, with the request
. work on the waste heat rejection radietor be suspended, since such studies
L.l be advanced wnder & seperate effort. The analysis of the radlator done
;his point is presented in Appendix C-2. ' '

The remaining five applications underwent d=tailed design and analysis
iies, and drewings were prepared in sufficient detail 'bo permit fa‘brica.tionA
211 five. Based in the information made available in these studies, three
lications were recoamended for development and testing of prototype hardware.
r were: the heat pipe augmented cold rall, the heat pipe circuit, and the
Jiar heat sink. These three w2re chosen based on the tangible benefits
y offer and the likelihood that they might be implemented on the shuttle
Lter after successful demonstration testing.

The following sections of this report nivesent the detailed desi‘gns and

lyses, featuri-.g design drawings, specifications , and thermal performance
iictiona, for the five selected applications.
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TABLE 8-2 - SHUIMIE HEAT FPF APPLICATION - SUMMARY

Compared to Baseline

~ Applicatton Worce Than  Better Than  Seme
-1 +L ) Net Rating

TP3 Irading Edge | 1 2 3 0
Iewding Gear Compartments L 2 +
OP Heat Trensport System | 3 3 0
Aviontca HP Ci-rcvit . L 2 | +4
IIF/Phuse Change Femote Sink | ‘ 2 4 +2
Adr-cooled (ATR) Equipment . 2 ll- 42
Flight & _Vuice Fecorder . 3 : 3. +3
HP Radiator with HP Eeader a k -
HP Radiator with fP/Fluid | L 2 +h
Headcr
HP Augmented Cold Rail | _ 4 2 +4
HP Radiator for Fuel Cells ' L 2 +4
mw :ad.ia.bor for AFE Corpart= ' 4 2 +
nesy

8-9
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3.

4,

5.

6.

TABLE 8-3 - SHUDTLE ICAT PIPE APPTICATIONS FOR DETATLED

DESIGN AND ANALYSIS

Heat Pipe Rediator, 5-2 - Landing gear wheel
Compartment Teupera= wells
ture Control :

5~11. = Air breathing engine
compartment
Beat Pipe Radintor, 5-7 - EP Radlator with HP
Waste Heat Rejection header :
5-8 - HP Rediator with HP/
Fluid header
5-10 - BEP Rediator for Fuel
Cells
Heat Pipe Circuit 5«3n - Avionics heat pipe
: circuit
Heat ripe Augmented Cold 5-0 « Heat pipe augmented
Rall A cold rzil
Modular Heat Sink 5-6 - Flight Date & Volce
: ) Recorders
Air Cooled Equipment 5-5 = ATR Equipment

*Maximun rating 18 +6
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SECTION 9

- DETATILED DESIGN AND ANALYSIS

The following.éectione conitain the detailed deeigna.and analyses of the
gelected heat pipe applications:

Ld

Heat Pipe Augmented Cold Rail

Avionics Heat Pipe Circuit

Heat Pipe/fhase Change Material Modular Sink

Air-to-Heat Pipe Heat Exchanger

Heat Pipe Radiating Panel fof Compartment Temperatiuwe Control

Each secticn {3 structured as follows:

Introduction

Analysic-contains supporting analysis including system rcqu;rements,
assumptions, thermal models,and performance predictions.

Deaign-cohtaine detailed description and design drawings including
necegsary specifications . '

Baseline~-includes comparlson with basellne thermal control systems,
i1£ applicable

Test Plans-contains test plans and procedures for development of

prototype hardware (first three epplications only)
Conclusions ' :

9-1
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SECTION 9-1

HEAT PTPE AUGMENTED COLD RAIL

9-1.1 INTRODUCTION

The rack concept for ECS loop cooling of elect.onic equipment was
employed ia the Apollo program. Egquipment to be cooled is packaged in
module boxes with flanges on two opposing sides, and the flanges are bolied
to the rack's structural rails which are internally cooled by pumping cold
Tluid through two passsges in the "cold" rail. The present system has added
o heat pipe to the canter of each ccid rail to isothermalize the rail and
thereby make the system capable of accepting the high watt densities imposed
by thin module boxes dissipati#g large amounts of heat.

The vasic configuration of the rail, as shown in Drawing SPI-104, is
suggusted by reference 6. The rall contains two fluid passages , both of
which (for high pover density equipment mounting) ore assured to be active.
Redundoncy requirements would be met by installing duplicate equipment
racke. ; '

The rail itself would be made of 6101 aluminum alloy, chosen for its
roasonable strength and high thermal conductivity. The heat pipe in the
rail center has water as a working fluid (to satisfy safety requirements for
location inside the pressure shell), and has en envelope of copper or monel.
Altlhough GAC nas had good results in compatibility teats using these materials
with water, the use of a non-toxic Freon* would be possibvle if problems were
to develop.

9-1.2 ANALYSIS

At an early stage inAthe analysig, 1t became evident that a-flange
thickness >f 0.125 inches would be inedequate to maintain the temperature
drop between the box flarge and the cold rall at an aéceptable level for
high power density equipment. (See Appendix D-1)

*Freon-114 and Freon-12, in Underwriters lLaboratories Revort MH-2375, were
clagsed in torxicity group 6. Toxicity group 6 contains those "... gases or
vapors which in contentretions up to at least about 20 per cent by volume for
durations of exposure of the order of 2 hours do nct appear to
pr~uce injury." ‘ ;ERUMM‘;}&!

9-3 ’



To eliminate this problem, a thicker cold reil flange (0.25 inches)

———r—

is used at those sites where high power density equipment modules could be
mounted.

As the system to be modelled involved fluid flow and heat pipe operation,

steady-state temperatures were determined by allowing a transient model to
reach equilibrium rather than by adhpting & steady-stete metnod to the system. "

The Abbreviasted General Thermal Analysis Program described in
reference 7 was used. It is a typical lumped parareter approximation, finite
difference iterative heat transfer program. Heat pive opefation and fluid
flew are modelled by inserting a subroutine tc be executed prior to each net- : '-i

work iteration. The subroutine used is listed in Appendix D-2.

The first half of this subroutine simulates the operation of a heat
pipe by essuming that the heat pipe vapor temperature is constant along the ‘
heat plpe, and that it can be considered a fixed temperature within each . 3
iteration. The vapor tempersture required for steady-state equilibrium with l ~
the surrournding nodes is calculated and substituted for that used in the ‘ {
.previous iteration. If the new heat plpe temperature indicates that, in

relation to an adjacent temperature node, a region of the heat pipe acting _ %
as an evaporator is now acting as a condenser or vice versa, the appropriate o
corductance (corresponding to the rilm coefficient) is changed and a new ;j}
steady-state temperature is calculated. -t
' R
The fluid modelling system is taoken directly from reference 8. A ' 'l
disgram of a tyr :al section of fluid is shown in Figure 9-1.1. ‘ :?
T B 0T | !
~ — ]
zwcF , f

hA

Yty

-[;wuL ‘ N
¥IGURE 9-1.1 FLUID FILOW NETWORK ’ -
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The outles temperature; which i8 the inlet temperature for the next
section, is defined by

Tout = 2 Tavg - Ty

A nodal analysis of the above network gives

2w cP (Tin,- Tavg) * hA (Twall - Tavg) =0
and, after manipulation,
T, _ +T
. ~ in out
wep (Toy - Tyn) = BA (Tya11 - . 2 )

a steady state representation of the fluid node. The second half of the
subroutine defines and calculates the needed fluid temperatures.

For thermal modelling purposes, the rail, 21.6 inches long, was
broken into 12 seztions 1.8 inches in length. Locations of nodes and
conductances in a typical cross-section are shown in Figure 9-1.2. Heat
conductiop along the reil was included by defining conductances between the
four nodes shown within thé cold rail and the corresponding ncdes in
adjacent sections.

Ia order to check the validity of the conductances assigned in
“Figure 9-1i.2, two finér networks were conatructed, cne detailing the box
to cold rail flange root conductance at one ctation (46 nodes), and the
_ other conductances hetween reil flanges, fluid passages, and the heat pipe
at one station of the rail (hu nodes).. Both agreed with the results of %he
~larger model which included all stutions of the ertire reil. '

The analytical cese stﬁdied ircludes a typical high power density.
module, i.e., the power switch module, 1.8 inches wide end generating 140
thermal watts (reference 6), mounted on the cold rail. Both sides of the

rest of the rail were loaded to several watt-deasity levels.

| CENUNMRARN
A\



FIGURE 9-1.2 CROSS SECTION OF COLD RATL THERMAL MODEL

Flow rates wers\established using the A@ollo-tyoe limitetion of
% watts per pound of coolant per hour. This Plow was divided evanly
between the two 3/8 inch diameter passages in the rail which include
Iytron-type internal fins. Film coefficient data for such tub°a conta.ning
60/40 glycol/water mixtures was obtained. end corrccted by means of the
Sieder-Tate Relation (See Appendix D-3) to account for tue use of distillgd
water, which is the shuttle baseline coolant. |

Grurman has recorded film coefficients for water licat pipe evaporator,
in excess of 3,000 Btu/hr-ft2~°F 8o comparatively coanservative values of
2,000 and 2,500 were used for heat pipe eveporators and condeneers,
respectively.

Studiesvusim; the thermal model describted on the previous pages
produced theAfollowing conclusions:

1) The heat pipe operates by lscthemmalizing the cold ra.l, thus
lowerirg rail iemperatures at high watt densivy equipment
movuting sites;

' . ~3sa\aaa\»dase‘
9“ 6 . NN \X} YAP
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2) the power switch module of -eference 6, dissiputing 70
watts per side, may be mounted on thz2 proposed he.t pipe
augnented cold rail. Iz addition, other equipment with an
average power dissipation of 0.83 watts per inch may be
mounted at all the other locations of the rail;

3) the power switch module cannot be moﬁh%ed on a conventional
cold rail since the latier cannot remove encugh heat to

prevens the module box temperature from rising above lhOOF;

L) &.l equipment mounting sites on the Leat pipe augmented cold
rail are equivalent. Unlike the conventional rail, there
are no thermal adventuges or disadventages to mounting equip-

ment at the fluid "upstream” or "downstream" end of the raili

Tigure ©-1.3 bears out the first thfee conclusions. This_figuré
shows the temperature distribution within the cold rail, with and without '

the heat pipe operational, with a 70 watt source mounted on one side of

- the rail at station 3 and 1.5 watt sources at the other 23 mounting sites.

As employed here, the heat pipe lowers the peask flarge temperature by 22°F,
which lowers the temperature of the attached module box by the same amount.

The curve showing temperature distribution with the hest pipe
operational indicates that the box flange root temperasure will not exceed
140°F with the imposed loeding, and is therefore a thermally écceptable
configuration, with a total load on the reil of 104.5 watts. The curve
showing temperature distribution without the heat pipe indicates a box

f.lange roo’ temperature of the hxgh power density module of 162°F an
unacceptable level.

In an effort to determine the high power density capability of the
rail without the heat pipe, fhe cold rail model was then run with no thermal
loads other then the 70 watt source at station 3. The box flange root
tenpuerature drevped oﬁly 3°F to 159°F, still uracceptably high. The power

Cﬂ%ﬂ!&&aﬁﬂdﬂ
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gwitch module of reference 6 cannot ‘c mounted on a standard cold rail.

Figure 9-1.4 shows the temperature dis%ribution in the augmented
roil with the same thermal input used in Figure 9-1.3, but with the high
density source moved to station 10 at the fluid downstream end of the
cold rail. The flange root temperature of the module box is at 14O°F,
the some flange root temperature level obtained when the box was mounted
upstreanm. '

DESIGN

The detailed design, including design specifications, is shown in.
Drawing SPL-104. Detailed weights are given in Table 9-1.1.

' The rail is made of an extrusion of 61C1-T6 aluminum 2lloy (chosen
for its high thermal conductivity), whose dimensions ere defined in a Aetail
of drowing SPI~104, and shall be manufactured in accordance with materials
specification QQrA-200/8. The costs of having such an extrusion made include

o dic making charge of $1500, a set up charge of $200, and an extrusion cest
of $2 per foot.

The tops of the rail flanges, as shown in detail A, will be finishcd
to n 64 micro-inch RMS surface to enhance thermal contact with the équipment.
At thoge sites vhere high power dersity modules will not be mounted, the '
flanges (as shown in the extrusion detail) will be machined down (irom the
vottom) to .125 inches, in order to minimize weight. Plate nut fittings are
used ot the mounting sites for box attachment.

As shown in section C-C, the fiuid pusseges will be internally finned
(to increase heat transfer into the fluid) using Iytron-type radial fins
nround an internal tube of .156 inch diemeter. Gamah couplings will be
welded or s&aged to short tubes which will then be inserted end welded into
the cntrances and :xists of the fluid passex2s in the cold rail to provide
a maintainatle Joop ccupling.

BRUMMAL
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The heat pipe shown has an envelope of 0.5 inch 0.D. nominal
101(OFHC) copper tubing (ASTM Specificatios 865.75.280) or 0.5 inch 0.D.
Vonel Alloy LOO tubing (MIL-T-1353), internally threaded t> 100 threads/
inch. These'néterials were chosen to eliminate potential gas generation
problems with Gistilled water. This tubing will be installed within the
cold rail by ceaming the extruded hole to allow for a push fit for the
full length (21.6 inches) plus a trim allowance. The rail/tube interface
will bé honded Qith silver-filled Hysol epoxy K8-5232 (Grumman instructions
for application of Hysol specified in SD 252-1I-73 from OAO program) to
increase heat transfer across the interface. Tails cylindrical interface
will b~ sealed at both ends to prevent exposure to air by appﬁylng sealant
GS5.4100 (m ~8-7502).

The siructure and orientation of the wick are shown in sectiorn C-C.
"It will be surported by four reteiner legs vhose orientation must be in
the direction specx* ad in this cross-szection to foceilitate vepor flow
between the heat pipe wall section nearest the cold rail flange and the ’ i
wall section nearest the fluid passage.

The calzulated capacityvof such a heat pipe, with the hollow core
unprimed and a 10-inch evaporator and 10-inch condenser section is 310
watts. If the core is primed (filled witn working f1 uld), the capacity

is 570 watts. Couparabdble watt-inch figures have been acnieved in tests

at Grumman using water heat pipes. B i

Grumman tests have shown that a heat pipe using distilled water as
a working fluid cen be made of copprer scueen and tubing and coated with : .
Ebonol € to increase the wetting properties of water. This design al-
ternative may vrove superior to an all-wonel hoat pipe due to manufacturing

ceneiderstions.,

etk

Typlcal aodule equipment racks based on reference 6 are shown oun the

drawing. Configuration A shows typical load control center ccmponents

L

mounted on an exionics equipment rack employing heat pipe augmented cold
rails, and confligucation "B" shows typical power conditioning components , T3

mounted ~n & similer rack. : : . :

. .
e )
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Modnle (and rails) are to be preparec for mounting by aprplying
silicone grease (Dow Corning 340) to the flange surfaces to be mated,

. then wiping the grease from the surface. This procedure leaves a thin

filn of grease which increases the interface conductance. This grease
hes vbeen app.oved for use on the Lunar Module (5 psia, 1004 02), as
referenced in Grummsn Specification ISM-14-6005 dated 1S July 1966.

The only additional faiiure mode introduced by asvgmenting the cold
rail with a heat pipe is a posaible leak in the heat pipe, which containsg
only small smounts of distilled water (~~ 20 grams), a non-toxic substance.
Pressures insicde the heut pipe are negligible: at J‘OOOF, internal pressure

'is about one pslae, irdicating no danger of bursting.

TEST PLAN

_ This sec ‘tion dPscribes the test program designed to provide a ‘
thermal performance map for the heat pipe augmented cold rail depicted in
drawing SPL-10k, It calls for a series of parametric runs to determine ‘

- response to verying fluid irlet tempera.tm.res average load density, and’

L

high load denaity with and without heat pipe augmenta.tion.

TEST CONFIGURATION

A schematic of the test arrangement is shown in figure 9-1.5, Pro-
visica' is mede for controlling the inlet temperature and flow rate of the
coolant and for shutting off the flcw‘in e or both passages to simulate
partial failures. The cold rail itself is ccmplef.e]y instrumented with
suitable provision for readout (Figure 9-1.6). Simulated electronics heet
loads are provided by strip heaters sttached to both mounting flanges and
controlled with Variac type devices. E

The fecility requirements are summarized below:

Power: Four varisc channels
2 at 200 watts each
2 at 100 watts each

Instrumentation: Readout and recording for 40 Cu-Cn
thermocoupies- .

Coolant: - distilled water at O to 120 1bs/br’
inlet temperature control from GRUMMANM
500 to 120°F -
9-13 '




CONTROLLABLE
. SIMULATED HIGH-DENSITY _
ELECTRON(CS LOAD

(TP 2 SIDES)

| | 4 .
HEAT P'PE / =

5307 2y SHUTOFF
_ . ﬁ& " VALVE
o P _ 5z '
D ////'{f " CONTROLLABLE
@ s SIMULATED LOW DENSITY
e S ‘  ELECTRONICS LOAD |
; (TY® - B0TH SIDED) ,
SHUTOQFF
VALVE
ELUID
INLET
9 : HEAT -

- ' BY PASS
VARIABLE EXCRANGES |
CAPACITY
PUMP

TEMPERATURE
CONTROL

wn.

COOLANT PLU

RESERVOIR

A INSTRUMENTATION
A READOUT DEVICES

FIG OIS TEST SCHEMATIC =

-1k

A REQD CONTROL DEVICES

p—

:

fironed

s I e R B

{
ey

d

f1e

Ly . Vo -y
‘-n-—-l{ [a— L

[
bar vt

[
. A



" _ . e T e -

HEAT RPIPE —7

FLANGE ROOT
TEMPERATURE
POINTS

FIG 916-INSTRUMENTATION

GRUASMAN

9-15 . o ‘ §



TEST PROCEDURE

The test procedures are desigred to provide six specific types
of information. '
(1) Bench or baseline HP data

‘ (2) Maximum load vs. flarge root temperature
(3) Average load vs. flange root temperature
(%) Maximum load vs. average load
(5) Ioad vs. rluid inlet témperatures
(6) Ioad capacity without hest pipe

The test conditions are sumarized in Table 9-1.2. The bench test
(1 and 2) deta will deteirmine the HP capacity end terpersture response. °
It will be conducted on a bare HP without the cold rail and measurévboth
longitudinal and lateral conduction. This baseline data will be.obtainéd
from the test setup shown in Figure 9-1.7. Electrical heaters and sprgy
bath cooling will be employed. ’ o '

Tests 3 through 1lb follow the same basic pattern in which a cdnstaht
input (average Q/L) is provided to most of the cold rail flange; In additicn
a two irch length towards the inlet end of the rail is losded independently
to simulate a high density electronics package. The load on each section is
independently controlled to meet test requirements. The test program provides
a complete performance map of the HP augmented cold rail. Tests 15, 16 and
17 will evaluate response under pertial failure conditions, i.e., only on
coolant passage cp=rating. The remaining two tests (18 and 19) will provide

baseline data on the cold rail performance without an operative heat pipe.

CONCIUSIONS:

By placing a heat pipe in a cold rail, the effe.tive conductances
between the ruail flange roots and the fluid pasnsages are increase at mounting
sites of high power density equipment. 'The hest pipe has no effect on the
total heat load the rail is .able to dissipate, but makes very high watt
densitiés permissible if the load on the rest of the rail is low enough.

By acting a&s an isothermalizer in the center of the rail, the heat pipe

CRUAMMAN
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TABIE 9-1.2

—ten ;'.)

'fest | Coolant Average G/L | Max Q/L watts/ Active
NYo. Inlet watts/inch/ | inch/side _ Coclant
Temp.CF side Passage Comments
1 to burrout o baseline dats-
longitudinal
2 to burncut : ‘beseline data-
lateral
-3 T0 0 0 to burnout 2 o sensitivity to
) ‘ veriaticns
k 2 2 to burnout 2 in average and
5 I 4 ¢o burnout 2 maximum loads
6 6 6 to burnout 2
7 8o 0] 0 to burcout 2 o sensitivity to
) ' ccolant
8 2 2 to bwnout 2 inlet temperature
: varlations
9 - 4 %o burnout 2
10 90 0 0 té burnout 2 0 coolant temperature
S : : variation
11 2 2 to burnoui 2
12 4 4 to burnout 2
13 100 0 0 to burnout 2 o0 coolant temperature
: variation
1N 2 2 to burnout 2
15 70 o -0 to burnout 1 o egingle coolaent
16 2 2 to burnout 1 passage data
17 4 4 to burnout simulating partial
. failure
18 .70 - 2. 2 to burnout 2 . o dump HP charge,
19 70 N 4 to burnout 2 eveluate cold

rail w/o HP

9=-17
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makes all flange mounting locations equivalent, -eliminating one variable
from the designer's consideration.

Fabrication of & heat pipe augmented cold reil should preseut no

1= major manufecturing problems, and can be completed et reasonable cost
i using state cf the art techniques.
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fﬁ AVIONICS HEAT PIPE CIRCUIT

- ' 9-2,1 INTRODUCTTON

The heat piﬁe avionics circuit is a cold rail-type electronic hox
cooling éystem using hes’ pipes within the cold -ails us heat transfer
devices and the pumped coolant as en ultimste sink, rather than the con-
ventiorial system which pumps the fluid through the cold rails themselves.

The concept of a hoat pipe avionics circuit follows logically from .
{ : that of a heat pipe augmented cold reil. The heat pipe in the center of
. the cold rail is cohnected to a heat pipe header, which in twn is <on-
nected to the pumped liquid coolant loop. Ins*zed of being used solely to
isothermalize the cold rail, the heat pipe is the sipk within the rail for
-3 heat generated by mounted electronics boxes, serving the function of the
i ' twvo fluid passeges in the augmented rail. Iike the heat pipe augmented

- cold rnil;, this system is not gsensitive to the position of a module box on

f; the rail, and can accept Jocul concentrated loads higher than those within
the cepebility of a conventional rail. Since the capacity of a rail in this

4% system is not limited by o fluid film coefficient, it can ve designed to be
higher than in an equivalent flu'd-cooled cold rail, whether or not the

f*§ ~ Jatter is heat pipe augmented. Further, a fluid-cooled cold rail requires

four fluid ccanecticns per roil, 28 irc a seven-rail system, while this all-

heat pipe seven-rail circuit requires coly two. The failure of a heat pipe

. i
reed T

has much less effect on the cabin environment than the fuilure of a line or

connection i e fluid loop, es the heat pipe contains less than 50 grams of

Y

vater at less than two psia., which is the most that can l2sk in the event
of a feilure of a single heat pipe.

el

9-2.2 ANALYSIS

Drawing SPL-102B shows a typical system, an equipment rack consisting
of seven Leat pipe cold rails counnected to e heat pipe heeder, vwhich inter-
faces with the pumped coolant fiuid locp by means of a heat exchanger.

The length of the rails shown in the drewing corresponds to that of the
a long®sy rails on the IM-vehicle, 4k inches. The maximum load on one raii,
i 200 watts, 1s derived uvsing the seme maximum load of 2.25 watts/lineer inch/

i , A QEUNMMAM




side used in the design of Apollo vehicles. The maximum lcad on the system
was taken tc bYe 700 watts, half of the heat load obtained if all the rails
were louded to capacity, as experience hes shown that cold rails are rarely.
fully-logded. In addition to these heat loads, there are other constraints
o the system. Tie temperature at any module box flange roout must not exceed
l*OoF, and the fluid inlet end outlet temperatures are specified for maximun
1oad conditions at 68.3°F and 96.i°F, respectively, implying a flow rate of
85 lb/hr of distilled water as coolant through the heat exchanger for a 700
watt load. The system is designed for use inside the pressure shell, so all
neat pipes use water as & working fluid to avoid toxic or high pressure fluids
within the life support area. The evaporator film coefficient used is'2,0QO
Btu/fta-hr-oF and the condenser coefficient assumed is 2,500 Etu/hr-ftQ-dF;
These values are conservative, since higher film cocefficients are being ob-
tained in current heat pipe performance testing at Grumman. Thermal analysis

of the circuit was conducted as outlined below:

(1) Based on preliminary sketches, box flange to feeder heat pipe
and tTeeder heat pipn to header heat pipe conductances were
defined; ' '

(2) The trcder heat pipe vapor temperature was decermined by
calculating the temperature drop from the 140°F module box

wsing the heat flux (200 watts) and the conductence;

(3) The header heat pipe vapor temperaturé was determined by
calculating the temperature drop iram the feeder hezat pipe
vapor temperature using the heat flux (200 watts) end the

feeder-to-header conductance;

(4) The required "UA product” of the heat exchanger was calculeted
using the logarithmic mean temperature difference between the
header heat pipe vapor and the fluid; '

(5) A heat 2xchanger which met this requirement and which caused a

minimal préssure drop in the coolant loop was designed.

| BAUMMAN
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Details of the calculations performed ibp this analysis are given in
‘Appendix E.

Conductances and temperatures in the system at design conditions are
shown in schematic form in Figure 9-2.1. The equipment heat loads indicated
are uniformly distributed over the two flenge surfaces of the rails. As
indicated by the resulting temperatures, the design goals are met.

The total design cspacity of this aystem‘can casily be increésed
because any desired change involves only the substitution of the appropriate
new flow rate and new heat exchanger having the proper "UA product". If no
hordware changes ere feasible, an increase i the coolant flow rate alone
increceses the capacity of the system, as shown in Figure 9-2.2. The analysis
conducted to produce this figure assumed the maximum load on any coid rail
was 200 watts, which fixes the heat pipe header temperaturé at 116.1°F,

The high power density capabilities of & reil in this system were
explored, within the design constraint of a 700 watt total load. This load
fixes the header temperature at 116.1°F. The temperature drop from a 140°F

mcdule box flange root to the feeder heat pipe vapor was calculeted for &
‘ number of thermal loads of higher watt density than the baseline. (These
heat loads were 1mposedoner a two-inch smecticn of flange.) From this
temperature drop, the feeder heat pipe vapor temperature was calculated,
and, from the temperature difference betﬁeen feceder end header, the total
amount, of heat which can be removed froa the feeder waz determinad.

The local high density loads obtalned are shown plotted against the
total load on that reil in Figure 9-2.3. If the total load on a rail is
limived to 50 watts, the local load the rail can accept over two inches
(wita the assumed total lcad on the system) is increased to 8.4 watts. If
8 load of 9.4 watts ic imposed locally, no other load may be placed on the
rail. The limiting factor in cach case is the fecder to header terperatwe
dArop which must oe controlled to maintain the header at 116°F for the

design tcuperature conatraints to be met. When it beccmes necessary to

RRIUAIRAARN
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FIGURE G-2.2
SYSTEM CAPACITY AS A FUNCTION OF COOLANT FLOW RATE
9001 e
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Q into exchunger = UA tl?luid Qut tFlum In

n Tip - %2101 In

TP = Yiuid out

Q into coolant = 1 Cp (tFluid Oﬁt -~ Yer01d In)

By equating heat fluxes, the equation of the curve above is derived:

THP Header ~ TFJ.u:Ld In

Q = hcCp ('I:JIP Header ~ TFluid In ~ -1 AUO A,
: In
.m Cp
where o
T = 116.1°F
e .
TIn = 68.3°F

Cp = 1, as coolant used is water

UOAO i3 a function of flow rate and exchanger design
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mount wiuipment with a higher watt density loading than the indicntoed
1imits, the equipment could be designed to accept higher flange root
temperatures than 140°F, or the rail flange could be made thicker locally.
A higher coolant flow rate or lower inlet temperature would also improve
high density load capabilitics, but such solutions to the problem involve
new system design constrainta. Célculations gimilar to those deacribed
above were also oerfcrmed for the locally thick flisnge utilized in the
augmented cold reil design, and the reculting curve plotted in Figure 9-2.3.
Other design capacities can easily be obtained with aimple system changea.

9-2.3 DESIGH

Thoe detailed design, including degign opecifications, is shown in |
drawing 8PI-102B. Detailed weighto ave summarized in Taeble 9-2.1. The

rails are formed of the some extrusion used to form the auvgmented cold /

'all, with the two fluid passages milled away as shown in Detail P of the
drawing. This extrusion is of 6101 sluminum alloy, chosen for its high
therme] conductivity. Material apeuificuxicns are given in Sectior 9-1 of
this report. \ : "

Since the working fluid of all heat pipes in the gystem is water,
aluminum is unacceptable as a heat pipe wall material because non-condensible
gas will be generatzd, effectively destroying the ability of the heat plpes
tc function in the system. To avold this prolLlem, a 101 (OFHC) copper tube
(ASTM opecification B68.75,280) will be inscrted into the alumirum extrusion,
which vill be reamcd to provide a push fit. Before installation, silicon
grease (DC- 340) will be applied (Grumman specification I3 M-1L-6006 dated
19 July 1966), then wiped sway to leave & thin film. A ball or "bullet"
will then be drawn through the copper tube expanding it, to insure good
thernal contact with the aluminum.

The copper tube will then be grooved to 100 threads per inch, and the
wick shown in Detail N will be inscrted. (Internal configuration of the
heat pipe and weights per foot of the cold rail assembly are given.in
Toble ). of the drawing.)

BRUMMAN
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An elbow loint is machined from CDA #145 copper rod, as shown in
Deteil D, end tungcten arc welded (in accordance with Grumman specifica-
tion Q.C.P.6.001) to the feeder heat pipe evaporator section installed
within the extrusioa. The wick of the condenser section (shown in
Datail N) is attached next, by neans of an elbow splice section created
by electrodepositing ecpver on models of the wicks. The 101l (OFEC) copper
condenser envelope, grooved (100 threads per inch) and then flattened on
one side (as shown in Section F-F), 1s tungsten arc welded (as shown) to
the elbow joint. The heat pipe walls and wick are then coated vwith Ebonolv c.
Such a coating increases the abllity of water, the working fluid, to wet
the surfaces of the heat pipe, enhancing pipe performance. o

The end cap/charge tube assembly on the evaporator end of the feeder
heat pipes' is shown in Detail L. The assembly would be made from 0.5 inch
diemeter CDA #145 copper rod, pressed into the copper heat pipe envelope,
and soft soldersd in eccordence with specification MIL-S-6872 using 60/40
tin/leed solders. The end caps at the condenser end (not shswn) are similer,
but the charge tube is not included.

Although dimensions are different - the header's diameter is larger
and its evaporator has the flattened side - the construction of tue heat
pipe header is similar to that of the feeder hest pipes. The one signifi-
cant difference is that a fluid heot exchanger ie bullt around the header's
condzanzer section so that, when the system 1s in operation, the condenser
is immersed in ccolant from the fluid loop.

After grooves have been cut in the condenser gection, the outside is
tin-plated, cnd the corrugated fin (Section J-J) and end plates, both 6061
aluninum alloy, are brazed to it. The eluminum outer jacket is then slipped
over the assembly ‘and resistance welded to the end plates in accordance with
specification MII~-W-6860. ' 'i‘he conlant inlet and outlet ports, part.of the

9-31




machined end caps of the heat exchanger, are shown in Section G-G.

The rack assembly will then be laid out, und the header soldered to
the condensers cf the feeder heat pipes, in zccordunce with gpecification
MII~3-6872. Soldering provides excellent thermal contect, but to echieve
the required structursl rigidity, straps and redius blccks are necessary,
as shown in Sections C-C and E-E. The streps arc to be cut frem type 304
stainless steel sh-2t (material specification QG-8-766C, cond A), and the
radius blocks mach..ied from 202L4-T62 aluminum alloy (material specification
QQ-A-250/5) and given an alodine surface finish in asccordence with specifi-
cation MIL-C-5541. ‘

As shovn in PFPigure 9-2.&, a system orientatlon diugram, the heat plpes
in the circuit are never required to work egainst the g-vector (i.e.,

evaporator end "up").

9-2.4 TEST PLAN

The testing described in this sectlon is intended to provide verif'ica-
tion of the thermal performanée of the HP circuit. Two categories of testing
are requirz2d, Component Quzlification and Syctem Performance. ‘Thc former are
designed to show acceptable operation for each HP prior to its inclusion in
the system. This will minimize the chances for rework after assembly us well
as provide information for possible syetem enomaly ihvestigutiona. The gystem

tests arec designed to completely characterize the circuit's operation.

9-2.4.1 CONFIGURATION

The actual test article must deviate from the configuration shown in
Figure 9-2.L te permit proper ground testing, Figure 9-2.5 defines the
test geometry which provides for both "zerc-g" (on-orbit) and reflux boiler
(¢atry) simulation. The test geometry differs from that of the anslyticul
model in that the header hest pipe is straight rother than "L'-ghaped.

‘Thermal input will be simulated with electrical heaters on each rajdl
and cooling by the water fluw “hrough the jacket. The entire circuit will

BELIMMAN
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§ -

i
b be mounted to a rigid test frame which can be levelled by use of screw
A{;- Jacks. This frame will also be used for herndling and shipping.
‘ 3 . .
.. External hookups for power, temperature instrumentation and fluid
i flow are provided for interfacing to existing facilities. The facility
requirzments are summarized below:
g )
- ' Power: 14 variac chennels
-0 120 volts, 2 amps each
3 (e
3 : ‘ '
: - Instrumentation: Readout provisions (strip charts) for
§ K 80 Cu-Cn thermocouples
% f; Coolant: 150 lbs/hr of vater witn irlet temperature
; control ko to 1200
Cof
S O , .
; Work area: U4' by 3! work surface with 4' minimum
% =1 ;clearance to celling '
S :
i . _
- 1 9-2.k.2 TEST PROCEDURE
4 !
é ’ Comp¢unt Qualification: Esch HP (8 total) will undergo qualifica-
I tion tegting pricr to acceptence. Each pipe will be equipped with a ribbon
A A
] ' heater over its evaporator section and will be fully instrumented to obtain
Ri
s temperature data. Each pipe, in twrn, will be installed in the tench test
; "§ riz shown in Figure 9-2.6 and they will then be tested tc verify thet the
P horizontal parformance listed beiow can he attained:
% _
Cold rail pipe: 200 wects with 10°F delta-T
Header pipe: 700 watts with 10°F gelta-T
The cold rail HP will be cooled with a spray bath (Figure 9-2.6) and
: the final check of the header will be performed with its cooling jacket
P installed {Figure 9-2.7). However the header performance wiil initially
§ ! be verified using the spray bath. ' ‘
"g e
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sSystem Performance: After all components have been checked they
will Ye ascembled to rorm the circuit. Heater ribbon will be mounted
“in the raill flanges to simulate module box thermal input., The entire
circuit will bs Ye'd in & test fixture to maintain the geometry shown

in Figure 9-2.5.

The first series of tests will be performed with the Z-X plane
horizontal thus simalating “zero-g" operation. The enphngis during
testing will v on understanding the interaction between loads on the
circuit as they ayele on and off, at different power levela. IThe heater
rithons on oppesite (langes on the same reil will be indcpéndcnt, 86
louds ctu be cliferent.

Table 0-2.2 presents & summary of the test program. Teat i1 in o
"yench-mark” tus: and serves to demcnstrate basic ssutem performancs.
During this test, the two hoxes (simeeted by two strip heaters) con-
nected to cold rail #7 (see Figure 9-2.5) can either be operating at the
same cr different power levels. Test #2, with identical heat louda as in
test #1 imposed on raii #1, compares thz sensitivity of the syatom to
loads oa rails atb olrfereﬁt locations in the cii:cvit. The inpute will te
stepped 4o 200 vusts ir 50 watt increments in orde. to detormine the
operating characteristics over the entiie range.

Huving demonstrated the adility of the system to accept 200 vutts

at one location, tosts 3 through 6 will demenstrate that the nyntcm can
accept multiple heat inputs over the entire heater evaporator length. Tor
test 3, rail 1 would remain at a dissipation leval of 200 wattiu, rnil 2
sould be brought to this same level, and rails 5 and 7 would bo sequentially
step powered to 50 wetts. Subsequently, railsAh and 6 would be atop povered |
o 75 watts, and rail 3 to 50 watts to complete test 4. These tento will
verify that the hcet pipe header will perform satisfoctorily (i.6., not
"starve") as. loads are added Acwistream of e large heat source, This neries
has been designed to shown system performance while transporting a maxiniua
load over the length of the intevmediate header. Testa 5 and ¢ have been

RRUMMAN
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/
Table 9-2.2 - Test Ioading Conditicns
Pect f# Rail #
Comments
1 2 3 4 5 6 7
M - - - - - - 200 “Benchmark" -
. Test
2 200 - - - - - -
3 200 | 200 - - 50 - 50 High Upstream
Load
A 200 | =200 50 75 50 | 75 50
5 50 - 50 - - 200 {200 High Downstream
_ Iocad .
6 50 75 50 75 50 200 200
7 (#) | 200 50 75 50 | 175 50
8 (*) 200 - - 50 - 50 Local Toad
9 50 75 50 75 50 200 {*) Test
10 50 - 50 - - 200. (%)

(*) 'The indicated rail will be broken into two zones: a two-inch section

on onc [lenge, which will be subjected to a high thermal leasd end the
lightly lcaded remainder of the rail.

Vility will be explored.

9~38
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‘ )
i
j included to demonstrate thet the header pipe will be able to service
Xy additional loads upstream cf a large heat input. These tests will indicate
%1 ‘” whether it.is a better design practice to position smaller loeds downstream

or upstream of a large source, or whether it matters.

Tests 7 through 10 determine high watt density loed cheracteristics
of the circuit by loading one of the rails with & high density source cn

two inches, and plotting performaunce cdrves of total load on thet rail (with
“5 & low load on the rest of the rail) sgainst the high density losd, keeping
2 the calculated box flange rooct temperature at 140°F.
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9-2.5 CONCLUSIONS

This circuit was deéigned to meet a specific set of design require-
ments, so no attempt was made to maximize heat pive or system capacities.
larger local load capabiiities, rail capacities, and total system capacities
can be achieved if necessary by increasing the flow rate, lowering the
‘coolant inlet temperature, or increasing the "UA product" of the heat
exchanger. The real limits of a heat pipe circuit such as this one are the
transport ce&pacities and the maximum allowablie input load densities of the

heat pipes employed. The present design is well below these limits.

Any analysis of this type of system is extremely dependent upen the
values chosen for the hgat pipe evaporator and condenser heat transfer
ccefficients. As heat pipe techndlogy edvances, the cepabilities of a
heat pipe circuit such as this should increase eslong with increasing film
cbefficients. Current Grumman test data support the values used for this
study. '

Heat pipe circuits such as the one analyzed have shown advantages
over the baseline cooling systems on the shuttle orbiter. With only two
fluid connections per rack, as opposed to four per conventional rail,

© -leakage problems are minimized and flow balancing within a rack is eliminated.

Unlike the conventional fluid cold rail, every mounting site is thermally
the same as every other. A high density local load can be accepted on a
rail if the penalty of lower rail capacity can be accepted. The entire
capacity of the rack can be changed by replacing the heat pipe header/.
heat exchanger assembly with one having a larger exchanger.

Such units also present advantages in the cooling of devélopment
flight instrumentation, carried only during early flights because installa-

ticn of such a rack disturbs the already-installed fluid loop only minimally.
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9-3 HEAT PIPE/PHASE CHANGE MATERIAL MODULAR HEAT SINK

9-3.1 INTRODUCTION

The.électronics for the flight data and véice recorders are

integrated in s single package (4" x 7" x 6") and located in the aft

fuselage of the shuttle, near “he recorder (tapes and drives) assembLy{

The modular heat sink thermal control concept, as designed for
these recorder electronics, integrates heat pipes, a phase change material
(PCM) and e structural bulkhead. The self-sufficient system ccuples the
electronics base plate (heat aource), via heat pipes, to either the siruc-

tural or FCM heat sink, as required by the mission.

As i1llustrated in Figure 9;3.1, it consists cf a cold Plate which
interfaces with the electronics base plute; a simple heat pipe (transport
heat pipe) whose evaporator is integral with the cold plate; a PCM con-
tainer attachgd to the middle of the trensport heat pipe; and a diode heat
pipe which connects the other end of the transport heat pipe to the
structural bulkbead, .

oA -

During boost and the entire on-orbit operation the base plate is
coupled directly to the structwral sink (average bulkhead temperature -L4OUF
tob+110°F) through the transport and diode heat pipc comnection. The inter-
mediate PCM sink ia'bypaascd. During entry the structure becowmes too hot .to
function as an acceptable sink and the diode reverses, decoupling the struc-
ture from the transport heat pilpe. This creates an isolated system consisting
of the base plate, transport heat pipe and PCM coutainer with the heat flux A
path now terminating at the PCM.  After landing, when the structure has cooled,
the diode once again completes the connection to the bulkhead allowing the
liquefied PCM to unload its stored encrgy. '

The PCM 3ink must be sized to. absorb the entire electronics heat load
pPlus the ambient heat loaks for the time that the structure cannot function
as the heat sink. In addition, its melting temperature and conductance
coupling to the transpbrt heat pipe must be such that the temperature of “he
base plate does not exceed the maximum permissible design value of iuo°y.

9-43




FIGURE 9-3.1 - MODULAR HEAT SINK
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9-3.2 ANALYSIS

The folluwiry parsgrphs present the results of the analysis done
in support of the detailed design for the modirlar heat sink thermal concept.

- Requirements and Assunptions

- Electronics

The recorder electronics are designed to function in an ambient
thermal environment from -68°F to +160°F. The electrical power profiles
(Reference 9) call for continuods operation throughout \*: seven day earth
orbitel mission (168 hours). Electrical power dissipation is 35 watts with
a temperathre difference of 29°F tetween the electronics end the base plate.

Therefore, the maximum base plate design temperature is 140°F.

- Environment : :
Recent shuttle studies predict the following temperature extremes
for the aft fuselage structure: ’

1060°F . : : ‘Iaunch & Eoost )
-40°F to 110°F . : On-Orbit |
350°F : - Entry

Thus, {ihe structure can be used a3 the heat sink for all except the entry

migsion raase.

Use of the PCM will be required for the following entry pheses:

Time (Min.)
De-orbit : 21
Entry o+ 33
Approach/Landing : 10

Total © 64 Min. = 1.07 Br.

'Figtre 9-3.2 contains the temperatur: response of backface structure
irepresentative of the uppeér aft fuselage area during the above entry phases.
Ground conditioning with air at 80°F is assumed after LOOO seconds. The
.average backface temperature up to groud conditionirg is calculeted from

the resporse curve as 207°F.

9-45
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The laternal atmosphere dve to infiltration during entry resuits

in an estimated average

convective film coefficient of .1 Btu/Hr Ft? OF

and a bulx atmogphere temperature approximately equal to the averuge

structure.

- Design Parameters

The physical properties of the materials used in the molular heal

sipnk concept are contaihed in Table 9f3.l.

They include properties for

the heat pipe working fluids, phase cheange materials, and insulation.

A contact thermal conductance of 1000 Btu/Hr rt2 OF was used

between nechenically vonded aluminum surfaces.

It assumes & 6l A/-inch

- gurface finish end the vse of wiped silicone greaSe petween the mating

surfaczs.
Grumman’ s
2000 Btu/¥r Ft* °F.

Tre value 8 consistent with tlie data of Reference 10 and

own in-nouye test resulte which hLave demonstrated values of

A Tin effectlvences of .67'was used when selculating the heat

transferred at the heat pipe surfaces.
_gor & 500 ID aluminum pipe with .028 inch w

of 2000 Btu/Hr e o,

This was verified by erlculations
all, an inside £11n coefficient

a uniform heat input over one half the circumference

and insuletion over the other half.

. System Design and Analysis

yeven basic steps were followed in the system design and analysis:
1. Establish theoretical weight of PCM required

o, Estimate system heat leaks '
3. Calculate total PCM weight requirement (theoretical & losses)

4., Establish AT budget .
5. Tetermine conductance requiremers of compcnents

cold plate
transport heat plpe
dicde heat pipe
PCM container

6. Establish component designs to obtain required conductance
T. Establish system model and verify performance

947 ' '
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The PCM must have a melting point between 110°% (the maximum on-orbit
structural sink temperature) and 140°F (moximum permissiﬁle equipnent base
plate temperature) and it iust also have a reeasonably high heat o0 fusion.
The three PCM's which bhest satisfied these two requirements were selected
from the data provided in References 1l and 12 and are givea in Table 9-3.2.
Hexacosene is the preferrei choice since it has the highest heat of fusion
(110 Btu/1by) and a melting point (133%F) that exceeds the vapor temperature
of the transport heat pripe during on-orbit operation. The Lstter requirement
is necessary since the PCM is in contact with the transport heat pipe at all
times but must melt only during entry. All of trhe candidate PCM'y were non-
toxic and showed good compatibility with aluminvm,‘the container end heet

.pipe materiel.

o Theoretical PCM Weight (Hexacosane)

w o= —2& - 1361bs
I, «

o PCM Requirements Due {0 Heat Leals

Apperdix F contains the heat leak calculations couris ent with the
basic desiga assum=ptions. The losses ere rounded off to 20% > the
theoretical PCM requircment, or .24 lbs.

o Total PCM Weight

Wooy = Theoretical & losses = 1.4 1bs.

This actually includes a 33% safety factor since the PCM won't be
needed during the de-orbit phase of entry (approximately 33% of the entry
timeline of 1.07 hours;.

Note: The maximum energy storage capacity of a PCM includes the specific
" heat capacity of the liquid phase and the filler material,

= - i - \ . ) .
Box = Ypou e * 2 (Toram - Tygrr) [ YF Cpp * ¥poy CPLIQX
These specific heat contributions are neglected in the design

analyses. 949 ' BEUMIMAN




TABIE 9-3.2

Phese Change Materials (PCM)

Hzat of Density Specific Hgat
Melti Fusion /13 BTU/1b-"F
Name Type Formula Point("F) (BTU/1b) Liquid Solid ILiouid Solid
¥n-Hexacosane Paraffin Cog HS& 133.0 110.0 48.0 s53.4 48 .53
n-Tricosane Paraffin 023 Hhs ©117.5 100.0 47,7 53.0 .AZ 52
Tristearin Non-Paraffin (C.., K 133.6 82.1 53.8 - - -
. 17 735
Orgaaic €00).C
3%

#Selected Material

Chermal Conductivity(k) = .0865 BTU/Hr-Ft-°F

© 9-50 g GRUMMAN
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0 Heat Pipe Analyses

Although several working fluids could be used for the temperature
range involved (-LO°F to +1hO°F), the gelection was narrowed o ammonia and
Freorn=2l. Using fine circumferentianlly grooved pipes with ammonia and
Freon-21 as the working fluids, Grumman has successfully and rcpeatably
demonstrated high evaporating and condensing £ilm coefficlents,

A design capacity of 100 watts was specified for cach hgat pipe.
This accounted for the possible simultaneous {ransfer of 35 watts from the
electronics, 35 watts {rom the PCM and 30 watis from the onvironment,

One~hslf inch ID heat pipes were sclected since they provide
reasonable circunferential heat transfer area without exccaaivo'overcapacity.
Tae designs of the arteries were optimized for the geometries involved arnd
the results . in the form of capacity versus operating temperature are presenfed
in Figures 9-3.3 and 9-3.L4 for the transport heat pipe and diode hedt pipe,
respectively. Reference 13 was used for the analysis. DBased on these results
ammoniu is gelected as the wofkiug fluid with a simple spiral artery wick
for the diode heat pipe and a spiral erterv/tunnel wick for the transport
heat pipe.

The diode heat pipe operates on the liquid blockogoe principle; the
diode séops functioning as a normal heat pipc wlien excess fluid held in the
reservoir at the condenser end is released and transportcd to the cvaporator,
thereby completely £illing the evaporator vupbr spdce. fSince the diode
reversal is required during entry, the reservoir iz designed to retain excess
liquid until an inertia force greater thaun 1.25 "g" 18 expoerienced. For .

ammonla this requires capillaries of .06 inch diameter for u 2.12 inch length.

L& cos
f’L

The diode will also reverse in the more conventional mannor when the tem-

perature of the condenser exceeds that ot the evaporator., fThe excess fluid

vapor will travel to the now cooler eveporator, condens¢ and fill the vapor

space. The net result is the same no matter what the causc for the reversal.

CRUMMAN
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o Cold Plate Conductance

Figure 9-3.5Adescribes the nodal model used to determine the con-
ductance of the heat pipe cold plate. For 6101-T6 aluminum and a .07 inch
~ plate the effective cold plate corductance between the interface plane
(excluding any contact conductence) and the heat pipe vapor is T4 Btu/Hr °F
with Freon-21 as the working fluid and 13C Btu/Hr °F with ammonia. The
evaporator film conductance (K3) is the éontrolling influence in both 7
cages,

o ICM Contairer

This is the most critical and sengitive component of the entire
system., It is not enougk to provide the proper amcunt of PCM for the .
~ Cesired heat sink capacity - that's simple and straightforwsxd. The
biggest obstacle to be overcome is insuring uniform heat transfer within
the PCM. The phase change materisls generally have very low thermal con-
ductivities which result in very steep temperature gradients required to
transfer heat to the PCM. This gradient cah result in an excessively high
equipment temperature during the melting process. The integration of
metallic filler materials lntc the PCM package will improve the therusl
conductivity through the PCM. They provide low thermal resisfance vaths
thus reducing the temperature gradient necessary to dissipatzs the required
heat flux. - .

The actual design of the package becomes a tradeoff between the
volume and weight of PCM required for the heat sink and the effective con-
ductance necessary to insure r reasonable tempersture gredient.

The two most effective filler materials reported in the literature
(Refs. 11 and 12) are honeycomb matrices ard fins. The honeycomb is com-
werclally available end the fins can be easily fabricated in-house. 1In
both cases, however, a good metal to metal coatuct between filier and the
heat input surface is paramount. This implies simple geometries that are‘
casy to assemble by brazing or soldering to provide good thermsl contact.
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Four besic PCM containers were enslyzed to determine the most
efficient coniiguration,

1. Cylindrical Container with circular (circumferential) fins
2. Cylindrical Container with straight (longitudinal) fins

3. Rectangular Container with gtraight f£ins mounted directly om
the heat pipe cold plate.

W Rectangular Container with honeycomb mounted directly on the
heet pipe cold plata.
The cylindrice.l container is suparated fram the cold plate bui connacted
to it by meaas of the trangport hreat pipe. Its outside dieameter was fixed:
et 3.2 inches., The rectangular contaiper receives its heat input directly
from the cold plate end therefors does not require a transport heet pipe.g
Only cne heat pipe, the diode, is anecessary for this latter cbnfiguxa.tion.

Alumimem is tle choice for the filler materlal since it best satisfies

the basic requirements cof high thermal conductivity, low weight, good cor-
rosion resistunce and low cost. ' '

The thi.ckness for the fins wa.é determired by wusing the expression
. developed for cptimum thlckness rectanguwlar fins.

, p 1/3 1 :Y’ :
t | ¥t5h =T
2 TN L ¢ e -
YN Rem | e
v —
. Kpcu
where A = L1419 and h is epproximately (s872)
For v = l.25 inches
2 - 2 L 2,03 = o0

£

9-56

I}
- —

P

P



Tooae e
T N

e e 2 etk Al e ek e AL e ekt B 3 de e

_ where f  is the number of fins per inch. Preliminery estimates indica.ed

f % 10 which gives & topp = .018". The nearest gauge und the one
selected for all fins wan .0L8".

Appendix F-2 summarizes the expressions for effective condv.:Lanee
and weight which were derived for each of the four cendidate PCH containers.
Figures 9-3.6 to 9-3.8 present the results for the cylindricel container )
with circular fins. Figure 9-3.7 shows that the required PCM weight of 1.4
1bs. can be accommodsted in a 10 inch ~ength with up to 19 fins (.016") per
insh. Figure 9-3.6 shows that the required PCM conductaice, for an ammonia
heat pipe heat source in a 10 inch length is 2.5 Btu/Hr-in-oF. Selecting 10
fins per inch for the design gives a value of 9 Btu/Hr-in-°F or slightly
more than three times what 1s required. At 10 fins per juch for 10 inches,
thé maxinum possible PCM weight would b2 1.7 Jbs, with & corresponding ‘
total weignt (FCM 4 £ins) of 2.9 lva. Using only the required 1.4 1bs, of
PCM leaves e void volume of 17.6% to sccomodate PCM expansion and entrap-

uent of gases. The total weight of PCM and fins would then be 2.6 1lba.

Tae performance of the straight finned contciner is extremely poor
and is indicated in Appendix F-2. The configuration canrnot yrovide the
minimuﬁ required PCM conductaane of 2.5 Btu/Hr-in—oF;~the bLest it can do
is around .55.

With direct PCM attachment to the cold plate the required overall
PCM conductance is reduced from 25 Btu/Hr-°F needed for the cylindrical

container te 20 Btu/Hr-oF. This is due to the more direcct heat tronufex

‘path from source to sink. As indicated on Figure 9-3.1¢, for the straight

finned configuretion a design point of 10 fins per inch and & helg.:t of

2.5 inches would provide 23 Btu/Hr-OF or slightly more than the theoretical
requirement. Figure ©-3.9 shows that the configuration would barely acom-
modate the required 1.4 lbs. of PCH. The resulting total weight io 2,35
1bs., a little lighter then the cylindrical contalner.

The result: of the honeycomb flat plate PCM ~onteiner (rigure 9-3.11)
show that the conductance and PCM wéight requiresents cennot be reconciled.
The height needed to sccommodete the required PCM increases the reolistance
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to heat flow thereby reducing the effective conductance below the
required value. ‘

Or a conductance per pound (PCM + fins) basis, the circularly finﬁcd
cylindrical container is the overwhelming winner. For this reaeon and for
its inherentiy greater design flexibility it is the selected PCM container
configuration.

0 System Performance

Figure.9-3.12 presents the electronics btaseplate temperature as a
function of the structural sink temperature. The base plate varies from
-20°F to +130°F (within the design requirement) for a sink variation of
-40%7 to +110°F.

The entire medular heat sink system, as shown on drawing.SPIrl;l,
weighis L.45 pounds. The component weighte are detailed in Teble 9-3.3.

/

9-3.3 DESIGHR

The detailed design; iacluding necessary design specifications,
for the modular heat sink is shown in drawing SFIL-11l.  The electronics
box is attached 1o the structure by four Ro. 10 steel bolts using .300
inch thick gless cloth cpoxy resin insulating washers between the box and
structure. The steel tolts and insulating weshers provide high thermal
resistance paths which minimize the conductive heat transfer to structure.
In addition, a ¢ inch thick fibrovs insulation blanket (T6-15000 or Micro
quartz) completely encases the entire system, including the electronics,
cold plate, heat pipes and PCM container. A single wrap of anidized nickel
foil (4 mil) is wrupped around the insulated system to create a tlLermal
radiation barrie-,

The mechanically bonded interfaées which require good heat transfer
(neat pipe cold plate, tranapor:t heat pipe condenser, diode heat pipe
evaporator and condenser) are finished to 64 micro-inch RMS. Before mating,
silicon grease (Dow.Corning 3U0) is aspplicd ¢o and then wiped from the con-
tact surfaces. This leaves a thin filn of grease which increases the inter-
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‘P16, 5-3.12 - MODULAR MEAT SINK PERPOPMARCE
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. and to the diode heat pipe.

face contact conductance.

Tne procedure has been approved for the Lunar

Module as reference ip Grurman Specification 15M-14-6006 dated July 19.

1966.

Both heat pipes ar: designed tc withstend twice the maximum expected

internai pressure of 800 psi.

Tae maximun vorking prescure is 350 psi.

The cold plate is a flanged heat pipe evaporator which is fastened

to the electronics base plate.

It is a machined part (Aluninum 6101-T6)

which contains the evaporator gection of the transport heat pipe a&s an

integral part.

The hest pipe section 18 % inch I.D. (.045 wall) with fine

jnternally machined circunferential grooves (150 grooves/inch). The charge
tube is &t one end; the other end attaches to the remainder of the transport

heat pipe at a £i1let welded interface.
thick with & rontact surface orea of 24.5 1n2.

pléte by 10 - 32 steel fastepers.

1he cold plate flange {s .070 inckes
1t ie joined to the base

The transport heat plpe connects the cold plate flange to the PCM .

At the PCM interface, near the midpoint of

the heat pipe, c}rculér aluninum £ins (6101-16) are brazed to the .590
outside diameter ol the oipe only (10 fins per inch for & length of ten

jnches).

The fins are .016 inches thick; each contains several notches

and holes which act as £low pescages to permit uniform distribution of PCM

during f£illirg.

evaporator of the diode heat pipe at & milled-flat interiace.

m™ e condenser gection of the heat pipe mates with the

They are

mechanically joined by & clamp assembly with four 10 - 32 fasteners. The

transport heat pipe is charged with
attached and filled.

- Design Detalls

Plpe:
Grooves:
Diameter:

Working Fluid:
Wick: ,
Evaporator Iength:
Condenser length:
Overall Length:

9-67

armonia after the PCM container is

Aluminum 6101-T6
circumferential

,500 in I.D.,

.590 in 0.D.

Anmonia (Charge = 11.93 gms)
8piral Artery/Tunpel Wick (.062" core)
7 inches : )
4 inches
22,73 inches
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The: diode heat ripe forms the on/off coupling between the transport
heat pipe and the bulkhead heat sink. It operates on the liquid blockage
principle where:in normal heat pipe operation is stopped when the evaporator
vapor space is flooded with excess working fluid. During ncrmal operation
the e<cess fluic. is held in a fluid reservoir which is welded to the diode's
condenser. The reservoir coasists of an array of fine capillary holes
drilled into an aluminum block. The wick in the condenser does not com-
municate with the excess fluild in the reservoir. During entry, whén the
inertia force exceeds 1.2% ‘g', the capillaries in the reservoir can no
longer retain the excess fluld and it is driven into the diode's evaporator.
Both the condenser and the reservoir are flanged und attached to the bulkhecad
by 10 - 32 steel fasteners. An 'L' shaped cherge tube is at the end of the
evaporator. v )

~ Design Details

Diode
Pipe: - Aluminum 6101-T6
Grooves: . : Circumferential,
' .500 in I.D.,
, .590 in 0.D.
Vorking Fluid: Ammonia (Charge = 13.97 gms)
Wick: Simple Spiral Artery
Evaporator Length: 4 inches
Condenser length: 4.1 inches
Overall length: ' 12.9 irnches (including reservoir)
Reservoir
Material: Aluninum 6101-T6
Overall jength: 3 inches
Capillaries: .060" Dia. x 2.12 inchkes long
- number: 125
- volune: .38 in3/in

The PCM container nouses the phase change materiel (hexacosane, CEGHSM)

ad the conductive filler material (circular aluminum £ins) end completely
surrounds a centrally ponitioned ten inch segment of the transport heat pipe.
It is a completely welded aluminum assembly whose major components are a
10 inch long, 3.125 I.D. tube (.023" wall) with e £ill port, end baffles or
discs which seal off the ends of the tube and support the central heat pipe,
and the circular aluminun fins which are brezed to the heat pire surface.

" The end baffles are welded %o the tube and the heat pipe.

9-68
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‘totul fluid line weight for the 3/8" ID, .020 wall tubing is .133 1b/1t;

Prior to filling, the cannister and PCM are stabilized at a tem-
perature of 230°F, then the container is evacuated and vacuum rilled with
ligunid PCM,

9-3.4 BASELINE

The shuttle baseline thermal control system for remote electronizs

calls for épld plates and cold rails using Freon-21 as the coolant. Branch

f'low rates of 300 lbs/hr and tube insulation thicknesses of .LO irnches are
required to maintain temperature drops below 20°F (Reference 1l:). A cold
plate for the recorder electronics requires a (UA) = 2.22 Btu/Hr-°F. An
unfinned hollow plate (% inch opening) provides only 1.31 Btu/Hr-°F. %hus,
internal finning is required. Choosing surface designaticn 11.1 from
reference 15, provides a (UA) of 18.9 Btu/Hr-QF. The resulting pressure
drop, consicdering sn overzll line run of 40 feet, is .402 inches of wvater,
which results in a rather minor power penalty of 1.28 (10"3) watts. The

the cold plate weighs .437 1lbs. The total system weight is 5.76 1b without

... the insulation and 6.74 1b with it.

9-3.5 TEST PIAN

This section describes the thermal testing which will provide a

performance mep of the modular heat sink shown in Figure 9-3.13.

It calls for bench testing to establish the operating characteristics
of the component heat pipes, followed by perametric sysitem tests to determine
system performance under different heat loads and sink temperat-:es and |
during a simulated 3-g entry condition. '

- Configuration

In order to facilite*2 l-g and 3-g testing, the actual system tested
will use a straight diode heat pipe rather thar an L-shaped one. The thermal
load «n the transport heat pipe evaporator, and diode sondenser and reservolr
(when reeded to simulate eatry heafihg of structure) will be applied by usiug
hecater 1ibbon and Variac type control devices, When required, the diode

condenser ani reservelr will be cooled by & spray bath.
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As indicaﬁed in Figure 9-3.13, thermocouples will be placéd aisyi,
the outside of eech heat pipe, and at various locations in the phase chanée
material cannister, potn iu the mavericl iteelf nnd on the internai fins.
By this means, the thermal performance of the system tested can be closely

monitored.

The facility requirements are swnmarized below:
Pover: Two variac channels, 100 watts each

Instrumentation: Readout and recording provisions (strip
charts) for %0 Cu~Cn thermocouples

Coolant: Methenol spray bath, with inlet temperature
controllable aetween -50°F and 120°F

Centrifuge: . Up to 3-g, with provisions for the thermo-
) couple and varlac channels.

- Test Procedure

Table 9-3.L4 presents a summary of the test program. Tests #1 end #2,
which mey be conducted concurrently. provide performence data for the system
components. Test 4 is the bench test of the dicde, and will provide capacity
data in the forward mode, leakage in the reverse mode, and informaetion about'
diode shutoff/startup characteristics. Test #2 is the bench test of the
transport heat pipe/PCM container assembly; thermal capacity testing of the

"heat pipe will be performed first, and then the PCM will be eveluated.

After the two assemblies are joined to form the modular sink sybtem,
subsequent tests (#3 through #0) will be conducted to determine system per-
formance under realistic mission corditiona., Tests #3 through #11 will indi-
cate the itemperatures the transport heat pipe evaporator will attain under ’
several different sink conditions. Theee tests, a8 well as tests #12 through
#1k, will be condncted with a slight adverse tilt (i.e., condenser belcw -
evaporator) to eliminate puddling contributions. During the latter three
tests, the diode sink temperature will be varied to duplicate a typical

. entry heating and cooliug pattern.. Tests #15 through #17 duplicate the

loads of a typical eqpiﬁment dissipation cycle with fixed diode sink tem-
peretures, and test 418 combines this typical dissipation cycle heet load
with an entry heating and coolirng pattern‘imposed on the diode.

. CRUMMAN
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TABIE 9-3.4 - TEST PLAN

" Pest # Eggpivment EEEEE Comments
i
i - - Beach test of dicde ‘
2 - - Bench test of transport
HP/PCM assembly ‘ i
3 5 watts -40°F 5'
L 15 watts -Lo°F "
5 40 watts ' -LO°F !
6 5 watts ' 30°F Steedy State .
T 15 watts 30°F Performance %
8 LO watts 30°F
9 5 watts ‘ 110°F ;
10 15 watts 110%F : :
11 Lo watts 130°F _ : ' l
12 5 watts : entry neating & coolirg pattern :
13 15 watts entry‘heating & cooling pattern ;' 2
14 ' ~ LO watts entry heating & cooling pattern - i
15 typical equipment ' -Lo°F _ . -
_ dissipation cycle ‘ ' . {
16 typical eguirment _ - 30%F h
digsipation cycle
17 typical equivment 110°F
dissipation cycle )
18 - typical equipment dissipation cycle - entry heating and
¢ooling pattera
19 ' typical equipment dissipation cycle - entry heating and
cooling pattern
20 typical equipment dissipation cycle - entry heating and : ‘E}

cooling pattern
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Test #19 duplicates the loads and temperatures of test £18 with
theVaystem mounted vertically so that the heat pipes are operating in
the reflux boiler mode (i.e., heat source down end heat sink up). This

test simulates the g-vector orientation of the system during entry and
post-landing ground steandoy.

For Test #20, the system will be mounted ca g centrifuge so that
the effective g-vector will have tke same orientetion as in the reflux

boiler test, and, at 3-g, the load of test #18§ will be imposed to establish
the systeri's ability to fuaction under entry conditions,

9-3.6 CONCLUSIONS

For this application, the wodular sink weighs 4.L5 pounds.vs. the
baéelineiweight of .74 pounds. Of greater, more universal importance,
the modular sink provides & gelf-contazined thermal control system for
rewote camponents end thereby eliminates multiple, compiicated flow éaths
with thelr inherent belancing and leak problems.

Additional applications
to the shuttle include:

rate gyros snd gyrobatteries locsted between the
IH and IOX tanks of the H-0 tank essembly, and actuator electronics associated
with engine gimballing and landing gear cperation.

The modular heet 3ink thermal control concept hes broed applicability

to remotely located hest sources, and can be manufactured with current tech-
nology ard methods.

9-73

SO SRR R T~




—— et e e T

B B /
R ! i QINDE WEAT PIDE V(LD foty—
| ! ] ' . OF CLNUGE ThwL (30
/ N N DZ  LVAPLDRATON
t H A ELBhOw
e _\L_ 26 20670 . i b 0N CONDEN™ESI( A i
N D5 -HESE NG (FLALS
. . 51408 :_J (nut..axro l i ' I e C it !
i ; ; [N £LALY @1C 1 T o, H
. . . [ - (Vs I AS weiDdt? c.;. i
. A
section C-C l | | @ Ly
! [erObN DL - loase —- g
[ OAPIN &S en™ o oy .
Ct—— e H l ’ P D-.-—‘c:_{.‘r,ij:’“ﬁ—.« *y
! g .
] ! /....,’-'_'l' s §
: . fo4 ! N
| ; (U1 B
. 1
p i
£ [
1 p L
— i i,
_vT_ ——gs
T
— L
I
. i -
. - S
i - l l- Pt
[ i by
i P
L b
: 4 i
- : ; . b
/ y . ' { i
/ 3122 ger) N ntmmaveiR 1 R ek
/ ' ! Il
(= DRILL 058 -0K. Lk (175 HALED) | . ; -
10 DEPTR CF e (O Tnfu wnES) . ! L
(10181 WHE AVEA «,58% VQfiN) { \ <=4
_ \ . [
\ L 3
) \ ORI (0 5 PO
4 H ¥ - -
ocraie O : . RS WA §
oL.aLe @ . i . [ e ,
. f : Pt
FLIGHT RECONDER GLECTRONYCS e ; 2 i
WT 718%) { !
\ ~ I ; .
~ LI
\ 0 H . l;
; b 4o
WRRLAL N o NETANER wEBS ' : R T ! i RS
190 PAR NCH x . L PEEIL @ S0r tiTEm ' NN E ! i e
i \ :
. \ . Vo ' ! . .’i 1
Fah C L NSITN \ l i , et il
N\ [ ; , | : i
TABLE — : ' ; P
(»..uao.ov-e Iz) \/ R B ' I 4 t ' i
- £D.C0A 108, tb(}g 2vs w-a M . .
i 1 e Ve xeﬁema S . 695 e —i g . |
NN C At hucoans O m Soy < <10 . [ 1 Lo :
te—r, \ ol CE RN Y €2 w-ly ! e 3 t
vr“':!-"\" STRUC TR f ' 1 |
oy, Y PR AN | . . -1 ! 1
. ey AND ‘i . { i 2 !
LT OB \ H 4
N H
. 0308 | L0 Lamcunnrs / \ ‘ IR :
QT ST Tus -
\ 7. 'CM "S‘,m 1‘.‘.:(‘;1‘:' | Pt
LORD et o -
BTN Smu s ‘/I | —
A 4 o0, 10 FLM TUTANIURS (HAwV) ~.
ne-rTRY (ARSOGaa ATT NLHACENTE (14) 3
! 8 - ~nae o
1 H MOSMAL Q LOAN R R 28
2 0
e \11 EEES wear piee cooss secr
R TRe L 3 (DIALe ..
On oEaT } . < e 1
| o TABLE - a7 PIPE COMFIG !
. _TEUS Ko paia whanT l}
. - AL, R
[ U e VIORRING ¥ {0186 s
ﬁ}\ 18 20t br vty AKIOA (g 7 4= —r-;
'S SIAK it H P
1@' SPIAL ARTERY LONTE Wer INSUL ATOR I g/ '1 ‘i
SO0 LT DA v 062 ¢ - MATL: MYEGRRE) GENGEST | . T ROIAL Tt AL =\ +
WO GF CRAPS o SeamTICel 1o @t ) ’r:\n cReLteD U PO U
AP STCE G RO L0 | 9% GOt renne vrad Yo e rm woreREACE '
NO €% ROOS w17 (Y"’ FLR ALL  HULATDRS; | . g
T e : 2 i
7’ 10 wddn LEOVAITY y . .
i RBTAINER OLNYET . . wuO e n
-.&‘_.‘- ‘ N ALY~ 2 AT BGLATION B ANKLTY et b
ng NQ CFf wiEB? « & l : ATERSAL FIRRGUS MATL
% o= ) H . Wit EATGRNAL (OVER OF
el tueE L LO1IWEY DRIOIZAQ FC K EL PO (OO5)
NI AL £1Y G101 1651 l (TYP +28 ENTIRE SYyaTem PSRRI SO 1
L TOEE S8-8 3254 CLCRPT AS “ulrare) :
IR LATIC | weAT wagse : : 3
li’\-l” CYCLE | i nTa O | 96 % 1o 1 TOTAL J66°/FY 3
Y -

mgy omoas g St o ae s s - ceea o m—y

stk At et sl e T S SSrSr : = . : — -




_—
i .

|

- Rapus B

NCT N B L R
Bla CLEALZSIE

e w fese

92

N

——F

I
L
{

T T Bt

S (AT OF BATOL? Oaay)

%

SECTION B- B

(SCcaLm - runL)

“: !
&z
Bolned
imie, am - g L

— D N

— N

\

B

\

SO W

N
A

|
|
,‘

SERCN ST

IUPE ZELD ANy
VHARGE TumE
AT PVAROGATOR 91 N 1)
PACHING ABRDIE 1TEMY Pulm
AL ALY GIOI-N A
Camis)

Ad CONDENSER

A% END CAp
(USE 1 ‘ay at.Dap"

a-

\
Y

—
-A

section A

-

2
>

3
&

9 (»u-\....é.f" E
SRR

oLl

(acace-~




PEAE R A

AWQ Nl Cearas) 7

l LN
TM0) fan %on ¢ 000 TR
DR AV S R AT TN L)

1
.‘w). . e en - TRV
LT Y I S SR pra

R R VIR LSS
e N A aiid [LLAs
boaTHeA A, $0les,l Y0 1T

! I LT e TR AT 0 Tet P A
M PR IR VY L 1] § PN B0 e LR Yl
’ e 8 el SO T eetye
/ O3 Prely ReSTLE TP LD,
4 Lt b B, et e neae BN Tes tate
/ J R A S R i
Xy 4l . -~ / LY LRI NA Ay P
R L o . ,":_e‘.':. "'-.‘(.- A
S p o 5 (S AL ALY a1t}

Foe A RAD
' P RNV S XX P T Y (GO |

DN . . . WAYER 4 KRS 1N T R SLATRD

Pag -« Lo . e CSRVIZNIY THIAS LE NI S
D ; Y I - e ALuste b WA ot A
.o = 1 Poam ety QLN TAUSER
- ~“/ .
| Y BT
o 4 I YV N ST A ] .
., : -
R iy 0 1t
’ R / DD (Al et
o o Broal teg wegly .
IS AL TR . "t
[ S e
\ ky e /
. -
1At <Y
- 1 . i.
i ! 1 B
. oA T
"
i LN
N i §
* P A
S -
e 5CC (5'1'.‘.-{

-t
T~

EL ECTRONKCS FOR FUGHY—/
RECORVEI (APFROR W a T 6}

(CH CTHFR SINILAR JEWELY

! LOCATED COMPONENTS) A

VIEW LOOKING D
ORBITER — AFT BYRUCT
(SCALE 1/XO)

- PR f o s o i s+ e ; —— — o . P ————
8 e o~ ey e - © o TR TR 4 T T R 4 S
e 9 " K b " 4 2 LT 52 IR I RN K TR AT S LA M.?‘M*" REITAL »_‘;‘_u'c _~~r AL T TR TR 7 Y
. M .t - . .. - . - . o .
. Lo R . / EAAI '
At cas - R . ¢ P '.‘ - s N




PillCUDING PAGE BLANK

B w— PEp——,

NOT FILMEY

L0 THE MEDULATE HEAT SNk O SCUIT wwiTey
REISRELYT T 11 CPRERATIONAL
DURING THE FULL Cuty IvCLE 3 4
ING TABLE [ (T28 LOwER b CoMiBR ok uwn,‘
3 WEIGHT BHEAKDOWN  (WITHGUT SOMBLNEBNT)
~EAY PIOE wELD ASSY C.7 2
Cronf? w-ar D100 ¢ ELD ASSY S.6
CANIGTER WELD ASSY N
CoM = ~-Acost~ue i
I
we LE’.
b oz 'J\'"
(U
Lo 2
IEW LOOKING INB'D
BTER ~= AFT BSTRUL TURE
(SCALE 1/20)
FIG. 9-3.14
ST 3 [ O v NGO
N""L,‘:T_ um,, (2034 ; <STORZ. ¥ UM 1171
(L] ‘,;"—'-"u’—' T mm— _———__‘
Bl s st L J'OAF‘T‘S"Y;"'Z! MODULAR HEAT SlNK
T ™ FLIZHT VOICE RECORDE

THE INTENT CF THE MODULAR HEAT S'NK ;uZ)WN
1 RE

(LE. NOSNVLL O LOAD Y5 STRUCTURE ErCEST O Y Q
LORD GZESs 1T 'IHE :.ts,,cnu Q(PCMI) IS SPECI‘-K‘ALLV
P2 “I=T W Ll LE o

(ExANTR

CS) /il 18 o Y l.\AHU
ERIM Tetr CUSITERS FLUD C2LLANT IVSTEW

e =zn
wr

sy

C X1
NG DU B2
LR SE X T Yoo

B

Paucation {(Lavyour

L e © -
“ZI [Q-J ,.snr_L?e.’lz l SDL i l

[oas® 13




PRFCEDING PAGE BLANK NOT FILMEN
b 9-4 AIR-TO-HEAT PIPE HEAT EXCHANGER

9-4.1 INTRODUCTION

B Shuttle plans call for the utilization of qualified military and
{ » camercial avionics equipment where possible as a cost effectiveness

~ measure. Such equipnent is designed “o be cooled by free air convection
!-: with limitations on teiperature end preasure. They will, therefore, be
B housed in sealed racks (see figﬁre 9-4.1) with cooling provided by self-
{ti contaired alr circulatiorn systems (sealed and self-contained to retard

air loss in the event of temporary losses in cabin rressure.)

l'§ The heat exchanger discussed in this section transfers the heat’

. picked up by the rack's air circulation system to the heat transport
section of the vehicle's Environmental Control System. A unique feature
5 of this design 1s that the possibility of a water system lezk dischérging
ﬁ} . fluid into the air stream (a possibility with any direct air/water ex-

- changer) has been totally eliminated by using heat pipes to separaée the
air and water sides of the exchanger, ‘

L ' The unit has been sized to handlevan avionics heat load of 1800 watis
.. plus a 10% allowance for the fan assembly load. Air temperstures in %he
rack are maintained below 131°F (MIL-E-5400, Class 1 equipment) down to
pressures-of 10" psia, with water temperatures to the exchanger of up to
70°F.

9-k.2 ANALYSIS

-4 As shown in Figure 9-L4.2, air at temperature Ty, 10 psia (design
condition), and a flow rate of ﬁair’ enters the avionics rack and is heated
at the rate of 1800 watts to temperature o (131°F, design value). The air

moves past the fan asaembly and is heated to temperature T3 by the fan
motor's heat load., The air then enters the air side of the exchanger wherein
il,--t it loses ita heat to the evaeporator ends of & series of isothermalizer heat
' pipes, exiting at temperature ;.
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The heat ahsorbed at the evaporator ends of the heat pipes is
trensmitted to the condenser ends where it is dissipated to the fluid in
the water side of the exchanger. Water enters the exchanger at tempera-

ture T), (70°F, design condition) and e flow rate of W (reflecting a

flow budget o' 1 1lb. per hour per 8.25 watts of heat)Yazzrheated by the
heat rejected from the heat pipes, and exits at temperature TS'
As can be seen in figure 9-4.2, the fluid streams are arranged in

counter-flow. An engineering judgement was wede that meximum deﬁign effi-

ciency would result from a counter-flow cénfiguration in which the heat -z
cafacities of the two fluid streams were masde equal (i.c., (W Cp)air = !
(v CS)watex ). By so doing, the temperature rise in the water would be
exactly equal to the temperature drop in the eir strecan. This, in turn,

would mean equal heat load to each of the several heat pipes since the

temxperature difference between the air and water streams at any station ]
along the flow path would be the same., This lest greatly facilitates the
onalysis and cotimizetion of the system. ' T

A further decision hed to be made concerning the fan assembly require- -
ments. Since ran power requirements are directly dependent on the air system
rreasure drop (and fan efficiency), one or the other must be specified.
Qualitat.ze’ y, a smaller allowable pressure drop meons less fan powerArequired o
but a largsr, move complex heat exchanger., In most high performance aircraft
applications, heat exchanger volume and weight are generally conserved at the
expense of pover since the availability of the latter is rarely limited.

This philosorhy cannot be adopted on Shuttle aince the Shuttle must fuuction
as a sracecrsft as well as an aircreft. The pover and radiator gysten weight
Penalties incerred for each woth delivered by the fuel cell system while in
orbit nare substantial (0.4E5 1b/watt). While one would therefore tend to
regiire as lovw a fan load as possible, there is a practical 1limit below which
the rejuired air passages end extended surfaces become impractical frar a
manufacturing viewpoint,

A decision was made to allow a fan power budget of 10% of the avionics
heat load, and design the exchanger for the coiresponding pressure drop.
This value, though ultimetely met by the final design, proved to be quite

omnind
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stringent and was the pacing requirement in the design. Though initially
g ug

a "guesstimate", the 10% figure has proven to be a valid lower limit for a
practical design.

The ebove resirictions completely define the design envelope, and
permit calculation of the system temperatures, flow rates, and required

»UATbtal' These are:

¥ oater = 2L0 1bs/hr
Voip = 1000 ibs/hr
Ty ' = 105.4°F
T, = 131°F
T, : = 133.6°F
T, = 70°F
Ty = ©8,2°%
UAm tal = _Tﬁfﬁ- where Q = 1980 watts and
* = 35,LOF
U ' = 191.0 Btu/nr °F
Apotal

Since the flow of heat is serial through thre air-side, heat pipes,
and water side, the total thermal resistance may be expressed as the
algebraic sum of the resistances through eash element

1 .1 PO SR U
.UATotal ' UAAir UAHP UAWater

The rationale governing the selection of the sizs, type, shape, nuxber
and relative condenser/evaporetor lengths of the heat pipes required is
briefly outlined dbelow,
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A maximum overall exchanger (end thus heat pipe) length was specified

at 15 inches.

Water was selected as the vorking fluid to be used in the pipes based
on its reiatively high coefficient of performance and its unguesticned
acceptance in a limited toxicity application.

Pipes of sqﬁare cross-section were selected to fecllitate assembly into
a heat exchanger of prismatic gecmetry. The planar outer surfaces of these
pipes could readily be bonded to the rectangular plate~fin type cores to be
used for the fluid passeges.

Copper wes the material of choice for two reasons. First, it hes a j
proven compatibility with water. Second, its high thermal conductivity is
needed to increase the fin condvction effectiveness of the two pipe sides °

not in direct contact with the exchanger's fluid cores.

" An opiimum number of pipes and the relative evaporator and condenser
section lengths vwere determined ty relating the total heat pipe temﬁeratﬁre :
gradient to the number of pipes and the evaporator section length (see
Apperdix G). Additionally, the evaporator sectiin unit heat flux was
determined as a function of the same variables, Experience'within Gruminen
has indicated that evaporator fluxes ehould be limited to less than 25
watts/in2 to preclude the possibility of local dry-out. Figure 9-4.3 and
9-U.4 show these relationships plotted.

On tne tasis of this analysis, sevenr pipes were selected as optimum.

Iess result in too large a AT, while more are of ever decrcesing incremental

benerfit.

An evaporator length of 9.5 inches (5.25 inch condenser) was selected
for the desigr. This results in a £31?of,10.9°F and an evaporator flux of
19.0 watts/ine. While an 8 inch evaporator would have resulted in 10.U°F AT,
it was felt the sdditional 1.5 ‘inches (19% greater) length on the air side
would be desirable at the expenie of a 5% higher AT.
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Eight pipes were included in the final design to provide redundancy .
in the event of the loss of any single pipe and to facilitate packsnging.

With seven pipes, each will carry a load of 283 watts over an effecfive
length of 7 5/8 inches. Analyses performed on 1/2 inch water pires have
shown an optimally designed pire cen exhibit transport cepacities well in

excess of this requirement.

Koowing the AT and heat load,_——l - was calculated and subtracted

hi’i4

1 1 1 ) o
—— {0 yield + = = 0,00362 Btu/hr "F.
UATotal UAAir bAWa.ter

from

The major portion of the allowable resistance was ellocated to the air-side,
and split as follows ’ ’

Gi— = 0.00278 Btu/or °F
Adr

SE——— = 0.00084 Btu/ar %F
MNater .

An allowable air core pressure drop wes determined corresponding to =
fan power allowance of 180 watts and a fan efficiency of 35%. This drcp is
1.33 inches of water at 10 psia, 125°F (see Appendix G).

The design of the plate-fin type air and water cores was ﬁerformed
using a Grummar.-developed technique for aizing a laminar plate-fin heat
exchanger (reference 17). The method uses a mathematical correlation of
heat transrer data for tae flow of air in rectangular ducts (reference 15).
In particular, it is found that both the produc€ of friction factor and
Re,..0lds number, as well as Stanton number, Prandtl‘number (to a power) and
Reynolds number, are constant in the leminar region. By specifying allowable
UA's, pressure drops, flow length and.geometric core arrangement., one nay
determine the size and number of core layers required as well ds the numbers

of' fins per inch required in the extended surface.
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Figure 9-4.5 details the finel exchanger design. The plpes are
arranged in two rows of fouwr each. On the air-side, a 3-leycr core is
arranged on either side of each row of pipes. On the vater cide, only &

single leyer core is needed on either side of each row of tubes.

Though not shown irc figure-9-L4.5, provisions for a secondary (backup)
water loop can be provided by adding a second layer of water~-side core to
each of the layers shown, Thése additional layers would provide the flow
pdth for the secondary loop. For the core sizes ghown, a 130F'higher rack
air temperature would result when suprlying this secondary water path with
fluid st 70°F. This can be compensgted for by either supplylng secondery
systcm water at a lower tewperature, or alternatively by re-optimizing the
basic water core design to reduce this 13°F penalty (i.e., use thicker fin
material).

9-4 ,3 DESIGN

"Since the configuration of this system is dictated by the thermal
requirements and has been detullea above, the only remalning design task '’
is to specify the fabrication methods to be employed.,

Au shown in figure 9-4.5, the design consists of two conventional heat
exchangers connected by 8 water heat pipes of square crosgs-gection., Grumman
has a proven in-house technique for forming square pipes. Basically, grooves
are fi}st cut in a circular section and then upset formed lntc a square
section (see figure 9-L.6). It was decided to seleét one-half inch (nominal)
_ &s the basic internal dimension with a 0.028 inch wall. A copper spiral
artery wicking system has been desigued for these pipes. The artery has a
core diameter of 0.110 inches. The rgtainer anas an outer diameter of 0.25¢
inches. (See Figure 9-4.7.) The inside of the heat pipe will be coated with
Ebonol C prior to soldering of end caps, charging, ard sealing. This coating
increases the ability of the water working fluid to vet the.wicking surfaces.

Both heat exchenger fin configuratims are comstructed of aluminum fins .

(alloy 1100), .008 inches thick, which are brazed to .010" thick face sheets
(aluminum 6061-T6). The heat exchanger cores are then brazed or scldered to
the copper heat pipes after appropriate surface treatment.
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The results of a deteiled welght analysis, done in support of the

design effort, are given in Teble 9-4.1,

9-4,l CONCLUSIONS
The baseline system consists of an enclogsed rack, similar to that
izcussed above, wizh & heat exchapger that transfere heat directly from
the circulating air in the rack to tbe pumped coolant (water) loop. This
places the fluid side of the exchanger within the equipment enclosure., With

the heat pipe system, because the coolant lires never enter the circulating

alr enclosure, there is no risk of electronic equiyment damage due to flutid :

leakage in the heat exchanger.,
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PRECEDING, PAGE BLANK NGOT FILMED

9-5 HEAT PIPE RADIATOR FOR COMPARTMENT TEMPERATURE CONTROL
9-&.1 INTRODUCTION

The ghuttle contuins several structural compartments which require
cn-orbit. thermal control. 'Typically, these are unpressurized and isoluated
by their remote locations or by insuletion systems. There are compartments
for two main landing geuars snd one nose gear, self-containzd RCS modules,
and air breathing engine canpartments, They all share the basic thcormul
requirement of maintaining their contents tetween prescrib~d temperature
limits for all mission phases. This is generaliy accamplished by both
insulating the comparthent walls énd providing a means of controlled heat
ioput. The insulation protects against a hot environment while the combina-
fion of heat additicn and insuletion controls the temperature in a cold
environment. '

Fluid radiators and electfical heaters are being considered as tho
hest sources iq the baseline systems. The electrical hesters, in the torm
of heater ribbon, arz the simplest to instell since th:y can be attached
to the inner walls of the \ampartment and require no supporting structure
of their own. However, clectrical power and thermostatic controls must be
provided and the additionul electrical power is a concern because of the
weight penalty it presents in terms of extra fuel cell capacity and reactant
requirements.

The fluild radiator concept utilizes the sensible heat of the»Freon-Ql
in the orbiter's heat rejection system. The Freon-21 is tapped from the fucl
cell coolsnt outlet, the warmest point in the heat rejcctionlloop, and circuf
lated through aluminum pancls which line the compartment walls; heat is
rediated from the panels to the surroundings. The fluid radiators need sup-
porting structure, by-pass and shut-off controls and protection rror tube
puncture when such a hazard exists. The fluid controls are needed to prevent

reverse heat transfer during entry.

The application of a huat pipe\ridlator system for compartment iempora-
ture control can have power and weight advantages over en electrical system,
ané conirol aud reliability advantages over a conventlonal filuwid rediator.
The heat pipe radiator system described herein has beer desipned Zor the
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orbiter's zmain lending gear compartment, although in principle and

concept it can be usecd elsewhere.

9-5.2 ANALYSIS

As shown in Figure 9-5.1 the radiatcr system for each compartment
consists of two hert pipe rodiator penels, two dinde heat pipes and two
heat pipe-to-f'uid heat exchangers. The heat pipe raciator panels, are

located on each side of the compartuent facing a tire szidewall.

The neat exchangers are placed in parsllel with the fluid flow.
Thus, the maximum flow rate available to each exchanger is in proportion
4o the nurber of HP/fluid exchangers on the same fiuld circuit. In this
case there are & total of four exchangers for both main landing gear com-
partments, resulting in a maximum available flow rate of 500 lb/hr for
each exchauger. Each panel is separately connected to the fluid loop by
a dis?e heat pipe and heat exchanger, The diode permits heat tronsfer
from the fluid to the compartment radiator panel only when the puncl,tem-f

persture is less than the fluid temperature.

Energy is transferred from the fluid fc the evaporator section of
the diode heat pipe by means of the anhular EP/f'uid HX. The diode,
functioning as & normal heat pipe, thea transmits the heat to i3 condenser
where it is treasferred to {he attached evaporatur sectioné of the rediator
panel feeder heat pipes. The energy is ultﬁmntel& transferred to the radlator
surface from the condenser sections of the feeder heat pipes which are joined
to the panel. Whenever the panel iemperature exceeds that of the diode
evaporator tha diode reverses, breaking the heat tranafer path betwecn the

fluid and the radiator panel.

>Design Requirements and A-~gumptions

o Temperature Constraints
Desired Temperature Range Iimiting Tempoerature Rarge

A Tow High Tow gh
Kydraulic Fluid: -20°F Lo0°F -65°F 630°F (transient)
Rubber Tires : -50°F - 200°F -65°F 270°F

CHRLRMVIAN
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0 Design Point: Landing gear temperature rapnge = o°F to 115°F

o Waste Heat Source

- Fluid  : Freon-21 (Cp = .25 Btu/lb, °F)
- Flow rate: 500 1b/hr per diode/fluid heat exchanger
- Inlet temperature range: 8501" to 117°F

o Design Parameters

’

The physical properties of {i.e heat pipe working fluids and thermal
insulation, and heat pipe film coefficients are given in Table 1.

A thermal contact conductence of 1000 Btu/Hr-Ft2-CF was used between

mechanically bonded alumimum surfaces. It assumes a 64 A-inch surface
finish and the use of wiped silicone grease between the mating surfaces.

Fin effectiveness values used ip the heat tranasfer calculations for
the smmonia and Freon heat pipes are glvan below. They were calculated for

a uniform heat input over the indicated portion of the circurference.

]2 F : Unifornm Heat Transfer Segment
Diode Condenser TS : 900
Fecder HP Evaporator sy , 90°
Fecder HP Condenser .A70 180°

o Orbital Environuent

An eighteen node thermal model of the main landing gear compartment :

was used to establish compartment temperatures as a function of radiator
panel heat input, insulstion thickness, compartment structure emittance and
orbitel flight mode. Figure 9-5.2 shows the idewlization, which essumed
ablative top and bottom surfaces (SIA 561), a negligible ‘heat lesk through
the compartment sidewalls, and 32 fte of compartment radiator area (16 ft2
per panel). The upper compartment ourfuce (node 22) wes assumed to be
completely snedowed from direct solar inputs by the opened cargo bay door.

The space rodiator panels (ncde 25)? which are mounted to the door, wvere

fixed at an average temperature of 5501". " Optical properties for the exterral

surfaces were asgumed to be those of o flat absorber (A/€ = .9/.9).

9-96
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Based on Refcrence 1 (Section §.3.5.4.1), orbital averaze “nputs

for an earth oriented mode (orbit plane parallel to ecliptic planc) were g
used as the "hut cese" inputs, and orbital everage inputs for a solar ‘
inertial mode (polar orbit) were used as the "cold case" inputs. These i
i

are sunmarized in Figure 9-5.3. !
Average londing gear temperature as a function of insulation thick- zl

ness, structural emittsnce and compartment rediator heat input are given -
in Figure 9-5.4. An emittance of .90 was used for the radiator panels. !
Imittance of .20 and .85 were picked as reasonsble bounding values for .
the surrounding compartment sﬁructure, although the higher, .85, number i
would more accurately represent actual flight structure which hes been o
subjected to the rigors of use. Based on these curves the compartment weas
agsumed ©o be insulated with & one inch thickness of TG-iSOOO since thie

results in reasonable on-orbit landing gear temperatures (0 to 100°F) at . -
moderate radiator panel heat inputs (10 to 15 Btu/Hr-Ft2) over the selected

. .
prtrasd et

ocrbital extremes. No attempt was made to weight optimize the system.

. ¢
i
[T g

System Dngagn and Analysis

Figures 9-5.5 and 9-5.6 show the variation in landing gear and f§
radiator panel temperature as & fuviction of rediator heat input for the .
solar inertial and earth oriented flight modes, rcnpectively; From EE
Figure 9-5.5, assuming & structure emittance of .85, the minimum on-orbit
landing gear temperature can be limited to o°F by supplying 320 Btu/Hr to zﬁk

the compartment (10 Btu/Hr-Ft° of radiastor). This same heat input during
an earth oriented flight mode (Figure 9-5.6) will result in an upper tem-
perature limit of about 50°F.

T eaey
et

o - Gencralized System Equations anmd Ahalysig_?rocadure
System Equations

.
oy
{

oy

. 1
e

The folloﬁing relationships defire the temperatures throughout the
heat pipe radiator systeﬁ as represented in Figure 9-5.7. Refer to Table
9-5.1 for symvol definitions.

1. Heat transferred from fluid (Q):

', f
1R

Q = mp (Tin - Tou’c)

9-98
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FIG. 9-5.3 -  ORBITAL ENVIRONMENT

o Earth Oriented Mode
~ Orbit Plane Parallel to Ecliptic Plane

Incident Energg_jBtg[Hr-th)
Solar Albedo IR
Top Surface : 140 0 0

Bottom Surface : 11 41 61

o Solar Inertiel Mode (Poiar Orbit)

Incident Energy (Btu/Hr—th)
Solar Albedo IR

Top Surface : ' L2 b 19

Bottom Surface : 0 o 19

o Worst, Case Orbital Environment (Btu/Hr-Fta - Absorbed)
Top Surface * Botbom Surface
(s +a) IR (s + a) IR
Hot Case : 0 0 : 52 61
Cold Case : h 19 o] 19

*Includes Blockage by cargo bay doors

QRURIMAN

9-99 ' : m‘\ég

B




o o AR 4 e phumsn BRIy [ ] LdroSMm Nt (ST Py I paticated oy Easisas ot ] f T30t

L RMASD

Q

(@)

[qV]

3

o~
-0
8
~

'

N
N
— N\
———
P —
Il i
(e}
88YOUY ‘FEIMOTYT, UNFIRTNSUT

. P
owx om\,m\ .

(o]
}
(€3]
|
[aV]
000$T-0L

O\V.QN
o
o
~
1
o
Amﬁ-um\ﬁmv andul RN 208JING 4GABIPBY/1TQIQ ©3UWSTI0 WIXBT = °CN/0F g = F---
Amgnum\dpmv sndal 469 99BJING JO3ETPRY/3TAI0 TBT3I5UI I8TOS = ‘oN/TS 02° = D —

A.mowm = ¥M8 ﬁamav pafordeg sxo3etpRy 3:qI0-UQ

INANI IVIH HOLVIAYY LNIZWIGVAWNOD %
SSEDIOIHI NOIIWINSNI °$A MENLVEIANIL UVED ONIGNVI FOVEAAY - #°6-6 "DId



o
Temperature, F

: T
100
Bar e Thermodynanic
Low loead Limits of HP System
// .
- No Insulation
/ €= .85
0
-100

FIg. 9—5.5 - LAMDING CEAR TEMPERATURE ve. RADIATOR SURFACE HEAT INPUT

o Suler Inertisl Orbdit

o Insulation Taicknese = 1 inch (TG-15000)

nsulstion

| D:B EE Radiator

: : - } € = .20
000l — — — Radiator Surface // Compartment
. . Linding Gear /

o e
yd

High ECS Load

0 - 10 20 30
Radiator Surface Heat Input, Btu/Hr-Ft2
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FIG. 9-5.6 - LANDING GEAR TEMPERATURE VS, RADIATOR SURFACE HEAT iNPUT

o Earth Oriented Oxbit
o Insulation Thickness = 1 inch (TG-15000)

Insulation

Ra_diator

= ,20
/ ; Campartment

—~ ——— Radiator Surface
~——~ larding Gear

20d- /3 = .85

190 of HP System

L -85

Radiator Surface Heat Input, 23\',\1./}11'-1‘1'.2

9-102
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FIG., 9-5.7 =~ YP RADIATOR 3YSTEM SCHEMATIC

P #e

Feeder
F-21
(F-21) N e
//
(5) ) C(s)
/ J /—'N
e
‘ e Ligquid Blockaege
HP #1 | . Reqervo}r
Diode Heeder:
(Admonia)
rcut
' (2)
- Heat Exchanger >.;,r‘:”,,,w/” 2
(%)
\(s)
(1) Fin Root
(2) Feeder HP Vapor
3) - Feeder HP Ivaporator Wall
(4) Header Condenser Wall
(5) Header Vapor
(8) Effective Compartment Sink
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TABIE 9-5.1 - NOMENCILATURE

Total radietor panel heat rejecticn
number of heat pipes on redistor panel
m&ss flow x specific heat for Freon-21
heat exchanger effectiveness

Reynolds Number

Prandtl Number _
radiator panel fin effectiveness

fin efficiency

temperature.

Burfe.ce emittance

radiator panel aresn

contect surfece area feeder HP to header

" HP surface area, internal
"heat trapsfer £ilm coefficient

interface conta>t conductence = 1000 Btu/Hr—Ete-oF
(377 ps® needed, 70U psi used)

radistor surface

radiatoyr panel fin root (fzeder HP outside
condenser wall)

. feeder HP vapor

feeder HP evaporator cuter wall
header HP coadenser outer wall
header HP vepor

condenser HP #1 (diode header)
condenser HP #2 (feeder HP)
evaporator HP #2 (feeder HP)

_sink

9-104
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2a. Dicde beader vapor temperature (Ts):

2b. Heat exchanger effectiveness (6’):

=

C? = l-e DCp

Diode heeder condenser wall (Th):

oot
* 5 h, #

| Mre, Be, %,
Feeder HP evaporator well (T3):

= o/
BT TR A

Feeder HP vapor (Tp):

o= Q/N
2 3 "[Fea Bey Aoy

Rediator Panel Root Temperature (Tl):

W

T uT - ————
1 2 h

ﬁzFCg Ca Acg

Equations 1 thru 6 can be combined to exrress the panel root temperature in
terms of the fluid irlel terperature and a series of temperature dropas throughout
the system. This is dore ip equation 8.

Q/mCP

1 1
in N L. *w *
£ 71%1 e, ey Pefe Tr,,

or

Tin = ATy - BTy - AT 3 - ATy, - AT,

9-105
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The radiator ranel root cemperature and surface temperature can
also be determived by considering the overall heat balauce between the
radiator aner and an effective compartment sink temperature (Ts) as
defined in Figure 9-5.8, which was constructed from the results of ‘he

network analyse§;
9, Radiator Panel Root Temperature based on compartment heat balsnce:
R ) b
ST, e, "
1G. Radiator PanelvRoot Temperature in terms of surface temperature:
b L b
TR _YlTl +(1'Vl)*s

or

Analyeis Procedure

- To match the system design with system requirements, equetions 8
and 10 must be simultageously savisfied for a given panel heat dissipa-
tion. The procedwre is, of necessity, an iterative one that can te some-
vhet simplifiéd by graphing the expressions. Figure 9-5.9 is a flow chart
thaﬁ shows the required input variables and major steps to be followed in
arriving at a matched design.

0 Radiator Paunel

The basic radiator panel is made of 20 mil aluminum and hes 16 ft2
of surface area with a high emittance coating ( € = .9). The required
pumber of heat pipes per panel (feeder heat pipes) is determined hy the

required panel tin effectivzness.

Figure 9-5.10 is a general curve which gives the fin effectiveness
of & rectangular panel as a function of material, root temperature. panel

thickness and fin length. It assumes a sink temperature approxirately equal

. DRUMALLN
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FIG. 9-508

O

Insulation Thickness = 1 inch
— == Ro Insulation
200 |-
i Farth Oriented
g \
L
////SOIar Inertial
100 -
-
= - : -
o _—Earth Oriented
e - / » .
()
9 Solar Inertial
&
B
)
B -
) % I
o
w0
-100
L] L 1-1 ! L ) 'y IJ 't F VR | A l
0 .10 ’ 20 30

o

- LAIDING GEAR CNMPARTMENT EFFECTIVE SINK TEMPERATURE

Includes 'Weighted' Rediant Energy Contributions
from Landicg Gear & Ccopartment Walls .

. B o~
) ' A o N
Q'? _ E Q’TL <+ R -1
S ‘ i € r
1i=1 =

o]
§

= Radiator Surface

Enclosure Surfeces

Effective Sink

o Compartment Emittance = .85

Rediator Surface Heat Input, Btu/Hr—Ft2
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FIG' 9-5-9 -

RADIATOR SYSTEM ANALYSIS PROCEDURE

Q

1

Select No.

of HP's

Equation 8 Sequence

(!{flp)

1

Select Hk Fin

._____..._._.___._._..___]
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Eqt. 10

Matched Point

Eqt. 8

QYA

" Equation 10 Sequence
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to the root temjerature, a situation which is conservative and typical.of
a compartuwent radiator application. This information was useld to generate
Figure 9-5.11, which gives the fin effectiveness as a functicn of root tem-

.perature for a 20 mil aluminum penel containing three heat pipes.

o Heat Pipes

Preliminary analyszs showed that three heat pives per panel would
provide adequate thermal performance and sufficient inargin to insure minimum
londing geer temperatures of at least 0°F. Increasing the number of ripes
for the sak: of obtginingva higher penel fin effectiveness would increase-
weight while providing only nominel increases in system performance. For
instance, es shownvin Figure 9-5.14 using eight heat pipes per panel while
maintaining 30%.of full flow through the heat exchanger, increases panel
heat dissipetion by 1.2 Etu/Hr;Ft2 (to 15.2 Btu/Hr-Ft2) and results in a
landing gear temperature of U2°F as opposed to 32°F obtained with the three
pipe panel, Tehe eight heat pipe parel would weigh about 1 lb/ft2 compared
with .7k J.’b/ft2 for the three heat pipe pamel,

Each heat pipe in the system was designed to provide at least five
times the required design point cepacity to eccommodate eny chénges in lecad
without impacting the nhmber or size of the heat pipes. At the C°F (landing
gear temperature) design point each panel must carry 47 watts, or about 18
watts per feeder heat pipe; the dicde heat pipe must cerry the entire 47 watt
load. One-half inch ID pipes were selected since they give rcasonable cir-
cumferentinl Leat *ransfer area without excessive over capescity and they are
easy to vwork with. '

The artery designs were optimized, using Reference 13, for the
specified lengths and working fluids (Freon-21 for the feeder hest pipes
and emmonia for the diode) and resulted in spiral artery/tunnel wick designs
being selected for both cases. The results, in‘the form of capacity versus
operating temperature are presented in Figure 9-5.12., At LO°F a feeder heat
pipe can trensport 95 watts and the dtode, 74O watts.

' . SRLMMAN
9-110 . N

e

- !
—crvmerns

w1 el

—anee



T S

FIG. 9-5511 - COMPARTMENT RADIATOR FIN EFFECTIVERZSS

Tg/Tp ¥ 1
Aluminum Panel

Fhicknegs = ,020"
Surface Emittance = .90
{:g Fin Iength = 8,1"
{

rama—any e

o O O O o

3 Heat Pipes/Rediator

.8

076-’

ek

72

7O} -

Radiator ¥in Effecliveness

{ | 60|

| .58 |-

(- .54 b Y DU ROUS) WS ESUR SN TN WY SO VY SN N S SN WY SHN NN DY NN SN N
' -80 .-60 -4 .20 o 20 ko 60 80 100 120

Fin Root Temperature, °f
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Transpgert Capacity, Watts

- , )
"1
b
1
!
FIG. 9-5.12 - HEAT PIPE TRANSPORT CAPACITIES 'i
o Diode Header : ) "‘E
o Panel Feeder Pipe ' _ -
-t
1000 -
900 | . Dicde Header (Aqmonia) ’
3" 1D, Spiral Artery/Tunnel Wick
T = " = " - = 5 LI
800 I “eyap = 7+ Loowp™ 92" Tpg = 2
700 [~ N
€00
500 | .
400 + X
300
pd : ]
100 [~ ____( —————— ' An
i Feeder HP (Freon-21) _ \ - §
R R: , |
29 4" 1D, Spiral Artery/Tunnel Wic!
= " = 9“ =
0 - 1 {'EVAP16’{{:CN015"’1LPR lo I l i E

-4 -20 0 20 Lo - 60 80 100 120 140
Operating Temperature, °F o
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o Heat Exchanger

The heat pirc-to-fluld heat exchanger consists of & finned annular
passage which complctely surrounds the centrally positioned evaporator of
the diode. The methods and procedures in Reference 15 were used for the
design and analysis, with surface designation 11.1 (11.1 fins per inch, %
inch high) selected as the fin configuration. This resulted in an exchenger
anpulus with fins, .7T14 1n® of free flow area, and a hydraulic diameter of

1685 in. TIts performance characteristics as a function of flow rate are
presented in Figure 9-5.13.

o BSystem Performance

To determine system performance, the analysis procedure previcusly
cited was followed for a system using three heat pipes per panel and a
five inch long heat exchanger, For a general system with N number of feeder
pipes and a heat exchanger ler yth, L, equation 8 becomes:

- \T i 'Ime) ' Q, .0588 . 08[‘
T ta © 7 4 - TR T 004

vhich simplifies to the follo ng equation for N =3, L =5 in.:

Po- ' »
1 in 1
Q i e‘ mCy, + .03

The ebove expression and equation 10 are plotted as a fuiction of heat
dissipation (Q/A) in Figure 9-5.1%4, the intercept points define the system
performance at the indicated flow rates. As shown, a heat exchanger flow
rate of only 3% of full flow will provide the necesgsary 10 Btu/Hr-Ft2 reeded
to maintain a O°F landing gear temperature (refer %o Figure 9-5.5). However,
by increasing the flow to just 30% of fuil flow the system will provide 14
Btu/Hr-Ft2 £nd o minimum landing gear temperatire of 32°F. Thus, a 30%

flow rate was specified for the exchaﬁger. | '
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Bhamdl

Radiator Root Tempersature, . °p

FIG. 9-5.14 - HP RADTATOR SYSTEM PERFORMAKCE

© 3 Heat Pipes/Panel
o Heat Exchanger Iength = 5 in.
o Series Fags Three Tube Fludd Rediator

o Note: Refer. to Fig. 9-5.5 to get minirmum landing
gear temperature vs. Q/A
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The pressure drop through the exchanger can be expressed as (a&é

Reference 15):

A [.f (;A}Xl} ' Kmssers}

where f ic the friction factor, i is the ratio of heat tranater to

A
Bar WL
A

5 and K = both core and exchanger

free flow area( » Losses

entrence end exit losses. For the 30% flow condition, £ = ,015 and
Kipsses S 2.2 and the pressure drop (in psi) as e function of cxchunger
ievgth (L) beccmes: '

ar = @ [ a1 o+ 2k

The A, P thru a 5 inch long exchanger is 4.6 (10°3) rsi. This can be stoted

in terms of a power penalty as

W o= (—éij> B= 446 (1073) vatis

f

"which is of negligible impact on the system weight.

The_éystem weight (wet) as given in Toble 9-5.2, is .74 lbn/f‘t:2 of

radiator area, or 23.6 lbs. total per compartment.

9-5.3 DESIGN

The design details of the heat pipe radiator systex for the muin
landing geer compartment are shown in-drewing SPL-103. Each compurtment
radiator panel has 16 ft2 of surface area coated with a high emitiance
peint (€ = .90), and tkree 1/2 inch I.D, "L" shaped aluminum heat pipes,
approximately 6 inches by 52 inchee. The long leg (condenser sectlon) of
the heat pipes are bonded (brazed or welded).to the 20 nil thick eluminun
(6061-T6) panel every 16.8 inches, providing a rediator fin cffectivencrs

which varies from (1% to 54% over the operating renge of L0 to 115°F,  The

evaporator sections (short leg) are clamped to the condenser of the dicde
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heat pipe with about 400 psi contact pressure. The attachment interfaces:
arc milled flat surface (.US inches wide, 64 A/inch RMS) which can be
either wiped with silicon grease or soft soldered to increase contach con-
. ductance,  The soft solder would provide much better thermal conductance
but at a sacrifice in joint maintainability; therefore, a wiped silicone

grease interface was assumed for design and anslysis purposes.

At the design point each penel heat pipe is required to carry about
23 watts; 68 watts are needed per penel. The artery design was optimized
for the specified dimensions and Freon-21 as the working fluid. This
resulied in a spiral artery/tunnel wick having a 95 watt capacity at ‘LO°F.
Details of the feeder heat pipes follow. '

o DPenel Feeder Heat Pipe (3 per panel)

Pipe: Aluminum, 6061-76
Grooves: Circunferential
Diameter: - .500 in I.D.
.564 in 0.D.
Working Fluid: Freon-21 (Charge = 52.6 gms)
Wick: b Spiral Artery/'l‘u..ne] Wick (.062" core)
Evaporétor length: - 6 inches
Condenser lLength: 52 inches
Overall Length: 58 inches (I-shaped)

The diode heat pipe shown in the drawing uperates on the liquid
blockage principle. When the temperature of the condenser exceeds that
of the evaporeator, the exc:ss fluid which is held in & reservoir at the
condenser end vaporizes. This excess fluid vapor then travels to the
now cooler evaporator where it condenses and fills the vepor spece,
thereby "choking" the heat pipe, |

The diode heat pipe is requirel to carry the entire 68 watt load
of a radiator panel. ‘It is a 1’2 inch I.D. alwninum pipe with a § 1nch
evaporator, 40 inch condenser end 2 inch transport section. It uses

amonin as its working fluid and hes an optimized spiral artery/tunnel

wick which can provide a 370 watt capacity at the design point. The liquid
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blockage reservoir contains .9 in3 of amﬁonia, or enough to flood the
evaporator and the transport section in the reverse mode.. Details of
the diode heat pipe follow. ’

o Diode
Pipe: Aluminum, 6061-16
Grooves: Circunferential
Diemeter: .500 in I.D,
~ .590 in 0.D.
Working Fluid: Ammonia, Charge = 21.6 gms(HP)+
9.4 gms (Reservoir)
Wick: ' Spiral Artery/Tunnel Wick (.062" core)
Evaporator Lergth: 5 inches
Condenser length: 39.6 inches
Overall Length: 49.4 inches {including reservoif)
o Reservoir (ILigquid Blockaze)
Material: Aluminun, 6061-16
Overall length: 2.8 inches ,
Capillaries: _ .060" dia. x 2.34 inches long ,
- number: 125 ‘ '
- volume: 384 in3/in

To overcome difficulties associeted with priming the vapor space
in the biocked sections of “he diode during ground testing in the shutoff
mode, an alternate dilode concept could be employed - the liquid trap diode.
The 1ig:id trap diode design uses a wick-lined reservoir located at the
evaporator section of tﬁe diode. The trap wick 1s separate from, and dons
not communicate with, the wick in the operating portion of the diode.

In the normal mode of operation, the trep is dry, and the diode
operates as an ordinary heat pipe, with the correct amcunt Qf working fluid
for tne wick design employed. When the liquid-trap end becomes the cold end
of the pipe,'condensation begins to occur on the liquid trap surfacas, as
well a3 on the evaporator erd internal surfaces. A3 liquid accumulates in
the trup, the main heat pipe wick becomes underfilled causing a fairly rapid

redvation in pumping capacity. Eventually, the main wick dries out completely

end 21l the liquid is in the trap.
TRUIMMAN
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When the trap end egain becomes the warm end, the trap acts as an
evaporator until all the liquid is expelled. The trap volume requirement
is based on thé amount of liquld in the main heat pipe wick, and would
appear to be most attractive for wicks having a relatively small volume.
In contrast with thg'liquid blockege technique, it has vefy little de-

pendence on vapor-space volume but takes longer to shutoff.

The trap reservoir is made by filling an aluminum cylinder with
200 x 200 aluminum mesh entrapping a void volume sufficient to hold the
entire operating fluid charge. Details of a liquid trap reservoir designed
for tais applicstion follow.

o ILiquid Trap Reservoir

Material: Aluminum, 6061-T6
Cylinder: ’ 1.00 inch 0.D., .035 wall
Mesh: - ' 200 x 200 spiral wrap
Void Volume: .64 in3/in

Required Iength: . 5.2 inches

Fach heat pipe-to-fluid heat exchanger consists of & finned annular
passage which completely surrounds the centrally positioned evaporator of
the diode heat pipe. Therg are 30 aluminum fins in the annulus; each .010
inch thick and .250 inch high. They are aluminum brazed t¢ the outer surface
of the evapbrator{~ The heat tfansfer length in the exchanger is S inches; a
length consistent witi the limiting design neat £lux density of 25 watts/in®
of heat pipe surface area, and the design point diode capacity. Tite finned
passage of the heat exchanger is the same no matter what diode design is
used. However, for the liqu;d trap diode, the exchanger would bve modified
slightly to snrround the trap reservoir.

When installed in a compartment, the entire system. except for the
radiating surface of the panel, would be encased in a fibrous insulation
bianket to minimize heat losses and to insure predictable performance.
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9-5.4 BASELINE

- Electrical Heaters -

For a system whose electirical power is not eventually picked up by
the shuttle ECS, the welght penalty for each required watt is given as:

‘ ' .
1b ' o
TatE ° 200 + .235 (% duty cycle)

Providing 14 Btu/H:--Ft2 with an 829 duty cycle results in a weight penalty

of 1.61 1b/£t% of radiator.

- Fluid Panel -

T

ui

D Tour
R (radiator)

/

L.

1

JU

1 (root)
f (mean fluid)

The following relationships deflne the temperature throughout ihe fluid
rediater system. '

1. Heat transferred from fluid (Q):

€ = wOp (Ty, - Touy)
2a. Fin rcot temperature (Tl):
T oo T _ (Tin 3 Tout)
1 in éf ;
&b, Tube effectivenzss (£ ):
- hA
47 = laee F
=lp
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3. Mean fluid temperature ('rf):

Teoe T *ATy = Ty ¢

4, Flow Fquations:

Iaminar Turbulent
h D, h _oLoe3 (Mpg)
o e Cp /A (n)-2

T =:-—-l'-§- f = -8—-1-'-0—2—3.’}. .

]
v .
R ()
5. Radlator root temperature based on compartment heat balance:

4 (Q/A) ) ' 4
+ GT
1 €x s

6. TNadiator surface temperature (Th)

T =
1

'TRI‘ = vl'rlh .+»(1-'()A Tsh»

Assuming‘u series pass three-tube panel and 30% of full flow, the fin root
temperature can be expressed as

1 in

This expression is plotited ia Figure 9-5.14 az a dashed line, and can be
compared with the heat pipe syatem. It shows a hneat cdelivery capability ot
15.5 Btu/Hr-?te which results in a minimum landiing gear temperature, from

Figure 9-5.5, of ‘about LLF aod an average panel surface temperature of 62°F.
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The pressure drop, expressed in general as:

’;

Ap,a.{%\ f(%*g

2 Ec ID DLosnes\

is calculated to be ,0162 psi per panel, which results in a power penalty
of .0016 watts/panel.

The ponel weights are esilmated from the design drawing (SPL-103)
as follows: : '

W! « Panel + Stiffeners + Support hardwere + Tubes + Fluid + Bumpers
4.52 + 2,27 + 1 + 2,54 + .76,

11.095 + 1/2 1b (for fittings)

= 11,095 1b + 1 1b (for by-pass sensor and -control)

WT = 12.095 Ib or .78 1b/ft? of penel

9=5.5 CONCIUSIONS

The heat pipe rediater systed, as deacrited, is cepable of maintaining
the on-orbit main landing gear temperatures between 32°F and'll?oF with a heat
exchanger flow rate ol 150 1v/ur, or only 30% of the maximum avallable rate.
The system weighs .T4 pounda per ft2 of rediator aurface ve. .78 lbs/ft2 for
a conventional fluid radiator, while the weight penalty for a system which
uses electricel heaters would be 1.61 lb/fta. In addition to the power and
weight advantages over the baseline systems, the heat pipe system is simpler
and more reliable due to the inherent self-controlling features of its diode
healer.
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SECTION 10 - -

CONCIUSIONS

Heat pipe applications for the shuttle have been found which either
supplement or replace conventional thermal control systems. They present
viable alternatives offering possible performance, weignt and reliability
aﬁvantages. Exiating technology has proven thé perforaonce capablilities
of the heat'pipe 28 an individual component and pointed out its unique
control and reliability features. Heat pipes have been successfully

_ opefated a8 simple heat pipes, thermzl diodes and variable cdnductance

heat pipes.

The mo3t precticable shuttle heat pipe.applications, having the bés£~
chance of initial implementation, exist in the low temperature regime (-hOOF
to 150°F) and require moderate heat transport capacities (500 to 10,000 _
wett-inches). Artery~type neat pipes iu finely grocved envelopes are besS
sulted to meet these requirements because their bigh capacities pfovide :
large safety margins, and their high evaporator end condenser film coeffi-
cients result in lower overall system temperature gradients - heace, more
thermally efficient heat pipe systeme. They alsoc self-prime and function
in e gravity field, which is mandatory since these cystems must not only be
ground tested in 1-"g" but might also be celled upon to operate on the
launch pal, during boost and entry and possibly during earthbound ferry
missions. - '

Heat pipe systems intended for crew inhabited areas mast use water
4s the primary working fluid because of strirgent toxicity rsquirements.
A slightiy less toxic fluid, such as Freon-21, might be accentable &8 a

- back-up if it exists in very smali concentrations. Operating temperature

and transport capacity requirements and material compatibility problems
govern the selection of a working fluid outside the crew areas. Ammonia,
Freon, methanol and acetone are all wnong the candicates. Only tre unique
requirements of a specific applicetion and the working experiencc and
practical knowledge of the contractor #ill determine the choice.
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From a systems viewpoint, the external eveporator and condenser
interfaces present the biggest problems in creating viable heat pipe
thermal control systems., Interface conductarces rmst be high to mipimize
thermal gradients a8 large gradients can easily ccmpromise the beneflits of
o heut pipe system by requiring iarger sink or source capacities to accom-
modute the required load.

Heat pipes which couple directly to a constant temperature, large
capacity sink or source vrovide the most thermally efficient system since
they result in the least overall temperature gradient from source to sink.
in thio case, the presence of the heat pipes does not aifect its own
opernting temperature, With a non-uniform source such as a Lot flowing
fluid, the source temperature applied to the heat pipe evaporator varies
from the fluid inlet to the fluid outlet; the lower outlet temperature
boing a function of the neat load transferred to the evaporator. Since the

- heat pipe eyuporator gection nny be viewed es a heat exchanger between the

fluid and the igothermal heat pipe vapor, the beat pipe vapor must operate
ot the less efficient fluid ocutlet temperature. With a non-uniform sink in
contact with a heat pipe condenser, a HP system is similarly renalized by
‘being forced to operate at the higher outlet temperature in order to reject
its heat. Tnis penalty is pessed back through the system and results in a
higher source temperature. When the gystem kheat load requirements are not
large, the resulting temperature pecalties imposed by a non-uniform source
or sink are small, end do nct detract from the overall benefits of.uaing

_heat pipea. But when carrying large loads, a heat pipe system coupled to

& non-uniform source o1 sink can result in prohibitive weight and per-
formonce disadvantages.

From a heat pipe point of view, the most important parameters for
successfully integrating heat pipes with a thermal control system are high
evaporator and condenser f£ilm heat transfer coefficients. They are a must
to minimize the overall temperature'drop across the heat pipe. Circum-
ferentially grooved heat pipe envelopes (up to 200 grooves/inch) have
proven the moat,successfﬁl, to date,; at eatisfying this important need.
Depending on the working fluid, evaporator f£ilm coefficlents from 1500 -
2700 Btu/Hr-Ft° and condenser co:fiicients from 2000 - 3500 Btu/Hr-Ft2
have been verified by test (Refz:rence 18).
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SECTION 11
RECOMMENDATICRS

The sustained, rapid 'adv.".nce made iu heat pipe technology and
herdwara points {;o ithe imminent and widespreaed acceptance of heat pipe
thermal cortrol systems for hoth menned end urmanned spacecraft. Heat
pipes have progressed beyond the laboratory curiosity stage and their
unique perforwance capabilitien ea.nnc;t be denied - the tlme has come to
put them to the proper test.

Vhen properly integrated irto the Shuttle, heat pipes could
result in lighter, simpler, more reliable thermal control systems with

greater operating efficiency. As a step toward realizing these potential :

benefits on the Shuttle, it 1s recommended that confidence in the capa-
bilities of the selected heat pipe syatems be fimmly established by
building and testing the prototype hardware. '
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APPEEDIX A-1

SHUTTLY 'ZAT PIPE APTLICATION - IDENTIFICATION SYEET

 APPLICRTION: 1pg 1agding Edge to lower & equalize temperatures

JUEGYSTEM: Structure . IOCATION: Wing, Vertical Fin

BASELINE T/C £¥STEM: Carbon/Carbon

MISSION , TEMP HEA'T . TRANSPORT
FHASE IEVEL. (°F TOAD (RTU/HR) IENGTH (FT)
Reentry Fin: 2600 ' 1.8 (10“) BTU/HR FI° <14 (LE to side panel:
Wing: 2780~°3180 15.2.-23.2 (10") BIU/HR n? <65 (entire L.E,)
DESCRIPITON: (s) Cune epplication is an isothermolizer HP buries in the carbon/carbon and

running along the leading edge. The working £fluld could de contained in integral
channels ¢r in seperate pipes placed in these channels.

2b) Another application 18 to trenspart the heet frow tre IE to the upper wing panels
for the wing) or side panele (for the fin). .

~ ADVANTAGES | DISADVANTAGES -

1. lLower temperatures, especislly balow 1. Kateriels cotpatibility problems at |
2900°F, meen a much longer life for high temps (% 1700°F) for liquid
carhon/cartion metel HP'g, ‘

2. Application of HP's minisize impact
of uncertainties in predicted
surface toemperatures.

2. JPossible weight penalty.

COMMENTS ¢ |

PSS ———

Requiren 1iquid metal heat pipes. Pipes can be inatalled so that inertia haips puop
fluid from cond. %o evaporator. ' '

AL RATING: 2
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HEAT SOURCE/SIK IDERTIFICATION - CONTINUATION SHEE:D NO.

a, VWing LE Isothermalizer

et

——— .
. o
s —
. —
{ o — .. ~—
— * — ——
~—

carbon/carbon

integral

]

— o} 3180°F (Initial Rediation Equil. Temps
kl‘ ¢ l : before HP's)
b. Ving LB to Ying Penels
- 1900° 1500°F 1000"? condcnser aection

900011 170001-\ 15300

Eyaporator

¢c. Fin IE to Side Panels

1000°F
(-2 ] = \._\
sho0s_ o \5\\
Evaporztor O&ndens-sr
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SHUTTIE HFAT PIIE APPLICATION - IDENTIFICATION SHEET

A-1.2
APPLICATION; landing Cear .
SUBSYSTEM: Structure . IOCATION: Wheel Wells, Main and Fwd

BASELINE T/C SYSTEM: Fluid Loop Radiators or Electric Heaters

MISSTON TEMP | HEAT ' TRANSPORT
PHASE - 1EveL (°F LOAD (BTU/HR) .. IENGTH (FT)
On-Orbit =65 to 270 _ 1025 per compartment Rad, HP:< 3
Reentry ' '

Heeders: < 10

PESCRIPTION: HP redisting surfaces lire wheel well and transfer heat to tire

compartment and hydraulics Quring bn;orbit phage. Heat source is interaal
structure or EC3 heattransport section. A diode heat pripe, permitting flow only

towvard wheel well, prevents luakage back into the heat trapsport section during
reentry. )

\

ADVANTACTES . DISADVANTAGES
"1, No electrical power req'd. 1. My require flexible HP joint.

2, No moving parts or circwlating fluida
3. Yo fluid connections,
., Self-controlling.

5, Improved reliability over fluid
radiator since 1t cap survive
accidentail impact of foreign

object during laniing,

Protection from reentry can be obtained by increasing insulation thicknesses swrrounding

the cowpartments,

A-3 _  RATING: 2
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION SHECT

"PLICATION: Avionics 4P Circuit

TBSYSTEM: Avionics

A-1.3

IOCATION: Cabin

SELIME T/C SYSTEM: Fluid Loop (H20 for heat transport section, F21 for heat rejection section).

MISSION TEMP
PHASE IEVEL (°F
All 40 %o 90

'SCRIPTION:

Series~- parallel connection of HP's to transfer heat from electrconics to fluid

loop or to space radiataor.

3 ' ADVANTAGES
1. No fluid couplings.

2. No moving parts or rotating
machinery (no noise).

3. No electrical power req'd.

L, oOffers high design flexibility
during early design phases. No
delicate flow splits or pressuce
drop analysis reguired for each
loop change.

~ Alternate sink necessary for other than on-orbit condition.

a2 o e ie i e B e S e S

HEAT TRANSPORT
I0LD (BTU/HR) IENGTH (FT) )
6800 <12 (each pipe) :

\

el

DISADVANTAGES
1. Possible high AT'S acrose HP interface

couplings, resulting in lower radiator

temp. or higher eqpt. temp. .
E{
Ean
7
B
2B

A-h ' . RATING: 2




g: : SHUTTLE HEAT PIFE APPLICATION - IDENTIFICATION SHEFT
- ' ALl

: AFPLICATION: HP/Phese Change Remote Sinks (i.e., Modular Sinks)
. SUBSYSTEM:  Avicuics LOCATION:

BASELTHE T/C SYSTEM: ECS loop (Intermittently operated avionics)

. MISSION TEMP HEAT TRANSFORT
PHASE IEVEL (°F 10AD (BTU/HR) LENGTH (FT)
ALl 50-100 4500 1
[
~ DESCRIPTION:

f.; HP's imbedded in sultable phase change materiel and connected to a common mounting
1;:;5- interface (e.g. , cold plate or rail) to which the cozpoment to be cooled 1s mounted.
’ Phase chenge meterial is ccnnected in turn to a rmadisting surface or suiteble

7} structure.
i)
3
5
2 ~— ’ - ..
i ADVANTAGES _ DISADVANTAGES _
" 1., Elfnminetes Bpeciél runs of ECS 1. Veight psnelty must Le traded off with
lines to remote equirment. total ECS savings.
2. Gelf-.sufficient system.
rz}f 3. DNo electrical power reg'd. - ’ ' ] : ' '
4, Flexible designs
| 5. Simple. .
o ‘6. High Q's in short time can be de-
- signed as low Q over longer time.
i?i-"}
" COMMENTS:
{f7 - Typical Eguiy. Applications: Control Electronics ( Air Surface, engines), Rate Sensor
2 Communications equip. (L Band Tacan, C band altimeter, L band transponder, VHF ATC
transcelvers

‘r’z ' . A- 5 » RATING: 2




SHUTTLE HFAT PIPE APPLICATION - IDENIFICATION SHEET

A.“lo é ' i .H]
APPIICAPTON;. ALr Trenspart Rack (ATR) Commerefal and Military Aircrsft Equipment

SURSYSTEM: Avionicn LOCATION: Preseurized Cabin

BASELTME T/C SYSTEM: Eqixipment is off-the-ghelf air cooled design

MISSION - TEMP HEAT TRANSPORT :
PHASE IEVEL (°F 104D (BTU/HR) LENCTH (FT ;
. . , . ¢
ALl W to 120 5000 R
' ' to i
6150 (Total Equipments) o
DESCRIPTTON: ‘ —
Modular HP to air heat exchanger elements within an air circulating enclocure <
rcmove heat fram forcedair pawmsing over and through the electronic boxee. . B
Eventual sink could bec space rediamtors (on-orbit) or boilers. 1{
o | 3
ADVANTAGES : " DISADVANTAGES
1, Elimimates flow talancing problems 1. Lesk resulting in loss of air would cause -
acsociated with fluid Hx. cooling failure, must provide backup
2. Fany assembly and maintenance. for critical eqp'amt. ——
. ¥
3. Equipment growth fliexibility. : :
I, Btandardized approach far '
adaptation of ATR equipment cooling. , : T
. %
5. Low cost commercial equipment can -
be used in space with minimum o
design impact. :
6, No fluid connections. :
COMMINT3 3
Baseline T/C system for air ccoled equirment would also need backup i
in case of depressurization. ‘ ~-
A-6 B . PRATING: 2 B




SHUTTIE “ZAT PIPE APPLICATION - IDENTIFICATION SHLAT

A-1.6

APPLICATION: Flight & Voice Aecarder

SUBSYSTE_M: Avionics IDCATION: Vertical Fin

BASELINE T/C SYSTEM: ECS Fluid Loop
MISSION TEMP HEAT _ TRANSFORT
PHASE . IEVEL (°F) 1OAD {BTU/HR) IENIIR (FT)
A1l ¢ to 120 | 140

DESCRIPTION:

HP atteched to fluild boller or phase change heat sink provides high temp, heat
rejectlon. Variable conductance heat pipe attached to internal sti

ucture controls
low temp. conditioa. . :
- | < i
ADVANTAGES DISADVANTAGES s
1. Fliminates long run of ECS lire to .
this remcte location, '
2. Self controlling. ;
:
!
3
i
i
!i
{
COMMENTS : ‘

RATING: 2 ;




APPLICATION: HP Radiatcr W/HP Header

SHUTTLIE HEAT PIFE APPLICATION = IDENTIFICATION SHEET A
a-1.T

SUBSYSTEM:  ECS | IOCATION: Inside Cergo Bay Doors

BLSZLINE T/C SYSTEM:

end bypass control in radiator lcop,
MISSION TEMP _ HEAT ' TRANSTORT
FEASE - IEVEL (°F) LOAD (BTU/HR) IENGTH (FT)

On-Orbit Only 0 to 80 : 23,900 (Min) to Rad HP: 6" evap, 6' cond.
(radtator) 48,800 (Max) Header: 8' evap i
HiTemp Elect: 3700-4100. 11' cond
Heat Transport: 10500-22300 3' adishatic
DESCRIPTION: . Lead

Fuel Cell Load: 9700-1:400

Each radiator panel will consist of ebout 22 fixed conducteuce EP's on 6 inch centers.
Mex. panel capacity is 3850 BTU/HR (55 BIU/HR FT°) at T0°F. Each HP hag o 6" evap. and
a 6 ft. condenser secticn at right angles. The radiator HP header ic & cold reservoir
variable conductence HP capable of 385C BTU/HR. Radiator HP £luid is F-2l, Header
fluid is either F-21 or smmonia. HP Header can be connected directly to a HP circuit
or thru a Hx to a fluid loop. ' .

1

ANVANTAGES DISADVANTAGES
1, Sell conbdrolling., Does not require 1. HP header neede flexible HP Joint that
sensus feedback & electro-mechanical must bend thru 135% af rotation.
+
I‘engﬁ'.«C&rB. 2, Isrge A T's frow header condenser to
2. Flimiretes moving parts & rotating radiator surfece. They caan vary from
machinery in heat rejection loop. - 10°F ©o 37°F derending oa contact
3. Reduce degradation caused by conductance and working fluids. |
meteoreid & impact penetrations. NOIE: When interfacisg with a fiuid loop,
the flexible HP joint can Ve
L, No electrical power required, elininated by wsing & flexivis
vl o
S. No fluid connections. coupling in the flgid lines.
COMMENTS 5

2 ! :
, -Q Absorbed = €0 BTU/HR FT-, o{a = ,20, € = .90, an = .90
T00 ft2 of radiator ares 3ivided into 10 equcl area panels. No inertia vector problem.

Ea~h parel designed for 55 BTY/HR ¥T° hea: rejection at Trag = TO°F. Panels are made
v 1] Iy 22 . . .
of .020" thick aluminum (2219) A8 ‘ RATING: | >

F-2l1 Radietor =nd Header; Valve stagnation et Radistor and Regeneration

1
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SHUTTLE HEAT PIPE APPLICATION - TDENTIFICATION SHEET
A-l.8

o

APPLICATION: I'P Radiator with Integral HP/Fluid Header

SUBSYSTEM: ECS LOCATION: Cargo Bey Door

BASELINE T/C SYSTEM: F-21 Radiator and Header

MISSION . TEMP HEAT : TRANSPORT :
PHASE LEVEL (°F I0AD (BTU/HR IENGTH (FT) = .

See A-1.T for Deiails
- E‘fCRIPTION:

Same as A-L.Taxcept that 1t uses a flexible coupling in the fluid lines and an
integral fluid to HP header Hx on the radiator panel.

VAL ¢ L e e st s

~ ADVAKTAGES DISADVANTAGES
1. Panel self-controlling.

2. No circulating fluid in radiator -
reduces fluid connections.

3. Reduce depgradation caused by
seteoroid & impact ‘penetrution.
No need fur meteoroid bumpers.

COMMENTS : A A
Tuis application can also be adapated to rediator configuration of A-1.10.

A9 ' . RATING: 2
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SHUTTLE HFAT PIPE APPLICATiON - IDERTIFICATION SHEET

A-1.9
APPLICATION: ECS Cold Rail _
SUBSYSTZM:  ECS ' ~ LOCATION: Cabin, Electronic Bays

BASELTVE T/C SYSTEM: None defined for high power density equipment.

MISSION TEMP : HEAT -TRANSFORT
PHASE LEVEL (°F) : 10AD (BTU/FR) LEKGTH (FT)
A1l 40 to 90 49 watts/inch 1.5

ESCRIPTION:

HP augmented cold rails diffuse high power densities over longer length before
passing heat to fluid tubes. It reduces higher densitles to an effective
3 watta/inch et fluid loop interface.

RDVANTAGES - o  DISADVANTAGES

l.  Us= existing flange designs and
fiuid flow rates.

2. HP augnented cold razils can casily
accommodate unfareseen power
increases and minimize impact oa
fluid temperatures.

3. Reguired for state-of-the-art
eqpt. with power cdensities of
40 w/inch. :

COMMENTS ¢

Extensive application possibilities to high density cold rail mounted equipment
guch ac is expected in the power conditioning and distribution avionics.

A-10 _ . RATING: 2
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SHUTTLE HEAT PIPE APPLICATION - IDENTTTICATION Suswo

A-1.10 | | .
APTLICATICN: HP Radiatar for fuel cell cooling
SUBSYSTEM: Power 'LOCATION: Nose Module

BASELI}."E T/C SYSTEM: Fuel cells in heat rejection system, before radiatars.
to the F-21 lcop via a liquid to liquid Hx.

MISSICN TEMP HEAT TRANSFORT
PHASF. LEVEL (°F) LOAD (BTU/HR) IENGTH (7))
On-Orbit Only 0 to 80 (Rad) 9700 ~ 14400 Rad HP: 6" evap, 6" cond
" Header: 8' evap
- 11" cond
3' adiabatic

DESCRIPTION:

Self-centained fuel cell coolant is coupled to its own HP redietor panels via a HP
header to Zuel cell coolant Hx. The fuel cells are used during all missicn phases
and would require an alternale sink vhen the radiatocs ere not deployed. - This
requirements algso =xists far the baseline system. The aiternate eink could be &

cryogenic Hx or water boiler.
- ADVANTA S - DISADVANTAGTS
1. Self controlliing. Doesn't require 1. IP header needs flexible HP joint inat
sengor feedback & conirols. must bend thru 135° of rotatien.
2. Eliuirates meving parts & rotating 5. Ex ' <
_ : . cessive AT's fram header condenser
mchinery in heat rejection systen. tc radiator surfece. They can vary from
3. No electrica) power required. 10°F to 37°F. : '
4, No fiuid connections at radiater. 3. Alternate sink requirement would mean
development of a }@/ma or HP/GI-!2 Hx
or a HP/water boiler Hx,
COMMENTS :

Feeder HP: 39' total length

Requires HP to fluid Hx eince fuel cell has its own

self-contained cooling fluid.

Requires altermte sink for fuel cell during boost to orbit a
of mission. These are also required by baseline system. -

A-11

nd descent to landing phasss

RATING: 2
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EBAT SOUECE/SYNX IDESTIFICATION - CORTTHUATION SEZET M. 1

88.Lk°F
- {65.2°F)
e e
FUEL %
CELL
117.2°F
(84.7°F) ~ Interface
' Ex

T, = temperature at 14,400 BIV/ER (high 1sad)
(Ta) = tempersture at 9,700 BTU/ER (low loed)

A-12
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SHUTTIE HEAT PIPE APPLICATICH - IIENTIFICATION SHERT
A-1.1)

A}?PL‘LCMIQN; . Air Breathing Engine C.ampartment

SU‘BSYSTE_M_: Propulsion TLOCATION: Mid Module
BASELINE T/C SYSTEM: Electric Heaters

MISSION TEMP - : - HEAT TRANSFORT ;
PHASE - LEVEL SoF! LOAD (B‘IU/HR) " LENGTH :F'i’z
On Orbit -30 to 150° iOEO_/compartment : :
. ¥
EE_S_CRI?I'ION:

HP radiators lining compartment walls. Application is eimilar to landing gear wvells. K

\

PR

ADVANTAGES DISADVANTAGES

ek emeea . Trre remre s e e e agarmene s

1. DNo electrical power reg'd, 1. May require flexible HP Joint. ;
2, No moving parts ar circulating ' ‘ P

fludds,
3. No fluid connections to leak,
4, Self controlling.

5. Improved reliability cver rPluid
radietar panels.,

e B i AR b ety e

Tt e

"GOMMENTS: Much of the air breathing engine components are desigred around present MIL g
specs =65 to +160°F non-cperational; providing this environmert would permit max .3
utilization of existing systes component bardware, .=

. ;i

A-13 RATING: o
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SHUYTLE ¥WAT PIPE AFPPLICATICN - IDENTIFICATION SHEET .
' A=1.12 ~
LICATIOH: = OMS LH2 Boilcf?
SYSTEM: Struz ture LOCATION: RNose Module 4 B
ELTEE T/C SYSTEM: LHz/fluid heat exchanger
MISSION TEMP | HE.. . TRANSPORT :
PHASE IEVEL (°R) I0AD (BTU/HR) LENGTH (FT)
. -~
Descent , 45°R « 500°R 90000 - L ;
Launch a 61000 _
Ferry 50000 ik
CRIPTIN: : ) ,
Use Boiloft as heat sink in a HP/crvogenic Hx for 1) electronic equipment wé
A . : _ 2) around & boost cooling of UC/LSS .
TR
if
3
t
, . —
ADVANTAGES ' ‘ . DISAUVAWTAGES i
1. Conveni¥ nt sink 1. Req'd boiloff greater than what's available‘*
i1t requires circulating LHa at abtout ik
50-60 1b/Hr. It would effectively amount
to carrying extrs propellant, 50 to 100#. '}
(which is also required in baaeline deaign,‘ é
2. Requires develorment of cryogenic/KP "§
Ex, c T
;’E
if
MENTS : ~
1840 ftj ol LH2 in tank Cryogenic/HP Hx requires heat pipes to be used in the ”'5
Bolloff ¥ 1.5 lb/fir. heat rejection system - this may not be the case. 2k

A-1h

RATIN" :

1
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SHUITIE ITPAT PITPL APPLICATION ~ IDENTIFICATION SHEET

A-lol'E
APPLICATION: High Intensity Lights - cool pace.

SUBSYSTE!M: Avionics ‘ LOCATION:

BASELINE T/C S:7T7: None establirhed

MISSION , TEMP HFAT

PHASE TEVEL (°F 10AD (RTU/HR)
On Crbit _ koo ' ~ Up tc 1700
DESCRIPTION:

Structure serves as sink.

Cargo Bay & Exterior

TRANSIORT

LENGTH (FT)

HP's applied to light socket provides cooling for lawp base in a vecuun environment.,

'ADVANTAGES , DISADVANTAGFS
1. Increese lawp life, ' 1. May be slight weight penalty.

2. Increase lamp reliability.

“MMERTS:

Saernemasts—

Payload manipulator lights ( 500 w.es.) Target Illuminator (300 W) require 100 to 200

watts of cooling. ’

A-15

RATING: 3
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a) HP's to isothermalize heat rejection surfaces

& o ' ' /
i
SHUITLE AT PIFE APPLICATION - IDENTTFTRATION SHEET
A-l.14
APPLICATIOR: Battery

SURSYSTEN: Avionice IOCATION: Nose Module
BASELTNE 2/C SYSTEM: F-21 ECS locp

MISSION TEMP HEAT TRANSPORT

PHASE ~ IEVEL_(°F ' LOAD (BTU/HR) IERGTH (FT)
Ewergency Fower 90° " 3 K¥-Hr, ' 12

' or
72000 BIU .

DESCRIPTION: Far 5 Hr. % 15000 BTU/HR

on c2lls. %) HP's connected %o

expen&able pink, thereby eliminsting fluld loop connection.

> ADVANTAGES

1. No fiuld connectionu,

2, Lower operational temperature gradients.

- -

| ORRENTS:
N
Emergency use only.

A-16

DISADVANTAGES

1. Veight of HP's & expendables.

RATING: 1
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, 8
. SHUTTIE HEAT PIPE APPLICATION - IDEKTIFICATION SHEET :
A-1.15
APPLIC/ATION : Tracking Radar . :
SUESYSTEM: Avionics - LOCATION: Cargo Bay

BASELTNE ‘I’/C SYSTEM: Conduction coupling between electronic & antenns surfaces which in turr
radiate to. space.

g i

MISSION TEMP " HEAT TRANSPORT i
PHASE LEVEL (°F * LOAD (BTU/HR) } LENGTH (FT) i
On Orbit k5 to 260 360 %
i

DESCRIPTION: g
Diode HP!s coupling electronics to antenna surfaces provide good path to epace during ‘
high temp. conditions s poor coupling during low temp. conditions. L
iy

{: i

i\s

S .‘ : ‘ - 52
ADVANTAGES _— DISADVANTACES £

Y

1. More efficient (less weight) than 1. Internal to manufacturers herdwere. ,
pure conduction coupling. I
2, Dicde featwe - High pipe conductivity ‘i‘
during opereting temperature levels @

and low temperature cut-off minimizes 3

the need for delicate thermal coatings
and heater control loops.

£t B a

3. Improved temperature regulations results
in improved reliabdlity,

oy

Y

B

. k¢

4, less heater power required. ;
3

| :

 CONENTS: S 1

“YTnermal Control tied closely with manufacturer.

A-17 , RATING: 1 - "
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SIUTTLE HEAT PTPT APPLTCATTON - IDENTIFICATION SHTET

APPLICATION: Fluid Evaporator

IOCATION: Fwd Module
BASTLIIL T/C SUSTEM: F.21 Heat

Exchange with water

MISSION TEMP HEAT TRANSPORT
PHASE LEVEL (°F) J0AD (BTU/HR) " IENGIH (FT)
All above 200,000 ft. 40 to 120 40000 (max) _Up to 30
DESCRIPTION:
Multi-pass HP ‘e transfer heat to expendable water.
~ ;
_ ADVANTAGFS DISADVANTA(RS _
1. Eliminates running lerg ECS lines to 1. Needs development of filuid to HP Hx
out of the way sources,
ii
COMENTS ; ’

Required for ground support cooling. Need depends on existence of HP cirenit :
whichk might not be the case.

A-19 PATING:
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SHUTTLE FUAT PILE APP.E',ICATIO?? - IDENTIFICATTON S¥EsT

Fupelage TP - Externmal Tank Inteference lieating Area

APTLICAIIONR:

mavamse.
SHEGYSTENM:

SHESYSTE Structure IGCATION: Upper Fwd. Mid Module
PASELINE T/C SYSTEM: Haynes 188

MISSTON . TEMP HEAT TRANSPORT
PHA3E LEVEL (°F) TOAD (BTU/HR LENGIH (FT)
. !
Boost 1850 3.9 (10') BTU/IR FTI° 20.
Reentry o0 63 (10°) BTU/HR FI°

DESCRIPTION:

Isothermalizor HP's across inteference heating area to minimize & equalize temperatuces.

~ ADVANTAGES DISADVANTACTS
1. Minimize impact of uncertainties in 1. Appiying fail eafe criteria means HP's
precicted surface temps. would be a weight penalty since passive
: TPS must function without them anyway
2, Lower pesk curface temperatures. end the passive system does not degrade.
COMMSTTS ¢

No real payoff.
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i’ » . HEAT SOURCE/SINK IDENTIFICATION - CONTINUATION SHEET HO. 1

Interference Heating

/' Haymes 188 due to

EP's

T = 1200°T

T & 1850°F

/
1= 1400°F

: 2
o= (.5)(.6) (223 : = 10k ft
Moo 2 105

. a2 2
Agsge = (-h)_\.h) 223)"= 55 Tt

1
hppgge = (1) (:3) (@2 = g "

iyt
s

el
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SHUTTIE FTAT TIPZ APEITCATION - IDENTIFICATICY S:csT

ALRIGEATION: TPS ranels

e it
ok e

o Mrr————r s e

vlructure

PASELYI T/C SYSTEM:

MISSTON TEMP

PHASE IEVEL (°F)
Reentry 2600 (Before)
Boost 1600 (After HP's)
DESCRIPTION:

Integral heat pipe-structural panel for external shuttle surfaces.

and isothermalize temp. levels.

ADVANTAGES

1. Decrease surface temps and allow ise
of legs exotic materials.

2., Reduce tewp. gradi=nts across pancl.

Possible wt. advantage.

COMMEIVIS ¢
No NASA interest.

:

it e

A-1.18

Superalloys & Insulation

LOCATION:
HEAT TRANSPORT
LOAD (BTU/HR) LENGTH (FT)

12 (1oh) _Eﬂgl_.m
HR

A-22

= 20 to 50

This will decreage

DISADVARTAGES

Uncertainty of materials compatibility,
1 g effects, start-up time and long
liquid metal HP's,

Posgible lsrge AT's across HP interface.
Thera's a weight pensliy if panels must

be faii gafe and function without the
heat pipes.

RATING: O
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SHUTTLE HPAT PIFS APPLICATION - IDEITIFICLTICN SITT7T

A‘l.lg
APPLICATION: Control Surface Pivots
SUESYSTTA: Structure ICCATION: Verticial Fin
—_— Wing Elevon
PASELLTE T/C SUGTRM: ,
MISSICH TEMP HEAT TRANSPORT
LiIASE IEVEL (°F) LOAD (BTU/KR) LENOTH (77
Reentry , 1300-1600°F (Fin) (Fin) 2880 ea. (Fin) 38" max to sink

1300-160G°F (Wing)- (Wing) 34%' along hinge

DESCRIPTICH:

Heat pipes attached to pivot lugs &nd connected to a boiler type heat sink.

~ ADVALTAGES DISATIVANTACTS
1. Lower operating temps. at pivots 1. large AT's due to poor conductance
will increase life and reliasbility. ere 8 Gistinct possibility.
2. Insure azaingt uncertsinties in ‘2. Fail safe design reguired.

predicted terperature levels.

3. Tolerate greater trajectory variations
without recessitating design change.

COMMENTS : _ .
mgh temperatures dictate 1iquid metals as heat pipe working fluids.
Since fail safe design is required there is no real payoff.

A-23 RATING: O



HEAT SOURCE/SINK IDENTIFICATION - COH‘I!ENUA’I‘]_.’ON SHEET 0. 1

_Boiler Type Sink

Vertical Fin

. Pivot Points

~ Hinge Iine

tg! VYector

A-2Y
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SHUTTIE EFAT PIFE AFPLICATICN - IDENTIFICATION SYTET
. A-'l.20

APPLICATION; OMS 10, Boiloff (2 Tanks)

NSYSTIM Structure TOCATION: Aft Module

" PASELTNE 7/C SYSTEM:

MISSIO” TEMP TRANS®ORT

HEAT
PHASE ~ LEVEL (°F) IOAD (BTJ/HR) LENGTH (FT)

Bolloff Negligible

DESCRIPTION:

ADVANTAGES DISADVANTAGES

‘: l. Boill off negligible
:
\
§
{
i
DOMMENTS ¢
. 1 1b/hr bolloff
e
h-25 RATING: O
‘
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SHUTTLE HEAT PIPE APPLICATION - IDENTIFICATION CUEET
A-Ll.21

APPLICATION: Main LO, Tank Boiloff (Boost Tanks)

SUBSYSTEM: Structure IOCATION: M1d Module (Fwa)

RASELINE T/C SYSTEM-

MISSION TEMP : iEATL TRANSPORT
PHASE IEVEL (°F 1OAD (BTU/HR) IENGTH (FT)
Booct - 165°R © 61000 i
DESCRIPTION:
Use boilofT as heat sink in a HP/cryogenic Hx, for ground support and bocst.
~ ADVANTAGES ‘ - DISADVANTAGES

1. Use of otherwise wasted resource 1. Required heilofff much greater than what's
i y avallable. It would require circulati ng
2. Convenient sink. 1O, at some fraction of ite design £low

rate of 168 1b/min, Gepending on the time
reqrireu for the sink to be active and the
Q 1ie invelved.

2. Low heat capacity as coumpared to “reoa,
water ov hydrogen.

COMMENTS & .
Unused propellant (ch) 2 3400 1bs. But tanke are emptied ¥ 4 hr from launch.

Alﬁmo BTU/LB. Boilofft 1 It

‘ A-26 RATING: o
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SHUTTLE HEAT PI¥E APPLICAY'IQON - IDENTIFICATION SUFET
aA-l.22

APPLIQNTION: C Band Directional Antenna
SURSYSTTM: Avionics TOCATION: Cergo Bay
PASELTNE T/C SYSTEM: Conduction couplings.

MISSION TEMP _ HEAT TRANSPORT

FHASE IEVEL (°F LOAD (RTU/HP) LENCTH (¥7)

Gimbal Elec.
On Orbit -30 to 200 0 to 160 6h.
=65 to 300 -65 to 200 0
- DESCRIPILION:

HP between power dissipating electronics and antenra which in turn radiates to space.

. ADVANTAGFS

1, High conductivity of pipes and
achievable low temperature cub-off
shell reduce the need for exotic
thermal coatings and high power
control loops.

2. Can elirminate antenna poeitional
constraints imposed by long hot or
cold kold conditions.

3. DBetter temperature regulation yields
higher reliability.

COMMENTS ;

DISADVANTAGRS

1. Modifications are internal to
.maaufacturer's equipment

Shuttle missions contain long duration full sun end full shadow hold conditions fer the

. external antenna,.

A=27
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SHU'TTIEZ *TAT PITE APPLICATION - IDENTIFICATION SHFET

A‘lnr?‘i

PPLICATION: RElectrical Wiring

SURSYSTE LAvioanics

BASELINE. T/C SYSTEM: Wraep around £CS fluid lines.

MISSION TEMP

PHASE ~IEVEL (°F)
On Orbit 75 to 120
)ESCRIPTION :

TOCATION:
HEAT TRANSPORT
10AD (BTU/HR) LENGTH (FT)

50

Isothermalizer HP within soft, insulated wire conduit linked via MP to a suitable sink.

Y
1. 'Avoids centact with grounded system.
2., Temperature level and gradients

reduced to desirable levels improves
performance of multiplexed wire asystems.

DISADVANTAGFRS

1. DNeed for thermal control requirement
not firmly established.

SOMERNS s Avionics people object to wrapping wire around the electrically grounded ECS
“due to increased chance of an electrical short. HP ipothermalizer locks like a
good alternate to them, Very little definition availlabls,

e et G et . T A rins o € B it iy ol N bt S s LAt Fhe 05 B AW L " oA AT ® 1D B s ol Pt B . ot e wm e
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. i SHU'I'I‘?E: HFAT PIPE ATPLICATION - IDPITIFICATIO SHFET
A=1.2b

APPLICATION. Hydraulic Actuators

SURSYSTE": Power

ﬁnma PRty

LOCATION: Wing/Flevon, Fin/Rudder
Engine (Jmbal, landing GCear

3A*FLI”R T/C SYSTEM: Electric Keaters ar Recirculate

MTSSION TEMP
PHASE: LEVEL {°F)
§~0n Qrhit (of coolsnt)
N -65 (1imit)
¥ =2¢{Desired)
§‘Reenfry 630 E._‘Lmit)
DE‘FRI“TTO“ hOO Jesir=a)

H’}L"b:g

Hydraulic fluld ccntinucusly during on orbit.

HEAT TRANSFORT

LOAD (BTU/HR) IERSTH (FT)

25 - 30
4800 Ea.

HP atteched to hydraulic cylinder (c enclosing it) 18 connected to a suitable heat sink

during high thermal lcads, and to a heat source during a low temperature coadition.

—
v
I

i

g 1

gﬁ‘” : '£2VANTAGES

gﬁ?l. Ingure againet uncertainties in
: predicted temps, both on orbit

and during reentry,

o

12, No electrical power req'd.

' COMMENTS :

‘ff Structwral environmunt ig 600°F Max,

.M

[

~ DISADVANTAGES
1. Relies on flexible HP joint,

2. Requires extensive developzent effort.

A-29 RATING: G




EEAT SCURCE/SINK IDERTIFICATION - CONTINUATION SHEET NO. 1

HReat Pipe

Thermal ——‘——"“"'

Switch

Heat Pipe Surrounding Cylinder

Bink

CossT i ] .

"
Diode

4

{
(104

bord kb led bl
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SHUTTTE VFAT PTPR APPLICATION - IDENTIFICATION SUFET _

A-1.25
APPLICATION: APU Fluid cooling
SUBSYSTEM: Power , LOCATIOH: Aft Mid Module
BASELTIT T/C SYSTFM: Uges own fuel to cool lubricatdng & hydreuldc Tluids. Self-contained
Lil, lHx _

MISSION TEMP _HEAT TRANSPORT

PHASE IZVEL (°F) LOAD (RPTU/HR) IENGTH (7T
Launch-Decking 65 to 275° Case: 89145
Reentry ' - Additional:101,060

DESCRIPTION:

HP heat exchanger romoves heat from APU £luids end transporte it to Lal2 sink.

ADVANTACTS . | | | DISATVANTAGES

l. Use a LH2 Hx directly. No real need

for intermediate HP Hx.

COMMENTS+ HP applisrtion would mean altering APU manufacturers equipment. That's not

Besidea the APU's conveniently cool themselves using their own fuel (LHQ) és a
sink in cell nontained heat exchangers - that's hard to beat.

A-31 RATING: o
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SHUTILE FPAT PIPE APPLICATION - IDENTIFICATION SYEST

) A-1.26
APPLICATION ; L')? latural Recirculating System

URSYSTIM:  Propuleion IOCATION: Mid Module
MSETIW T/C SYSTEM: Electrical Heeters
MISSICH TEMP  HEAT TRANSFORT
PHASE LEVEL (°F) LoAD (BTU/HR) LENGTH (FT)
Boost 181°R L0, sink 600 BTU
' : | HR FT°
Reentry
ESCRIFTIOL:  geai nnpplied to riser pipe creates deasity gradiert which
prowstes natural recirculation. -
~ - ADVANTAGES - DISADVANTAGES
1. Elinminates electrical power req'mt 1. Relisble heat eource questioneble.
with inherent darger of Apollo type
falluwre,

2, Self actuating.

N ’ ° N
COMMENTS ¢ Lt"2 lines are uninsulated single wall pipes 16" dia. MLO = 2,8 1b/sec
—————— . % ) . A 2

A-3e RATING: O
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HEAT SOURCE/SINK IDENTIFICATION - CONTINUATION SHEET 10,

j

|

, ,( __ 181°R
153°R -

la— @ /n = 600 Btu/iir 7% 2

W \ﬁé Structure (70°F)
) Heat Pipes

A=33
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SHUTTLE HEAT PIVE APPLICATIOQN - IDENTIFICATION SHEST

AFPLICATION: Water Chilier
SUBSYSTEM: ECS " TOCATION: Cabin

BASELINE T/C SYSIEM: Vater fram heat transport loop (at LO°F) chills mixing weter.

MISSTON o TEMP HEAT "RANSFORT
PHASE ‘ IEVEL (°F) I10AD ',BTU(HR) LENGTE (¥T)
On Orbit ko - 50 ' 10 10

'DESCRIPTION: HP cocls mixing water

: —— .
- Denxink
 ATER N
~e 7 R
40-S0°F P
(%*
EVAP
~ ADVANTAGES DISADVANTAGRS
? i. Provides high design flexibility ECS 1. Lowest water temp. available is ebout;
i loop can be located in central 15°F above eirk,

2. Avoids possiliility of contaminating

3

locations. :

wvater with ECS fluid.

COMMENTS ¢
No real improvement over beseline. It Just compiicates things.

A-34 - RATING: O
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APPENDIX A-2

LEADING EDGE HEAT PIPE APPLICATIONS

The feasibility of applying heat pipes between the wing leading edge
and the upper wing surfaces to lower leading edge temperatures was studieg.
Significant reductions in temperatufe, from 2700°F to 1900°F, would permit
the use of superalloys in piace of the baselined REI and ablator TPS systems.
Figure A-E.l illustrates the concept and defines the important energy terms.

Energy balances at the leading edge and the radiating upper surface
result in the following expressions:
leading Edge -

' i

(1) Tep, "YU T WPt soT

Radiating Surfeace
- oy
(@) %, U T TR
00351dering areas, Ae and AR_:

Leading Edge "

() qp = A lo, - gy - e, "]

Radiating Surface

() G = Ay Leony" - ic,]

Expressions 3 and 4 can be equated and then solved for the ratio Ae/AR.

(5)

= {0
2
5
E
&
41

where T and ’I.‘R are the desired operating temperatures. Subatituting velues
for qe, ® (3220 BTU/HR F‘I‘e) and (q -q ) (~13.8 (10%) _?) gives

. A
6) == =
( A 13.8 (10Y) - eoT,

n
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M dll od

The value for (qc - q ) ic the decrease in energy dué to internal radia-
Le .

tion et the leading edge and coriesponds to a decrease in radiastion equilibrium
temperature of 250°F from en initial value (without internal radiation) of
2950°F .

From the geometry of a one foot span the ratio can be expressed as

[ K2

()Ae
L

Assuming a usable chord length of 4.5 feet and a leading edge radius of 2.5
Ae

inches resulte in a ratic of 3= = .1US for each foot of spen, which means .the
wing configuration can cccommodate temperatures thet require the radiating
area %o be up to 6.9 times (1./.145) as large as the edge surface area iu :
satisfying equation 6. Fixing the maximum leading edge temperature at 1900°F,
this meens a required radiating surface temperature of 1310°F - anlunacceptably
high increase ebove its initial 775?F which would require a change to another,
higher temperature, material'(Rene 41) instead of titanium (Ti - 6AL - 2 Sn -

4 Zr - 2 Mo), ' ‘

If this waterial change were acceptable, the heat pipes would be required

. to transfer about 18,900 watts at soout 1400°F for each foot of span.

ESRLIMMAN
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APPENDIX A-3

SLA BACKFACE TEMPERATURE CONTROL USING HEAT PIPES

The fensibility of using heat pipes to lower the ickface temperatures of
the shuttle's low density superlight ablator (SLA) was examined when empnesis
vag placed on using aluminum instead of titanium for primary structure. The
goal was to decrease the backface fempurature during entry from. 600°F (Titanium

structural limit) to 300°F (aluminum limit) without jncreasing the ablator
thickness.

The P°5§£B$E benefits wouid be the lower material and manutfacturing costs

associated with using aluminum insteed of titanium, and a reduction of about
1.3 lb/ft2 of surface area in sblator weight.

' The heat pipes would be required to transport the necegsary heat from the
SLA backface to u ccavenient and useable interval structursl heat sink; e.g.,
bulkheads. '

Iwo entry cuses were éxamined. Case i specified a 6000 nautical mile down.
range and 27o entry angle of attack; Case II specified a 3500 nautical mile
downrange and 50° entry sngle of attack. Heating ratés for the Shuttle underbady
were used as representative values, resulting in & total integrated heating
rate* of 15,000 IﬂKVFTa over an entry time of 2000 seconds for (ase I, and a
total integrated heating rate of 3,800 ETU/FT2 over 1100 seconds for Case Ii.

The initial structural sink tempersture was assumed to be 100°F for botl. cases.

For the operating temperature required (s~ 300°F) water is thermodynamically
the most efficient working fluid; its liquid transport factor cpkgo is about

n
10.5 (1011) BU/HR FTP.

The capacity of a one inch ID water heat pipe as a function of effective
length and operating temperature is given in Figure A-3.1l, which was the design
curve used in this study.

T

" .
(o]
- f q dr = Total integrated heating rate
° A-39




From Figure A-3.2 and using the total entry times pt ~vriously given,
the heat pipes would be required to carry 22,800 BTU/HR FT2 ui ablator
area for Case.I, and.9,800 BTU/HR 12 for Case II. Assuming an overall heat
pipe conductance of 1,000 BTU/HR F"2 and a 300°F operating temperature, the
availoble temperature rise in the aluminum structure (initially at 100°F)
would be 127°F for Case I and l9l°F for Case II, One hundred pounds cf
aluminum (Cp = .25 BTU/1b°F) would provide a 3180 BTU sink for Case I and
& 4780 BTU sink for Case II, resulting in a requlrement for 393 1lbs of aluminum
per £t2 of surface area for Case I and 63 lbs/ft for Case II,

Uﬁ*ng the results in Figure A-3.1, the structural sink must be within
2.4 £t of the scurce in order for the heat pipes to transfer the Cage I
.load ard within 9 £t of the source to transfer the Caze II load. These
reguirements are impossible to meet since the average weight avea density is

aboit 5 Lb/ft of surface area for the body greoup - to usc one example.

CONCIUSIONS AND COMMENTS

1. The propescd appiication of heat pipes is technicelly feasible with
certain restrictions. They cannot be applied in stagnation regions due to
excessive heating retes, and thelr use on other parts of the Shuttle depends
upon the enlry angle of attack and downrange requirements. For ethple, their
use on the underbody surfaces is more practical with higher entry angles of
attack ani shcrter dovmrange distances. Otherwigse, the heating lqads approach
the theoretical capacities of the heat pipes in the system.

2. ©Since aluminum heat pipe enveleopzs are not éompatible with water due
to gas géneraﬁion problems, more innncuous materials such as copper or monel
would have to be used. This means that the heat pipe envelopes would have to bz
bonded to the aluminum backface and could not be menufactured as integral
structure. This translaves directly iato an obvious weight penalty for the
heat pipe system, a weight penalty thet would have to be less than the ahlator
weight savings of 1.3 1b/ft2. It is estimated that the heat pipes would
weigh about .68 1b per ft2 of evaporator area ver foot of heat pipe length,

BRLUMMARN
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The material and manufacturing costs for the above heat pipe system
must also be less than the costs of a titanium structure, and it is not
clear that this ié the case. The additional steps required to fabricate a
heat pipe could make such a system more expensive, but enough information
ig not presently available to come to a definite cost conclusion.

3, The heat pipe application, &lthough techﬁically feasible, is not
gfactical since there is not enough &vailable structural heat sink to serve
the entire gurface area requirement. The Shuttle Body Group weighs about
5 lbe per fte of surface area; the wing group weighs about 7 lbs per fta of
exposed wing area (Reference 1). The volume of structural heat sink which
woudd be required for the extensive application of heat ripes is en order of
megnitude greater than that actually available. The heat pipe systemlmight
be eble to satisfy sume locael conditions if the heating rates are not high
and there is enough heet sink availedble, but the same results can be achievad
by using more ablator. ’

L, Ths problems involved with rouéing the heat pipes aroungd, along and
through vehicle structure (stringers, ribs, longerons, spars).to éet to
adequate structural sirks cannot be evaluated until a cleser exemination of
the structure is made, but golving such problems would be mejor design con-
siderations,

5. Starting up a frozen water heat pipe, which would occur during entry
from earth orbit, requires investigation. However, it is felt that such pipes
would probably thaw and function satisfactorily due to the thermal lag in-
herent in the structure,

6. The heat pipes musc be dicde types to preclude draining heat from
the internal structure to the outer surfaces and into space during on-orbit
operations.

CGRUMAMARN
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r"; APPENDIX AL

HEAT PIPE APFLICATIONS FOR HYPERGOLIC FUELED AFPU

Hydrogen/oxygen fuel cells are the primary source of electrir -l power during
all Space Shutitle niszion phases, Hoviever, the high power hydreulic systen
demards uniquely imposed during powered flight phuses are met by four AWMI's,

Each APU consists of a gas turbine driving a geer bex which in turn drives
& 5 KVA generator and a hydraulic'bystem pump. The hot turbine exhauet gas
is vented directly overboard, wiile the thermsl conditicning of the gearbox
and generator is accomplished by e circulating lubrication oil loop. This lube
oil uust be cooled (approximsteiy 20,000 Btu per hour per ATU) to maintain
acceptable oil and bearing temperature limits (500°F) thereby avoiding break-
down of the oil and contamination of the gearhox bearings.

m—

—~——

s One of the twenty-szeven initial heab pipc application concepts considered
Lf: used heat pipes to transport the heat load fram the AFU fluids to a heat sink -
at the time, LHE’ The baseline (no heat pipe) epproach to removing thiu heat
wae to use & direct oil/ IHé hent exchanger - thus using the A™'s waste heat

to pre-heat its own incoming fuel. No real purpose would have been served

{f, " in introducing an intermediete :I" heet exchanger and this heat pipe concept

received a rating of zero (outright rejection),

Since that time, & fundamental Space Shuttle pregrenm change was implemented;

iE; the substitution of hypergolic fuels for Lm? and LOX in the Orbita) Mancnvering
e Sysiem (OMS). One result of this change was to turn-eround the APU design -
s from Iﬂé fueled to hydrazine fueled. With no LH2 in the system, a new haseli“e

neat rejection approach had to be developed.

These changes brompted the thought that the new A” system mey present
design problems more readily sclved by the applicaticn of heat pipe technOLogy.
Therefore, a study of the new baseline APU thermal control design was under-
taken,

Figure A-L.1 is a schemetic rerresenting the present basaline APU thermal
control system. During powered operation, the turbine exhaust gases (a:lEOOOF) ’
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are vented overboard. The lube oil exits the gearbox (g,soo°F max) and rejects

its keat to the lubrication/hydraulics heat excnanger. The hydraulic lrop
water evapora2icr boils water to reject the Leat generated in the hydraulic

system and sbsorbed from the lube oil. (The ECS/hydraulic heat exchenger
is bypasses). o

On orbit, AFU thermal control is accomplished by actively circulating low
pressure hydraulic oil to maintain minimum acceptable temperatures (40°F).
Waste heat from the fuel cells is absorbed in the hydraulics fluid through %he
hydraulics/ECS heat exchenger and lube oil is circulated periodicaily to
dist;ibute heat to the APU componenets (replacing heat lost to space through ,
the exhaust gas dump). In an alternate concept, for low heat lesks to space;
no eirculation of the lube oil would be necessery. Instead, the‘system would
use low pressure hydreulics oil directly, in conjunction with a heat;pipe

compartment radiator panel, thus radiatively supplying hest to the AFU.

Studies were conducted to determine the optimum metncd of addressing
the primsry APU thernal problem, i.e., how to reject the 20,000 BTU/hr heat
load during powered phases. The method selected (lube 0!l to hydraulics heat
rejection) resulted in the minimum weight system. A potential heat pipe appli-

cation w.uld be to separate the lube/hydraulic interfrce with heat vipes (Figure

A-4.2). The advantage of this scheme would be to prevent the lsakage of high
presgure hydraulic system oil into the APU lube oil with the resultant
permanent contamination of the APU's bearings angd other internal compcnents.

Table A-4.1 1s a "grading" sheet for this heat plpe application. As

shown, the scheme would receive a rating of +1 (possible contender). This racing

would have excluded it from the list of eleven prime coatenders (+2 rating)
selected at this point, but nevertheless, it does poscese some merit. ad the
ccncept been carried over into the next evaluation piuase it would not have
survived the'subsequent cut> vhich reduced the field o. prime csudidates t> s.
total of six. This is shown in the evaluation sheet in Taeble 4-4.2. The
safety advantage (no permanent APU damage due to hydraulics leek) is offset

by a weight penalty - resulting in a net rating of C.
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FIGURE A-4.2

APU IUBRICATION OIL/HEAT PIPE/HYDRAULIC FLUID HEAT EXCHAWGER CONCEPT

y 50C°F : * S
: oil - ‘ Water Heet Pipes ‘
‘\:’ (~ 680 psig) /2h0°F
L Lube 011/ Heat Pipe/ -
3] Heat Pipe ' Hydraulics
3 Exchanger . Exchanger
Fluid
/ . : | 220
250o 4
<
Hydraulice
ol

* Approx. _
12, % inch ID (squere), 24" long water heat pipes built to contuin
680 psia (500°F), would be required to maintain an evaporator heat
flux of 25 watts/in2 with a total AT evaporator-condenser of ay 11°F.

These pipes, having an effective length of 12 inches, wovld have no
difficulty transporting the requisite heat load.
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T
T ' TABLE A-k.). 4
i - SHUITIE BEAT FTPE APPLICATION - IDERTIFICATION SEERT
) AFPLICATION: APU Lubrication 01l/Hydraulic Fluid Hest Exchanger
[ '
L. SYSTE4: Power IOCATION: Aft Mid Module
' :
% : BASELTWE T/C SYSTEM: Uses direct lube oil to hydraulic fluld heet
T _ excharger to transfer lube oil heat load
£ : : ‘ :
L. Mission Phase - Temp level (°F) Heat Ioad (Btu/hr)  Tramsport Iength
(%)
e : :
o Ascent 500°F (Iube oil inlet) 20K per APU
: 250°F (Lube oil out]aetg

s Deorvit 220°F (Bydraulic Iniet i%

Entry "~ (240°F (HEydraulic Outlet) 20K

APP/land 20K

- Go Around aox

| DIBCRIPTIOR: Separate lube oil snd hydrauiic fluid flow paths with

a 4 incermediary hea% pipes

PX] . '

e :

1 ADVANTAGES DISADVANTAGES

o0 ' :

1. Possiblity of hydraulic fluid l. HP AT Gecresses effective IMTD

= "~ lesking into APU lube system and avallable to accorplish heaet
ceusing irrepairable damage is transfer betweer lube oil and
totally eliminated. hydraulic oil - resulting in higher
{, . _ beat exchanger weight.

2. Beat pipe weight is direct penalty.

CORMEKNTS: None

RATING: 1

A-bg



APPLICATION:

© Criteris

1.

2.

3.

REMARKS :

Temperature
Gradient

Capacity
Margin

Power
Requirements

Control
Requirements

Weight

Safety

TABLE A-4.2

EVAWATION MATRIX ~ HEAT PIPE APPLICATIONS

Rating Compared .

to Baseline
Worse Than Better Than
X

A-50

APU Lubrication O11/Hydrsulic Oil Beat Exchanger

Corments

HP weight + increased ex-
changer velght

Possibility of hydraulic .
fluid permanently conteminat-
ing APU components is eliminated
(safety to equipment)

Net Rating - 0 (1 worse, 1 batter, 4 same)
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APPENDIX A-5

APPLICATION DESCRIPTICNS

2l

aes =

PRIME CONTENDERS (RATING = 2)

1. TPS Leading Edge . Subsystem:'Structure

High tempersature iiquid metal heat pipes can be applied to the wing
leading edges in areas of high aero-heating to reduce circumferential
{% - temperature gradients in the oxidation resictunt carben-carbon reinforced
o pyrolized plastic (RPF) camposite structure. By reducing local maximum temp-
eratures end temperature gradients, the mmber of missions the leading egdga
surfaces can fly witaout refurbishmeht is increased substantiaelly.

2. Landing Gear _ ' Subsystem: Stiucture

During certain Qrbitél conditions, heat muct be applied to the landing
géar to prevent the tires and hydraulic fluid from becoming colder than the
sllowable limits. By using heat pipe rediator pa.nsls‘ drewing heat (by means
of a dlode heat pipe) from the waste heat rejection loop, improvements in
| weight and cantrol can be achieved over the baseline systems which use electricel
heaters or fluid loop rédiatcrs. The diode heat pipe prevents reverse heat

transfer from the compartment back into the waste heat rejection system during
entry, o ’

ﬁ% 3. Avionics HP Circuit ' Subsystem: Avioaics

li ' Heat pipes can be used to replace part or all of the coclant fluid loop.
Equipment to %e cooled can be mounted on heat pipe cold rails, which would

i 7 transfer the waste heat to other heat pipes and finally " » elther a space

| radiator or the fluld lcop. This approach requires no electrical power and

no rotating machinery, unlike the pumped fluid loop baseline. »

i
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4, Modulaer Sinks Subsystem: Avionics

It 1s simpler to cool & remotely locateq, low average power output
component by some iocal meang rather than extending a pumped fluid coolant -
lcop io these remote locations. One system which does this is the heat
pipe/phase change material modular sink, corsisting of a heat pipe cold
plate {on which equipment is mounted), and a transport heat pipe which
connects the cold plate to a diode heat pipe; the diode is coupled to vehicle
structure. A connister of phase change material is placed around the trans-
port heat pipe and abLgorbs heat at times when the structure is too hot to
act es a sink. The diode shuts off at these times, preventing structural heat
from lesking back into the phase change material.

5. Alr Transport Rack Commercial and - Subsystem: Avionics
Military Alrcratt Equipment

Az a cost-saving measure, the use of standerd commercial and military
avionice equipment is planned on the shuttle. This equipment has been designed
for standard racks and requires & convective atmcsphere for yroper temperature
control, which would be provided in the shuttle by an enclased rack with a
circulating forced eir system. The circulating air could be cooled by an eir-
to-heat-pipe heat exchanger, and the heat pipes could transfer the waste heat
elither to a radiator or to a pumped coolant lcop by means of another heat ex-
changer. Use of such heat pipes makes fluid line penetrations ¢ the enclosure
unnecessary, minimizing the risk of equipment demage due to leakage,

6. Flight and Voice Recorders Subsystem: Avionics

The flight data and volce recorders for the shuttle are FAA Type III, and.
are currently located in the lower aft portion of the vertical fin. The
recorders are required to function continucusly ir orbit, and must be maintained
between - 68°F and 160°F. Analysis shows that surrounding structure can be
used as a sink only during orbit, - ‘ '

In order to avold long, out-of-the-way runs of coolant lines, heat pipes
internal to a cold place type mounting surface can transfer waste heat to
either an intermediate sink (phese change materianl or boiler) or to structure A
CGRUMIMAN
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as the situation demands. A diode heat pipe would be used to prevent
structurel heat from leaking back into the intermediete sink.

7. HP Radiator with HP Header Subsystem: ECS

This application is a radlator system for waste heat rejection consist-
ing of ten heat pipe radiator panels. Waste heat from the shuttle electronics

- 1s taken from the coolant loop (by means of a heat exchanger) or from the heat

pipe circult and carried to the radiator panel by a VCHP header with a flexible
section at the cargo bay door hinge line. Heat is distributed throughout the
panel Ey a number of small feeder heat pipes. Use of a VCHP header eliminates
the need for electramechanical control systems, increasing reliability; énd

a heat pipe radiator panel requires less micrometeoroid shieiding than &
conventional panel. ' ‘

8. HP Radiator with Integrel KP/Fluid : Subsystem: ECS
ileader ;

' This waste neat rejection heat pipe radiator concept eliminates the.
requirement in (7) above for a flexible heat pipe lesder. Flexible fluid
lines run past tae cargo bay dvor hinge line to a fluid keader on the radiator
panel. The heat pipe header evaporator is immersed in a fluid header, and the
waste heat is carried to the rest of the panel by feeder heat pipes zonnected
to the heut pipe header'a condenser. Control is provided by making the heat
pipe header a VCHP. ' ' ‘

9. ECS Cold Rail ' Subsystem: ECS

Some of the flange-mcunted électronics.modulea proposed for the shuttle
heve dissipation levels of 4G watts per lircar inch per'~ide. This value is
spproximately 16 times greater than the desigr value i.. the Apollo vehicle
and exceeds vhe capacity of simple fiuid cold rails. '

By placing & heat pipe in the centsr of the rail, the high watt density
heat load mey be spread over the length of the fluid passeges rather thun Just
a narrow section of the rail, - By increasing the util'zed fluid area, the “-
temperature drcp into the flaiad passagebshbuld decreaiie enough vo allow the

» CIRLIMMAN
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use of the proposed high watt density components.

10. HP Radiator For Fuel Cell Subsystem: Power

If the decision is made to employ heat pipe radiators on the shuttle,
the most thermally efficient concept is to segregate the loads into high
and low temperature heat loais. Most of the high temperature load comes from
the fuel cells, g0 the efficlency of the system could be enhanced by éiving
the fuel cells their oﬁn radiators. The rediator configuration could be
physically the same as that in (7) or (8).

11, Alr-Breathing Engine Compartment Subsystem: Propulsion

If air-breathing engines are used on the shuttle in the space miscion
configuratiom,.on#orbit heating of the engine components will be required to
maintain the englne within present MIL specifications: - 65°F to 160°F non-
operaticnal. In thic application, diede heat pipes are used to teke waste
heat from the pumped coolant loov system to radiator panels on the walls of
the eir-breathing engine compartment. Heat would be aistributed throughout
the panel by means of a number of small feeder hest pipes. A diode heet pipz
is used to prevent heet from leaking back into the coolant loop dwring hot
conditions such ag entr&.

POSSIBLE CONTENDERS (RATING = 1)

12, OMS LHé Boiloff Subsystem: Structure

The bolloff from the nose-amcunted OMS Lﬂé tank could be used as a heat

gink by venting it through a heat pipe heat.exchanger to cool local electronics

wounted on a heat pipe cold plate.

13, High Intensity Lights ’ Subsystem;: Avionics

By using heat pipes to couple the cargo bay and exterior highk intensity
light basesto cooler surrounding structure, life of these expensive llights can
be greatly extended because of the iower base temperatures provided.

QRUMMAN
3 g

|
wovraund

rms et

PR
‘
.y

| &M N § . - t. Ly



SR VAT TN T e

v e
PR

St Do ¥ 2 e aiamian SRR S e I T e

Ll TR

14, Battery Subsystem: Avionics

There are two heat pipe applications to the emergency power batferies
in the nose module: as isothermalizers within a btattery, and as heat trans-
port devices fruu the batteries to an expendable sink. By :ausing &ll the
cells within a battery to operate at the same temperature, battery life and
performance can be increased. If these isothermalizing heat pipes are in
turn connected to a local sink (e.g., & water tsiler) by e transport heat
pipe, fluid loop connections to the ba+terie~ {unneeded except in emergencles)
could be eliminated.

15, Tracking Radar Subsysten: Avicnies

In the baseline shuttle tracking radar, electronic: gear is cooled by

_conductively coupling it with the antenna surface whicl. then radiates waste

heot into space. By coupling equipment to the antenna with a heat ripe, =
better coupling. can be attained at less weight.

16. Fluid Evaporator e _ V- Subsystem: ECS

During mission phases other than orbit, it is impractical to use the
waste heat rejecticn radiator system &s a heat sink. Heat pipes could earry
auch waste heat to fluld evuaporstors, which would be placed at locationg cn
the shuttle near the heat sources they serve.

REJECTED (RATING = O)

17. Fuselage TPS - External Tank Subsystem: Structure
Interference Heating Area

Liquid metal heat pipes can be used in gkin struc. .e in the interference
heating area to isothermalize that area, minimizing peak temperatures and
reducing the impact of uacertainties in predicted surface temperatures.

18, 138 Panels - Subsystem: Stxucture

Liquid metal heat pipes integral to the surface structural panels cen be

A-55




used to isothermialize large surface areas, decreasing surface temperatures
and allowing use of less exotic surface materials.

19. Control Surface Pivots Subsystem: Structure

If the operating temperatures of control surface pivots can be lowered,
life and reliability will be increasecd. One means off dodng this is to asttach
small feeder heat pipes to pivot ldgn and connect these feeder pipes to a
heat pipe header. Liquid metal heat pipes would have to be used because of
fhe temperature levels involved; boiler type heat sinks could te employed. .

o

20. @4S L02 Boiloff _ ' Subsystem: Structure

A possible sink for use with a heat pipe thermal eccnirol system is the
Loé boiloff from the OMS storage tanks. The cold vepor could be vented _
througn & heat pire heat exchanger, thereby acting as a sink ard allowing the |
heat pipe to reject waste heat. - ' -

&

21, Main L0, Tank Boiloff (Boost Tanks) ".  Subsystem: Structure

A heat pipe/cryogenic heat exchanger can be developed for use as & sink
for heat pipe cooled equipment using the boiloff from the internal LO? tank in
the Grumman H-33 configuration. This sink would be aveilahle ¢aring the ground

support and boost phases of the missicn, time perlods when the space rediastors
are unavailable, )

22. C Band Directional Antenna Subsystem: Avionics

Power dissipsting electronice ere cooled by conductively coupling them to
the antenna, which radiates the waste heat into spece. By using heat pipes to
couple the electronics to the antenna, the weight involved in providing e good

conductive coupling can be eliminated, as is the nezd for exotic coatinme on
the antenna.

23. Electricel Wiring . Sutsystem: Avionices

In order to avoid overhesting the electrical virirg, one of the suggestions
' ‘ QRUMMAN
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for the baseline is to wrap the wiring around ECS lines. ECS lines are

" electrically groanded, and there is a chance of a short circuit. To el minate

this possibility3 a heat pipe coupled to a sink could be placed within the
wire conduit to cool the wire brndle.

24, Hydraulic Actuators ' ) Subsystem: Power

The desirel minimum temperature for hydraulic cylinders is 20°F. To
attain this level on orbit, heat must be supplied. A heat pipe attached to
the hydraulic cylinder (or encloging it) is connected to a suitable heat source
during low temperature conditions. Such & heat pipe application requires a
flexible joint, az the actuator moves during the entry and landing missiuvn
phases, ’

25. APU ¥luigd Cooling Subsystem: Power

The high heat loads genecrated by the APU creat a cooling requirement for
the AYU's lubriceting and hydraulic fluids, A fluid-to-heat pipe-to-fluid
heat exchanger system can be developed using the Lﬂé of the eryogenically
fueled AFU to cool the two hot fluids. )

26, Lob Natural Recirculating System Subsystem: Proﬁulsion

During boost, oxygen in the internal L02 tanks is circulated within the'
tanks by providing small emounts of heat .o grovide natursal density gradients
and thereby establish convection currents. This heat could be providead by
hect pipes coupling soame local heat source durlng boost to the riser pipe

"benvath" the tanks.
27. Weter Chiller . Subsyst .: ECS
The @rinking water can b chilled by coupling the weater to the ECS

coolant loop by means of heat pipes. This epproach avoids the possibility of
contamineting “he drirking water with ECS fluid.

A-57
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APPENDIX B-1

ﬁEAT PIPE JOINING TECHNIQUES

This appendix contains descriptions and drawings of several possible heét
pipe joining techniques. Both the ccnductive interface tyre and the internzi
mating type are presented. The former are efficient meens of thermally
connecting two complete heat pipes; the letter method enables one large heat
pripe to be made of saveral smaller subsections.

Figure B-1.)l - Conductive Interface - Saddle Bolted

This can be used to join conventional heat pipes together in series. .Ih
configuration (a) the heat pipes are completely encased between two halves of
machired saddles; contact pressure on the HP/saddle interface is provided by
the bolt torque. In configuraticn (b) the heat pipes are held in place byf
welding the tubes to the saddle recesses; the saddles are then bolted back to
back. Contact pressure depends on preload at ﬁelding. Both configurations

P - -
employ e hish themsal conductancs graass bLetween waLing suriacecg

Figure B-1.2 - Conductive Interface - Flaiige Bolted

These are extended flanged heat pipe tubes which are butt spliced to
each end of the heat pipes to be joined. The unspliced end of the extended
section is sealed. The joint between the pipgs is made by screwing or bolting
the flanged sections back to back. A high thermal conductance grease is used

between the flanged mating surfaces. -

Fignre B-1.3 - Conductive Interface - Clawped Saddle

This can also be used to join conventional heat } S in series., The heat
piives are held between the halves of machined saddles. Control pressure
between the pipes and saddles is provided sy strap type clamps every two to
three inches as required, '

Figuré B-1.4 - Conductive Interface - Socket Type

The male eveporator erd of one heat pipe is inserted into the female con-
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denser -end of the second heat pipe. The stepped wick transports condensed

fluid to the srtery gradually over a laerge surface erea.

e ”J

Figure B-1.5 - Conductive Interface - Heat Pipe Augmented Saddle

)

A thick wall tube conteining 1ntegra; heat pipes overlaps botb ends
of the pipes to be joined. Heat is transferred from the condenser end of”

y

¢

one heat pipe, through the splicing tube, to the eveporator end of the
second heat pipe. V

IR
sy ek

3

Figure B-1.6 - Artery "Y" Splice

This method can be used to split hest pipe flow patns.

st

¢
3580

Figure B-1.7 - Butt Splice

This type of splice can be made in place on fhe vehicle by using portsble
inguction neating eiements wnich dbraze the two stainless steel ends of the
heat pipe sections together. It's neceasary to use & stainiess steel section .
because the gold/nickel brazing alloy is not compatible with aluminum. The ‘E

4

required aluminum/stainless transition tubes are commercially available. The

internal arteries are butt spliced together using & sleeve made of screen v ~t

- 8
mesh or thin well tubing. . i
Figure B-1.8 - Butt Splice using Standard Fitting ' :é

{feat pipe butt splices can'be made in place on the vehicle using standard
Gamah fittings for joining’the pripe envelopes; sleeve splices can bn uged for _
the sricries. The sketch chows how & JT1L fitting can be used to join two 1 inch 3
0.D. heat pipes. ‘
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APPENDIX B-2

DESIGN CURVES FOR SELF-~PRIMING HIGH-CAPACITY MEAT PIPES

In most.potential aecrospace applications of heat pipes, minimum weight
is a requirement, forcing the designer to use the heat pipe of smallcat di-
ameter which is capable of transporting the heat load. Although many
pﬁrametric computer runs were made to determlne the effects of wick parameters
on performance, this information was not -sufficient to c¢nable the designer to
choote the pipe diameter and working fluid to be used in a particular heat
pipe application. For ihis reason, it was decided to see if 8 relationship
could be found between capacity and general heat pipe charucteristicsc which

would serve as. a preliminary sizing tool for design.

~ The first step tsken was to optimize wick parameters for heat pipes of
severalAdiameters and working fluids in order to marimiz: capacity (based on
groove dryout). It was decided to limit this study tc pipes with inéide .
diemeters of 0.5, 0.75, and 1.0 inches, and, initially, to the working flvids
armionia, water, and Freon-2l. The fluild properties uged were those of ammonia
and Freon-21 ot 90°F, and those of water af IOOOF, as thege are ncrmol oper-
afing tenperatires of electronics 2quipment, a typical shuttle heat pire
applicetion. The e#aporator and condenser sections of the heat pipes for thie
study are threaded to minicize fluid layer thickness and temperacure drope
through the fluid. Threads as fine as is practicel arc uzed; for this stuly,
a pitch of 150 threads per inch, a width of 0.002 inches, 2 root of 0.001 '
inches, and a depth of O.OOSIinches were use?, these fipures being easily
attainable. The wick paremeters varied to produce uvptimized wick designs were
the tunnel core diaméter, the yap spacing, the number of retainer webs, and
the number of spiral wraps (Figure B-2.1). A limitetion on the diameter of
the tunnel core of 0.2 inches was gset. Altnough larger dlameters are pnnsible
and theorétically provide e greater sximum cepacity. ey repregent an ex-
tension of test results and are therefore less conservative, Core diam:ters
ss small as 0.1 inches were used. These param=ters were varied to produce the
nmaximum calculztedcapacity in a heat pipe with a 48 inch evaporntor section
and a L€ inch condenser section. These dimensicns were chozen because some

parametric information on heat pipes of these dimensicns wis already available,

CIRLIMNMAN
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Once optimum wick designs had been chosen, the capacities of heat pipes
with 43 inch evavorator sections, 48 inch condenser sections, and adiac-tic
transport secticns of differing lengths were determined. Using the 1.0 inch
ID ammonia-filled heat pipe as an example, these caﬁacities were plotted
against the effective length of the heat pipe (Figure B-2.2). As the re-
sulting curves appeared hyperbolic, it was decided to plot the same data
against a logarithmic scale (Figure B-2.3). A pair of straight lines re-
sulted, cne showing the relationship between capacity and effective lengih
when the vapor flow wes turbulent; the other (for longer lengths) showed this

relationship for laminar vapor flow.

Similer date points were generated for 0.75 inch and 0.50 inch ciameter
pipes and for water and Freon-21, in all pipe diameters. These data are
plotted, by fluid type, in Figures B-2.4, B-2.5, and B-2.6.

To expand the applicable scope of this information similar curves vere
generated with.zh inch evaporator and condenser sections and plotted on the
same graprhs to show the effects of varying the evaporator and condenser lengths.
No significant difference in performance was noted except in heat pipss of very

short effective length. A heat pipe with a 48 ineh evaporator and e 4& inch

~ condenser has the same cffective length (L feet) as a heat pipe with a 2k inch

evaporstor, 24 inch adigbatic tfansport section, znd a 24 inch condenser
section, but the former will have & higher capacity. The slighkt difference in
capacity is due tc the increased pressure drop in the grooves and webs at the
higher heat flux levels associsted with the shorter evaporator and condenser

lengths.

Tne curves in Figures B»é.h, B-2,%, and B-2.06 were then used as design
tools in each apecific chuttle application. The required load to be transported
and the distance from heet source to sink being known. "Le corresponding design

point could be tound-on each of the three charte. J1 it appesred belew the

optimwn design line, thie pipe correcusponding to that line was used; if it arpeared

above the line, either :v different heat pipe or a number of i.at pipes connected

in seriec or parellel woulid be used.

B-13
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Culculated Maximum Transport Capacity ~ Kilowatts
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Maximum Capacity ~ Watts
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HEAT PIPE DESIGN SIZING CURVES

40

v

0

. . \
w n.\«;j (2 w:J Lol |

p—

!

ot

i

wrend

=

| oty

¥

wrmamd

s
&
&
N
- &
.

B d

%

~—
£
i
v &

3 3 ‘g
L s

]

UG S A0 S T

-
v
4

-

"

Gy




3000

Maximum Cepacity ~ Watts
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8pecific calculationg,

Temperatyre rop - T¢ is not Sufficient to know the Capacity or 4 heat
pipe;-;;;-;;nalty that mgt be paig to transport thig load, in the form of 8
temperature drop, mugt also be known for Proper system definiticn. The tem-
Peratire drop through the pipe is essentially & function of the fluid fi1m
coefficientg at the evaporatoy ang Condenser, Overall heat trengfep CO-
efficients (experimentally determined for ammonia ang water, ang estimateq for
Freon~2l) are given in Teble B-2,1, They Srecify the rete of heat trangfey
from the outside waly of the heat Pipe to the vapor gpace, The brea through
which the heat fiux takes place was taken to pe that of the inside wall of the

Condenger

2600
2000
1740

ent and testing g Grumman hag resulted
Ses in heat transfer coefficientg by o factor of
3.5 for the evaporator ang 1.5 for the condenger,

Q =UA 4T = ULn DAT, then

5
n
o

giving g relationship between the temperature dropr and the loading of ihe heat
pipe per unit length, for a given diametep heat Pipe, Using the datg in Table

tEF?lJRﬁ&AAth
e ]
a3 :’i‘.?'
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B-2.1, curves were plotted to produce Figures B-2.7, B-2.8, and B-2.9 for the
three fluids, and pipe diemeters considered in this memorandum,

These curves are used by calculasting the load per unit length of the
evaporator and condensger in wutta/inch, reading up to the appropriate curves,
and then recading acrosa to find the tewperature drops in the evaporator and
condenser sections in oFo These are added to determine the temperature drop

through the entire heat pipe. Tewperature drops through any conductive inter-
faces must be calculated separately.

If the heat pipe is attached to a surface by means of a séddle, only a
fraction of the pipe area et the inside diameter may be considered as effective .
heat transfer eres, and thé tewrperature drop obtained from Figures B-2.7, B-2.8,
and 3-2.9 must be multiplied by the inverse of this fraction to obtain the true

tempersture drop.

The ccefficients in Table B-2,1 come frdm neat pipec with 80 to 90 threads
per'inch, end so must be used with caution, as the pipes ccnsidered in this
memorandun have 150 threads per inch (see note in table). This should make the
curves slightly conservative, as the finer threads produce a thinner, more evenly
spread fluid layer. Development work in this ares is continuirg and the date
will be presented as it becomes available (see, for example, reference 18).
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APPENDIX C-1

Tvaluation Matrix - Heat Pivoe Applications

Cc-1.1
" APPLICATION: Leading' Edge TPS - Heat pipes iaothermalize circumferentisl and
longitudinal temperature gradients in local high heating rate arecs.
RATING COMPARED
TO BASELINE
CRITERIA WORSE TEHAN | BETTER THAN CO.AERTS
l. Temperature Gra=- X Isothermalizes Leading Edge
dient
2. Capacity Ma.rgiu X Heat pires can transfer twice
the load required of them.
3. Power Require- - None Required
ments
- = :
4. Ccntrol Require- - None Required
ments ;
5. Weight Weight of heet pipe structure
6. Safety -

Must te fallsafe in any case.

REMARKS: Requires developmaent eff'cri in bondinrg heat pipes tec carbon/carEon
ap with an integral carbon/cs.rbon heat pipe

hackface or coming

envelope.
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Evaluaticn Matrix - Heat Pire Aoplications )
Cc-1.2 :

APPLICATION: Landing Gear - on-nrbit temperature control of wheel well -7
compartments using F-21 HP radiator. ok
FATING COMPARED g
T0 BASELINE
(RTTEnTE YODSD TUAN | BOTTTD TTAN POMMETTS T
; 3
1. Tezperature Gre- - - Brazed Joints _—
dient ' : &
| b
,% 3
2. Capscity liavgin X Excess capacity inherent in o
' HP design. It's not flow o
rate limited. 8 b
3. FPower Rejulree X Pumped loop incurs pressure -
ments i drop through rediator. b
. - &
4. Control Require- X Ruilt in diode control pre-
ments ’ vents hot case compartment _ H
load feedback to ECS. o é
Sy i
' B 2 2 - ’i
5. Weight X .95 1b/ft° vs 1.30 1b/ft f E%
6. Safety - - Both use F-21 which is non- S
toxic (Group L-5) &
N i ;_3
REMARKS ¢ Baseline gystern uses F-¢1 fluid radiator; HP system uses. -~
F-21 working riuid. .
- ~m
:
.
.
et §



Evaluation Matrix - Heat ripe App.lcations

APPLICATION: Heat Transport System - All HP system

Cc-1.3

RATING COMPARED

from source to sink.

™

TO BASELINE
CRITERIA WORSE THAN | BETTER THAN CoM

1. Temperature Gra- X Excessive AT's. Transport

dient lengths tuo long; too many.

joints. g

2. Capacity Margin X Excess capacity in heat pipes
3. Power Require- X No pumping power required for

ments HP circuit. ! .
4. Control Require- X None Required.

menis :

S. Weight X Additionanl radiator weight
needed for lower rejection
temperatures.

6. Safety X Ammonia heat pipes needed for
external transport system.

REMARKS : Temperaturé gradients are so large that system becomes marginal,
. radiator area 1is insufficient.

Tne avionics HP circuit is treated 1n a separate evaluation.

C-3
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Evaluation Matrix - Heat Pipe Applications

C-1.h4

APPLICATION: Avionics HP Circuit - HP's couple avionics to ECS fluid header.

RATING COMPARED
TO BASELINE

CRITERIA WORSE THAN | BETTER THAN COMMERTS
1. Temperature Gra- - - Equipment can operate at higher
dient tempersatures and still reject
heat, Some AT st fluid header
interface. ’
2. Capacity Margia X Excess cepacity in heat pipes
3. Pover Require- - X No flow pressure losses with
ments HP's.
4. Coatrol Require- X Eliminetes flow splits and
ments balance problems.
5. Weight - - About same
6. Safety - X No fluid connections, there-
fore, less leaks and contamin-
ation.
REMARKS ¢

por| S
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Bvaluation M=trix - Heat Pivnes Avblications

ettt )

Cc-1.5

reeTazary
PR

APPLICATION: HP/Phase Change Remote Sink.

E
5

. RATING COMPARED
! T0 BASELWE * °
‘ CRITERTA WORSE THAN | BETTER THAN COMMENTS
1. Temperature Cra- - -
dient '
{
2. Capacity Margin - -
3. Power Require- ‘ . X ) No flow pressure losses
mens
re 4. Control Require- X None Required for HP's
b ment
5
{, bttt S omm e s e o s e s s e e e e e — —
o 5. Weight - -
i
L 6. Safety - -
[

|
1
i
1

REMARKS: Although feasible, there are no definite &pplicaticns on the
Shuttle &t this time. ‘

. c;5




Evaluation Matrix - Beat Pipe Applications

c-1.6

APPLICATION: Air Cooled Commercial and Militery Equipment (ATR Equipment )

RATING COMPARED

TO BASELINE - - _
CRITERIA WORSE THAN | BETTER THAN COIMERNTS
1. Temperature Gra- - -
dient
2. Capacity Margin - - Depends on Air Hx design
3. Power Require-~ X Lower pressure drop for ECS;
ments fluid .
{ 4. Control Require- - -
ments
5. Weight - -
6. Safety X No fluid connections near equip-~

ment; no leaks and no contamina-
tion.

REMARKS: Baseline system would use ECS fluid/air heat exchanger in the
' enclosed equipment rack. ‘

c-6

L7

1?:»1.'\";

e d

L4 "ﬁi"“,

oo

RS

PRI 12 AV S ot STV e A o o
i .
.




Evaluvation Matrix - Heet Pipe Apvlications

Cc-1.7

-APPL.CATICH : Flight and Voce Recorder - Remote Heat Sirk

CRITERIA

RATING COMPARED
TO BASELINE -

WORSE THAN

BETTER THAH

COMMENTS

1. Temperature Gra-
dient

b on e a0t ven e e e o

2. Capacity Margin

3. Power Require-
ments

4. ‘Control Require-
ments g

5. Weight

6. Safety

- - Both systems designed for seme
requirement,
- ‘-- Lim;;;; by“;;;endableA;;n;"“.w
h X M None reyuired - no flc;";;;;;;nv">'
| | e sre setrconraiting
| Blintnstes tong 1t 1ine

runs and controls.

Less leakage hazard with heat

pipes.

Borzo.



Evaluation Matrix - Heat Pips Aprlicatlona

c-1.8
APPIACATION: HP Radiator
PATING COMPARED
TO BASELINE -
CRITERIA WORSE THAN | BETTER THAN COMMERLS
1. T':mpérature Gra- - - Lreazed fII? attachments
dient '
2. Capecity Margin - - Loth systemn would be Cesigned
' for seme capacity
3. Powzr Require- X Lesa power fequired
ments | due to reduced pressure losses
in radiator panel.
4. Control Require- X £lininates flow splits and
ments Lalance problems.
. .2 2
5. Veight X .95 1b/ft” ve 1.30 1b/ft
6. Safety X Bmenne- mmmz leaka, tube
puncture probability
HP: Limited amount of amnonia
in HP header (= 200 gms)
REMARFS : Supply Header Possibilities
1. VCHP header cowpled to all heat pipe trangport loop. -
2. Hybrid VCHP/fiuid header serving as o heat exchanger
interface between the heat pipe radiator pmnel and a
fluid heat iransport loop.
‘3. Individual feeder heat pipes on the panel coupled

directly to a fluid supply header,

c-8
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Evaluation Metrix - Heat Pipe Aprlicitions

Cc-1.9

APPLICATION: Heat Pipe Augmented Cold Rail

CRITERIA

RATING COMPARED
TO BASELINE -

WORSE THAN

BETTER THAN

COMMERTS

1. Temperature Gra-
dient

2. Capacity Margin

3. Power Require-
mentic

4, Control Require-~
ments

5. Weight

b e et cmriie r e —— e e o Rl

6. Safety

X Baseiine can't handle power
densities

X Baseline can't handlefpcwer
densities

X Fliminates requirement ror less
dense n»acking end longer lengths
of rait,.

- - Not appliceble.
x .

Eliminates requirement fcr less
dense packing and longer lengths

cf rail.

REMARKS: Baseline System (LM-type ECS cold rail) cennot handle high density
Without the heat pipe augmented cold rail,
previous generation electronics would have to be substituted for the

. packaging; this unit can.

newer and more compact equipment.

of equipment and fewer "boxes" mounted per rail.
longer lengths of ccld rail which would result in increased flow .
pressure losses and railtweight.

C-9

This would result in heavier pieces
The latver requires
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Evaluation Matrix - Heat Pive Applications
C-1.1 '
AFPLICATION: HP Radiator System for Fuel Cell
RATING COMPARED
TO BASELINE -
CRITERTA WORSE THAN | BETTE:? TRAN COMMENRTS
1. [lerperature Gra- - -
atent
2. Ceapzcity Mergin - -
3. Power Require- X See C-1.8
ments
4, Control Require- X
ments
5. Weight X
‘6. Safety X

REMARKS: Same as C~1.8 except &t highei' temperature, Will not be developed
as & separate application, but instead will be lumped with C-1.8.
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Evaluation Matrix - Heat Pine Applicoijons

C-1.11

APPLICATION: Air Breathing Engine Compartment

RATING COMPARED
TO BASELINE -

CRITERTA VIORZE THAN | DETTER THAN COMMENTS

1. 'Tenmperature Gra- ~ -
dient ’

2. Capacity Mzigin : X See C-1.2

3. Power Require- : X
ments

Sl e mibic e 6 s e s er o s remieas mm—— G uea Tme weme e s dew ot B v aeues o ems men Aeseres e § et ae oo s e s o s e M0 b vem s b g or

. Control Reduire- X
ments :

o —— - e 11 emaronime amavormameses v or b ssn | ae ) memcew s vosmre s

5. WVeight _ X

6. Safety - -

REMARKS: Similar in concept to C-l.é.. It will not be treated at a separatez
application, but will be lumped with C-1.2. } )
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APFENDIX C-2

HEAT PIPE RADIATOR FCR VASTE HEAT REJECTION

Before Grumman was requested to halt investigation of hent pipe waste
heat rejection radiators under this study contract, some preliminery aralysis
had been performed. This appendix documents that work and the computer pregren
written to calculate the heat rejection capacity of a heat pipe rediator.

The baseline shuttle radiator (reference 1) consiste of 700 2 of surface
arca broken into ten radiator pranels mounted on the inside of the cargo bay
doors. Under maximum heat load conditions, fluid inlet tomperature to the :
system is 117.2°F, and fluid outlet t<mperature is_35.5°F' The working flu{d
is Frecn-21, flowing at 2,000 1b/hr in parallel through the panels. The heat
load to be rejected is 40,800 Btu/hr; the environmental heat flux absorbed;is
45 Ltu/nr ftg. Overall radistor efficiency is 0.9, ,

A rcomputer program to analyze the capabiiity of any of the header con-
figurations depicted in Section 5 of this repbrt vas written. To aéhievé maxi-
mum flexibility, the program was made ds general a3 pcsgible, It asaumed a flat
radiator with a unrestri-.ied view to space. A segment of the model is shovm
in Figure C-2.1. Fluid inlet and outlet temperatures, and a mean fluid

MEAN - “our
O----==--= = Q-cmm e O
R (= ___1
CONDUCTANCE,
Tep vapor
a1 )
CONDUCTANCE,
- :
~PANEL
t/ ‘ '
/\b ey
Tseacg (T*00°F)
' IRUMMAN
FIGURE C-2.1 <
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ltemperature, are indicated., Heat is transferred from the fluid to the hest
Pipe vapor temperature, which cou;d correspond either to the vapor temperaturé
of é VCHP heeder cr a feeder heat pipe. From this point heat is transferred
intc the parel, and then radiated to space; The following equations describe
the performance of this model: ' '

4 .
L
) = oT -
Qpgy = 1 {f" PANEL Q‘ABSOREED] (1)
“ouT "IN § ¢ '
T \T e T m
Trae = Tyaror * - 5 OYLT ‘ (3)
= i { T TVAPOR
ln : T =T - T‘_ .
\ CuT VAPOR
_ This equation uses the logarithmic mesn temperature difference from
heat exchanger theory as a ‘AT,
T = D - (-;3—@1 (4)
VAPOR MEAK COND1
PANEL VAPCR COND 2 .
X . e ot L
These represent five egquutions in five unknows. Defining R = eAOTPANET -
QABSORBED,‘and combining the above five equations:
// - COD 1
rc 7
i e ™ P ’
- + - =
T = Teane T T 7. . comiy tawaR =0 (6)
IP( TT&C ) :
Y
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X / ’ R . A
Since R = R (TPANEL)’ this equation can be solved numerically for TPANEL'
Once TPANEL is known, QREJECTED and then TOUT may be found. To solve a
radiator system containing a number of such sections (or panels) in series,

let TIN equal the calculated value of TOUT and resolve the equation. A
computer program which solves equation (6) by Newton's method and, if re-

quired, solves it again using its own calculated values as input for a series

of panels is presented in this sppendix.

By properly defiring Rl and R2, panels with fluid headers and feeder heat
Pipes and panels with hybrid fluid/VCHP headers can be modelled. For the
hybrid fluid/VCHP header:

1 ) 1
By =\%&) f1via to weir * \iz
- “/VCHP evaporator

=t —1. + f—
2 (DA VCHP condenser nA VCHP/feadar HP interface area

\
{2 s :
hA hA .,
feeder evaporator feeder condenser

Using these values, THP VATOR corresponds to the vapor temperature in the VCHT,

and T PANEL corresponds ¢o the outside wall temperature oif the feeder heat pipe
condensers, the "root of the rin" temperature of the panel. For the case with
a fluid header and feecer heat pipes in the panel:

/

(1 1
Ry =\m "\m
\ fluid to wall feeder evaporstor
% - (i)
feeder condensar

Using these values, THP VAPOR corresponds to the vapor temperature of the feeder
heat pipe, and-TPﬁNEL to the outside wall of the feeder heat pipe, again the
"root of the fin" temrerature.
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"The first concept to be investigated was that cf the heet pipe radiator
system closest tu thi bageline: ten panels in perallel, with hybrid fluid/VCHP
headers. The cepacity of such & system is insufficient, as can be quickly
demonstrated. The VCHP must operate at & temperature below the fluid outlet
temperature, as the heat pipe can be looked et as cooling the finid to that
level. TFurther, the feeder heat pipes must in turn operete at a lower ten-
perature than the VCHP header in order to pick up heat from the header.. The
effective panel temperature will be even Jower.

The required heat rejection rate for one panel is readily calculsted;
inclvding the environmental heat input, it is 103.6 Btu/hr ft2 In order to
reject heat at this rate, a black body must be at 36, 4° F, higher than the fluid
outlet temperature. Such a heat pipe radistor arrangement is therefore im-
practical. - '

The rediator panel configuration is shown in Figure SPL-113, Sheet 2, in
Section 5 of this report. The 1" ID VCHP ammonia~-filled header has & 6.5'
evaporator immersed in an interrally finned fluid neader and a 6.5' condenser
assumed bonded (by brazing or soldering) to the feeder heat pipe evaporstor
sections. The ammonia feeder heat pipes (13 per panel) have 5.75" evaporators
and 11' condensers. Rl and Rz,were celeculated, and the computer program run
assuming two parallel groups (one on each door) of five panels ia series.
Methods used to calculate the resistances are the sare ar those used in
Section 9.2 of this report, the heat pipe circuit.

O
Results of this computer run, with R E

A th R = 2.28 x 1073 Soarms &0 Ry =
2.102 x 10"3 Btthr, are listed in Teble C-2.1. Using the computer results,
operating temperatures of all the heat pipes employeGd were calcrlated and are
included in this table.

As shown, the heat rejected by the uncontrolled system exceeds the require-
ments slightly (in practice, part of one of the penels would be shut off by the
VCHP, providing the desired outlet temperature).
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Such a system could =asily be built with reduilant headers, and micro-
meteoroid protection of feeder heat pipes is umnecessary, so in terms of sefrty,
the se2lf-controlled heat pipe radiator system is the equal of the baseline.

Since the heat pipe system contains no valves or moving parts, it is alse wmore
reliable than the baseline,

C-17
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_HEAT PIPE RADIATOR ROUTINE

IMPUT AND INITIALIZATION
READ {(2+¢100) TP L

READ (29101) TINy ETAs COvs CONDL. CoONDZy

EX=EXP(CONDL/CPM)

Z=(ETA/CP“)*(EX/(1¢-EX))-ETA/CONDZ

I=0
TPR=TP+460

RTP=EPS#ARF A%, 1715E~8%#TPRE#4=~0ABS

SFGIN CALCULATIONS USING MEw
F=TiMN=TP+Z#RTP

20 I=1+1

30 FPzm]l +2#4, *EPS*AREA*.171
TPN=TP=F/FP
TPYR=TPM4461,
RTONSEPSHAREA® (171 3E~R%#TP
FaTIN=TPN+Z2#¥RTPN

CHECK SOLUTION FOR CONVERGEN

IF (ARSI{F)=s001) 50:50040
40 TPR=TPN

TPR=TP+4A0,
GO TO 30
SCLUTIUN FOUND==FIAD RELATED
50 QREJ=RTPN#ETA
TOUT=TIN=(ETA/CPY)#RTPN
WRITE (341023 19 TINs TOU
TIN=TOUT
IF (I=LY) 23y 6Cs 60
60 COMNTINUE
100 FORMAT (F10¢5015)

101 FORVAT (RF10.5)

102 FORMAT {1HGs 5Xe I3s 5X9
CALL EXIT

(s

/7 XEQ

c-18
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where

CORD 1
COND 2
CPM
EPS

RTP

‘RTHN

TIN
TOUT
TP
TPN
TPNR
TPR

L1}

1}

area of ¢ne radiator panel or section, in ft2

conductance 1, Btu/hr £t2 %p

conductance 2, Btu/hr ft2 °p

n C_» Btu/nr °F

€, emisgivity of radistor panel

N, radiator fin effectiveness

fraction involving exponential terms in equation (6)
function on left side of equal sign in equation (6)
derivative of F w.r.t. TPANEL ’
number of panels or sections in series

heat absorbed by AREA, Btu/hr

heat rejected by AREA, Btu/hr

R/ (TP)

R (TPN)

fluid inlet temp., °F

fluid outlet temp., °F

T pANEL’ 0F, "root of fin" rediastor temperature
TPANEL® OF, after iteratlon

o
T s R, after iteration
PANEL o

Tpanzyy R ~
part of constant not including EX on left side of equal

sign in equetion (6)

C-19




oo e - £ WEFTTVERPWMTACKT T S ST E e gy
. R ¥

. .

b e i NP SR Ada p2ET GoRRET omers i nia iatiazd L ] pramsd 258 w3y $obl W.E m&n‘.. ﬂbﬂ ik
A m, t u S O O R b o W : w SR . <o S

GrtanvnA N

wg 6T = STANVE OT ¥0d TVIOL =
owm*om L= TVICL
ong‘e g°92 €°9c 2-2€ 9°q€ - 6°6h 4
onE“E T°9€ o o goe L€y 654 €65 Y
096°‘¢€ A Loly 8°Lh 0°9¢ €66 2°6L £
05L Y 2°19 , #°19 2Tl 2°6L R 2
09L°S 2 Ll , S Ll - £°68 Co2hb 2oLt T
m «l..mmvﬁsmama ( r.ﬂov?oon-ﬁbuﬁzﬁa ( movm_o& muqmmma ( movmm WOVEH, r,ﬁe.\.asoB ( movﬁa R

T1°2-0 VL



APFERDIX D-1: FLANGE CONDUCTANCE STUDY FOR HP
AUGMEKTED COLD RAIL

The initial calculationu of the tempereature droﬁ from the module
box flange root to the cold rauil box flange root were performed using the
simple model shown in Figure D-1.1, With dimensions and materials as gpeci-
fied in refersnce 6 (dl = .25"_,, do = .15", module box of Magnesium with
K= 70 E‘-Ui-—-é-—a— ), and the 1.8 inch wide flenge specified for the thermal
hr ££7 °F model, the total R = .547
' : °F/Btu/hr. At the mounting
\ L____.._ 703" . site for the high power
N L ______ density equipment modulé,_-
‘ MODULE T_ with a 70 wett (239 Btu/hr)

?’“’“‘4’\'\/{’\”“‘7 FL‘;O‘\:(GE d, thermal input, thi. implies
' f , cm.p %Ra 5 e -Lm a temperature drc_:p of 13‘101’.
dy / RAIL WHRA, - Since the moximum allcwable
} , [FLance ' box flange root temperature’

::: 547" |t .403’ ' is 140°%, the maximum per-

! 4

! missible cold rail flange
root termperature in this
FIGURE D-1.1 configuration would be 9°F.
With e 7OOF fluid inlet tempera“ure, holding the box temperature to 140°F cannot

be done.

A higher cmductance was needed. A step st a time, the material of
both the box fla.hge and the cold reil flange waa changed to 6101 Aluminuam

alloy (k = 125 Btu ), the thickness of both flanges increased (dl =
hr £t ©F -

0.5 inches, d2 = 0.25 inchés), and, pased on reference 10, the interface

conductance raised to 1,500 -B—tu—-,-,—-— . Agein using the simple model, the

op hr ft© ©p .
total R = .221 ta implying a temperature drop at the high watt density

hr
mounting site referred to above of 53°F. While +his requires maintaining
the rail center at 87°F, this seems feasible with a 70°F fluid inlet tem-
perature, '

With flanges as thick as these, the simple model originully used is

: CRUMMARS
Dl . . NS



not adeqpéte. A mere detailad nodel network representing the two flanges
and the interface was constructed and run using a simple steady state
thermal analysis program$ the resulting temperature distribution is shown
in Figure D-1.2. Using this model, and taking a mean box fiange root tem-
perature of ll&OOF, & more accurate thermal resistance can be calculated:

. ) o
_ AT (140.0 - ®2.3)  47.7 _ L
R=g -~ 240 T TR T 9 D

With a loed of 239 Btu/hr, a cold rail flange root temperzture of 92.5°F

results. This thermal resistance is the one finelly used in the detailed
thermal model. '
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APPENDIX D-2

COMMAN ROFF(20Y ,T{ICONY ,CAP(I0C0Y ,CORDE200D) ,RAD(20N0)
1 NTOND(2,200C) ,NRAD(2,20070) ,NTN (1000} ,NRE (257) ,KEY (S) ,NQ (12D,

2 KAY (4) ,FLUX (1020¢)
COMMON TIHE, DTTMT,
1 XOMT, KOUNT
THTS SFOTTION GF THRE SHBROUTINF CALCOLATES
VAPNR TEMPFRATURE o
DIMENSTON ARFA (48)

PTINR, DK, KNIN, RNDN, N4, NS,

NO S T=1,048 ) o
S AREA(T)=1.0
-}12730

HCNDR=16,"
HCNDP=11,72
HRYPR=T,.{2
HEVPF=9,77
JZ2=J1¢1
JIN=2¢31
po 20 T=1, 01 ) L
TF O (T(T)-T(JR+1)) 1C,13,15
NOD® T TS ACTINS AS A CONDENSER
12 COND(T)=ARRA(T)¥*HCHDP
Gco T 2N
NOADT T 1S ACTINS AS AN FRVAPDRATOR .
15 COND(T)=ARER(T}*HRVPF _ .
2% CONTINIIR
no 24 I=J2,JN
TF (T(T)-T(IN+1)y 21,21,22
NODR T TS ACTING AS A Covnrﬂq&w
21 COND(T) =ARFA(T)Y*HTHDR
nO TO 24 , )
YONE I. TS ACTING AS AKX FVYAPORATOR
22 COND({T)=ARER({(I) *RRVPR
24 CONTINYE o
SHTLVE FOR STEADY-STATP VAPOR TEMDPFERATURE
25 suMce=2.,.n
SUMTC=0.0 e
DO 3N I=1,JIN !
SUMC=COND(I) +SUNC
SUMTC=COND {T) *T (Y) #¢SONTC. =~
CONTINUR
TYAP=SIUNTC/SUNHC
DPTFRHIHP WHETHFR CONDUCTANCES KUST BE CHANGED
KLANG=0 ’
Do SO 1=1,JN% _
TP ((TVAP-TLT}} /{T(JIN+T1) =T (1))}
KLANG=1
YF (T(T)=-TVAP) U43,u40,u8
T(T) WILL NOW BE CON%-DFPPD A CONDENSER
4" T¥ (T-J1) 36,36, 37
36 COND(T) HFNDF*ARPA(T)
0 TO 5S¢

1’\

35,50,50
35

D-k

: Computer Subroutine, Heat Pipe Augmented Cold Rall

KODPR,

(1IN,

KND,

ArUMMAN

coLa”

e+~

B: CLCY PORTRAN P1 CALLDATA 1TIHE - SHARTEG
SURRNNTTHE CLCHY (of o] MARAIR Y

TEYS SUARANTINE TS CALLED AT TH® START OP BUBRY TTERATTON coLonnN R
TOMMON STR(S0ND) L,UPDS(S0) ,L1(SN) ,L2(50),HLAST(50) ,PCT (%)) JOLYT
COMMON XTLI,NTABS ' corn” "’

COLN At

. Cﬁ‘-':\.\a“t\

ﬁOL"”77“”
R
T0LY~ AN
COLOTIT,
~OLNT 1YY
COLNC129s
COLATTIY
cor Y~ 1an”
COLAMYRD
2OLT N 1RD
COLIN YV T0w
coLnN 1R~
corLnrciIan’
COLNY YD,
coLN~ 21
COLN~ 22"
coLo~21n
CoL9Y 2un"
coLa~28Y,
COLATIA
20LIT 270
COLNN2RA,
coLnnra)’
COLOM I
corLar g

S TOLNNR2D.

CoLN2 I
COLN™ 342"
COLA™3RY

"TOLOT3RY

COLNP T,
COLNYIRY,
ol o AaTak Dl
ucn
tor*°u1~‘
COLN U
COLOCULYD
coLa~uun
COLC US|
coLadues”
CoLANuTIN
COLO?U“C!
coLoruar
COLNNGEIN
CoLNNSIN,
coLnna2t |

S COLGNSR?

COLNNGYD
COLO”S““]

]



e - :

L " 1

TLE: CLC1 PORTRAN P1 CALLDATA TTIME -~ SHARTINA
17 COND(T)=HCMDR®AREA (T) COLNCISH
2“0 T0 &0 (of s AT/
T(Y) WTLL NOW BE CONSTDERED Ad EVAPORATOR ol o} MARaRER
US YF (T-J1) 4R, 46,47 COL""h9
86 TOND(T)=HEVPFP#ARFA (T) CoLY YN
[0 TH 50 : coLn~fa:
47 COND({T)=REVPR*AREA(T) ZOLONAD:
5% CONTYNUR coLnte -
T{IN+ 1) =TVAD , COLN~AU"
TF CONDICTANCES HAVE CHANGED, RECALCULATE VAPOR TENPERATHURE - COLN"45
TP (KLANG) S5,5%5,25 COLTDRAL
S8 CONTYNUR ' COLNTART!
THIS SECTION OP THE STURROUTINE CALCULATES THE PLUTDL COLNT /R
FPPMPFRATIIRRS, NSTNG STEANY~STATE METHODS PROA GRAPTON COLNN5G"
no 1Y 1=100,111 . corLntI1ne
PIRST CALCULATE P&prp“gpyggggggmrrggsnﬁrggggnEOR‘EQTH FLOID coran s
PASSARES, COoLNDT2¢
T(I)=(T(I-5’}*COND(T-SO)+T(I-99)*COHD(I#ﬁS))/(COHD(I-SO)+COND(I4 ZOLNY Ty
1683} L e T . . ZoLnT U
T(T012)=(T(T-3R)*COND(I-3B!*T(Y~87)*COND(YGBO))/ COLND75¢
1(COND(T-38) +COND (I+R0}) CALNNT G
TP (T-111) 120,147, 140 coLar77C

CRLCULATE PLUID TNLET TEMPERATURES POR EACH SECTTAN,
32Y T(I-U9) =2, ®T(I)-T(T-50)
T(T-37)=2.%T(T+12} -7 (I-38) __
147 CONTINUR
CTALCULATE PLETYD GUTLET TENPERATURES
T(IR) =2, #T (111) -7 (61)
T(99) =2.%T(123) -7 (73)

couanrar,
corynjac
od0) A RO Rl
coLncgsn
CoLr782)
conLnnrg3z
CoLodsyn

RETHRY . COLACKSD
END e ) COLOCREN
i ORUMMAN
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APPENDIX D-3

HEAT TRANSFER FILM COEFFICIENTS FOR 3/8" ID INTERNALIY-FINNED TURE

In order tc formulete a thermal model for the heat pipe augmented
cold rail, en accurate estimate of the heat transfer coefficient frow the
cocolant fluid to the inside wall of en internally-finned tube must L2
available. A curve (Figure D-3) giving the experimentally-determined heat
transfer coefficient for such a tube in terms of flow rate in gallons per
minute was available, but for the Apollo Project ECS Fluid, which was a
mirture of ethylene glj.ol (60%) and water (40%). Some way had to be found
to account for differences in the rluid properties. o

The Sieder-Tate equation (reference 19, page 392) Prov1deu & means
of relating the Nusselt number with the Graetz nwsver:

L .33 M,\.lLL
'ﬁ'&=1.86l\ez} (»C)

Since G, = ;;%gi%~ » &nd neglecting the viscosity correction

term, this reduces to

b L @ Cp)
k- 186(1’ka/
'01‘
h = {(Const.) k 2/3 (a cp) 1/5 where the constant

is solely dependent cn gecmetry.

The film coefficient for distilled water at the same flow rate and
in the same tube i3 obtained from that ror 60-40 glycol by using a ratic based

on the above equation, dropping geometry and flow rate terms:

o 2/3  1/3
hwater (k ¢ )

h = 2/3 173
glycol , :
. (= p )glycol

As fluid property data for both water and a 6uU-L0 glycol/water mixture are

water

readily available, this correction is easy ¢ epnly.
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LYTRON TUBE (3/8 ID)

318 x 3116 Inner Fin
14 Point

A;/B mp = -098 FtZ/Ft of Length (Full Circumference Area)
REF

. (Iytron Test Data)

62.5 Ethylene Glycol
+
37.5 Water _ 2SOOF
By Weight
L0OG
3004
[£3]
o]
N 200 1
e}
R
¥
FE)
m
o 100
Ko
T Y . 1 11 T T -
0 .2 Y .6 GPM
FIGUE™ D-3
D-8
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APPENDIX E - AVIONICS HEAT PIPE CIRCUIT ANALYSIS DETAIL

L 1
(1) Conductances all conductancee are of the kA or hA  type.

© box flange-to-feeder heat pipe: (saws module box and flange as

.57 (x_m% = .0059%°F/Btu/hr
R,: 25 x .2 x :

in Appendix D-1)

%
R.s (1) - = ,00u66
2" 703 x Bk x 1000
R U403 (x12) = 0070k
, 3: 125 x .125 x Lk
25 (x12) + (1k4) : + (1h4k) =

Ry 125 x .24 x Lk 500 x bk x 4 'x x .5 2000 x 4 x B x X .5
00227 + .01040 + .00260

Total resistance on 4b~inch flange = .112°F/watt

Resistance on rail (two flenges) = .056°F/watt ,
Bty
Ae indiceted, the flange ccntact conductance is 1000 ix ft2°F, and a
. Btu ' -
conductance of 500 hr ft2°F 1is used between the aluminum rail extrusicn

and the coprer sleeves insert to simulate poor thermei contact.
¢ Fesder heat pipe-to-heat header:

= (144) _ o /-
Rteeder conienser 2500 X .7 X 7.0 017 F/B‘tu/br

P = { . . g
R, nterfece = O {(soldered or brazed joirt) %
. (141 ) P

= = -O% 3

Rhee.der evaporator 2099 ¢ 7. x 1.5 9 5}

" Rpomar = L0634°F fuatt

-

R



(2)

(3)

(%)

(5)

Feeder heat pipe vavor temperature

With a maximum load of 200 watts evenly disiributed over the cold
rail, the flaage root temperature is to be maintained at or below
140°F. The temperature drop from the 140°F flange to the heat pipe

vapor, calculated uszing the conductance just obtained, is

.056 F/watt x 200 watts = 11,2°F,

and the feeder heat pire vapor %emperature is 128.8°w

Header heat pirs vapor temperatiure

The temperature drop between the 128. 8°F feeder heat pipe and the

" header heat pipe vepor is 200 x 0634 = .2 T°F, so that hea.dﬁr heat pipe

vapor temperature is 116.1°F.

Heat exchanger over-all conductance (Uo Ao)

Eeat flux betveen the heat pine header and the coolant equals
tie overall heat transfer coefficient of the exchanger times the

logaritimic mean temperature difference between the heat pipe and the

- fluia. HenceA _
Stotal - 700 = 700 =g2.1 "ﬁ“—f‘,i
UoAo = T,e = Tin = _ 096.3 - 63.1 31.7
[Tmp - Ty (1151.-681\ :
nlﬂ. ;i“—""-_T'— ol - 03}
HP cut

Jeat exchanger design

A heat exchanger design with a calculated overall heat trensier
] watts :
coefficient of 22.1 °F is required, with as small a pressure drop
as possible. In order to use the area of the hsut pipemost efficiently, tne

wipe shoi:ld be jmmersed in the fluid coolant. This Buggests usirg bare

counzentric cylinders, but when calculations were perfoméd, the required’

i~
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length of such an cxchanger is excessive

A conclusion cf reference20 is that the curves of Colburn j-factor
in veference 15 for flat plate fin heat exchanger elemente can be used
for equivalent radial fin surfaces without modification. This a'llows
the calculation of overall heat transfer coefficients from flow rate and
exchanger geometry.

The standerd formula for heat exchangers fittizig the suggested concentric

geometry is
.1 = 1 + 1 + 1 .
. 9. .
Ue ko Blueat- A ya11 B A 41044 side ;

pipe side

The term on the lerft hand side has been previously calculated, and the

heat pipe and the wall terms are both included in the measured condenser
ﬁ_lm coefficlent, leaving only the fluid eiée term to be determined ¢n
~ the basis of exchanger configuraticn.

‘To determine the fin geometry, referencel5 was used as & catalog, with
the most desirable fin being a plate fin element with few fins per inch
(to minimize pressure drcp) and with short fins (to avold large distortions
of fin geometry and increase fin efficiency). The fin design cheosen is
that of refexcncels, figure 10-26, page 195, having 1l.1 fins per inch
0.25 inches high. A

With vater flowing through this fin geometry wrapped around the

0.875 inch 0 D. heat pipﬂ at 85 1b/hr, the Reynolds Number is 75 2, and

the Colburm J-factor is .0349. The exchanger film coefficient and efficiency
Btu
are 38.3 b £62°F  ard .901, respectively. Total heat transfer area is 1.812

times L, where is the exchanger lergth is fect.

E-3
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The required length of the exchanger can nov be calculated by

gl gt

using the above equation:

1 = 12 + 1
22.1 x 3.41 2500 x x OTS X L S +901 x 3B.3 x1.812 x L

-01329 = 00175 + _,01£00
L L

80 L}equired = 1.335 feet = 16 inches

g red ord
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APPENDIX F-l

System Heat Leaks

To minimize the heat t-ansfer from the enviromnment to the modular
heat sink system all componerts will be covered with a & inch thickness
of TG-15000 insulation. The outside surface of the insulation will slso

be wrapped with a single layer of oxidized nickel foil to provide a radia-
tlon berrier,

1. Flat Plate Configuration (Cold Plate and box surfeaces)

(1) = ipside insulation (107°F)
(2) = outside insulation '

(3) = structure (207°F)
(4) = atmosphere (207°F)
€, = .05
QB' s 20
Fpg = 1
Ry -12 2 .4
—-— = .12 (207F) Bry/Hr in" R
. K '
1 . k. . 00267 BTU
A 't ot Hr 1n® OF
K, ' -3 PTU
- ——— h: 1695 (lo )
A Hr in° °F
B3 < 3.2 gr_'I:_U for A = 28 in2

Neglecting radiation which is less than 10% of the heat gain eayway,
the following general expression is obtaired.

%1 .00267/%
A(T,-T)) L 4 200267

ht

(Flat Plate)’

| BRELMMAN
F-1 '
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PCM Container:

I‘i
AT % 100°F
Q = 7.1 BIU/Hr
HP's: L = 5+ 14 =20 in of
r, = .625 r, =T +
AT & 100°F
Q = 7.0 BTU/Hr

Diode cunduction losses =

Bolt/washer conduction losses for a No. 10 steel bolt ami
fibergless washer = 048 BTU/Hr °F per copncetion.

L=121in

LZT3 - Tl) - T
k + ro h 1 (
r
For h = .693 (10'3) BTU
Hr in® OF
k = .00257 BTU _
Hr in °F
Q .00165 To
LAT - r

2,67+ .6% 1, 1, (5

i

inside insulation
outside insulation

atmosphere

(Cylinder)

exposed length
.25

1 watt for a .028 wall

F.2

CRUMMAN
R ST

»3 inch thick"

H i [
g 4 v

j

¢ .
Liogaoh

fraed




Tote.l ambient heat gain

22

(35)(3.412)

¥ 22 BTU/Hr

18.5 % of dissipation
use 20% for design

F-3
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APPENDIX F-2

PCM Container Analysis

Assumptions:

(1) Contact resistance betwecr the filler matarial and cold plate
or heat pipe 18 negligiblae.

(2) Three dimensional heat traasfer effects are neglectéd due to

uniform epplicat.ion of heat flux and close proximity of filler
meterial.

The required éffective conductance of a PCM is defined as +he ratio of beat
flow into the PCH to the temperature Hifferince between the PCM melting point
and the'maximum heat pipe wall or cold plate temperature.

Q
hwor

,KEFF=%JM_

1. Cylinder Container - Circular Fins

j
f Z+S

Y

= FINS FPEX JACH

Fin Kz .

e



2 2
hT(ro -, )

, h—ﬂ_kF t
K = K. =
LT T Ty 2 = Kpoy
ﬂrkpcf, s
K B cmmmattrmc—— sm—

3 1n (ro/ri)
In o length, L, there are fL fins.

Effeétive Ccnaductance

2 2
ﬂr}‘i v 5oy (T =1y")

dnlr,/r;) S

—~EL - "7 3
L kp t . Kpem(ry -7y")
dalrg/ry) 8
Fin Weight
W
r 2 2
<= £ fF‘ tmro - r,%)

PCM Weiglit
Wrem '2 o |
—5 = fpcm 77(r° -ri) (L-¢£¢)

2. Cylindrical Container - Longitudinal Fins

DQ/-I -

X

FIN

»?'-’A-"fi

i

&
'5’. .‘ t

' Lot

4

ARy

4

GRAULNMAN
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Esekiths

2 2t L kl-‘ h L r, {ro
g <, = — E_ T b
17 - ) K . |7 Kpem
i s
o (rg = T) ey 2,
e K3 = o N = = No. of fins
E ro-ri(lvbln(fg\) t+s
s
g For N fins in a length L:
7 Effective Coné’uéta.nce
= btk T, r.\ s A
4 Kppou om0 5 2UF) v T o) Rpgy
= N o) i + (2]
L t - 2r (ro\) . iT
, J - + in [-= r -r. {1 - 1n -—-) )
‘ \(ro ri) ] ry kPCNI o i \ri
53 o )
%3 Fin Wei@t
W, - i
8 £ . -
8 A N fF,t (ro ri)
7 PCH Weight
.;;-;;
V. 2r
PCM_ _ 2 _ 2 i,
3 L /PCM-’T(ro 'ri)(l—r+r zt)
& °o"i
73 - Iongitudinal Fin Resulis (t = .015, ry = .31, r, = 1.56)
43 '
- x 2 Yeew 1 B YooraL
:‘3,"' N L Hr "F-in L " in L
N 10 -302 .198 | 218
% o .Sh .194 .234
x . J o3 5 0187 02147
Lo . .325 ) .182 .262
4 :
a:
77
i
‘13; WRUMPMAN
& -

F=7
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3. Rectangular Container -~ Straignt Fina
rod
| ¢

Lo+ el

2
u
ot
+ e
7}

TP P
-\;:Sg

fins per inch

: L A Ke_k?cmzm
1 H -
Ke ‘
= H
: K' K3 K3 k'PCM F
cr

Neglecting the contribution of the shaded area for conductance only:

Effective Conductance

Kep.pen r ) et ¥y L 2y Sy
X

K 65+ 2k, B H

Fin_Weight <
T 2
)

) e | { 2 ——
Wp = /FtWHf:.- /?thr. (2 "+ oy

" PCM Weight '
T 2
2 i )

= (1 - - - £t 2
Yoo /Pcmmw‘l £t) /PCML(I £t) (25" + 5 r

F-8
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Rectangular Coatvainer -~ Honcycamb

Fin S b Pc
KA A

cP .
Effective Conductence

Keppow 12 kp tb kpy
i

=

2 Iy th + Ky I

Fin Welght

Wp = 6 ©bH /F
PCM Weight

Wpem

]

1.5 bd H/PCM

F-9

b =4d tan 300, d = core size
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APPENDIX G

DETAILED DESIGN CAICUIATIONS FOR THE
AVIONICS RACK HEAT EXCHANGER

A. PReat Pipe Optimization Calculations

The method used to determine the optimum number of one half inch
square, 15 inch long pipes and the relative evapcrator and condenser
section leugths is discussed below.

The total heat pipe temperature gradient, A lyp (evaporator gection
rlus condenser section f£ilm losses... transport losses being negligible)
may be expressed as a funciion of the number of pipea, N, and the evaporator
lergth, L (the condenser length is equal to 1k4.75-I inches allowing 0.25
inches for a transport section). Additionally, the evaporator section unit
heat flux, Qevap? must be determined as a function of N snd I to vev*:.ry
that fluxes of less than 25 watts/in® are achieved.

ATy = T") | 'Ch%)-

evap cond

where '
"Q = 1980 watts, design load :
heva.p 2000 Btu/hr-f’cz-oF, evaporstor film coetficieat
hond 2500 Btu/hr-fta-oﬁ‘, condenser film coefficient

An expression for the aveporating surface area, Aevap’ and condensing

surface area, A~ond’ ney be derived in terms of N and L.

2x [0.496 + 2 (0.28 Pl x3x1, aa

Aovap o c
Asong = 2% [0.1496 + 2 (0.248 }?2)] x N x (14.75-L)
In the above expressions, ’? 1 axd ”2 are the evaporator and coadenser

section cénduction fin efficiencies of the two heat pipe sides not in direct
contact with the fluid stream cores.

G=1




Using stendard techniques, these efficiencies were calculated (based
on applicable wall thickness, thermal corductivity, film coefficient and fin
height) to be 0.66 for n 1 and 0.62 for)? oo

Usirg these values, the area termaAbecome

o 2
Abvap 1.646 x Nx L, in

o a1 I 2
Ayond . 1.602 x N x (1h4.75-L), in

The expression for the total heat pipe temperature gradient therefore
becomes:

o . 295.5 242.5 o
ATy NL Y Wh.semyc T
Similerly, the expression for the evaporator section heat f£lux mey be

derived as a function of K and L.

- -9 ., _12%3 2
Yvap — NI~ » vatts/in

B. Air Side Design Conditions

As calculated in section 9-4 of this report, the total available sum
of thermal resistances on the air anc water sides of the Leat exchanger is:

0
1 1l F-hr
——— 4 e—— = 0,00362 ~——
UAAir UAWater BTU

Since tic air side film coefflclents were expected to be ‘quite lower
than the water side, and the pressure drop requirements on the air side were
quite stringent, it was decided to allocate the major portion of the avail-
able thermal resistances to the alr side. The following éplit was magde:

1 _ OF-hr _ - BTU
Wy, C 0P Thm o Uy, = 360 o

1 Or-hr | i BIU
= =  0.00084 — ; U = 100 —==_
UAWater ) BTU AWate? hr-OF
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The allowsble air gystem pressure drop cbrresponding to a fan power
allowance of 180 watts can be calculated as follows:

o, = MxAP x v xe
Ta 20T (.0150) (778) GE) xG P Y gy

0261 ¢G” & p

Q‘Fa.n = . "5 s veatts
where,
% = edr flovw rate, lbs/hr
’ = 1000,
'Qran - = fan efficlency |
" = 0.35 (per vendor supplied information)
La? . = pressure &rop ét operating temperétm*e a.ﬁd
ST pressure, in H,0
& = ratio of alr density at opéra.ting conditions
: i (10 psia, 125°F) to density at 1L.7 psia, TOOF
= ,0461/.075 = 0.614
QFan = fan power zllowanca, watts'

= 180.

A S

~ Substituting values and solving for @ A P, we obtain:

¢’A& P = 0.914 inches of 1120 (total system loss)

Allowing 10% of this figure for ducting losses , we obtain for our

" allowable core loss:

: @"AP)Core = 0.819 inches of H,0

_ The design of the air core was peiformed using a Grumman developed
technique for sizing a laminar plate-fin heat exchenger (reference 17).

The method uses & methematicel correlation of heat trans?er data for the

flow of air in rectangular ducts compiled in reference 15, In pertidular,

¢-3




R RO

1= o

it 18 found that both the product of friction factor and Reynolds nuuber,

as well as Stanton number, Prendtl nwmber (to the two thirds power) and
Reynolds number, are constant in the laminar region. By specifyin; e
allowable UA, pressure drop (¢’ 4P), flow length, and one dimension of the
frontal area, tce method allows ome to determine the other frontal dimensicn
as well as the number of core layers and fins per inch required in the ex-

tended surface.

WO cos e/heat pipe configurations were considered in arriving at the
final design. These two concents are pictured below:

,/-

/.’ /‘/‘/
Q_ /\‘,l /,~'/ // ///

- B ‘ng /// J;§Y ; f} £ A J

= O O
g L ﬂb.,-D-,....ZB...,D l'_ ;
= (o I |
-E'-, O =l
o 2

4

in concept #1, the air cores are positioned adjacent to a single row
of 8 heat pipes. Although design calrulations wvere performed, this concept
was réjected The B dimension required was excessively large (approx1mate1y
6 iaches) c:ns1sting of gpproximately 40 layers of very small core material,
In essence, therefore, the design requirements could not be met for this

configuration.

Concept #2 positions 3 air cores about two rows of four pipes each.
The center core is actually two of the outer cores back to back since we need
an equal amount of core on either side of each row of heat pipes to achieve

ookt CRUMMARN




uniform performance. This concept proved to be the one .choscx: for the
finel design.

N

Since UAyy, = 360 Btu/hr °F, the required UA per zore is 90 Btu/hr OF
(or 100 Btu/hr °F including & 10% sefety factor).

o A S A R B v

The design caleulations using the method Cerived in reference i7, are i
shown below: i
» LI
- % [taﬂh —wz (-7 T"'x:ﬂ (I
. - % .
waere, " 3; ;
8c Yt 0 x 2.1 1 £
X = rSTD & AP Cp f W LB & '-—-'3-—' ——2 '§ -
) K
vLere, . f _ &
UA . © = requisite heat transfer coefficient, Btu/hr op ‘4' ’
L = 0.1835 fect, fiow length 3
W = 0,792 feet, heat pipe contact langth ; .
B = ccre depth i
Y] fin thickness + fin spacing _ . : i
| @ -—-—-w-—-——----——--._ﬂl Tin spicing 1.25 for 204, solid core i
K & 125 Btu/hr-ft-°F (1100 aluminwm)
=« gravitational constart, f“l;/hr2 &
, 3 i
Fsm = 0.075 1b/ft 3000
e  0.819/12 inch=s of Hz0 water ¥
Cp = specific heit of air = 0.24 Btu/1b-OF 4
Ngq = Stauton number i
£ w  friction factor
Wain = 250 1bs/hr per core ;
2 ' - L.0 + spacing plate thickness ; .
: s,
1.0 é
BRUMMA
G-5 s Ca
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/
Frem Ref. 15 for rectangular tubes having an aspect ratio, &, of 8,
2/3
A L NPR = 6.7,
Tw"lc3s
N, f —7— = 21.0,
Re TA .
where,
Tw = weall temperature, and
TA = air temparature, Op
) NFR = 0,7
or ) =1.35
Tw
6.7 (—,IT-)
K \ "A
ST _ =
- e = . ¢[3
£ 21.0 (0.7)
= 0.368
Substituting in our expression for X, we obtain,
X . = 137,100B
Assuming that +he hyperbolic tangent term is equal to 1.0,
UA = .J X,  or |
2 2.
- UA _ 100 . -
B = 5555 = 7,100 0728 ft .874 inches
To check, substituting these values into the complete expression for
UA, we get,
UA = 100 tanh (2.21) = 97.6 (good enough)
The required hydraulic diameter, 4; is calculated from
2 385 /T N, X PA
d'h = sm & ¢ A7 © WB
= 15.5 x 1070 £¢2
& = 3.935x 203 £t = 7.2 x 1073 inches
: BRUIAIRAARN
R S
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9..‘%1 » where ©\= aspect ratio = b/a = 8

Substituting, b = 0.212 inches.

the core opening, b = d’h

The number of lsyers compriting the core , is

B 0.874
AN x-S
8ince we cannot fabricate a fractional layer, we will calculate the
new geometry required for an integral number of layers.

~—

From the two expreseions sbove for d,.°
ship between B/A and §. In particular,

(3/2)3 = 22,85 x 100 2

For N = 4
B -2
5 = T7.16 x 100° ft = 0.860 inches
- 2 B'/a '
dh _ = 5 § = 004775 inches,
b ‘= B/AN = 0.215 inchea

With a spacer Plete thickness of 0.010 inches,

A = 1.05 A =

Therefore, f

Brotar = 860 x 1.05 = ,903 iuckes

_ bwr m

. . _ >
A surface ares 4 | 10. 06 £t

h = £ilm coefficient = SPANST MRe . 23,2 ppu/ne.pt2.op
, dy . ' '
$ = f£in thickress = "3‘,‘3‘ = 0.00672 inches

? = fin offectiveness = Yaoh (Z) , where

G-7
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n- and dp, we can derive a relation-
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e

V) - tenh (2.0) oo
2.0 ‘ :

i

VA  =hsSY = 12 BTU/hr-°F

-
3

Since thie is somewhat higher than we require, we can recalculate
using N = 3.
e
For N =3 2
B '2 . B
-—)-\- = 5.9x 10 " feet = O0.707 inches :
] -
- 2 BA _ L4
dh ) N 0.0524% inches -
b = BAN = 0.236 inches
for ) = 1.05 (0.010 onch spacer) -
Brotay = ©-707 (1.04) = 0.737 inches
A = 7.54 pt2 g.
'h = 21.1 BIU/hr-£t2-OF ' o *:1.

® = 0.00737 inches

Y = 0.603 :

i1

UA = hS$ Y( = 96,1 PIU/hr-F (this is good enough) il
SUMMARY ~ . : 1

The final air core design for the four cores required is as follwws: ,E

"‘«. 3 J-F\Yers ' . . . ) . - R
b = 0.240 inchss : 'E

- a = 0,030 inches -

§ = 0.008 inches (32 gauge) | | E
26.3 fins/inch A

0.010 inch plates between cores
G-8
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C. Water Side Design Calculations

The water side plate-fin cores were designed using the same methoas

previogisly outlined for the air side, with the following reétrictions:

B

H UAy) jowaple = 1200 Btu/hr-°F = 300 Btu/nr-°F per core (4 cores in
=i . : ' parallel)

. L = 0.1835 feet, flow length

éi W = 0.4375 feet, heat pipe contact length

g% . B = core depth

o ar = pressure drop, inches of water (4 psig allowable)
%§ = 1.25 for 20% solid core

= K = 125 Btu/hr-ft-°F (1100 aluminum)

L2 PSTD S = 62,1 lb/.ft3

e o : = 1.0

é‘ Cp = 1.0

ggv : ot = 8.0

o Mew = 5.9

2 Bpe X o 2 Mo~ 617

E«-; £y = 22.5

Substituting these values irto the expressions for X, VA, and dp

e

g presented in section B, we may obtain,
- OAPxB = 1.412x 1073
L dn = 3.65 x 1073 feet
g = 43.7 x 10"3 inches
[r: JEREN
@
b = 4, 221 = 0.197 tnch (.02 (feet)

By choosing B = b (i.e., a single layer core),

5432 Py
S
. rmoamd

-3 : .
4P = }_5_12_03:([@:1}9_ = 0,0862 inches of water (well below the

allowable 4 psia)

Voot &

BRURMAN
it L4



e

UA

L}

dh 'lj N 1.154 ft2

636 Btu/hr-rt2-Or

o’
S~
(¥

n

i

0.006;5 inches

j=24

[42]
~3

n

296 Btu/hr-°F (good enough)

G-10
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