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1.0 SUMMARY

. This report describes work accomplished by the Vought Corporation
Systems Division in developing an Inflatable Radiator System (IRS) for
supplying short duration supplementary cooling of space vehieles. The
program, which began i1n August 1973, was sponsored by NASA/JSC under contract
NAS9-133k6. It has resulted in conceptual designs of two flight articles,
and fabrication and tests of two corresponding engineering model radiators.
The designs have been supported by parametric trade studies, materials
evaluation/selection studies, thermal and structural analyses, and numercus
element tests. Fabrication technigues developed in constructing the engineer-
ing models and performance data from the model thermal vacuum tests will be
used in refinang the designs of the flight articles and in constructing a
full seale prototype radistor.

One of the concepts evolved during the program uses soft (poly-
urethane, perfluorcelastomer, or Teflon) tubing and a thick-silvered Teflon
flexible fin materisl. It deploys by unrolling like a party whistle, using
a gas pressurant to inflate two tubes on either side of the flexable panel.
Heavier deployment mechanisms such as a Storable Tubular Extension Member
(STEM) may be substituted for the anflation tubes to obtain more positive
control of the radiator displacement. The Teflon tubing baseline design
has three panels, each 40" wide by 25' long, with a combired 3-panel area
of 250 sq.ft. and weight of 96 1b (including pumping power penalty bub
exclusave of fluid loop components). With polyurethane tubing the surface
area and weight are i1ncreased by approximately 10%. The baseline design has
8 limited meteoroid lifetime (90% chance of surviving 2 days). A materials
study task has been completed to extend the 90% survivability period to
30 days.

The second concept uses hard (alumnum) radiator tubes and Teflon
coated silver wire mesh flexible fin material. The tubes are wound in a
helical spring configuration, forming a cylinder covered by the fin materaal.
It deploys by the inherent spring force, similar to a jack-in-the-box. The
baseline design is a single cylinder 42" in diameter end 42' long, with a
surface area of 463 sg.ft. and a weight of 233 1bs. The baseline design

has & meteoroid lifetime of 30 days.
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Fngineering model test articles were fabricated and tested in
the Vought twelve foot darameter vacuum chamber. The models have a reduced
radiating surface area but are otherwise constructed to be as similar
as possible to the flight articles so that febrication technigques, mate-
rigls evaluations, thermal performance data, and other informstion
developed 1s useful for evaluating and Improving the basic design. The
soft tube model is LO" x 72" and the hard tube model is 28" dia x 45" length.
The fin material and inflation tubing for the soft tube model were assembled
at Vought using materials and manufacturing techniques expected to be employed
on any subsequent prototype articles. Polyurethane tubing was bonded be-
ween two sheets of the fin material with G.E. SR-585, a flexable adhesive.
The fin mgterial for the hard tube model was fabricated at Vought in rectan—
gular sections of two square-foot area, snd was attached to the helieal
tubing with nylon thread and SR-585 adhesive. Materials studies and fluid/
tubing compatibility tests were conducted to determine the optimum soft
tubing for fluid passages, and for selecting an appropriate transport fluid
for the soft tube concept. As a result, polyurethane tubing with Coolanol
15 as the transport fluid was used in the soft tube model. Aluminum tubing
with Freon 21 was selected for the hard tube model.

Each of the models was subjected to repeated deployment/retrac-—
t1on cycles to test theilr dursbility and tractability in adverse environ-
ments. Thermal vacuum tests were performed to evaluate the heat rejection
capabilities of the radrators and to obtain data on operating temperature
limats, flow distribution in parallel tubing networks, jgoint conductances
at the fin/tube interfaces, and effective surface emissivities. Supporting
element tests were conducted to determine material stiffness at ambient
and low temperatures and to provide early thermal performance data during
design development.

The tests results are very favorable, and give a strong indication
that the IRS can be made to be superior in performance, cost and weight
to conventional radiator systems. The thermal performesnce of the hard tube
model was very near the expected level, and the radiator could be deployed
and retracted in a cold vacuum environment without difficulty, The effective

surface emissivaty inferred from test data, which includes radiation



transmitted through the surface but originating at other points on the
radiator, is approximately 0.83. The average fin efficiency is 0.85 and
the average heat rejection for a deep space environment is 87.6 BTU/hr-ft2.
The soft tube model also performed approximately as predicted. The sur-
face emissivity of the soft tube model inferred from test data is 0.68,
end the average fin efficiency ais 0.72. The heat rejection for a deep
space enviromment is 43.4 BTU/hr-f12. Some difficulties were experienced
in attempting to re-deploy the radiator after it had been retracted in a
cold environment, and the thermal performance was not as high as had been
predicted. However, the radiator consgtruction proved to be more flexible

than had been anticipated, and the model showed very little wear or degra

dation in performance after more than fifty deployment/retraction cycles.
The deployment difficulties were caused by gravity effects which were not
accounted for in the test setup for simulating the retraction mechanism
These dzfficulties can be corrected in thé finel design. The reduced
thermal performance 1s apparently caused by ocut of tolerance variations in
the thickness of the silver layers of the fin material, and may require
medifications in the baseline design. -

Several important facts relavent to the design and construction of
a full scale IRS were established. The soft tube concept results an
lighter system weight and conseguently higher heat rejection per vmit mass
than the hard tube concept. The soft tube radiator 1s much easier to
assemble from its components than the hard tube radiabor. The gualaty of
the silver wire mesh/Teflon fin material is much easier to control than
that of the thick f£film silver backed Teflon mabterial, and has slightly
better thermsl properties. The soft tube design with polyurethane tubing
13 very flexible, and it is likely that stiffer tubing with higher sirength

and capacity to withstand longer Adurations in a meteorcid environment are



possible. Additional trade studies involving the stiffness of candidate
tubing materials, fluid properties, end the weight of deployment mechanisms
appear to be justifiable. The-operating temperature range possible with
Freon 21 as the transport fluild is approximately -125°F to +200°F, The

corresponding ranges for Coolanol 15 is -10°F to +160°F.



2.0 INTRODUCTION

Conventional radiators, such as those of the Apollo and Gemini
programs, are structurally integral with the vehicle skin, while the
Space Shuttle Orbiter radiators line the interior of the cargo bay door.
Experiments that exceed the capacity of the primary system require
additional radiating surface area which cannot be readily provided with
fixed rﬁdiators, and thus establish a requirement for a versatile auxili-
ary radiator system. The flexible deployable-retractable radiator con-
cept permits the packaging of the radiator into a compact unit which can
be attached to the vehicle structure or hatch prior to or after launch.
On-orbit, the radiator may be deployed or retracted as shown in Figures 1
and 2 to provide the radiating surface area needed for a specific experi-
ment. The unit may be independently developed and gqualified as a heat
rejection system which will then be ready for any spacecraft or experiment,
and which will not require significant structural and systems accommodation.

The flexible radiator fin material should provide high thermal
conductance and emittance, resistance to degradation caused by ultraviolet
radiation, and strength and flexibility in a cold environment. Transport
fluids and tubing materials should be selected for optimum thermal per-
formance and pumping power requirements, operating temperature range,
chemical compatibility, and survivability in a micrometeoroid environment.
To satisfy these objectives a unique composite fin material has been
developed, extensive materials evaluation studies have been performed to
select transport fluids and tubing, and numerous tests have been conducted
to evaluate radiator thermal performance, materials compatibility, pack-
aging characteristics, techniques for deployment and retraction from a
stowed volume, and methods for interfacing with spacecraft coolant hardware.
Two feasibility demonstration flexible radiator articles representing
alternate deployment concepts and radiator fin/transport fluid/tubing
materials combinations have been fabricated and tested in a thermal vacuum
environment.

The radiator fin material developed for the flexible radiator
system has outer layers of FEP Teflon which provide structural strength
and resistance to chemical attack, and increases the radiating surface emit-

tance. The thickness of the layers is computed from effective surface
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emittance data to optimize the performance and weight of the panel.
Silver metal is vapor deposited on the interior surfaces of the Teflon
to provide thermal conductance and to reflect incident solar radiation.
The resulting composite surface has a very high ratio of emittance to
solar absorptance, and protects the interior structure from damaging
ultraviolet radiation. The thickness of the silver layer may be in-
creased to give high thermal conductance. Alternately, high conductance
can be effected through silver wire mesh which is fusion bonded to the
interior surface of the Teflon. The transport fluid tubing diameter

and spacing are selected to minimize the system weight including pumping
power penalty and structural mass for protection from meteoroid pene-
tration.

The basiec purpose of transport tubing is to provide long opera-
ting lifetime in a meteoroid environment, a wide operating temperature
range, pressure retention, and flexibility and strength consistent with
the deployment/retraction system. The characteristics of transport fluids
which influence fluid selection are: boiling point (or vapor pressure),
fire point, pour point, toxicity, thermodynamic and transport properties,
and compatibility with the tubing material. A materials evaluation
study evaluated metal tubing and a great variety of flexible materials
including fluoroelastomers, perflucroelastomers, thermal and thermoplastic
polyurethanes, polypropylenes, polyethylenes, polyester and silicone
elastomers, and various types of rubber and fluorinated polymers. Fluids
surveyed included fluorocarbons, silicate esters, and silicone fluids.

The study identified three fluid and tubing combinations: Coolanol 15 with
polyurethane tubing, Freon 21 with aluminum tubing, and Freon 21 with
Teflon tubing which satisfy the flexible radiator design requirements.
Sereening tests consisting of chemical compatibility, flexibility, and
long term thermal exposure testing were conducted for selected material
combinations, and numerous thermal performance element tests were made

to develop the radiator fin materials.

Two feasibility demonstration radiators were fabricated and tested
in a vacuum environment to evaluate overall system thermal performance and deploy-

ment concepts. The test article shown in Figure 3 is constructed with
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aluminum fluid passage and deploys from the inherent spring force of

the coiled tubing: a motor driven cable or boom compresses the coils

to retract the radiator. The other test article, shown in Figure k4,

has flexible tubing and is stored on a cylindrical drum. Deployment
forces are supplied by a gas pressurant which inflates two tubes or
either side of the flexible panel causing the radiator to unroll like

a party whistle. Heavier deployment mechanisms such as Storable Tubular

Extendible Member (STEM) may be substituted for inflation tubing in the

flight design to obtain very precise control of the radiator displacements.

Table I compares the construction and performance of the two feasibility
demonstration articles. The results show that the metal tube concept
has the widest operating range whereas the flexible tube concept has

lighter weight.

10
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TABLE 1

TUBING MATERIAL
TRANSPORT FLUID
FIN MATERIAL

DEPLOYMENT FORCE
MODEL DIMENSIONS

TUBE SPACING

RADIATOR FIN EFFICIENCY

EFFECTIVE SURFACE EMITTANCE

UPPER OPERATING TEMPERATURE LIMIT

LOWER OPERATING TEMPERATURE LIMIT
WEIGHT

METAL TUBE RADIATOR

ALUMINUM
FREON 21
SILVER WIRE MESH/TEFLON
COILED TRANSPORT TUBING

28" DIA X 45" (0.7M DIA
X 1.14 M)

1.5" (.038M)

0.85

0.83

300°F (450°K)
-140°F (178°K)
4.8 kg/m2

COMPARISON OF FEASIBILITY DEMONSTRATION FLEXIBLE RADIATORS

FLEXIBLE TUBE RADIATOR
POLYURETHANE

COOLANOL 15
THICK LAYER SILVER/TEFLON
INFLATION TUBING

40" X 72" (1 m X 1.85m)

1.0" (.025M)
0.72

0.68

200°F (367°K)
~20°F (245K)

1.9 kg/m?
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TABLE 1T

DESIGN REQUIREMENTS SUMMARY -~ FULL

THERMAT: ENVIRONMENT

MAXIMUM HEAT LOAD

FLUID INLET TEMPERATURE

FLUID OUTLET TEMPERATURE

VEHICLE PHYSICAL INTERFACE

ACCELERATIONS (DEPLOYED)

MINIMUM TEMPERATURE (MATERIALS)

ATMOSFHERIC DRAG

SCALE SPACE APPLICATTION

HOT: 55° X 100 N.MI. SUN ORIENTED
COLD- TFACING DEEFP SPACE

b KW

HIGH LOAD DESIGN POINT : 100°F
HOT OPERATING LIMIT 1 200°F

GOAL OF 40°F OR LOWER; S50°F MAX
ATTACHMENT TO AND DEFPLOYMENT FROM
MINIMUM VOLUME CANISTER. HEAT EXCHANGER
INTERFACE. DESIERE POTENTIAL FOR DIRECT
TIE-IN WITH VEHICLE LOOP. |

PER CURVE FOR 950~LB RCS STABILIZATION
(MA%. 0.02-g END OF 50' IRS)

-250°F

— INCLUDE IN STRUCTURAL ANALYSIS
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TABLE III

RADIATOR REQUIREMENTS FOR VARIOUS VEHICLES

MAXIMUM HEAT LOAD RADIATOR RADIATOR
FLOWRATE/ HEAT RANGE INLET TEMP. { OUTLET TEMP,
VEHICLE FLUID LOAD(BTU/HR) (BTU/HR} °F °F ENVIRONMENT
Shuttle 2200 Lb/Hr 71,450 7550-71,450 164.0 40.0 TO0N. M., -270N. M.
(Reference 18) Freon 21 Orbits
0-90 Peg. Inc.
Space Station 29,200 Lb/Hr 155,000 Not Defined 56 34 255N.M. Orb1t
Prototype Freon 21 55° Inc.
(Reference 19)
Modular Space Not Defined 27,425 Not Defined Not Defined 40 270N.M. Earth
Station Probably Any One Orbit
(Reference 20) Freon 21 Module
Spacelab 46,250 Not Defined Not Defined| 40 For man- Same as Shuttle
(Ref 21) ned experi-
ererence Freon 21 ments; un-

defined for
unmanned




IRS was selected as the smallest of the potential envelopes of the dock-
ing hatch for the Modular Space Station, and airlock for the Spacelab
and the docking module of the Shuttle Orbiter. By designing for the
smallest envelope this insures the IRS could be integrated into the cther
potential locstions., Cepacity for deployment from the stowage compart-
ment is a groundrule, and retractability is a 1ikely mission requirement
but was not considered necessary for initial feasibility demonstration.

The requirements summarized in Table IT were established early
1n the development program to provide a starting point for designing the
inflatable radiastor system. Additional information on groundrule selection
and mission requirements has evolved during the course of the program and
should be incorporated into the designs of subsequent prototype programs.
Of particular importance are constraints imposed by micrometeoroids and ul-
traviolet radiation. The effects of these envirommental factors on the

radiator design are discussed in separate sections below. Additional

3.2 Tnatial Concept Selection

The design requirements and groundrules of 3.1 provided a starting
point for the generstion of IRS concepts. The feasibility of these various
concepts were then evaluated on the basis of screening criteria, which re-
flected the design requirements and performance evalustion considerations.
This section describes the screening criteria and presents a series of
concept formulations/evaluations for the two key aspects of an IRS design
the radiator system itself and the associated packaging/deployment tech-
nique. The "radiator system" consists of the inflatable radiator panel(s),
the transport fluld, and any asscciated pumps, valves, and heat exchangers.

Finally., two concepts selected for development and testing are described

3.2.1 Sereening Criteria
The screening criterias estsblished for selecting IRS concepts is
given an Table ITI-A. The criteria fall into three general categories, radiator

system considerations, radiator panel design and fabrication considerations,
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TABLE III-A
PROPOSED INFLATABLE RADIATOR SYSTEM CONCEPT
SCREENING CRITERIA

PRy

““PACKAGLNG AND DEP:OYMENT
CONSIDERATIONS :

RADLATOR DESIGN & FABRICATION
CONS IDERATIONS *

RADIATOR SYSTEM CONSIDERATIONS:

State-of-the~art
Structural integrity
Manifolding

Fluid compatibility
Failure modes

Cost

Thermal Performance

o Radiator flexibility
@ Packaged volume of radiator

Packaged volume of other
components

Deployed dynamic stability

Deployment mechanism com-
plexity

¢ Retraction capability
0 Packaged weight of system

Operating Constraints
Degradation in space environment §

Pressure drop/pumping power
requirements

0 Heat exchanger requirements

BQT
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and packaging and deployment considerations. Appliecation of the
criteria at a general level is demonstrated below for the selected

concepts.

3.2.2 Radiator Concept Formulation and Evaluation
Elements to be considered in radistor concept formulation in-
clude transport fluids, transport tubaing and radiator fin materials, and
tube-fin geometric configuretions. Documentation supporting the selection
of materials for the IRS and detailed technicsl data on material properties
are given in section 3.5. General information on materials requirements
relevant to selection of an inflatable radiator concept are given below.
The major considerations in selecting a transport fluid are:
. Operating pressure (desired low for IRS structural
simplicaty)
. Preezing or pour point (condensation temperature
for gases)
. Stability of composition
. Thermal performance
. Pressure Drop Performance
. Toxicity
. Compatidbility
. Variation of properties over the design temperature
range
. Availability
. Cost
These considerations reflect application of the general screening criteria
{(e.g., thermal performance, operating constraints) to the specific task of
flumd screening.
Considering these charachteristies, three liquids, Freon 21,
Freon E-2, and Coolanol 15, were identified for use in design studies of
the inflatable radiator. In addition, use of a gasgeous transport fluid

was considered and one gas (nitrogen) was selected for further evaluation.
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Ligquid Transport Fluid Screening

The operating pressure reguired to preclude fluid phase change
igs a Qredomlnant Jaquid transport fluid screening criterion for inflatshle
radiaztor applications, since 1o be flexible the radiator material must be
thin and hence the burst pressure relatively low. Table 4 11sts some
typical 1liquid coolants and their vapor pressures at 200°F. This gives an
indication of required operating pressure for a test heat source to provide
160°F inlet temperature.

The freezing point of the fluid 1s also important for radiator
applications since it sets the lower limrtation on heat load control, 1.e.,
the lowest amount of heat rejection possible waith the radlator still) having
the capability of recoveraing to high heat load. Radiator systems are gen-
erally sized to reject the maximum heet load under the worst thermal environ-
ment which could reasconably be expected for the mission. Heat loads and
environments are not usuelly constant for an entire mission and thus under
a lower heat load (lower inlet temperature) at a lower environment the ra-
diator outlet temperature would fall below the design value. If the radiator
system is used to cool a EC/LS water system for instance as 1s the case in
the Shuttle, Space Station and Sortie Labs and the return temperature fell
below 32°F, the water loop could be frozen and thermal control of the cabin
lost. For this reason control of the amount of heat rejected by the radiator
18 reguired. The wvarious ways of accomplishing heat load control through
fluid system design are discussed in Reference {1 ), and the limitation of
all these methods 1s the freezing point of the fluid. Since 1t would be
desirable to have a wide heat load range for multiple mission capabilaty,
1t 1s desirable to have a coolant with as low a freezing temperature as
possible. Table 4 gives the freezing point of selected liguid coolants.

The combined requirement of low operabting pressure and low freez-~
ing point i1s suffrcient to sereen the liguid coolants quite extensively.

In general, liquids with a low freezing point have a high vapor pressure
at design temperatures. OFf the fluids lasted in Table Lt , Freon E-2 and
Coolanol 15 were identified as fluirds which can be operated at 15 psia

and have low freezing points. Freon 21 was also selected for further study

although 1ts operating pressure is relatively high (165 psia) for a
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TABLE

Iv

LIQUID COOLANT CHARACTERISTICS

VAPOR PRESSURE

FREEZING OR

BOILING POINT

FLUID AT 200°F,PSIA POUR PQINT °F AT 1 ATM. °F
Freon TF-DuPont 54 - 31 117.6
Freon E1-DuPont 73 -246 105.4
Freon E2-DuPont 10.3 -190 220.0
Freon E3-DuPont 2.1 -160 306.1
Freon E4-DuPont .58 -138 380.8
Frecn E5-DuPont .185 -119 435.6
Coolanol 15 . 155 -140 440.0
Coolanol 25 .0031 -120 590.0
Coolanol 35 .0031 -120 625.0
Coolanol 45 . 0001 - 85 650.0
Therminal FR .27 - 40 432.
Therminal FR-0 .026 - 15 570.
UCON HTF - L20 .0019 - 40 -
UCON HTF ~ 10 .0019 - 45 -
UCON HTF - 14 .0019 - 35 -
Freon 112 15 79 199
Freon 113 54 - 30 118
Freon 114B2 54 ~167 117
Freon 11 103 ~-168 75
Freon 21 165 -211 48
Freon 114 180 -137 39
Freon C318 260 - 42 21.5
Freon 12 430 -252 =22
Freon 22 680 ~256 -4]
RS 89A 17 - 80 240
FC-25 1.9 0 120 - 80 216
FC-43 5@ 77°F - 40 345
Oronite 8786 <] -100 -
Oronite 7277 <] - 35 -
Oronite 70 <1 -100 -
FC-77 2.3 8 120° -100 -
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TABLE

IV

LIQUID COOLANT CHARACTERISTICS (CONT'D)

VAPOR PRESSURE

FREEZING QR

BOILING POINT

FLUID AT 200°F ,PSIA POUR POINT °F AT 1 ATM. °F
FC-78 <1 @ 77°F -]22 122
Uc LB~165 <.1 - 50 -
SF-85 <.] ~120 -

F-50 Low -100 .-

L-45 Low - 67 -
Oronite M-2 <.b ~-110 -
Oronite 8200 <2.0 -100 -

DC 210 <2.5 - 85 -
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flexible system. This selection was based on the use of Freon 21 in the
Bhuttle heat rejection system and its probable use in the Sortie Lab and
Space Btation Systems. The required operating pressure of FP-Z1 23 no
problem for a "hard" system such as the Shuttle design and this fluid has
significant other advantages which led to iis selection for the Shuttle
application. Freon 21 has a Jow freezing point (~211°F) and the viscosity
15 not sensitive to temperature as are many other low tempersture freezing
point fluads, including Coolanol 15 and Freon E-2. Freon 21 is compatible
with most materials and, elthough somewhat toxic, is not highly lethal.

In addition to these advantages Freon 21 was selected for further study
since use of this fluid would make 1t possible to directly integrate the
IRS with the primary fluid system of the Shuttle, Sortie Lab, or Space
Station, thus eliminsting the requirement for & IRS -~ primary coolant system
heat exchanger.

The fluids selected have good thermal properties, and are not
highly toxic, slthough they would be required to be isolated from irhabi-
ted areas. They have gtable composition, are compatible with most meterisls
and are available at reasonable cost.

Gas Transport Fluid Screening -

Although not generally considered for conventional space radaator
systems, gases are worthy of investigation as candidate transport fluids
for an inflatable radiator system. Gas storage volume requirements are
small, and = gas could act as both the inflation medium and a low pressure
transport fiuwad 1n an IRS. A gas radiator obviously requires a heat ex-
changer interface with the spacecraft fluid system, but such an interface
may well be a baseline IRS requirement. The primary dissdvantage of gases
1s a potential large pumping power requirement. However, an inflatable
gas radiator can potentially bhe configured with large, low pressure drop
flow passages without incurring a severe pensalty in radistor weight or
transport fluid weight.

An 1mportant consideration in the evalustion of gases as inflatable
radiator transport fluids i1s their condensation tempersture. If the gas
condenses in the operating temperature/pressure range of the radiator system,

deflation of the radiator may result, with a coincident decrease in per-
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formance. As shown in Teble t , the vapors of most transport fluids
have one atmosphere boiling points in excess of 40°F and would condense
under low-load radiator operating conditions. Thus the fluid selection
1s limited to substances which are normally called "gases", such as ni-
trogen, helium and hydrogen.

These gases can be evaluated from the standpoint of thermal and
pressure drop performance in the ssme manner that liquid transport fluads
have been evaluated in the past (Reference 1l1). Since large convective
heat transfer coefficients wall be required, 1t 1s the turbulent flow per-
formance which is of ainterest. Values of turbulent flow pump power para-
meter (Pp) and turbulent conductance parameter (ngp) are shown in Figure 5
for nitrogen, helium and hydrogen at one atmosphere pressure and as a
function of temperature. These parameters are dependent only upon fluid
properties end are proportional to the pumping power and conductance,
respectively. Low values of pumping power parameter are desirgble, while
high values of conductance parameter correspond to low fluid-to-wall tem~
perature differences which are desirsble. From a pumping power standpoant,
nitrogen 1s seen to be somewhat worse than helium, while hydrogen is the
best of the three. It is interesting to note that the pumping power re-
gquirement for gases increases with temperature as a result of the .increase
of gas viscosity with temperature. This effect 1s the cpposite of that
experienced in lagquids, which require more pumping power as temperature
decreases and viscosity increases. From a conductance standpoint, hydrogen
and helium are seen to be somewhat better than nitrogen. However, the
disadvantages of hydrogen (combustibility) and helium {leakage tendencies)
tend to offset their pumping power and conductance advantages. The
availability and reasonable performance characteristies of nitrogen make
1t the logical transport fluid for further design studies of a gas inflatable
radiator.

IRS Tube-Fin Concept Screening

For a conventional radiastor, the primary consideration in tube-
fin configuration selection is the detail tradeoff involving radiator
weight and pumping power penalty. However, inflatable radiator tube-fin

concepts are first subject t0 a general screening on the basis of their
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Tlexibility, fabriecability, and structural integyity under the operating
temperature and pressure condition of the associated transport fluid. A
sequence of concept formuletion is illustrated in Figure 6 and the results
of the screening process are discussed below.

Concept A is formed by laminating two sheets of flexible material
("plastic") together in such a way as to form fins and flow passages upon
ainflation. The area which forms the tube walls may be metallized for use
with the liguid transport fluids in order to reflect solar radiastion. The
fin ares (and the tube area in the case of the gas transport fluid) requires
no metallizatiorn since, 1n genergl, the meterials wtilized will be trans-
parent to solar radiation. It 1s & very simple concept, but i1z unsuitable
for use with the Freon 21 transport fluird because the high pressures in~
volved are likely to cause delamination or a tearing failure at the flow
passage. The configuration 1s also thermally wnsuitable for the low pres-
sure liquid (Freon E-2) and gas (Witrogen) transport fluids because of the
low thermal conductivity and correspondingly low fin effectiveness.

Concept B represents the logical extension of Concept A for the
case of the gas transport fluid. Since the transport fluid mass is a
small portion of the total mass in a gas radiator system, it 1s feasible
+t0 make the entire radiating area {except for inter-tube seals) tube area.
Thus Concept B eliminates the fin effectiveness problem of Concept A by
eliminating the fins. Concept B was selected as the baseline configuration
for the gas transport fluid, =and subsequent materials selection and system
opbtimization studies for it are discussed in Section .

In an attempt to 1mprove the thermal performance of Concept A for
the case of the low pressure liquaid transport fluid, Concept C was formu-
lated. Here a metal foil is included in the lamanation to improve fin
effectiveness. The problem which immediately arises is fabrication of the
laminate. With the foil in the interface, sealing is not possible. If a
gap 18 left in the foil for hesgt sealing the resulting fin effectiveness
is unacceptable.

This problem 15 overcome by Concept D, which employs a wire mesh

in the lamnate. This mesh allows the face materials to be laminated through
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the mesh gaps. A mesh can be selected with high solar reflectivity, and
can extend across the tube flow passage and tends to enhance coqvectlve
heat transfer. Concept D was selected as the baseline tube-finqconfigu}a-
tion for the low-pressure liquid transport fluid, and detalls of materials
and system opbtimizatiron studies for 1t are also presented in Section

Concept E represeﬁ%s a first attempt at a design for the high
Pressure transport fimid. It consists of flexible plastic tubes bonded to )
a plastic-wire-plastic laminate layup such as that of Concept D, This
concept was deemed difficult to manufacture. In addition, the thermal per-~
formance and flexaibilaty characteristics of the tube~fin bond were consi-
dared guestionable.

Concept F resembles Concept E except that one sheet of the laminate
includes integral extruded tubes. This eliminates the tube bonding problem,
but feasibility of manufacturing the required extrusion (with the fin portion
thin enough to be flexible) was investigated and found to be pooOT.

Concept G incorporates the flexible plastic tube of Concept B into
the laminate itself. It 1s essentially the seme as Concept D, with the tube
inserted in the flow passage to provide structural integrity under the rela-
tively high pressures of the Freon 21 system. This appeared to be a promising
concept and was selected for further evaluation in the Design Studies Section.

To illustrate the variety of tube-fin concepts evaluated during
this effort, Concepts H and I are presented. Concept H consists of an
open cell form inserted in the flow passages of a concept such as B. The
intent of this approach is to enhance heat transfer and maintain a favorable
flow passage shape. Note that the lsminate faces must be metallized for
low solar absorptivity, since the foam would be expected to have a relatively
high absorptivity. The difficulty waith Concept H lies in the fact that the
foam tends to deform as the radiator 1s inflated and the passage tries to
assume a circular shape. Concept I represents an attempt to eliminate this
problem by bonding facesheets to the open cell foam. Performance calcula-
tions showed that the flexibilaty and pressure drop characteristics are
unacceptable, so they were screened out on that basis,

In the concept screening, consideration was also given to use of

pyrolytic graphite with ats high lateral thermsl conductivity, for fin
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effectiveness enhancement. The various properties of pyrolytic graphite
are discussed in Reference 12. In summary, pyrolytie graphite has a
lateral thermal conductivity of 200 BTU/hr-£t-°F as compared with
217 BPU/hr-f4-°F for copper. However, its transverse thermal conductivity
is some 200 times lower. It 15 relatively expensive and its attractive
thermal transport properties are offset by & high solar absorptance, which
would dictate use of a reflective coating. In addition, 1t requires a
hot substrate (1900°F to LLOO°F) for proper vapor phase deposition, thus
precluding 1ts use with polymer films. It is brattle, with & typical
mnimum bend radius of 1/8" for ribbon in the 0.0002" thickness range.
This brittleness would make stowage/deployment of the inflatable radiator
difficult. Thus pyrolytic graphite was eliminsted from further considera-
tion on the basis of this screening.

In summary, a series of tube-fin concepts have been evaluated.
Concepts B, D, and G were selected as examples for detail design study for
the gas transport fluid system and the low pressure and high pressure

liguid transport fluid systems, respectively. |

3.2.3 Deployment Concept Formulstion and Evaluation
In this section several concepts for deploying the inflatable

radiators are discussed and screened in order to select candidates for
more detailed analysis in design studies. The screening criteria, as
given specific definition for deployment concept evaluation, are

. Complexaty

. Btate-of-the-azrt

. Volume

. Weight

. Power

. Stowability

. Installation Complexity

. Potential for Retractibility

Figures 6-A and 6-B show the concepts considered in this sectaon.

Transport Flurd Inflatation - Figure 6-A shows several panel con-

figurations which could be deployed by filling the fluid passages with
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transport fluid. Virtually any panel shape can be folded or rolled in-
t0 a compact package and deployed in this menner. The package shape
would be somewhat dependent upon the deployed panel shape. A means for
retracting or stowing the panel after use would have Lo be provided
separately. A simple retraction means for the rectangular panels would
be a series of spraings integrated into the panel such that vhen the trans-
port fluid is relieved the panel will return to 1ts stowed configuration.
An example of this concept is the inflatable noisemaker seen at parties.
There a rolled up paper tube 1s inflated by blowing on one end. When
pressure 1s released a spring integrated ainto the tube rolls it up again.
Retracting other shapes would probably be more complicated.

Separete Tnflation Fluid ~ Should the filling of the fluid pas-
sages with the transport fluwad fail to result in a panel rigid enough to

withstand vehicle maneuvering accelerations, separate gas cavities could
be provided which would make the panel rigid. The panel configuration
shown 1n Figure 6-A would be deployed in this manner.

Mechanical Deployment — Figure 6-B shows several panel configurations

which could be deployed mechanically. Particular shapes imply the use of
certain types of mechanisms. STEM (Storable Tubular Extendable Member)
devices and Astromasts are compactly packaged extension devices, having
proven space applications, which are particularly of interest for this
deployment applicabtion. Both these devices may be cobtained for powered
extension and retraction or can be spring loaded to the extended position.
These devices are applicable for retraction of the panel as well as de-
ployment 1f they are powered.

Flexible solsr cell panels have been deployed in space using the
concept shown in A, with parallel stem devices supporting each side of the
panel. B 1s a variation using folded instead of rolled stowage.

C shows a panel rolled for stowage and extended using a single
Astromgst. This same arrangement could be used with a STEM device also.

The cylandrical panel shown in D uses an Astromast for deployment
and retraction. The same arrangement could also be used with a STEM device.

A circular panel could be deployed like an umbrella, as shown in

E, and retracted in the same manner.
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F uses STEM devices in conjunction with a power drum to unrcll
and reroll the radistor panel. This would allow the varying of the ra-
drator surface without complicating the transport fluid plumbing.

As an additional concept, the IRS deployment could utilize a re-
cent development of Naval Ordinance Leboratory, 55-Nitinol alloy (Reference
13). This 55% nickel, 45% titenium alloy has a mechenical memory, i.e.,
it can be plastiecally deformed below the transition temperature range and
given & permanent set. Application of sufficient heat to warm the alloy
sbove the transition temperature range, {about +150°F) causes the deformed
part to return to its original shape. Thermal deployment could be accom-
plished by electrical resastance heating of the metal 1tself, by solar
heating, by separate heater, or by explosive squib. The resistance to
metal fatigue, 1.e., endurance limit, is quite good for the alloy, and
the transition tempersture range can be varied between 300°F and -300°F
by changing the nickel to titanium ratio or by partiel substitution of
cobalt for the nickel. Self-erectable deployment structures of Nitinol
alloy have been demonstrated for devices such as antennas, coll-uncoil
tape devices., cylinders, extendsble booms, mechanical actuators, radar
reflectors, rectangular and cireular grids, and solar cell arrays. Pri-
mary disadvantages of the material are close control requirements on
alloy chemistry, and lack of available deta on 1ts perfoermsnce when used
on hardware deployed in space. In addition, 1ts reguirement for a con-
trolled, external energy source is a significant disadvantage.

Initial Candidate Selection

Based on the screening criteria of Table TII, three candidate
deployment system concepts (Figure 6-A, Concepts B and F; Figure 6-A, Concept
D) were initially selected for additional study and development. ILater
additional concepts which are sble 10 survive long pericds in a micro-
meteoroid environment were included in the 1list of candidates. These
concepts are discussed in detaill in Section 3.3.3, Selection of Concepts

for Design Studies.

3.2.h Radrator Material Evaluation
State-of-the~art plastic films, which are the prime candidste

meterials for the IRS panels, have been well established as either
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inflatable structures and/or thermal control surface materials. The
plastic falm serves both these functions in the IRS concept. It must
act as the primary structure of the IRS itsélf, while retaining the
transport fluid and meintaining a panel configuration which allows heat
to be rejected as the fluid in circulated. In addition, the surface of
the £ilm must have optical properties which are stable and which allow
the IRS to efficiently reject heat. A low solar absorptance and high

emittance are thus required.
In any of the IRS concepts considered for system trades, a
*plastic film is required as the prime structural component. Any film
considered as an IRS material must have the abllity to meet these general
and specific criteria
. Chemical compatibility with the heat exchange
flmad
. Minimum degradastion of mechanical and optical
properties due to solar ultraviolet and other
damaging i1rradiation
. Low solar gbsorptance
. Haigh emittance
. Mechanical properties to retain shape and
fluid pressure at the temperature extremes to
be experienced by the IRS
. Formable by heat sealing to itself or heat
bonding to metals or other polymers
. PFlexability to aid deployment by electro-
mechanical, thermomechanical, or pneumatic
techniques
. Adequate thermal conductivity to allow heat
transfer across the film
Table 5 lists candidate film materials with key properties noted. Thermal
effects or solar ultraviclet degradation disqualify most polymers execept for
the polyimides and fluorinated ethylenes and ethylene propylenes. The
polyimide film, particularly the polyimide/fluorinated ethylene propylene

{FEP) laminate, has attractive mechanical and thermal properties. Un-

32



€E

40
2004 S HpVd TYNEL
aH 40 ALTEINE0ddEs

MATERIAL
Polyethylene

Chloroprene

Polypropylene
Polycarbonate

Polyvinylidene
fluoride

Polyvinyl
flouride

Polyester

Polyimide

Polyimide/FEP
Tam1nate

Ethylene tetrafluoro-

ethylene copoliymer

Fluorinated ethylene
propylene

TABLE 5

TRADE NAME
Bakelite

Neoprene

Clysar

Lexan

Kynar

Tedtar

Mylar

Kapton H

Kapton HF

Tefzel

FEP Teflon

PRINCIPAL
ADVANTAGE (S)

Ease of heat sealing
FlexibiT1ty at ambient
temperatures
Mechanical strength
High 1mpact strength
Chemically 1nert
Chemically 1inert
Mechanical strength
Mechanical strength
Heat sealable, mechanical
strength

Mechanical strength
reported good optical

nroperties.

Low solar absorptance,
High emittance, uv stable

CANDIDATE IRS MATERIALS

PRINCIPAL
DISADVANTAGE (S)

Brittle at Tow
temperatures

High solar gbsorptance;
brittle at Tow temperatures

Brittle at Tow temperatures
Tends to craze

Limited uv degradation data

Loss of strength after thermal

exposure

Loss of strength after thermal

exposure

Not heat sealable,
high solar absorptance

High solar absorptance
Lim ted solar
ultraviolet (UY)

degradation data

Relatively Tow
mechanical properties



fortunately, the yellow-gold tint inherent in the film raises the sclar
absorptance to unacceptable levels as the primary IRS material.

The ethylene-tetrafluoroethylene copolymer (ETFE) is a state of
the art fluorocarbon film having mechanical ruggedness, bear resistance,
impact resistance, and resistance to degradetion by radistion as outstanding
properties. The chemical and optical properties sre similar to the more
familiar FEP. It i1s considered as an inflatable radiator material since
the yield strength in tension is about twice that of FEP. Other factors
being equal, this allows a twofold margin of safety or a film thickness
of one half that of FEP for a similar fluid operating pressure. In a number
of other key properties, the EIFE 1s superior to FEP. The density as 20%
lower. The impact strengbth is more than twice as large; tear strength is
four to five times higher. Fabrication and heat sealing techniques are
similar to those for FEP with sealing pressures being somewhat lower on
ETFE. Resistance to radiation degradation is improved by a factor of three
with 1little effect being noted on tensile properties of the ETFE after ex—
posure. Unfortunately, little data exists on the effect of solar ultra-
violet radiation on ETFE {Reference 1l). Primarily for this reason, the
ETFE will be considered an alternate material for radiator fabrication
unt1l the UV degradetion limits are established.

The fluorinated ethylene propylene (FEP) film represents the most
chemically inert polymer available as 8 heat sealsble material. FEP film
has a service temperature range from -400°F to +395°F. The resistance to
tearing, abrasion, and impact is quite high at ambient temperature and re-
mains useful in the cryogenic range. The FEP film resists degradation due
to solar uiltraviolet radiation better than alternste heat sealable films.
(Reference 15). It has been haighly successful as & substrate for thermal
control coatings on numercus spacecraft and satellites. Flight hardware
using FEP film in the thermel control systems includes SAS-A, SAS-B, ALSEP,
Skylab, Mariner II, Mariner V, 0S0-H, 0GO-6, IMP-1, 0A0-B, and OAO-C. The
combination of low solar absorptance and high emittance found in FEP 1s
more favorable than in other candidates for IRS use. This, couples with
the resistance to solar radiation degradation and adequate mechanacal
properties, leads to selection of FEP film, type A, as the basic material
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of fabrication for the inflatseble radiator system.

3.3 Concept Developments

Design requirements, groundrules and concepts esteblished in
the initial stages of the program served as a sbarting point for a more
detalled development study, the purpose of which was to devise and design
two anflatable radiator concepts and demonstrste their feasibility in
a thermal vacuum test. Thas section documents the analysis, concept
generation studies, screening studies, design studies, and element tests
leading to the selection of the two concepts, and the optimization of
their designs. A summary of the accomplishments and milestones of the ~
concept development study i1s given below.

(1) Orientation briefing at NASA/JSC on 13 September 1973,
at which time design requirements and groundrules were
finslized.

(2) Concept generation studies, under which two basically
new tube-fin approaches were added (hard tubes and
thick-silvered Teflon fins)

(3) Concept screening studies, under which tube-fin concepts
were evaluated along with potential manifolding schemes
and deployment concepts to select five candidate tube-
fin concepts for design studies.

(4) Design studies, under which meteoroid protection require-
ments have been evaluated, materials space radiation
stability has heen assessed, materials element tests have
been conducted to determine fabricability and flexibility
of concepts, and additional trade studies have been carried
out leading to the selection of the two most promising
concepts to support the Concepts Briefing.

(5) Concepts briefing at NASA/JSC on 20 November 1973, at which
time agreement was obtained to pursue the following two
concepts throughout the remsinder of the design studies

(a) Cylindricel hard tube concept with a silver

wire mesh/Teflon film laminate fin material
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(b) A roll-up soft tube concept with an evaporated
thick silver/Teflon film fin material.

(6) Additional evaluation under Design Studies on the evapora-
ted thick silver-Teflon film concept to determine an ap-
propriate compromise between panel area and weight.

(7T) Element tests during December 1973 to evaluate techniques
for bonding the Teflon/wire mesh laminate to hard tubes.

(8) Additional analyses during January 19Tk to study the effect
of halving and doubling the silver thickness in the thack
silver-Telfon film concept.

(9) Informal Review by NASA/JSC at Vought on 27 February 19T7k.
Redirection by NASA at that time to relieve the meteoroird
design requirement on the soft tube concept to thé‘point
that it does not control tube stiffness.

(10) Precursor thermel vacuum element test on 5" x 8" thick-
silver test article on 27 March 19Tk. Verified Teflon tube
wall and fin tempersature drops.

(11} Receipt- of partial order of silver wire mesh (12 £t2) on
14 March 19T4. Initiation of Spraylon coating trials with
Lockheed Palo Alto Research Leboratory on 2 May 19Th.

(12) Receipt of contract Mod No. 1 on 1 May 197k to expand the
program scope to include digital thermal analysis and fabri-
cation and cold case thermal vacuum testing of a second
inflatable radiator concept. Rescheduling during May of
expanded program.

(13) Informal review by NASA/JSC at Vought on 22 May 197k to re-
View program progress, precursor thermal wvacuum tests, pre-
limnary Spraylon coated silver wire mesh elements, and
materials for thick silver film test elements.

(1k) Initiation of detailed prelimnary design effort in May
1974, with supporting structural, envirommental controcl, and
materials analysis. Concept configurations finalized, in-
cluding sizing of fluid loop components and deployment systems.

Rehashed trade studies to incorporate revised meteoroid re-
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(15)

(16)

(17}

(18)

(19)

guirements (per 27 February NASA redirection) and to in-
corporate subsystem level impacis for configurational
options. Completion of preliminary design drawings in

June 19Th.

Element tests during June 19Th for fabricability, flexi-
bality, and mechanical integrity of O laminate samples formed
of thick silvered Teflon of 3 silver and Teflon thicknesses.
Notification by Newark Wire Cloth Co. on 11 June 1974 that
the expected shipment date of the remaining GFE silver wire
mesh has s8l1d to 16 August 19T4. PFurther notificataion on

23 August of another slide to 15 September.

Formal Status Briefing at NASA/JSC on 21 June 19T4, at which
time the preliminary designs were presented, element tests
were described, and a formsl briefing document was delivered.
Concurrence at and subsequent to the meeting was obtained on
the preliminary designs,

Initiation of Steady State Design Routine (SSDR) computer
analysis of the preliminery desiens in June 197% to evaluate
design perameters ain more detail and greater fidelaty than
by hand.

Request by NASA/JSC on 26 June 1974 to re-evaluate soft tube
concept materisls selection. Submission of matrix to NASA
on 28 June comparing pertinent evaluation parameters for 19
candidate materials. FEP Teflon remains as choice for cur-

rent program (per BASA direction).

Details of the concept development study are given in References (2) and

(3). The most significant results are summarized helow.

3.3.1 Description and Sereening of Candidate Concepts

This section describes the inflatable radiator concepts considered

in the development study. Candidate designs include concepts formulated in

the initial conceptusl studies, NASA suggested concephts, and new concepis

generated during the design studies.
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Figure T shows a cross-sectlon of a gas radiator concept. In
the manufacture of an IRS for a moderate pressure, gaseous transport flud,
typically nitrogen at 15 psi, the gas flow passages are wide, ca. 2 inches. _
This IRS would be fabricated by heat sealihg a series of parallel passages
along the desired length of doubled FEP film or FEP tubing, a8 shown in
Figure 7. Headers, manifolds and gas transfer passages as shown in Figure
8 are formed by heat sealing with thermal impulse equipment. Impulse sealers
are now available for curves and irregular contours as well as more conven-
tional linear seals (Reference 16). The structural limit of a heat sealed
joint would be defined by tension in the film adjacent +o the seal, rather
than by peel within the heat seal 1tself, since the strength of FEP heat
seals made using current impulse technology approach that of the f1lm it-
self (Reference 14). Gas radiator deployment concepts considered in the
design studies are shown in Figure 9.

Both moderate pressure, typically Freon E-2 at 15 psi, and hagh
pressure, typically Freon 21 at 165 psi, transport fluids are considered in
conceptual TRS designs. High lateral thermael conductivity is required ain
elther of the systems using a liquid hest transfer fiunid. The Freon E-2
transport fluid system is detailed in Figure 10. Note that a silver wire

mesh is proposed as the high thermel conduetivity material. Selection was

based on the high thermal conductivity wvalue intrinsic in the silver wires,
the low solar sbsorptance of the silver, and the availability of 0.002"
silver wire with adequate strength for weaving into the "open" mesh of

67 wires/inch in the warp direction and 40 wires/inch in the fill or

shute direction was dictated by both thermal considerations and current
metal weaving technology. The mesh would be laminated within the FEP film
by either of two approaches. A hot roll, continuous laminating mill heats
and compresses the FEP film to force a bond between and through the open
areas of the silver mesh. The roll configuration i1s fixed so that a con-~
tainuous pattern of unbonded flurd flow passages 1n either the transverse

or longitudinal darection is produced from the leminating mill., Headers
and manifolds are formed on the laminated sheet by configured, impulse
sealing equipment. The result 1s a laminate of silver mesh withan the

FEP fi1lm. A waide strip impulse type heater designed to seal a long, narrow
aresa, typieally 2' x 0.25', could also be used to produce the desired
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w— 05 HEAT SEAL

TWO-SIDED RADIATOR DESIGN (OPTIMIZED)

TRANSPORT FLUID : N @ 15 psia, 744 pph

RADIATOR PANEL AREA

310 £t2

PROJECTED TUBING AREA : 97.6%

WEIGHTS : PANEL AND GAS - 16.5
POWER PENALTY ~ 2.0

VEHiCLE INTERFACE

18,5 LB.

: GAS-TN~-LIQ. HX

FIGURE 7

GAS RADIATOR CONCEPT
PROPOSAL BASELINE

SCALE 111

FEP TEFLON — 002 THICK

FEATURES

e SIMPLICITY
FLEXTIBILITY
COsT

WEIGHT
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5 PASSES EBACH, 9.5' LONG

FIGURE 8 TYPICAL GAS RADIATOR MANIFOLDING



B. STEM DEPLOY - RETRACT

A. FLUID PRESSURE DEPLOY -2 B |
WIRE SPRING RETRACE t L=in

800 IN° PACKAGED VOLUME

OF RADIATOR PANEL

JU SN

C. FLULD PRESSURE DEPLOY, NON-RETRACTABLE

FIGURE 9 TYPICAL GAS RADIATOR DEPLOYMENT CONCEPTS
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FEP TEFLON = 002 THICK

075 DIA
FLOW PASSAGE —
TYP

TWO-SIDED RADIATOR DESIGN (OPTIMIZED‘)

-
*
L]
»
.
-

TRANSPORT FLUID : E~2 @ 10 ps;a, 899 pph
RADIATOR PANEL AREA : 172 pp2

TUBE SPACING : 1 IN.

PROJECTED TUBING AREA : 7,9%

FLOWPATH : 13 TUBE PASSES, 39" LONG EACH
WEIGHTS : PANEL + FLUID - 14,0
POWER PENALTY - 14.5
28.5 LB
VEHICLE INTERFACE : LIQ.-TO-LIQ. HX
FIGURE 10

SCALE 5/1

40 X 67 SILVER
MESH — 002 DIA

WIRES

« & v =

FREON E-2/WIRE MESH CONCEPT
SECOND PROPOSAL ALTERNATE LIQUID RADIATOR

FEATURES

INCREASED FLEXIBILITY OVER
FREON 21 VERSION

SIZE

TUBING VULNERABLE AREA
INTEGRAL FLOW PASSAGE

COMPATIBLE WITH F-21 VERSION

DEPLOYMENT CONCEPTS: POSSIBLY

GAS RADIATOR CONCEPTS

REDUCED STOWAGE VOLUME OVER

F-21 VERSION



pattern of fins and tubes by step-sealing over the surface repetitively.
Thais method allows more flexibility ain design and fabrication than the
hot roll, continuous laminating mill., The configured impulse sealer is
again used to form headers and manifolds.

As shown in Figure 11, the IRS, based on Freon 21 transport fluid,
requires a lined fluid flow passage to contain the higher pressure of this
fluid. Tubes of several of the polymer candidates outlined in Table
were considered. Polyimide composite tubes, consisting of polyimide film
laminated between FEP film, are desirable from the strength and chemical
compatibility standpoint. Wall thicknesses in the 0.0003" - 0.005" range
are adequate to contain the high pressure refrigerant. The stiffness of
these polyimide composite tubes presents a design problem in an inflatable,
deployable system. Since the tubes would collspse and kink duraing rclling
for deployment. Storage in the collapsed and kinked condition would quite
possibly result in deterioration at these highly stressed areas, The poly-
imide tubing is limited to 3' lengths at present technology levels, a
serious disadvantage.

A viable alternative 1s FEP tubing with wall thicknesses in the
0.009" - 0.016" range. It presents favorable optical properties and can
be coiled into efficirent, packed shapes during storage. It has the added
advantage that connections to gas transfer passages, headers, and manifolds
could be made by heat shrinking the FEP tubing ontc these connectors. The
burst strength of FEP tubing with 0.062" I.D. and 0.016" wall thickness is
typically 500 psi at ambient temperasture (Reference 17). Long lenghts are
routinely available for serpentining through a deplcyable radiator. Heat
seals with impulse equipment would be possible immediately adjacent to
elrther side of the plastic tubing, or a continuous mill for encapsulating
the FEP tubes in the FEP film/silver mesh laminate as it is formed could
be developed wath grooved, heated rolls. The grooves would accommodate
the FEP tubes wathout crushing or flattening, while ellowing the leminate
bond to he made through the silver mesh. Typical manifolding and deployment
concepts for the Freon 21 wire mesh radiator are shown in Figures 12 and 13.

Laminated plastic film concepts are shown in Figures 14 and 15.

The tube spacing i1s reduced so that wire mesh i1s not regquired. This reduces
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FEP TEFLON = 002 THICK

SCALE 5/1
40 X 67 SILVER
MESH -~ 0023 DIA
066 | D. FEP TEFLON WIRES
TUBES — 009 WALL
THICKNESS
TWO-SIDED RADIATOR DESIGN (OPTIMIZED) FEATURES
. TRANSPORT FLUID : F-21 @165 Bsia, 860 pph . SIZE
. RADIATOR PANEL AREA : 172 FT . TUBING VULNERABLE AREA
. TUBE SPACING : 1 IN. . DIRECT ORBITER TIE-IN
. PROJECTED TUBING AREA : 8.4% COMPATIBILITY
. SILVER WIRE MESH : 5% FIN CONDUCTION AREA . HEAT SEAL FEP THROUGH
23% PROJECTED RADIATING AREA WIRE MESH
. WEIGHTS : PANEL + FLUID - 17.0
POWER PENALTY - 9,5

26.5 LB.
. VEHICLE INTERFACE : LIQ.-TO-LIQ. HX
OR DIRECT TIE-IN

FIGURE-11

FREON 21/WIRE MESH CONCEPT
PROPOSAL ALTERNATE LIQUID RADIATOR
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FIGURE 12

TYPICAL FREON 21/WIRE MESH RADIATOR
MANIFOLDING AND DEPLOYMENT

A. FLUID PRESSURE DEPLOY -~
WIRE SPRING RETRACT
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0" —]
MANIFOLDS ACT

AS DEPLOYMENT

SPRING

FEATURES

+ ACCOMMODATES STIFF FIN/TUBE
CONCEPTS

. SIMPLE DEPLOYMENT

. CAN BE RETRACTED

. RIGIDITY

HARD
RETURN
MANIFOLD

HARD
SUPPLY™

MANIFOLD|

‘1?

MANIFOLD-
SPACING

R

~ FLOWPATHS

TYPICAL FREON 21/WIRE MESH DESIGN

L] L] - [ - -

AREA : 344 FT2

LENGTH : 33 FT

TUBE SPACING : 1.4 IN.
MANIFOLD SPACING : 19 IN.
PROJECTED TUBING AREA : 6%

FLOWPATH : 13 TUBE PASSES,
39" LONG EACH
WEIGHTS : PANEL + FLUID - 29
POWER PENALTY - 14

I31B.

FIGURE 13 ONE-SIDED RADIATOR HARD MANIFOLD CONCEPT
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AEROTHERM FLEXITHERM SUGGESTED BY NASA-JSC

HEAT
SEALED
LAYERS

URETHANE
IMPREGNATED NYLON 8 0%, /YD2

1./8" DIA, FLOW PASSAGES

6.012" =
AEROTHERM PROFPERTY ESTIMATES: T
HEAT
GS = (0.4 (DEGRADED) SEAL
€ = 0.8
RESULT : EQUIVALENT SINK TEMP, = 85°F lﬂuo 2u_44
WILL NOT MEET DESIGN CONDITIONS '
ESTIMATED BEST PROPERTIES
ag = 0.25 (UNDEGRADED) o0 MARGINAL AT BEST
£ = 0,85 — ¢ LARGE
RESULT : EQUIVALENT SINK TEMP., = 35°F 9 o VULNERABLE
TWO-SIDED RADIATOR PANEL AREA = 263 FT 0o HEAVY
PROJECTED TUBING AREA = 62.5% o POTENTIAL FLUID INCCMPATIBILITY

WEIGHTS : PANEL + FLUID (E-2) - 65.9 (.
POWER PENALTY - 50.0 > |o ELIMINATE BASIC FLEXITHERM
115.5LB. © CONSIDER ALTERNATE MATERIALS

FIGURE 14 LAMINATED PLASTIC FILM CONCEPT



FEP TEFLON

HEAT SEALED

LAYERS

TYPICAL TWO-SIDED RADIATOR DESIGN

g%

TRANSPORT FLUID : E-2 @ 10 psia, 899 pph
RADIATOR PANEL AREA : 154 FT2

TURE SPACING : 0.2 IN.

PROJECTED TUBING AREA : 50%

WEIGHTS : PANEL + FLUID -~ 37
POWER PENALTY =~ 25
82LB

VEHICLE INTERFACE LIQ.-TO-LIQ. HX

2-MIL FEP TEFLON,
G.1" O0.D. FLOW PASSAGES

Y W
7E;0.004"

b P

HEAT
SEAL |,

0.2"

FEATURES

. SIMPLICITY

. FLEXIBILITY

. COST

» SIZE

. DEPLOYMENT BY ANY
OF PREVIOUS METHODS

FIGURE 15 ALTERNATE LAMINATED PLASTIC FILM CONCEPT
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. VEHICLE INTERFACE

>

e

rm

TYP FREON 21 AT 165 PSY

TYPICAIL TWO-SIDED RADIATOR DESIGN

TRANSPORT FLUID : FREON 21 @ 165 psia, 860 pph
RADIATOR PANEL AREA : 203 FT2
TUBE SPACING : 1 IN.

PROJECTED TUBING AREA : 8.4%

TUBES : 0.066" I.D. FEP, 0.009" WALL
FILM : 2-MIL FEP TEFLON EACH SIDE,
12,500 A SILVER EACH
WEIGHTS : PANEL + FLUID - 20
POWER PENALTY - 11
31 LB

: LIQ.-TO-LIQ. HX
OR DIRECT TIE-IN
DEPLOYMENT

FEP TUEE

THICK SILVERED (12,500 A)
 FEP TEFLON

=== < BOND

FEATURES

. FLEXIBILITY

. EASE OF FABRICATION

. POTENTIAL BETTER WEIGHT THAN
MOST WHEN OPTIMIZED
REMOVE ONE SIDE FOR 1-SIDED
RADIATOR

. DIRECT ORBITER TIE-IN
COMPATIBILITY

: ALY, FREON 21/WIRE MESH CONCEPTS (EASIER)

FIGURE 16 LAMINATED SILVERED TEFLON FILM CONCEPT

NEW CONCEPT



cost and simplifies the processes regquired o manufacture the radiators
but increases the weight of the panel. The surface properties of the
Aerctherm £ilm are not well suited for this application and will degrade
to a point where the gystem will not meeit the design requirements. The
alternate construction shown in Figure 15 has betbter surface properties
and lower weight than the Aerotherm material.

The laminated silver Teflon film concept, shown in Figure 16,
is gimilar ain principle to the Freon 21 radiator of Figure 1l. Conductance
1s effected through two layers of silver metal which are vapor deposited
on 2-mi1l Teflon films. The transport tubes are positioned at optimum
spacing between the two films, and the assembly is bonded with a flexible
adhesive.

The final concept considered in the development/optimization
studies is shown 1n Figure 17. This system i1s unique because 1t retains
the capacity for full deployment and retraction with metal transport
tubing. The system is attractive because the deployment system is built
into the radistor panel and thick metal tubes capsble of surviving long
periods in a micrometeoroid environment are used without penalty to the
deployment/retraction system.

Table V-A compares the system characteristics of the candidate

flexible radiator concepts.

3.3.2 Impact of Meteoroid Considerations

Calculations were made to determine the expected lifetime of the
candidate inflatable radiator systems in a micrometeoroid environment. The
near-earth meteoroid enviromment defined in NASA SP 8013, "Meteoroid En-
vironment Model - 1969 {Near Earth to Iunar Surface)”, was referenced to
determine meteoroid flux. This model 1s groundruled for the Space Shuttle
Program, and is still considered to be applicable based on Skylabl and
Meteorord Technology Satellite® observations.

Meteoroid protection requirements are given by applying the bal-

listre thickness eguation

1
Telecon, K. L. Cox of Vought to R. J. Naumenn of NASA-MSFC, Apral 1975

2
Telecon, R. L. Cox of Vought to D. H. Humes of NASA-LaRC, April 1975
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TABLE V-A

PRELIMINARY SCREENING OF IRS CONCEPTS

RADIATOR SYSTEM FREON 21/ FREON E2/ LAMINATED LAMINATED SILVER | FREON 2t
CONSIDE RATIONS GAS AADIATORIS! | SILVER WIRE MESHIS! | SILVER WIRE MESHIS! | TEFLON FILMISLISH TEFLON FILMIS) 1B] | naRD TLaE!S! 161
* THERMAL PERFORMANCE() 18518 310 FT2 265L8 172 F72 285 48,172 FT2 82 L8 154 FT2 31 L8 203F7? 46 LB M4 FT2

* OPERATING CONSTRAINTS NONE NONE NONE NONE NONE NONE

& DEGRADATION tN SPACE STABLE STABLE ’ STABLE STABLE STABLE STABLE

ENVIRONMENT

* PRESSUARE GROP/PUMPING POWER
AREQUIHEMENTS

2 LB PENALTY

10 LB PENALTY

14 LB PENALTY

25 LB PENALTY

171 LB PENALTY

14 LH PE*aLTY

* HEAT EXCHANGERA REQUIREMENTS GAS TO LIQUID NONE OR LIC TOLQ } LIOTO LIQ LIQTO L1O (£ 2} NONE OR LIGTO LIQ | NONE DR LIQTOLIQ
® {OW OQUTGASSING GOOD GooD GOCD GOoD GOOoD GOooD

© MICROMETEORCID SUSCEPTIBILITY!Z | woRsT AMONG BEST INTERMEDIATE AMONG WORST AMONG BEST BEST

RAD ATOR DESIGN & FABRICATION

CONGIDERATIONS

* STATE OF THE ART AMONG BEST WORST AMONG WORST AMONG BEST GooD FAIR

* STRUCTURAL INTEGRITY GOOD {15 PSI MAX)| GOOD (165 PSH FAIR (10 PS1} GOOD 10 P51) GQOD (165 PSI BEST 1165 PSH}
* MANIFOLDING SIMPLE FAIRLY SIMPLE FAIRLY SIMPLE SIMPLE FAIRLY SIMPLE SIMPLE

¢ FLUID COMPATIBILITY EXCELLENT EXCCLLENT QK TEFLON OK TEFLON (E 2) EXCELLENT EXCELLENT

* FAILURE MODES EXCELLENT GOCD GOoD EXCELLENT FAIR TO GOOD GQOoD

¢ COST LOwW HIGHEST HIGH LOwW MEDIUM TO HIGH HIGH
PACKAGING AND DEPLOYMENT

CONSIDERATIONS

* RADIATOR FLEXIBILITY AMONG BEST AMONG WORST FAIR AMONG BEST FAIR ANOKG WORST

¢ PACKAGED VOLUME OF RADIATOR!S

& PACKAGED VOLUME OF OTHER
COMPONENTS

* DEPLOYED DYNAMIC STABILITY!S

¢ DEPLOYMENT MECHANISM
COMPLEXITYI

* AETAACTION CAPABILITY

® PACKAGED WEIGHT OF SYSTEM

® |INTERFERENCE WITH EXPERINENTS
& SPACECRAFT RADIATORS/SYSTEMS
VEHICLE DRAG!?!
ENVIRONMENTAL HEAT FLUX

RELATIVE TO THAT ON SPACE
CRAFT RADIATORS!4)

APPROX 50O IN3
OK (WORST)

GQOD
AMONG BEST

G000
VERY LOW
HIGH

o29te

APPROX 3000 N3
oK

AMONG WORST
WORST

FAIR
LOW
Low

017LB

APPROX 1500 IN?
oK

AMONG WORST
INTERMEDIATE

FAIR GOOD
Low
Low

G17 LB

APPROX 400 IN3
oK

AMONG WORST
AMONG BEST

GOOD
HIGH
LEAST

G15LB

APPROX 3000 IN?
oK

AMONG WORST
INTERMEDIATE

FAIR
LOwW
INTERMEDIATE

Q20LB

APPRGX 5500 N EXCEEDS
CANISTER LENGTH

ox

BEST
AMOQMNG BEST

GOQo
MEDIUM LOW
HIGH

[+RRNN:]

NOTES

{1} ALL CONCEFTS SHOWN MEET THERMAL PERFORMANCE REQT'S, THUS EVALUATION 15 IN TERMS OF WEIGHT AND AREA WEIGHT INCLUDES TUBE FLLHD FinG

AND PUMP POWER PENALTY

{2}  REQUIRES MORE DETAILED STUDY AT NEXT LEVEL, COULD DISQUALIFY SOME CONCEPTS
13)  BASED PRIMARILY ON TUDE/FIN CONSIDERATIONS AT THIS LEVEL OF SCREENING

{4]  OPEN AT THiS LEVEL OF SCREENING, AS SEVERAL OPTIONS ARE AVAILABLE WITH EACH CONCEPT

{5}  ALL CONCEPTS ARE 2 SIDZD) EXCEPT HARD TUBE

6} NOT OPTIMIZED
177 AT 100 NMI ALTITUDE
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SECTION  OF hD”E
TUBE LooP -
LENGTH ©OF LOOP

TYPICAL ONE-SIDED RADIATQOR DESIGN

FREON 21, TRANSPORT FLUID, 860 pph
. 344 PT2 RADIATING AREA
. 1.4 IN. TUBE SPACING
. ALUMINUM TUBES, .084" 0.D., .009" WALL
. PROJECTED TUBE AREA : 11,9%
. WEIGHTS PANEL & FLUID - 29 /
POWER PENALTY -~ 17
46 LB

LIQ,-TO-LIQ. HX
OR DIRECT TIE-IN

. VEHICLE INTERFACE :

FIGURE 17 HARD TUBE CONCEPT

TYPICAL DESIGN

FLEXIBLE  FIN MATERWAL
LAMINATE , BONDED To TUBES

SANOWICH * e TEFLON

2-,00" FILMS

[SILV&& MESH

40x 671
L001 " DIA WIRES

=44 FT

FEATURES

. HARD TUBES (AL OR STEEL) DEPLOY

BY SPRING FORCE :
. POTENTIAL LOCW METEOROID
VULUNERABILITY
. RETRACTABILITY

. DIRECT ORBITER TIE-IN COMPATIRBILITY
., CAN USE SILVERED TEFLON FILM

FINS



6 = Klpl/6m'352v'875

vhere t is the thickness for threshold penetration of a plate (cm)

Ki 1s a material constand

p 15 the meteoroid density (0.5 gm/em3)

m 15 the meteoroid mess (gm)

v 15 the normal impect velocity of the meteoroid (20 Km/sec)
along with the meteoroid flux curves of SP 8013 and the following survival

probability equation:

P = e-NAT
where P 1s the probability of no penetrations

N 15 the number of particles per unit time and area {from SP 8013)

A 15 the total vulnerable area

T i1s the mssion time
While the ballastic equation was established for thin ductile metal plates
1t was determined by consulation with seven leading authorities in the
field that 1t 1s the best available means of estimating meteoroid behavior
of plastics. Similarly, the material constant for plastics is estimated
to be proportional to the square root of demsity.

Table 6 summarizes the impact of meteoroid considerations on the
designs of the candidete inflatable radiator systems discussed above. The
table shows that micrometeorcid envircnments prohibit the use of gas
radiators, and impact the flexibility and weight of the other systems.
Studies documented in Reference {2) showed that meteorocid considerations
force the opbtimum tube diameters to small values of about 0.04" to 0.05" I.D.
and tube wall thickness in the 0.030" -~ 0.040" range. Weight 1s not im-
pacted drastically compared to non-optimized weights without meteoroid
protection. The weight increase for the hard tube concept is approximately
1.5 1b. and the increase for the two-sided silvered Teflon concept is
about 3.0 1b.

3.3.3 Selection of Concepts for Design Studies
A concepts briefing was held at NASA/JSC on 20 November 1973, at

which time agreement was obtained to pursue the following two concepts
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TABLE 6 IMPACT OF METEOROID CONSIDERATIONS

90%

TUBE WALL THICKNESSES REQUIRED

concept(U, (2} PROBABILITY CONCLUSION
LIFETIME(S) 30-DAY, 90% | 30 DAY,99% | 5 DAY,90% | 5-DAY, 99%

GAS RADIATOR 4 MINUTES 0 084" 0 153" 0 052" 0096” | ELIMINATES
CONCEPT

FREON 21/SILVER 3 HOURS 0 037" 0 069" 0 024" 0043" | IMPACTS

WIRE MESH ELEXIBILITY AND
WEIGHT, CONCEFT
SURVIVES WiTH
DOUBTS

FREON E 2/SiLVER 1% HOURS 0 036" 0 068" 0 023" 0042 | ELIMINATES

WIRE MESH CONCEPT

LAMINATED SILVER 2% HOURS 0 039~ 0072" 0025" 0045” | IMPACTS

TEFELON FILM FLEXIBILITY
AND WEIGHT,
CONCEPT SURVIVES

FREON 21/ALUMINUM § 3% HOURS 0038" G 067” 0023” 0042 | PROVIDES WEIGHT

HARD TUBE IMPACT ONLY

NOTES

(1) ALL ARE 2 SIDED RADIATORS EXCEPT HARD TUBE

{2} ALL ARE TEFLON TUBES EXCEPT ALUMINUM HARD TUBE
(3} REFERS TO BASIC DESIGNS NOT CONSIDERING METEOROID REQUIREMENTS




throughout the remsinder of the design studies.
(2) Cylindrical hard tube concept with a silver
wire mesh/Teflon lamnate fin material )
{b) A roll-up soft tube concept with an evaporated
thick silver/Teflon film fin material
Figures 17-A and 17-B list the advantages of the two concepts that led to
their heing selected for Turther development. The fin material for the
two concepts are interchangeable and were not considered to be a fixed
part of the designs. Also the tubing and fluids materials may be modi-

fied or changed as a result of additional studies and tests.

3.3.4  Design Studies

Analytical trades, system level studies, and numerous element
tests were conducted for the two selected concepts. The design studies
ineluded analyses to study the effect of changing the thickness of the
thick silver-Teflon fi1lm concept, consideration of steel tubes for the
hard tube concept, tests of Spraylon coated silver wire mesh elements,
flowpath optimization, manifolding/deployment/configuration/packaging
studies, determination of effects of atmospheric drag and acceleration
loads, meterials evaluation studies, and element tests to establish fab-
rication techniques and thermal performance. A detailed account of the
design studies 1s given in Reference (3). The more important aspects

are sumarized below.

3.3.4.1 FElement Tests
Tube~Fin Bonding Tests:

During December 1973 element tests were conducted on specimens
which simulated the wire mesh fin material to evaluate tube-fin bonding
techniques. Msaberials on hand were used to permt tests at this time in
order to gain early information on potential problems. Test elements
were made to simulste the baseline fan material of a silver wire mesh/FEP
Teflon film laminate and an alternate fin laminate. The most significant
results cbtalned were:

(1) A satisfactory bond between the FEP Teflon fin surface and

the metal tubing can be obtained using 6962 glue strips.
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FIGURE 17-A
ADVANTAGES OF THE HARD TUBE CONCEPT

EXCELLENT PERFORMANCE 3

30-DAY DESIGN (ONE~SIDED)

41 BTU/HR-FTZ, 284 BTU/HR-LB

" 326 FT2 RADIATING AREA, 47.5 LB
. 0.05" I.D. ALUMINUM TUBING, 0.033" TUBE WALL, 1.43" SPACING
. FEP TEFLON FILM/SILVER WIRE MESE LAMINATE FIN, 0.004" TOTAL THICKNESS

WORK TO DATE INDICATES FEASIBLE TO FABRICATE
POTENTIAL FOR EXTENDED MISSION DURATION , REDUNDANT FLUID LOOPS, DIRECT

mTE-IN WITH ORBITER FREON LOOP .

POTENTIAL SIMPLE DEPLOY AND RETRACT (CYLINDRICAL SPRING - COULD USE
STEEL TUBES WITHOUT PROHIBITIVE PENALTY)

TNHERENT RIGIDITY OF CYLINDRICAL SPRING CONCEPT
BASELINE SILVER WIRE MESH/FEP TEFLON HEAT SEALED LAMINATE FIN

COMPATIBLE WITH SILVERED TEFLON FILM FINS JF FOUND TO OFFER PRACTICAL
ADVANTAGE OR IF QPTIMIZES BETTER
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EXCELLENT PERFORMANCE

5-DAY DESIGN (2-SIDED)

. 38 BTU/HR-FTZ (PANEL AREA), 430 BTU/HR-LB

. 345 FT2 PANEL AREA, 30 LB

. 0.05" ID TEFLON TUBING, 0.023" TUBE WALL, 1.43" SPACING
0.002" TOTAL FIN THICKNESS

WORK TO DATE INDICATES FEASIBLE TO FABRICATE AND MORE FLEXIBLE
THAN 2-SIDED SILVER MESH/TEFLON LAMINATE CONCEPTS

POTENTIAL FOR DIRECT TIE-IN WITH ORBITER FREON LOOP, REDUNDANT
FLUID LOOPS.

POTENTIAL FOR SIMPLE ROLL-UP DEPLOY AND RETRACT

IDEAL FOR INTERMITTENT OR SHORT USE MISSIONS WHERE RETRACT
CAPABILITY IS DESIRED

RECOMMEND 5-DAY BASELINE FOR THIS CONCEPT

FIGURE 1T7-B
ADVANTAGES OF THE SILVERED TEFLON FILM CONCEPT



(2) An alternate fin leyup with silver-backed FEP Teflon
film bonded to silver wire mesh, both bonded to the
metal tubing, can be satisfactorily fabricated using
either 6962 glue strips or SR585. The SR585 provides
g much more flexible end product.
(3) Heat shrinkable Teflon tubing collapses during heat
cure when bonded in similar layups as above.
In these tests & 100 x 100 weave nickel wire mesh with 2-m1l wire was used
to simulate the silver wire mesh. The resulting elements were quite stiff.
The 40 x 67 weave sailver wire mesh will exhibit much better
flexabality due to both its lower weave density (40 per anch an
bending crossection vs 100) and 1ts lower modulus of elastiecity (10.3 x
106 ps1i vs 30 x 106 psi). Calculations predict that the silver wire mesh
would be T times as flexaible. Also, the wire mesh test laminates ranged
in thickness from T to 12 mils, as compared to the projected baseline
layup thickness of b to 6 mals. Since stiffness varies as the cube of
thickness this is also significant.

Precursor Thermal Vacuum Tests.

During March 1973 an opportunity arose to conduct an inexpensive
thermal vacuum test using a test article fabricated from sample materials
on an IR&D program, and using a test set-up which had been put together
for snother program. Although the test setup was not optimm for inflatable
radistor heat transfer tests 1t was decided that a simple thermal vacuum
test would still be worthwhile to obtain early data to verify fin and tube
wall delta-T calculations.

The test article consisted of a 5" x 8" panel section with a single
serpentine FEP Teflon tube (0.062" 0.D. x 0.030" wall) flowpath. The panel
was fabricated from 2 sheets of 5 mil FEP Teflon, each coated wath 14,000
angstroms of silver (determined by electron photomicrograrh - see June 197k
status briefing for pictures}. The flowpath was sandwiched between the
two sheets of silvered Teflon. The test element was mounted in a 24" dia.
LN, shroud, evacuated, and supplied with heated Freon 21 as the transport
fluid. "Test article instrumentation consisted of 2 tube temperatures,

2 fin midpoint temperatures, and fluid inlet and outlet temperatures.
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Facility instrumentation included fluid supply and return temperatures

and pressures, flowrate, test vacuum, and LNp shroud coldwall tempera-
tures. Tests were vun at 133°F and 156°F fluid inlet temperatures, both

at a 180 pph flowrate. Comparison of predicted and measured performance
showed reasonably good agreement, with the test element performance slightly
better than predicted. Comparison results at the 156°F inlet temperature

are

CALCULATED#¥ MEASURED#*
Fin Midpoint Temp. 2°F & 18°F 16°F & 19°F
Tybe Wall Plus Fluid AT 31°F & 30°F 27°F & 33°F
Total Heat Rejection 58 BTU/hr 21 BPU/hr - 62 BTU/hr
Pressure Drop 61 psi 50 psi

The test successfully demonstrated the validity of the thick silver film
concept and established acceptable accuracy of the apnalytical model. The
large test value of tube wall delte-T resulted from two circumstances
unique to the test - the thick wall (0.30" vs 0.016" for the baseline de-
sign), and the severe combination of average fluwd temperature/environment
temperature (156°F/-310°F vs 65°F/0°F at the design point). The baseline
design wall delta-T caleculated at the design point using the same model
1s only 2.5°F.

Spraylon Tests-:
(1)

Tefion formulation which was as good as or superior to FEP Teflon film in

A recent publication by Lockheed described a new spray-on FEP

optical properties and space environment stabality. It offered ease of

(l)L. A. Haslim, et.al., "A Highly Stable Clear Fluorocarbon Coating
for Thermal Control Applications!, ATAA Paper Th-117, presented
at the 12th Aerospace Sciences Meeting, January 30 - Feb. 1, 197k,

The dual values are at each of the two instrumentation locations,

and refleet small differences in tube spacing.
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application by spray, dip, or brush and requires only a low temperature
cure. A purchase order was entered with Lockheed (P.0. #P-837895-AER)

in May 197k to coat 2 square feet of silver wire mesh material with
Spraylon.™ The Spraylon would te used as an alternate to the sandwich

of heat sealed FEP Teflon films on the wire mesh, and should insure inti-
mate thermal contact between the Teflon and the wires as well as provide
a potentially more producible design. Tnitial silver wire mesh material
was delivered during a trip by R. L. Cox to Lockheed on 2 May. Small
coupons were coated at that time. The coating on these coupons was very
thin (estimated at 0.2 to 0.4 mil) and the composite had good flexibility.
Emittance was measured to be 0.37 with a2 Gler-Dunkle DB-100 emissometer.
Bubsequent scanning electron photomicrographs (see June 1974 Status Briefing
for examples) showed good intimate contact at the wire-Teflon interface
and also at a Teflon-wire-stainless steel tube interface provaided by
weaving a section of tubing into the wire mesh.

Problems have been encountered in coating the 2 sq.ft. of wire
mesh to the desired 1-3 mil thicknesses. Only about 1/2 mil of Spraylon
was obtained. In addition, the specimens were damaged in shipment to
Vought; thus a second 2 sq.ft. of silver wire mesh was sent to Lockheed
on 31 May. The second set was coated and returned to Vought-on 1 July.
These speclmens exhibited considersble wrinkling and were coated to only
gbout 1/2 mil. Multiple coats have been unsuccessful due to solvent
attack of the first coat.

Thick Silver Film Elements:

Nine small elements of thick silver coated FEP Teflon were fabri-
cated. Each element was sbout 4" x 3" square and consisted of two identical
layers of thick silvered Teflon film and sprayed-on SR585 silicone adhesive.
The test elements were fabricated from 2-1/2 sq.ft. sections of 9 special
thick silvered Teflon films ordered from G. T. Scheldahl Co. in nominal
guages of 1l-ml, 2-mil and 5-ml FEP Teflon, each metallized with 6000,
12,500 and 25,000 angstroms of evaporated silver. The tests demonstrated
feasibilaty of spray application of SR585. Fabrication was somewhat dif-
ficult with the l-mil film. Flexability was essenti1ally independent of
silver thickness and was good on the l-mil and 2-m1l films laminates; the
o-mil film leminate was undesiyably staff. Mechanical integrity of the

laminates, after boiling water/LN2 shock, was good 1n all cases except the
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5~m1l Teflon/25,000 angstrom silver laminate, in which case slight de—
lamination occurred. It is guestionable that this element would have
fai1led under more realistic environmental exposure conditioms.

Gas Manifold Meteoroid Bumper Test:

Analysis of meteoroid protection requirements for the gas deploy-
ment manifold of the soft tube concept indicated 23 layers of 1/2-mil
Teflon bumper wrapping will be required (for the baseline 1.7 day protec-
tion). Because of concern that the multilayers would meke it difficult
to roll up the manifold in the longitudinal direction, a simple test was
run using materials on hand. Forty-six layers of 1/4-mil Mylar were
wrapped into a 2-inch diameter tubular shape (simmlating the 23 layers of
1/2-m1l Teflon). The resulting layup was flexible and easy to roll, in-
dicating that significantly more bumper protection could be added before
seriously inhibiting the flexible radiator panel stiffness. This would
make 1t feasible to significantly extend the protected lifetime. Since
Mylar has a tensile modulus about 8 times that of FEP Teflon, the test

simulation was estimated to be conservative by a factor of 2.

3.3.%.2 Concept Trade Studies
During the December-Jamuary 19Th time frame preliminary analyti-

cal trade studies were conducted to evaluate the effect of the evaporated
silver thickness cn the soft tube thick silver film concept. Subsequent
trades were performed on both the soft tube and hard tube concepts in

the May-June 1974 time period to support the configuration selection for
the preliminary design and to refine and update earlier studies.

Silver Thickness Trades:

S2lver film thickness of 6,250 angstroms and 25,000 angstroms
were analyzed to complement the studies previously done at 12,500 angstroms.
In all cases Teflon film thicknesses of 0.0005, 0.001 and 0.002 inches were
enalyzed. The model consisted of two thick-silver-backed Teflon films
sandwiching FEP Teflon tubing of varisble diameter and spacing. A glue
layer of 0.0005 inch thickness was assumed. Tube wall thickness was
determined to provide a 90% probability of a 30-day lifetaime in the
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meteoroid environment. Area and weight were computed as a function of
tube diameter and spacing. Calculated weights included tube, flurd and
fin weights plus a pump power penalty based on 100% pump-motor efficiency.

Results show that minimum weight ocecurs for tube spacing ain the
1 to 1-1/2 inch range and for tube inside diameters in the 0.0k to 0.05
inch range. Minimum weight was found to cceur at the 25,000 angstrom
silver thickness and 0.002 mul (each side) Teflon f£ilm thickness. The
effect of Teflon film thickness is 4o minimize weight in the 0.001 to
0.002 inch single-film range. Area 1s independent of tube diameter, but
decreases uniformly with decreasing tube spacing in all cases, with the
effect being more pronounced at the thinner zilver thicknesses. Area
decreases with increasing silver and Teflon film thicknesses.

Tt was concluded from these studies that silver and Teflon film
thicknesses in the range of these analyses are near the practical optimum
and should be evaluated experimentally to determine fabricabilaity, flexi-
bilaty, and mechanical integrity. fThis led to the previously described
element tests, as well as setting the range of variables for fainal con-
figuration studies.

Soft Tube Concept Configuration Trades

The analysis carried out above was revised to alleviate meteorcid
protection requirements (per NASA direction) and to refine studies to in-
clude estimeted actual pump-motor efficiencies. Tube wall guage was
determined as that required to retain fluid vapor pressure at the meximum
system tempereture of 200°F, using a design ultimate pressure of 4 x
Meximum Expected Operating Pressure (MEOP}. TFor Freon 21 and MEOP 1is
165 psi. From a correlation of data on exasting space-qualified type pumps,
and punp design conditions of 1.3 gpm and 12 psi delta-P, 1t was found the
requirements fall between the vane and centrifugal pump ranges. Each type
is poor in this range, bub competitive with the other in efficiency. A
canned AC motor centrifugal pump wes chosen as typical, with a 13% overall
pump-motor efficiency.

From these results a baseline design using 2-mil Teflon films

with 12,500 angstroms silver on each film, l-inch tube spacing, and
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AWG #1L FEP Teflon tubing (0.069" I.D. x 0.016" wall) was chosen as the
best compromise between optimum weight, finimum area, fabricability, ex—
Décted flexability, end expected mechanical antegrity. The 0.016" tube
wall guage provides 90% probability of meteoroid survival for 1.7 days,

a 0.037" wall is required for 30-day protection. The previously described
thick silver film laminate element tests and upcoming thermal vacuum
element tests are designed to finalize the selection of film thickness
and tube dimensions.

Flowpath arrangement trades were conducted on the two basically
different configurations illustrated in Figure 18. In the "A" configuration
the parallel flowpaths are arranged into serpentine sections with a feed
manifold on one side and a return on the other. In the "B" configuration
the parallel flowpaths are srranged into single flow loops, each fed from
and returning into common manifolds at the base. Two basic arrangements were
considered with each flowpath configurstion - single panels and multaiple
panels. In the single-panel arrangement panel widths of LO" to 120" were
allowed, while multiple panel widths of 40" to 60" were considared. In each
case the previous panel tube diameter and spacing trades were extended to
inelude manifold tube and fluid weights and pumping power penalty. Optimized
results for single-panel and three-panel srrangements are given in Table 7.
Two-panel arrangements are intermediate.

From the teble it can be seen that the single-panel arrangement
is not attractive in either configuration A or B for the narrow panels.
In configuration A the manifold weight penalty is excessive. Also, the 3/8"
ID, 0.083" wall, FEP Teflon manifold tubing presents an impractical stiffness
level. In configuration B the weight is high due to & greatly increased
pumping penalty for the long tubing run. The increased tube diameter of
0.087" ID with 0.019" wall, reguired to alleviate this condition, also in-
hibits flexibility. The wide panel arrangement offers considerable improve-
ment, although configuration A still has & high manifold weight penalty and
stiffness. Configuration B now looks practical, although the 120" width
mey be undesirable.

The three-panel arrangements are basically the wide single-panel

arrangements, sliced into three individual panels and meodified to accommodate
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A, SIDE MANIFOLDS, SERPENTINE TUBES

I g

B. BASE MANIFOLD, LONGITUDINAL TUBES

1

o A U

it

FIGURE 18 FLOWPATH AND MANIFOLD CONFIGURATIONS
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TABLE T

SOFT TUBE RADTIATOR CONFIGURATION TRADE STUDIES

Panel Length

Panel Width

Panel Area

Tube Spacing

Tube I.D.

Tube Wall Guage
Manafold I D.

Manifold Wall Guage
Manifold Wt. Penalty
Total Rad. Panel Wt.®¥%

Panel Length

Panel Width

Panel Area

Tube Spacing

Tube I.D.

Tube Wall Guage
Manifold I D,
Manifold Wall Guage

#
OPTIMIZED SINGLE-PANEL CONFTGURATIONS

A A
narrow wide
65! 251
hot 109"
228 42 208 ££2
l'll' ln

065" -065"
.o14" .01L"
.375" .3125"
.083" .069"
51.5# 29.8#
101.7# 80 o#

B

narrow

55.2¢
1'_0"
184 £t2
1/2"
.087"
019n
Jrotan,
.01k"a1,
.O#
88.2#

B
wide

22.81
120"
208 £t2
l'll'

. 065"
.01L"
oAl
L01L"A1
2.7#
52.9#%

%
OPTIMIZED THREE-PANEL CONFIGURATTIONS

Total Manifold Wi. Penalty (3 panels)
Total Rad. Panel Wt. (3 panels)®®

A

o1.,7°
Lo

76 £t2
lﬂ

. 065"
oL
. 25"
055"
204
T0.2#

B

20.8¢
ko"
76 £t°

.065"
.OLL"

L2l
OLk"A1.

2.7#
52 9

*
2-m1l FEP Teflon films with 12,500 angstroms silver, two-sided

¥¥Includes fin material, radiator panel and manifold tubing and

Freon 21, and pump power penalty at 2.3 1b/psi.
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Physical constraints of the flowpath routing. Manifolding is re-optimized.
Configuration A is agasin improved, but still retains the disadvantages of

8 high manifold penalty and stiff manifold tubing. Type A configurations
are also expected to display increased fegbrication problems, especially in
the area of the tube-manifold junctions. Thus configuration B was selected.
Further consaideration was given to single vs multiple panels. The advantage
of multiple panels is a more desirable width (for packaging), modularity
(for greater flexibility in applications over s wide range of heat loads
and for potential relisbility improvement by penel isolation at failure),
end ease of fabrication. The disadvantage 1s the likelihood of greater
envirommental heating due to radiant interchange. Three panels were selected

for the soft tube concept haseline.

Hard Tube Concept Configuration Trades:

The silver wire mesh anzlysis for the hard tube concept, summarized
in the November 1973 Concepts Briefing, was extended to include a 13% pump-
motor efficiency and to add configurational considerations. Because of the
inherent tubing stiffness desired in the hard tube concept for spring action,
the metal tube wall guage was sized for 30-day meteoroid protection (at 90%
survivael probability) at no expected additional penalty. To limrt studies
to0 & reasonable scope, only a 51ngié cylinder dismeter of about 40" was
analyzed and only & single tubing "spring helix" angle of 20° was studied.
Variables in the trades were tube dismeter, spacing and material {aluminum
vs steel)}, flowpath arrangement (all-parallel with a long retuwrn manifold
vs each tube forming a complete flow loop), and Teflon thickness on the
silver wire mesh fin material. Figure 19 1llustrates the two arrangements
analyzed. Reference (3) presents analysis conditions and selected results from
the parametric analyses, which include tube, fluid and fin weights plus the
pumping power penalty. Trades at the parametric level did not include mani-

fold weight penalties.
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FIGURE 19 HARD TUBE CONCEPT FLOWPATH CONFIGURATIONS
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A Teflon thickness of U mils was selected for the fin material,
and a tube spacing of 1-1/2 inches was selected for the baseline. Thisg
spacing provides the minimum weight design and suffers only about a 10% area
penalty compared to a l-inch spaeing. It is expected to be easier to fah-
ricate and will package into about 20% less volume than the l-inch spacing.
The corresponding optimum tube ID was found to be 0.108" for one-way flow

and 0.130" for a two-way loop.

Comparison of aluminum and steel tubing was made for equal
meteoroid protection., Aluminum was found to offer a significant weight
advantage (85 1b for the two-way flow loop). Stress analysis indacated
acceptable spring stress levels wall exist in either material and that
useble spring forces can be obtained. Since no significantly different
manufacturing problems were identified, aluminum was selected for the
baselaine.

Manifold penalties were added to the results of the parametric
trades in order to make the selection between one-way flow and a two-way
loop. In one-way flow this penalty is much larger because—of'the long re-
turn manifold. The return loop was optimized for the one~way flow arrange~
ment and found to impress a penalty of 43 1b, ineluding tube weight, fluid
weight, and pumping power penalty for the 2-mil Teflon fin configuration.
8ince the return loop 1s arranged in a spiral spring configurstion, 1t
likewise experiences stresses due to spraing compression. This stress {about
12,000 ps1 shear stress in aluminum) limits the manifold to 0.375"0.D.
Three return manifold tubes were found to provide the minimum weight subject
to this constraint. Adding the 43 1b return loop penalty to the one-way
flow axrangement inereases its weight to within 31 1bs of the two-way loop.
The choice between the flow arrangements reduces itself to a trade between
the Yeight advgntage of the one-way arrangement and the greater fabricaticn
simplicity of the two-way configuration. A baseline selection of one-way

flow was made on the latter consideration.
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3.3.5 Preliminary Design

3.3.5.1 Deployment System - -
As groundruled at the 13 September 1973 Orientation Briefing, the

flight article preliminary design studies defined a deployment system and
established a feasible concept for retraction. ({Feasibility demonstration
tests, however, are only required to prove the deployment aspect.) Accord-
ingly, studies supporting the flight article preliminary design considexed
both deployment and retraction.

Three concepts to "roll-out" the soft tube concept were evaluated.
The first concept used Freon 21 fluid pressure. The second supplemented this
by the addition of a larger diameter tube inflated by a gas pressurant. The
third mechanically unrolled the panel using a Storsble Tubular Extension
Member (STEM). Tt was found that a 165 psi Freon 21 fluid pressure exerts an
unrolling moment of only about 1 inch/lb, compared to 30 inch/lbs needed,
thus the first concept is inadequate. Addition of two gas tubes, one to each
side of the panel and both of 2-inch diameter, provides the needed 30 inch/1b
if the tubes are inflated to 4.8 psi. Studies of meteoroid vulnersbility
showed that unprotected 5-mil nitrogen gas inflation tubes would incur a
20-35 1b/day maekeup gas penality. Thus this concept 1s feasible only af
a meteoroid barrier is added. Penetration studies indicated that 23 layers
of 1/2-m1 Teflon wrapped around the 2-inch gas tubes would provide a 90%
survival probability for sbout 2 days, consistent with the 1.T-day lifetime
of the soft tube concept main radiator panel Freon 21 tubes. For 30-day
survival 59 layers were calculated to be needed. Multilayer meteoroid
barrier performance, especially on plastic materials, 1s poorly understood
and based on sparse data(e). Tests are recommended to establish the pro-
tection regquired. It was calculated that two flat steel watchsprings
(1/2" x .0Lk9") , one combined with each gas inflation tube, would be required
to rewind the panels. Figures 19 and 20 show the integration of the gas

inflation tube/watchspring deployment/retraction system with the panels.

(2) NASA TN D-6989, "Multimaterial Lamination as A Means of Retarding Penetration

and Spallation Failures ain Plates", by J.D. DiBattista and D. H. Humes, 1972.
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FIGURE 19 GAS DEPLOYMENT SYSTEM FOR SOFT TUBE CONCEPT
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Evaluation of the STEM deployment system consgisted of sizing the
units based on dete from SPAR Aerospace Products, Ltd. using calculated loads
and integrating the STEM with the panels and a retracticn system. A buckling
load of 3 1bs was found to be required to overcome the roll-up spring force.
Bending moments were calculated due to RCS firing (6.8 in-1b), air drag
(9.9 in-1b), and the roll-~up spring (30 in-1b). The buckling force controls.

A model A-631 BI-STEM was selected as typical in performsnce. This unit

weighs about 10 lbs,requires 20 watts, and withstands 10 1bs buckling force at
an extension length of 25 f£+. However, the packaging configurstion of & slightly
larger unit, model 5930 Fl-1, was considered more representative. This unit
weighs sabout 16 1bs, withstands 15-20 1bs of buckling force, and requires

60 watts. An intermediate design, weighing 13 1bs, packaged simlar to the 5930
Fl-1, and performing like the A-631 was assumed. Figure 21 illustrates the
design, with a window shade type roll-up spring integrated inéo the wind-up spool
Six B1-STEMS are required, one on each side of each panel. A net weight incresse
of 75.5 1bs was cslculsted, based on the removal of 30.5 1lbs of gas inflation/
watchspring retraction system parts and fluid loop components, and the addition
of 108 1bs of BI-STEMS and rewind system. The gas inflation deployment system
was selected as the basgeline design, with the B[-STEM system as a feasible
alternate.

A structural stress analysis was conducted to determine stresses
in the tubing spraing members and to estimste the deployment force exerted
by the spring in the hard tube deployment concept. For the baseline design
with the two-way flow and 30 tubes {0.25" 0.D. x 0.049" wall, 10.6 turns
each) was snslyzed. This design has an extended length of 505 inches and a
compressed length of sbout 81 inches. The compressed shear stress vas
celeulated to be 6650 psi, and a retraction force of 25 1bs at the fully
compressed condition is required. A BI-STEM retraction system, located
inside the cylindrical radistor and attached to the upper rim by a harness,
was selected as a representative feasible retraction system. The BI-STEM
retraction system weight was estimated at 24 1bs. If necessary, the BI-STEM
can also assist in deployment. Acceleration and air loads on the hard tube

concept are negligible.
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3.3.5.2 Fluid Ioop
Figures 22 and 23 show the respective fluld leoop schematics for

the soft tube (Party Whistle) end hard tube (Jack-In-The-Box) concepts.

The two systems differ only in the addition of a regulator, valve, and
plumbing for the Party Whistle concept inflation system, and in volumes of
the Freon 21 and nitrogen gas reservoirs. As groundruled at the Orientation
Briefing the Inflatable Radiastor System concepts for the current feesibility
demonstration program are presumed to always have a sufficient heat load
applied to avolid Freon 21 transport fluid freezing in the radiator panels.
This permits the simple bypass type fluid temperature control system
illustrated 1n the figures.

The heat exchanger was sized assuming water as a representative
vehicle side transport fluid. A minimum Freon inlet temperature of 35°F
was defined to avoid possible water freeze-up when control tolerances are
considered. Heat exchangers were sized for both 2°F and 5°F log mesn
temperature differences. Respective weights were found to be 32.8 1lbs dry
(47.2 1bs wet) vs 13.1 1bs dry (18.9 1bs wet) and envelope volumes of
529 in3 vs 212 1n3. Thas heat exchanger weight savings was traded against
radiator welght increases due to the lowered radiating temperature. The
corresponding hard tube concept weight and area increases were found to be
8.2 1bs and 26 sq.ft., and the soft tube concept 3.4 1bs and 15 sq.ft. The
5°F heat exchanger design was selected as typical. Details are given in
Figure 24,

The Freon reservoll was siZed for the soft tube concept.

Figure 25 shows the reservoir design and principle assumptions. The reference
30-day mission is indicated in that 1t affects the expendable mitrogen
requirement, the reservoir design is independent of mission duration. The
30-dey capability was chosen becsuse of its small impact on the fluid loop.

In the sizing analysis thermal expansion was computed for both the Freon

and the radiator/fluid loop components:; however, 1t was found that the

Freon expansion/contraction is dominant.

73



N"—"‘i‘_, FM
) )

PAMNEL.

- ] = —— ] ———— ———

7.

a0
A0 IHY

vd Tv.
JBL 40 AUTEIONORE

q00d ST a5

BOR L*__J.__ e
R20

TEMP . % vy j *

SENSOR, ReuicF.  DUMP =
vARVE
L %R% HEAT
- - — Eve
T T _Dgg‘ B VALVE
PoMP Y N reeol 24 *

oo Froe 220 %10 pew
Ligui OAZ
ey 2EG

‘JJ F““'f DRAN

FIGURE 22 PARTY WHISTLE CONCEPT FLUID SCHEMATIC



Gl

B

-
W

]
!

BY PAaSS
vALVE

L__c‘"l TEWP

LENSOHR

fPUMP

RELIES
F———=-—"=-"" _Dﬂgc: T yawe
|
y wﬁﬂtn—@
F2 Fiu\v
N
Liguy GAS
Res RES

? \'\?_0

{

HEAT
EXC

qI0 ey § ?

FReon 24

O Fieed oraw

FIGURE 23 JACK-IN-THE-BOX CONCEPT FLUID SCHEMATIC




ol

REQUIREMENTS F21 Hy0

IRS LOOP FLOW: 910 PPH FREON 21 ' 4
HEAT TRANSFER: 4 KW

SECONDARY LOOP FLOW: 228 PPH WATER

SECONDARY LOOP TEMPS: 100°F IN, 40°F OUT

HEAT EXCHANGER LOG MEAN T = 2°F TO 5°F

MINIMUM NOMINAL FREON TEMP: 35°F ,

CORES CONSIDERED:

AVCO EASY-WAY & HARD-WAY LANCE FIN
SHAH & LONDON LANCE FIN CORE

14"

12"

BASIS FOR SELECTION:

5°F LMTD : LOW SYSTEM WEIGHT
TRADES FAVORABLY AGAINST PANEL 3,15Y
« WEIGHT
SHAH & LONLON:: MUCH SMALLER, LIGHTER, AND i_u
LOWER PRESSURE DROP

HEAT EXCHANGER DATA:

o MATERIALS: STAINLESS STEEL WITH NICKEL FINS
o DRY WEIGHT: 13.
1 LBS COUNTER FLOW HEAT EXCHANGER:
© WET WEIGHT: 18.9 LBS
50 PARALLEL F21 PASSAGES
o WATER SIDE P = 0.0075 PSI* 50 PARALLEIL» H,O PASSAGES
FREON SIDE P = 0.0125 PSI*

*EXCLUSIVE OF MANIFOLD LOSSES

FIGURE 24 HEAT EXCHANGER SIZING
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REQUIREMENTS:

® MAINTAIN 165 PSI PRESSURE OF F21

@ PREVENT OVER PRESSURIZATION OF
F21 LOOP

o TEMPERATURE LEVELS

+ 70°F NOMINAL

+200°F MAXIMUM

~200°F MINIMUM RADIATOR RETURN
¢ ONE TEMP, CYCLE PER DAY, 30 DAYS

FLUID VOLUMES (F21):

SUM OF 3 RADIATORS : 230 in3
HEAT EXCHANGER : 169 1n3
LINES AND COMPONENTS : 53 in3
VOLUME INCREASE UPON

INITIAL PRESSURIZATION: 4 in3

RESERVIOR DATA:

BLADDER SEPARATION OF F21 AND N»
ALUMINUM TANK
WEIGHTS: *

L -

DRY
AT LIFTOFF
FILLED TO MAX. CAPACITY

i

REGULATED GAS PRESSURIZATION SYSTEM

3.75 LBS
6.53 LBS
12.1 1LBS
© EXPENDABLE N2 REQUIRED = 1.08 LBS

*Exclusive of Regulator & Relief Valve

REGULATOR
RELIEF :
varve [J o [@— N, SUPPLY

14"
i

4,65"
WITH
SPHERICAL
ENDS ' ,

-~ e
F21 LOOP

FIGURE 25 FLUID RESERVOIR SIZING FOR SOFT TUBE CONCEPT



The nitrogen gas bottle was sized for the soft tube concept
using representative state~of-the-art construction materials and a 3000 psi

pressure. Figure 26 gives details,

A typical Freon pump was sized based on the type and performance
selected and discussed in paragraph 3.2.2, and by interpolation of weight
and volume between two similar models in the Pneu Devices, Inc., catalog.
Interpolation was between the Pneu Model 2114 pump (werghing 2.5 1bs w1th‘
an envelope volume of 41.6 in3 and rated 0.5 gpm at 15 psi) and their Model
2116 (weighing 4 1bs with an envelope volume of 62.3 i1n3 and rated at
T gpm at 20 psi). Using a semi~log interpolation of weight and volume
with rated flowrate (Reference 9), the resulting design shown in Figure 27
was derived. The indicated pump should be representative for either the

soft or hard tube concept.
Other fluird loop components were sized based on the gbove-~referenced

Vought component study, current in-house electronic econtroller design studies,
data on ECS components supplied by Vought on Apollo and Skylab programs,

and recent 1nformation‘obtained from component menufacturers. A tabulation
of weights and sketches of representative design envelopes are given in

the preliminary design drawing of the soft tube concept.

3.3.6 Preliminary Design Drawings

Results from the Concept Selection Trade Studies, Deployment System
Studies and Fluid Loop Studies were translated into scale preliminary design
drawings. Drawing No. T-213-SK0)l, Inflatable Radiator System - Soft Tube
Concept, 19 June 1974, was developed in 1/5 scale. Drawing No. T-213-8K02,
Inflatable Radiator System - Hard Tube Concept, 20 June 19Tk, was done 1in
1/4 scale. Both drawlngs were transmitted to the NASA/JSC Technical Monitor,
Mr. B. O. Freanch. Figures 28 and 29, respectively, summarize the designs.
During the current reporting period the hard tube drawing was not carried

10 the same level of completness as that of the soft tube concept.
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REQUIREMENTS:

e PROVIDE N7 GAS TO DEPLOYMENT SYSTEM
© PROVIDE EXPENDABLE N TO F21 FLUID RESERVOIR
e PROVIDE ONE CYCLE PER DAY FROM MAXIMUM
VOLUME TO MINIMUM VOLUME IN RESERVOIR FOR 30 DAYS

CONCEPT SELECTION:

e HIGH PRESSURE GAS SINCE SIMPLE AND PROVEN
® HIGH STRENGTH STEEL BOTTLE FOR LOW COST

N, BOTTLE DATA:

e PRESSURE: 3000 PSI
e MATERIAL: 4130 STEEL OR EQUIVALENT
e EXPENDABLE N9 : 1.2 LBS
(0.08 LB FOR DEPLOYMENT SYSTEM)
& WEIGHTS:
DRY ~ 2.8 LBS
WET - 4.0 LBS

FIGURE 26 N» BOTTLE SIZING FOR SOFT TUBE CONCEPT

e

6.85" O.D.
SPHERE
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REQUIREMENTS :
. 907 #/HR FREON 21 (1.33 gpm)
. APPROX. 12 PSI PRESSURE RISE

PUMPS CONSIDERED: ARGk B e so s 213

. VANE AND CENTRIFUGAL
. REQT'S. FALL BETWEEN
. BOTH POOR EFFICIENCY REGION

IWMLET PORT
PER MSBB645-0

CENTRIFUGAL CHOSEN AS TYPICAL: T

CANNED AC MOTOR i
. 13% OVERALL PUMP-MOTOR

EFFICIENCY TYPICAL |--| Bl—=] MOUNTING HOLES
200/ 287 DA THEL
! (2> PLACES
| [Bf 025 D |
TYPICAL DESIGN INTERPOLATED ' | , £
2 co 4] [ f
FROM DEVICES IN. CATALOG 1 : 5
R i 3,250
WEIGHT = 3 LB G 1
D

FIGURE 27 PUMP SIZING



DESCRIPTION OF PARTY WHISTLE CONCEPT PRELIMINARY DESIGN
FIGURE 28

Ly

THREE PANELS

TEFLON SPOCL

MANIFOLD

PANEL CONFIGURATION

TEFLON FIIMS —
0.002" THICK EACH NS

2" DIA GAS INFLATION

TWO FILMS OF //i//
EVAPORATED o
SILVER (12,500 A each)

0.004" TOTAL
THICKNESS

ADHESIVE BOND LAYER

AWG 14 TEFLON TUBING
(0.069" ID, 0.016" WALL)

TUBE-FIN SECTION

20 FLOWPATHS

BASELINE DESIGN:

250 FT2 AREA (3 DANELS)

« 96 LB PANEL WEIGHT (INCL. PUMPING
POWER PENALTY)

FREON 21 TRANSPORT FLUID
. RADIATES FROM BOTH SIDES

- EXTENSION BY 5 PSI NITROGEN GAS
PRESSURIZATION

RETRACTION BY TWO FLAT WATCHSPRINGS

. TUBE WALL GUAGE SIZED FOR PRESSURE
RETENTION
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FIGURE 29
DESCRIPTION OF JACK-IN-THE-BOX PRELIMINARY DESIGN

\'4

w—1-1/2"

i\

FEP TEFLON = .002"
THICK FACH SIDE

3/1é" OD ALUMINUM TUBING
0.049"

BIL-STEM
DEPLOYED RETRACTION
CONFIGURATION MEMBER

81" COMPRESSED

FLOW TUBES ACT

. AS SPRING - 27

CARRY FLOW UP-

WARDS, 3 RETURN
FLOW

40 x 67 SILVER
MESH ~ ,002 DIA
WIRES

TUBE-FIN SECTION

WALL

BASELINE DESIGN:

463 FT2 AREA

233 LB WEIGHT (INCL., PUMPING
POWER PENALTY)

. FREON 21 TRANSPORT FLUID

. RADIATES FROM ONE SIDE

. EXTENSION BY SPRING FORCE
RETRACTION BY BI~STEM (ADDL, 24 LB.)

. 30-DAY METEORQID PROTECTION



3.k Computer Analysis
Design studies were initisted in June 19Tk usaing the Vought Steady
State Design Routine (SSDR). The purpose of this work is to analyze the

baseline configurations and perturbations of them to a higher level of
fidelity than practical by hand. The principle objectives are to:

a) account for environmental influx in & more accurate
and assymnetric way by using geometric models of the
radiator system ,and the vehicle (vs a O°F environment
sink temperature used in hand analyzes).

b} +trade the soft tube concept relative panel
angles including panel-to-panel and panel-to-
vehicle radiant interchange effects.

¢} account for the radiator longitudinal temperature
distribution by breaking it into several nodes
(vs one in hand analysis).

d) model the fluid-to-tube, tube-to-well, and wall-
to-fin thermal resistances in a more precise way
than done in hand enalysis

e) determine revised areas required for both radiator

systems based on the sbove analytical refinements

3.k Environment Model

A simplified shuttle orbiter geometric model was developed to
inelude vehicle effects. Figure 30 shows the model geometry and Figure 3T
is an isometrie sketch showing the location of the soft tube concept rela-
tive to the vehicle, end giving vehicle properties. The hard tube concept

geometric model is situated in the same location as the center panel of

the soft tube concept.
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View factors between the inflatable radiator surfaces esnd vehicle.
surfaces were calculated using the Martin Marietta Thermal Radiation Analyzer
Program (MTRAP), and view factors between the earth and inflateble radiator
and vehicle surfaces were obteained from graphs of published information.
Direet incident flux on the inflatable surfaces and vehicle surfaces was
calculated considering solar, earth emission, and earth albedo. Shadowing
of one inflatdble panel by another was included. A one-bounce analysis was
conducted to obtain the component of each of these terms which is reflected
from a vehicle or another inflatable panel surface onto an inflatable panel.
Primary emission from wvehicle radiator panels ontoc inflatable panels was
calculated assuming a mean radiating temperature of TT7°F and a fin effective-
néss of 0.95. Emission from one inflatable panel onto ancther was computed
(for the baseline soft tube concept) assuming a mean radiating temperature
of 65°F, an emittance of 0.675, and a fin effectiveness of 0.77. Re-emission
of absorbed flux on vehicle surfaces onto inflatable radiator panels
was calculated by assuming adiabatic vehicle surfaces (other than for the
vehicle radiator panels described above). '

Hot case design orbital conditions were previously groundruled to
be 55°, sun oriented, 100 n.mi. altitude, at the 13 September 1973 Orienta-
tion Briefing. Current studies determined the 180° orbital position (low
side of orbit) to be most severe. Vehicle orientation with the cargo bay

facing the sun and the vehiecle broadside to the earth was found to approxai-

mate the most severe position.

3.k.2 Thermal Model
A rediator panel tube wall model was constructed consisting of a

thermal resistance for radial tube wall conduction in series with the fluid-
to-wall thermal resistance (already modeled in the SSDR as & funetion of
flowrate). The model includes a glue line resistence, and both the glue
line and tube wall thickness and properties may be varied. Peripheral
temperature drop in the fin material around the circumference of the tube
wall was modeled by assuming that all heat is added at the fin root located
at the tube midpoint. The resulting model is somewhat conservetive (i.e.,
computes a slightly larger radiator area requirement than en exact model
would determine]).
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The SSDR accounts for fin temperature gradients by computing a
fin effectiveness based on an assumed adiabatic fin condition midway
between adjacent tubes. This case does not exist in the soft tube
inflatabie design near the manifolds, as the adjacent tubes may differ
as much as 60°F in temperature.

Lengthwise temperature gradients in the panels were accounted
for in the 55DR model by breaking each penel into 10 longitudinal nodes.

This provides & much more accurate mean radisting temperature.

3.4.3 Envirorment Anslysis

View factors and environmental fluxes were determined for the
baseline soft tube concept at an outer panel dihedral value of 15°.
View factors and fluxes for 30°, 45°, and 60° dihedrals were determined.
The thermal model was incorporated into the SSDR for the baseline soft
tube configuration. Checkout runs on the modified SSDR were made with
the soft tube concept and comparison calculations with a 0°F equivalent
environment sink temperature were made to check against hand analysis.
Based on the results, a decision was made to ban the flexible radiator

designs on a O°F eguivalent environment. —

3.5 Materials Evalustion Study

3.5.1 Material Identification

The materials study initisted under the Inflatable Radiator Program
has yielded primarily a summary of existing and development transport fluids
and flexible tubing materials. Extensive information has been obtained
from the suppliers listed i1n Taeble 8, and the current sampling i1s considered
to be representative of state-of-the-art meterials. A great variety of
flexaible tubing materials sre currently in use, inecluding fluoroelastomers,
perflucroelastomers, thermoset and thermoplastic polyurethanes, polypropylenes,
polyethylenes, polyester elastomers and various types of rubber and
fluorinated polymers. Specific flexible tubing materials evaluated by Vought

in the current materials study are indicated in Tsble 9. Also included in
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TABLE 8

MATERIATS MANUFACTURERS AND SUPPLIERS
CONTACTED BY VOUGHT

A113ed Chemiegl Division - New York
Moxness Products, Ine. - Racine, WI

Penntube Plasties Co., Inc. - Pa.

Uniroyal Chemical - Conn.

Union Carbide Chemicals Division - New York

E.I.duPont de Nemours and Co., Inc. - Wilmipgton, Pa.
(Freon Products Group, Elastomer Chemicals Dept.)

Newage Industries, Inc. — Pa.

3-M Chemical Division - Minn.

Chevron—-Oronite Division - Ca.

Raychem Corporation - Ca.

Pennwalt Corporation - Pa.

Chemplast, Inc. - New Jersey

Resistoflex Corporation - New Jersey

Thiokol Chemicals Divaision ~ New Jersey

Dow Corning Engineering Products Div. -~ Ca.
Firestone Central Research Laboratories - (hio
Xarkh:rll Rubber Co. - Ca.

Rexnord Speclalty Chemicals Division - Wasconsin
Fhillips Petroleum Co., Chemicals Group - Oklahoma
U.8. Industrial Chemicals Co. - New York

B. F. Goodrich General Products Co. - Chio
Cadillac Plastic and Chemcal Co. - Michigan
Celanese Plasties Co. -~ New Jersey

Gates Rubber Company - Colorado

Mensanto Industrial Chemicals Co. - Houston
Hygienic Manufacturing Co. — Chio

J.P. Stevens and Co., Inc. - Mass.

Horton Plastiecs and Synthetaics Dav. - Chio
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Table § are the tensile modulus, sppliceble temperature range and the
more important thermophysical properties of each of the tubing materials.
Detarled information concerning the physical properties, chemical
resistance, ete. is provided in Appendaix A.

The basic cbjective of the materials study has been to provide for
increased meteoroid lifetime of the flexible radiator panel, by utilizing
g tube materisl which is more flexible than the baseline FEP Teflon tubing.
T4 had been previously determined (Ref. 10) that 14 AWG (.069 in. I.D.,
.016 in. wall) Teflon tubing wath a 2-m1l silver Teflon fin coating would
yield a 90% probable lifetime in the meteoroid environment encountered an
a 270 N.M., T78° solar-oriented orbit for only 1.7 deys. From element
tests conducted by Vought, the stiffness incurred using Teflon as the
transport tubing was already severe, increasing the meteoroid lifetime
to 30 days by increasing the tube wall would have yielded only a semi-
flexable radiator. As indicabted in Table 9, many materizls have been
identafied with a tensile modulus less than that of Teflon. In the follow-
ing paragraphs, the general characteristics of each of the flexible tubing
materials listed in Table 9 will be considered. Probably the largest variety
of elastomer materials availsble 1s manufactured by DuPont {i.e., Table 9).

Properties of Elastomers

Polyurethane elastomers (urethane rubber) encompass perhaps the
largest range of hardness of any of the existing elastomers. Whereas the
hardness range of rubber is generally considered tc i1neclude Shore A duro-
meter hardness of 20 ~ 90 and that of plastics to include Rockwell R hard-
ness of 50 - 150, polyurethanes range in hardness from about 55 Shore A
durometer to 90 Rockwell R. The hardness of polyurethane 1s governed by
the molecular structure of the prepolymer, and not by the addition of
plasticizers and fillers. The operating temperature range of polyurethane
elastomers is usually considered to be -80°F to 225°F, Standard composi-
tions normally do not become brittle at temperature below -80°F, although

st1ffening graduelly increases as the temperature 1s reduced below 0°F
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TABLE 9
ALTERNATE INFLATABLE RADIATOR FUBE MATERTAL CANDIDATES

RT
MODULUS USEFULNESS OVER AVATLABILITY
SPECIFIC (ps1) uTs TEMP RANGE I REMARKS
MATERTAL TRADE NAME GRAVITY TERSTLE | FLEXURAL]| (PST) | (=P21° to 200°F)| COMPATIBILITY TUBE
1 Wlyorinated Ethylene Propylene FEP Taeflon 215 50,000'1' 80,000T 2,DUOT ok ok Yes 1l Excellent general inertness
2 Tetrafluoroethylene TFE Teflcn 217 SB,OODT 60,000T .'2,0(:‘0T ok ok Yes 2 Excellent gen . inertness
3 Polyimide Kopton H 1 L2 %30,000F - 25,000% ok Unk (prod ok) Limited 3 Spirel wound tubes only .
L Ppolyester Myler A 1 ko 550,000F - 25,000F Prob ok Unk {prob ¢k 8§ T | Custom, RED L Good general inertness
5 Ethylene Tetrafluoroetbylene Copolymer | Tefzel 170 125,000F |200,000T | 6,500 ok Unk (prob ok) Yes 5 Excellent genersl inertness
6 Perflucroaslkoxy Fluorocarbon PFA Teflon 215 - 95,00 4,000F Prob ok Unk (prob ok) Yes ,Cusbon 6 New material, prob similer other Teflens
T Polyvinyladene Fluoride Kynar 107 170,000F [220,000F | 7,200F "Brittie"@-hoF Unk {prot Fair)| Custom, RD 7 Good general chemical inertness
& Polyvinyl Fiuoride Tedler 1 38 250,000F - 7,000F sm;cmr Tygon |Unk (prob ok S T Yes 8 Pliable (used for baggingl, good inertness
Brittle)
9 Polyvinyl Chloride Tygon{R2807) 120 400 - - 1,800 Yprittle"B-66°F Unk (prob Bad) Yes 9 Commen lab tubing, poor gen inertness
3,000
10 Polyethylene Terephthalate Tenxzte TDRO 1 39 250,000F - S.EOOF Pasted only to |Unk (prob ok S % Custom, R&D 10 Good generel Inertness
(V=3 - T
© 11 Polysmide High Temp Nylon Ko 138 - 520,000 |17,000F | Questionable Unk (prob Fair) RED 11 New material (similsr to Nomex)
Cold
12 Hexafluoropropylene-Vinylidene Viton B 1 ho *EEBF - l,hOOF LA f=30°F, Bad Yes,Custom 12 Elastomeric sesl materisl, F21 Experience
Fluoride stands L
13 Chloroprene Neoprene W 125 #50F - 1,250F Flex to -EO"F 0K (slight swell] Yes,Custom 13 Elastonerdic F21 seal, Type GE common tuBing
stands LN
14 Polyethylene Bakelite 92 20,0007 - 1,LooF "Br:.ttle‘)’%est Unk {prob Bad) Yes 1L Readily available, falr general inertnesc
-ho°F
15 Polypropylene Clyser 90 160,000F j170,000F | %,B800F "Briﬁtle')‘(est Unk (prob Bad) Yes 15 Readily availsble, fair general inertness
=4o°F
16 Polycarbonste Lexan 120 3%0,000F{310,000F | 8,000F OK Urk {prob Poor) Custon 16 Poor genernl inertness
17 Silicone RIV 560 1 L2 300F - 800F | Fair{Brittle |Unk {prob ok ST ) Yes, Custom [1T Cryogenic exp, shuttle TPS {(E1astomer)
-L75°F}
18 Fluorosilicone DC 94009 185 simalar silicone | 2,000F| Similar sili- | Unk (prob ok § T b Yes, Custom 18 Developed as adhesive, poor practical
rubber cone rubber experience (Elagtomer)
{not as geod)
19 Trifluorochloroethylene KEL-F 210 190,000F | 200,000F | 4,600F 0K Unk {prob OK) Yes, Custom |19 Predecessor to FEP Teflon (afimiler)
8T =~ short term
T« evaluated in tube form
¥ =~ evaluated in £ilm form

- 1100% Modulus" - stress @ 100§ elongation
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TABEE 9 (CONT'D)

MATERIAL

Polyurethane

Perfluoroelastomer (Copolymer
of Tetra-flucrocethylene,
Perfluaro (Methyl vinyl ether)
and Perfluorcvinyl ather)
Chlorosulfongted Polyethylene
{Synthetic Rubber)

Polysester

Bthylene = Propylene Diene
{EPDM)

Butadiene - Aexylenitrile
{Fityile Rubber)
Pelyolefin Copelymer
(Polyolefin Thermoplastic
Rubber}

Ethylene Ethyl Acrylate
Olefin Copolymer

Ethylene Vinyl Acetate
Olefin Copolymer

RT
SPECIFEC MODULUS
TRADE NAME GRAVITY (ps1l
TENSILE FLEXURAL
Hi-Tuff 1031 %] 750~
Tygothane 3000
Estane
Vibrathane
Elastothane
Adiprene
ECD-006 20 2650 -
Hypalon 1 1-~1 26 | L4ooo
Hytrel Velox L1-13 5000 T000
Nordel Eplar 8 3000
Royalene
Hycar o8 3000
Peracril
IFR - 1666 88 656F 1500F
- 1800 1400F 10,000F
- 1900 1850F 35,000F
93
ol

uzs
(PSI)

6000
-8500

5000

TEMPERATURE

RANGE

(°F}

Lo H3
~80 225
-30 k50
-k0 328
-65 300
-60 250
=70 Loo
-ko 200
-60 250
-150 140
=1ko 140
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COMPATIBILITY AVATLABILITY
WITH TRANSPCRT IN
FLUIDS TUBE

No Phosphate yes

Esters

No Fluorinated
Ethers

No Fluorinsted
Ethers

Ne Fluoro-carbens

Good in Silaicate
esters, Phosphate
ezters, &
ethylene con-
pounds

No Chlorinsted
Hydrocarbons

No Chlorinated
Hydrecarbons

yes, custom

yeos

yes

Polyether Hrethanes have greater low temp
flex than polyester urethanes Available
in thermoset or thermoplasiie, extruded
tublng available in thermoplestics only

Standard formulations heve carbon black
as fllling agent Low temp formilations
evellable UV stabillty 1s unknovwm to
manufaciurer

No phogphates or dlesters

Compatible with silicatc and phesphate
esters ond most fluorocerbons  Brittle at ~90°F
Kot compatible with diesters or Frecns

Very poor recistance to UV degradation, for use
as mixture with s0lid nitrile rubber

No Aliphatic or aromatic solvents, or
chlorinated Hydroearvons



Some compositions of polyurethane may be obtained that retain a small
amount of flexibility at temperatures as low as =-125°F. Although not
Tlexible at extremely low temperatures, ﬁolyurethane elastomers have
successfully been operated at cryogenic temperatures using non-oxidizing
liquefied gases. Polyurethanes may be used continucusly at 200-225°F
and intermittently up to 250°F. FProlonged exposure to ultraviolet
radiation usuglly darkens polyurethane and somewhat reduces the physical
properties (i.e., the material may become brittle) due to polymer cross—
linking. Ultraviolet screening agents and pigmentation are available in
DuFont's Adiprene polyurethane elastomer.

Polyester elastomers range in hardness from about 85 durometer A
to 70 durometer D (~80 Rockwell R}. Polyester elastomers are thermo-
Plastic, synthetic materials; the softer compositions of polyester elas-
tomers resemble true elastomers more than plastics. The thermal service
range of polyester elastomer is approximately —65°F to 300°F, The brit-
tle point of polyester elastomers i1s about -100°F, but, as with other
elastomeric materials, gradual stiffening oceurs with decreasing tempera-
tures. The degree to which polyester elastomers are degraded by ultra-
violet radiation 1s a function of exposure time, but screening agents
are available for this material.

Synthetic rubber is probably best known for its excellent ageing
characteristics and chemical resistance {as compared to natural rubber).
Use of synthetic rubber with a transport fluid is limited to nonaromstic
hydrocarbons and it will not withstand chlorainated solvents. Acid and
salt solutions of a highly oxidizing nature will cause surface deteriora-
tion and loss of strength in synthetic rubber. Synthetic rubber gives
excellent service in contact with aliphatie hydrocarbons, aliphatie hy-
droxyl compounds and most fluorocarbon refrigerants. The practical high
temperature range for continuous service 1s about 180 - 200°F. For
intermittent use, specially compounded synthetic rubber products can
operate at temperatures up to 250°F. Thermal exposure sbove these limits
does not melt synthetic rubber, but it does cause hardening and loss of
resilience. The brittle point of synthetic rubber is about -40°F, with
gradual stiffening starting at 0°F. Again, specially formulated composi~

92



tions permit serviece to about -TO°F.

Fluoroelastomer compounds gernerally offer greater resistance to
most fluids and have wider operating temperature characteristics than do
most commercial rubber products. Fluoroelastomers {i.e., DuPont's Viton
and Norton's Fluran) resist many aliphatic and aromatic hydrocarbons that
act as solvents for other rubber compounds. Generally, fluoroelastomers
may be used continuously at temperatures to L00°F, and up to 1000 hours
at 500°F without affecting the mechanical properties or chemical resistance.
Fluoroelastomers remain flexible at about 0°F, and with special compounding,
as low as -65°F. They have successfully been used in static applications
at cryogemic temperatures. Fluoroelastomers show excellent resistance to
degradation vaia ultravioclet radiation and, under vacuum conditions, ex-
perience minimal outgassing.

S81licone rubber compounds consist of silicone polymers mixed with
one or more suirtable inorganic reinforcing fillers and a vulcanizing agent.
While all silicone rubber compcunds provide a number of outstanding char-
acteristies, various fillers may be used to improve physical, thermal and
electrical properties as well as chemical resistance. Silicone rubber is
serviceable up to 500°F, with some formulations useful for_limited service
to 650°F. Continucus low temperature operation may be obtained to -T0°F,
with some grades remaining flexible at -150°F. The resistance to degra-
dation by ultraviolet radiation is among the best of the available elas-
tomers. Silicone rubber contains a low percentage of organic materials
and contains no plasticizers.

There are several other types of plastic and elastomeric materials,
and their physical, mechanical, electrical and thermal properties are tab-
wlated in Appendix A. Inecluded in Appendix A are the characteristiecs of
various types of rubber, fluorocarbons, olefin polymers, polyesters and
polyethylenes. A new development material offered by DuPont, ECD-006 per-
fluoroelastomer, is composed primarily of fluorine and carbon, and combines
the properties of a fluoroelastomer (1.e., Viton) with those of a per-
fluorinated plastic (i.e, Teflon). ECD-006 perflucrcelastomer is based
on the copolymerization of tetrafluorocethylene (TFE Teflon), perfluoroc

(methyl vinyl ether) and a third monomer (a perfluorovinyl ether grouping
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with an active cure site monomer). This materiasl, when cross-linked, yields
vulcanizates with outstanding chemicel resistance and high temperature oxi-
dative resistance. Perfluoroelastomers are chemrczlly inert to most sol-
vents, including polar solvents (ketones, ethers and esters), inorganic

and organic acids and bases. Thus, perfluorcelastomers may be used with
most transport fluids, excluding fluorocarbons. Generally, perfluorcelas-
tomers are capable of provading continuous service at temperabures of 500 -

550°F and can operate at 600°F for short time durations.

Properties of Transport Fluids

Perhaps the most notable characteristic of the available transport
fluids 1s their chemical variety. The transport fiwnds evaluated by Vought
are listed in Table 10, together with their temperature range and typical
thermophysical properties. Most of the transport fluid types represent a
family of transport fluilds, with a large variastion of thermophysical and
transport properties. Described in the following paragraphs are the major
categories of fluid types evaluated during the materials study. More de-~
talled information concerning a specific fluid is located in Table 10.

Fluorocarbons

Fluoroccarbons are organic compounds containing one to four carbon
atoms and fluorine. Chlorine, bromine and hydrogen atoms may also be
present. Their physical characteristics include nonflammability, a low
level of toxiecity, excellent thermal and chemical stabilaty, high density
coupled with low boiling point and low viscosity and surface tension. The
presence of fluorine atoms in the molecule is responsible for the stabilaty
of the compounds and, as a general rule, increased stability may be cobtained
for increased fluorine content. Toxicity levels of the fluorccarbon compounds
are quite favorable for use and handling, with most of the fluorocarbons

classified in groups 5 and 6 by the Underwriter's Laboratories. (Group 6 is
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considered to be the least toxic of gases and vapors.) None of the
fluorocarbons have been determined 4o be flammeble or explosive at
temperatures to about 210°F. The presence of fluorine in the molecule

in many cases has an effect on the bolling point simlar to that of
hydrogen but af the same time providing a high molecular weight and non-
flammebility. This effect is even more pronounced when chlorine is also
present. The high molecular weight of fluorocarbon compounds also con-
tributes to low vapor specific hegt values and fairly low latent heats of
vaporization. Fluorccarbons do not conduct electricity and in general have
excellent dielectric properties. Compatibility of the fluorocarbon com-
pounds with elastomers 1s variable, due to chemical structure variations
between fluorocarbons bub, in general, at least one fluorocarbon compound
may be found to be compatible with most elastomers. Obvious exceptions are
elastomers for which all fluworocarbon compounds are strong solvents: 1.e.,
some fluorinated elastomers. Homopolymers or copelymers with increasing
polyvinyl aleohol compositions generally offer increasing compatibility
with the fluorocarbon compounds. Varighion in the thermodynamic and
thermophysical properties of certain fluorocarbon compounds mey be obtained
by substituting {existing) higher homologs of the fundsmental fluorocarbon.
For example, a family of five (homolog) fluids, the "Freon E-series", is
manufactured hy DuPont, with higher homologs currently under development.

Si1licate Esters

Monsanto's Coolanol transport fluid series is a family of silicate
ester coolant/dielectric fluids. The Coolanol flumds are charscierized
by very small vapor pressure and high specaific heat as compared to Freon
fluorocarbons. These characteristics yield smaller elastomer tube well
thickness {for pressure retention) and excellent thermsal performance,
respectively. However, pumping power penalities are large for the Coolanol
fluids due to their large viscosities. Maximum (recommended) bulk fluid
temperatures range from 250°F for Coolenol 15 to hOO°F for Coolanol L5,
Low temperature operation may be extended to ~140°F for Coolanocl 15 and
to -85°F for Coolanol 45. The Coolanol fluids are compatible with aluminum,

iron, copper, copper alloys, silver allcys, brass, cadmium plated steels,
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solders and brazing materials. Several elastomers are compatible with
the Coolanol fluids, including synthetic rubber, flucrocarbons, nitrile
and some fluorcosilicones. Compatibility of thermoplastic polyurethane,
polyvinyl chloride (Tygon), fluoroelastomer (Viton) and perfluoroelastomer
with Coolancl 15 has been demonstrated by Vought for 50-day duration
ambient tests. In genersl, the Coolanol fluids are quite simlar to the
hydrocarbons in*overall flammability characteristics. The products of
combustion of silicate esters (1.e., Coolanol fluids) include silica
(s1licon dioxide), which s usually of small particle size and appears

as smoke. Silicate esters are characterized by the tendency to hydrolize
when in contact with water, thus requiring some protective measures to
avoid water conbamination. The Coolanol fluids are essentially nontoxic.
Coolanol 15 1s somewhat volatile (relative to the other Coolanol fluids),
and at high temperatures, the vapor is moderately toxic. Chevron Inter-
national is also a manufacturer of silicate ester flwds.

Hydroxyl Ethers (Glycols)
Glycols, slso called dirols, are characterized by two hydroxyl

groyps. The hydroxyl groups comntribute water solubility and hygroscopicity
and also provide reactive sites. The extent to which the hydroxyl groups
influence the properties of the molecule depends upon the position of the
hydroxyl groups, the length of the hydrocarbon chain, and the presence of
branched chaing and repeating ether linkages. In effect, the more closely
the molecule resembles a hydrocarbon, the more it acts like a hydrocarbon.
Repeating ether groups in "polyols" introduce hydrogen bonding, with its
attendant influence on solubility. The ethylene series is completely water
soluable at room temperature. Hygroscopieity does, however, decrease as
the chain lengthens. The propylene series loses its waber solubility as
the chain lengthens. Aqueous glycol solutions exhibit minimum freezing
points at about 60 - 65% glyeol, by weight. Boiling points of agqueous
glyecol solutions are increased with increasing glycol composition and are
greatly enhanced as the glycol composition increases sbove 80-90%, by weight.
Al of the pure glycol solutions have vapor pressures mmder 0.1 mm of
mercury at 20°C (68°F). In order of decreasing vapor pressure, the glyecols
are grouped as: propylene glycol, hexylene gilycol, ethylene glycol,
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dipropylene glycol, diethylene glycol, triethylene glycol and tetraethylene
glycol.

Ethylene glycol is a colorless, practically odorless, low-volatile,
hygroscopie liquid. Tt i1s completely miseible with water and many orgenic
liquads. Ethylene glycol is the lowest molecular weight fluid of the
glycol series, it is about 50% more hygroscopic than glycerol at normsl
room temperatures and humidities. The appearance and properties of diethy-
lene glycol are similar to those of ethylene glycol. Diethylene glycol is
considerably less volatile than ethylene glyccl and it dissclves various
resins and gums and many organic materials. Diethylene glycol may thus be
a poor choice as a transport fluld in contact with elastomer materials.
Triethylene glycol 1s a colorless liquid wath a slight,sweet odor. Its
properties closely resemble those of diethylene glycol, dbut has a higher
boiling point. Tetraethylene, propylene, dipropylene and hexylene glycols
are also similar in behavior to the simpler glycols. 2-Ethyl-l, 3-hexanediol
(ethohexadiol U.S.P) differs from the aforementioned glycols by 1ts Jonger
hydrocarbon chain, thus yi1elding low volatility and limited water solubilaty.
Its compatibility with elastomers is unknown, but 1s most likely limited.

1, 2, 6 - Hexanetriol is a stable, high-boiling liquid that is completely
mseible with water. It daffers from the other glycols by having three
hydroxyl groups, thus characterizing 1t as a very strong solvent. Other
rglycols include polyethylene and polypropylene glyeols, characterized by
large viscosities, and would therefore be inferior transport fluids (at
least from a pumping power and flow stability viewpoant). Elastomer com-
patibility of all of the glycol fluids would largely be a function of the
hydroxyl group inertness with respect to the elastomer material.

Si1licone Fluads

Chemically, silicone fluids are quite different from all other
materials. Whereas organic hydrocarbon fluids have a basic structure of
carbon-carbon atoms, silicone fluids have a basic structure of silicon-
oxygen linkages similar to the Si-0 lankages in other high temperature
materials (quartz, glass and sand). Tt 1s this linkage that contributes
to the oubstanding high temperature characteristies and genersl inertness

of silicone fluids. In addition, meny organic hydrocarbon fluwids contain
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some degree of unsaturation where -carbon atoms are joined together by
double bonds. The double bonds are the sites of attack by oxyegen,
particularly at high temperabures. Because most silicone fluids contain
no double bonds, they are extremely resistant to oxygen attack -~ even at
high temperatures over long pericds of time. BSeveral types of silicone
fluids may be symthesized through the use of a variety of organic side
groups along the polymer chain: methyl, ethyl, propyl, butyl, phenyl
carboxyelkyl, hydroxyalkyl, cyancalkyl and aminoalkyl. Of these, methyls
and phenyls are used most frequently; consequently, the two most common
(and most useful) silicone fluids are dimethyl polysiloxane polymer and
methyl phenyl polysiloxane polymer.

S1licone fluids offer a relatively small viscosity change with
temperature. (Petroleum oils and dibasic acid esters exhibit large changes
of viscosity with temperature in relation to most silicone fluids.) Silicone
fluids are also characterized by shear stability, excellent resistance to
breakdown at high temperatures and low surface tension. Dimethyl poly-
siloxane fluids have pour points below -120°F and may be operated at temp-
erztures up to SC0°F. Methyl phenyl polysiloxane fluids mey be used from
about —-80°F to S500°F. Extended storage of silicone fluids at low temperatures
will produce no precipitation since no additives are present. When frozen
solid for prolonged periods, silicone fluids do not deteriorate and when
returned to operating temperatures will perform as effectively as before.
Except for the very low viscosity products, the nominal specific gravity
range for salicone fluids is 0.9h4 to 0.98. Incorporation of phenyl molecules
in the polymer increases specific gravity. Dimethyl silicones have the
lowest surface tension values and these are largely independent of viscosity.
The surface tension of methyl phenyl flmds is somewhat greater than that
of dimethyl f£luids, but Is still much lower than that of organie flwds.
S1licone fluids, except for the low wviscosity dimethyl materials (% 20 centa-~
stokes), show exceptionally high flash points. The low viscosity dimethyl
fluids, being short chain polymers, are more volatile. The self-extinguish-
ing characteristics of non-volatile high molecular weight silicone flulds
are due to the large temperature difference between the flash and fare points.
Auto~1gnition temperatures of both dimethyl and methyl vhenyl silicons flurds
are above 850°F.
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The low molecular weight, low viscosity silicone fluids behave

as solvents in the presence of plastics and resins.

3.5.2 Materials Screening

Fluid Selection Criteria

Selection of a transport fluid for the soft tube configuration
of the Inflateble Radiator concept 18 based on several factors. Character-
1sties of the candidate transport fluids which have a major influence on
fluid selection are: boiling point (or vapor pressure), flash point, pour
point (freezing point), elastomer compatibility, thermodynamic and transport
properties and toxieity. Essentially, all of the fluid characteristics are
important in proper fluid selection, but & few minimum requirements must be
met for the fluid to be a possible choice. Due to a concurrent regquirement
in selection of the most flexible elastomer available/possible (and con-
sequently an elastomer of low strength), the criteria for vapor pressure has
been defined as being under one atmosphere at 250°F (i.e., normal boilang
point of the fluid must he greater than 250°F). Consequent to this restric-
tion on the fluid's vapor pressure, tube wall thickness reguirements for
meteorcrd protection will be inclusive of those for pressure retention.

The fluid operating temperature range has been defined as -100°F to 250°F
which 15 considered to be inclusive of high and low temperature applications
for the Inflatable Radiator concept.

Selection of the proper fluid for low temperature operation is not
entirely dependent upon pour point. The fluad viscosity at low temperatures
diectates the minimum 2llowable return temperature for a given radiator inlet
temperature. For heat rejection systems facing deep space, unstable operation
of the radistor occurs 1f the return temperature drops below the minimum
allowable temperature which, in most cases, 15 well above the fluid pour
point. The resulting behavior of the radiator, when rejecting heat to an
environment with equivealent temperature below the transport fluid pour point
(1.e., a radiator facing deep space), has been cobserved to be freezing in
one flow path with subsequent freezing in adjacent tubes, and eventual
freezing of at least a large portion of the radiator. The subject of flow
stability 1s addressed later in this report concerning the soft tube Inflatable
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Radistor thermal vacuum test and feasibility demonstration and in Reference
(8). The flow stability problem limits the choice of transport fluids to
fluids other than those with moderate—to-high viscosity at lower tempera-
tures (in addition to the increased pumping power penalty incurred by use
of the higher viscosity fluids.)

The dabta available on toxieity is limited, with the only guantita-
tive data indircated for the Freon fluorocarbons, Table 10. None of the
fluirds evaluated by Vought appear to be hazardous in handling, assumng
normal handling procedures are observed. Table 10 lists the fluids
evaluated on an initial screening basis. The fluids which warrant further
evaluation are those for which sufficient data are available and which remwain
ligquad at pressures under one atmosphere over the temperature range of

-100°F to 250°F. Second level secreening and final fluid selection are dis-—

cussed in Seection 3.5.3.

Screening Tests

Sereening tests consisting of chemical compatibility, bonding,
flexihility and thermal exposure testing have been performed using several
of the tubing materials indicated in Table 9. Room embient temperature
chemical compatibility tests have been conducted at Vought using Freon E-2
and Coolanol 15 together with each of the tubing materials listed in Tabie 11,
Also indicated in Teble 11 are the results of 11-, 20-, and 30-day chemical
compatibilaty tests. The chemical compatibility tests were conducted at
room ambient temperature and pressure using typically a one-inch length of
tubing material immersed 1n a small beaker contalning the transport fluad.
Chemical compatibility was determined by changes in physical appearance,
welght change and swelling of the elastomer. Perhaps the most quantitative
meagure of chemical compatibility is the amount of elastomer swelling incurred
when in contact with the fluad. 8welling of tubing materials is easily
measureable and, in the sbsence of changes in surface sppearance, 1% considered

to be 1ndicative of elastomer/fluid compatibility. The two fluids selected
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TABLE 11 ROOM AMBIENT TEMPERATURE
CHEMICAL COMPATIBILITY TESTS

9 SWELLING R, - R

M T
R
L
Freon E-2 Coolanol 15
Exposure Time 11 20 30 11 20 30
(Days)
Tubing Meterial
MP-1485 Ester-Based o] 0 -2 0 1 1
Polyurethane
MP-1280 Ether-Based 0 1 1 1 21/2 3
Polyurethane
MP-1880 Ether-Based 0 0 0 0 0 0
Polyurethane
8831-63A ECD-006 (1) - ] o 0 0
Perfluoroelastomer
8831-638 ECD-006 12 27 28 0 0 0
Perfluoroelastomer
Viton B Fluoroelastomer 0 11/2 11/2 0 0 0
SR-200 Silicone rubber - 5 5 - 38 4o
Neoprene W 1/2 1 1 (2) 11/2 11/2
TPR-1600 Thermoplastic 2 2 2 i L H
Rubber (Polyolefin)
TPR=-1900 Thermopkastic 1/2 1 1 7 7 3
Rubber (Polyolefin) '
Moxness Silicone Rubber 11/2 2 2 39 4o Lo
R-3603 Tygon )
Polyvinyl Chloride 1 2 2 0 -5 -8 1/2'3

(1)

(2)

(3)

8831634 ECD-006 (Standard grade of perfluoroelastomer) deteriorated in
less than three days in the presence of Freon E-2, with complete collapse
of the tubing structure.

Neoprene W 18 apparently compatible with Coolanol 15, with very lattle
swelling and nc obvious loss of flexibility. However, the Coolanol
solution became increasingly yellow, whereas Coolanol 1s normally clear.

Immersion of Tygon (PVC) in Coolanol 15 caused shrinkage of the elastomer,
as well ag grestly decreased flexability. Flexibility decreased to
about that of teflon, at room ambient temperature.
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with which to conduct the chemical compatibility tests, Freon E-2 and
Coolancl 15, were chosen to be representative of the more applicable
transport fluids, Table 10. As indicated in Table 11, the MP-1880
polyurethane, 8831-634 and -63B ECD-006 perfluoroelastomers snd Viton B
fluoroelastomer did not swell in the presence of Coolanol 15. Also,
Coolanol 15 had a limited effect on the MP-1485 and MP-1280 polyurethanes
and Neoprene W, although discoloration of the Coolanol sclution was
observed with Neoprene W. Substantial swelling of silicone rubber in
Coolanol 15 was obgerved; whereas dismeter reduction and significant loss
of flexibility of polyvinyl chloride (Tygon) in Coolanol 15 was observed.
Compatibility with Freon B-2 was indicated for MP—188q polyurethane; and
minor effects of E-2 on MP-1L485 and MP-1280 polyurethanes, Viton B,
Neoprene W, Tygon, one grade of silicone rubber and the polyclefin thermo-
plastics were noted. Substantial swelling of the low temperature for-
mulation of perfluorocelastomer, 8831-63B, in E-2 was obtained; the standard
grade of perfluorcelastomer, 8831-63A, completely deteriorated in the pre-
sence of E-2 in about three days. Of the tubing material/flurd combinations
tested by Vought, the only resulting tubing material which lost its flexi-
bility was Tygon (polyvinyl chloride) in Coolanol 15. This loss of flexa-
bality is presumsbly due to loss of the plasticizer while in the presence
of Coolanol.

Flexibility tests of the tubing materials listed in Table 11 were
conducted at room ambient temperature, 220°F, -100°F and -320°F (LNp tem~
perature). With little exception, the tubing materials were more flexible
at 220°F than at room ambient tempersture. For the high temperature tests,
the tubing material samples were placed in indiviadual aluminum containers
located in an arr-circulating oven wmaintained at 105°C (221°F). Since
immediate provisions for marntaining the transport fluids at elevated and
reduced temperatures were not available, the flexibility tests were conducted
with the tubing materials in air at elevated temperature, and in air im-
mediately subsequent to immersion in dry ice (solid COg)/Acetone and immersion
in laiquid nitrogen. BResults of the flexibility tests are shown in Table 12.

Direct comparison of the flexibiiity of each of the glastomers with that of .
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Table 12 Results of Elastomer Flexibaility Tests

FLEXIBILITY
MATERTAL ID X Op o o o o
{Approx) 75°F 220°F =100°F -320°F
MP-1880 Moderately Increased Bending over 1/8" | No Flexibility
Polyurethane 1/16 X 1/8 Flexible Flexibility Mandrill w/wmoderate
force (by hand)
MP-1485 Moderately Permenent Ton- (1/4" Mandri1l) No Flexibility
Polyurethane 1/8 X 1/4 Flexible gitudinal Curl;
slightly yellowed,
MP-1280 Moderately Increased (1/8" Mandrill) No Flexibility
Polyurethane 1/16 ¥ 1/8 Flexible Flexibilaty
8831-634 Perflu~ |1/8 X 5/16 Moderately Increased No Flexibility No Flexability
oroelastomer Flexible Flexibilaity
8831-63B Perfiu- 1/8 X 5/16 Moderately Increased No Flexibility No Flexibility
oroelgstomer Flexible Flexabilaty
Viton B Flexable; Increased No Flexibility Shattered when
Fluoroelastomer | 1/4 X 9/32 Crainkles Flexzbality Shattered when bent
when bent bent
SE-200 Silicone Extremely Increasged Very Flexible Small Flexibility
Rubber 1/16 X 5/32 Flexible Mlex:bility at -80°F
Neoprene W 1/8 X 3/8 Moderately Increased No Flexibility No Flexibility
Flexable Flexibility
TPR~1600 Thermo~ | 1/8 X 7/32 Flexible; Elongates No Flexibility; Brittle
plastic rubber crinkles permanently Permanent crinkle (Shattered)
when bent when stretched when bent
TPR=1G00 Thermo- 3/16 ¥ 9/32 Flexible; Elongntes No Flexibility: Brittle
plastic rubber crinkles permenently permegnent crinkle {Shattered)
when bent when stretched when bent
Moxness Silicone 1L AWG Extremely No change Small loss in Small
Rubber {.069% .101) Flexible from 75°F flexibility flexibility
from 75°F
R-3603 Tygon Poly-]1/8 X 1/h Moderately Increased No Flexibility No Flexibality
vinyl Chloride TFlexible Flexability




the other elastomers was difficult due %o the variation of sizes encounter-
ed in obbtaining samples. Qualitatively, the tubing materials may be ranked
in order of increasing flexibility as: thermoplastic rubber, Neoprene W,
Viton B, polyurethane, perfluorcelastomer and silicone rubber. Several other
materials evaluated by Vought, Table 9, were either nonobtainable Or un-
knovn at the time of testing (EPDM, ethylene vanyl acetate, ethylene ethyl
acrylate) or were judged to be too stiff to compete as alternate tubing
materials (butadiene - acrylonitrile, polyester). As indiceted earlier,
it was recognized by Vought that a thorough screening of plastie, xubber and
elastomer materials may still leave some existing materials unrecognized.
It is believed, however, that some variation of most of the avairlable flex-
ible materials has been identified.

Elevated temperature chemical compatibility tesis were possible
for Coolanol 15 without reflux condensing, due to the low wvapor pressure of
the fluid, and were conducted using the materials listed in Teble 11 for
which zero elastomer swelling was observed (viz., perfluorcelastomer, Viton B
and MP-1880 polyurethane). Three~day duration tests were performed with
samples of Viton B and both grades of perfluocroelastomer immersed in Coclanol
15 at a temperature of 200 + 10°F. The results of these tests were evaluated
1in terms of changes in physical appearance (1.e., swelling, color change, etec.).
The perfluoroelastomer 3did not undergo any perceiﬁ&ble changes in surface
appearance or size. Thus, at least from data indicated from the ambient
immersion tests and the three-day elevated temperabture tests, both the stan-
dard and low temperature formulations of perfluorcelastomer are guite com-
patible in Coolanol 15. The usual differences between menbers of a family
of transport fluids (i.e., Collanols 15, 20, 25, 35, 40 and L5) are the
transport and thermophysical properties; usually, the solubility of the fluad
with other msterials does not vary significantly between members of the same
fluid famaly. Thus, it 1s expected that perfluoroelastomer would be com-
patible with any of the Coolanol silicate ester fluids. (Similar compati-
bility 1s expected of the Freon "E-seraes" fluads for elastomers which have
been shown to be compatible with at least one of the "E-series" fluids.)
Behavior of Viton B 1n Coolancl 15 st 200°F for three days showed a shrink-

age of about 8% in diameter, with no apparent loss of flexibility.
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Elevated temperature chemical compatibility tests were conducted
with several samples of MP-1880 polyurethane immersed in Coolancl 15 for
continuous exposure in excess of 500 hours (21 days) at temperature levels
of approximately 140, 160 and 180°F. These tests were performed in support
of the basic Inflatsble Radiator program change to incorporate a more
flexible tubing material (as compared to FEP Teflon) in the soft tube design
scaled test article., As indicated sbove, MP-1880 polyurethane was found
to be one of the most promising alternate tubing candidates, used in con-
Junction with Coolanol 15 as the btransport fluad., Significant discoloration
(yellowing) was observed in the 180°F MP-~1880 samples. The 160°F samples
were moderately discolored and the 1L0O°F samples were only slightly disecolored.
It was also observed that longitudinal curling of the polyurethane samples
increased with increasing temperature. Earlier hot case exposure test results
for MP-1880 polyurethane/Coolznol 15 at 230°F for T2 hours indicated similar
behavior in dascoloration and curling. Pressure testing of the 230°F - 72 hour
sample and the 160°F - 500 hour sample showed no apparent loss in strength,
as these samples were capable of withstanding 300 psia burst pressure for
approximately one-half hour {virtuslly equivalent results as for the MP-1880

sample which had undergone no chemical compatibilaty tests)

3.5.3 Materisls Analysis and Selection

The transport fluids in Table 10 that may be considered after applying
the fluid selection criteria of Section 3.5.2 are General Electriec F-L4L and P-50;
Freons E-3, Eth and B-5, and Coolanols 15 and 25. For a given environment
heat load and radiator configuration that has tube wall thickness dictated by
meteoroid protection (i.e., the tube wall thickness required for micrometeoroid
protection 1s greater than that required for flund pressure retention), the
filuids msy be compared directly by requiring equivalent fluid AT thru the
radiator. This is tantamount to requiring egual heat removal capabilities
for each fluid. Thus for each fluid, the mass flowrate is determined and,
together with the fluid transport properties, pressure drop and pumping power
penalty may be determined. Teble 13 shows the results of this analysis, where
the pumping power penalty 1s compared to the baseline fluldhkR-Ql). Shown 1n
Table 1t are tube wall thickness regquirements for the elastomers that were

compatible with either Freon E-2 or Coolanol 15 and their assceciated wall
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temperature drop. -

The wall AT i1s essentislly the same for all of the final tubing
candidates. Table 13 wndicates that from a pumping power reguirement stand-
point, Coolanol 15 is superior to the other fimds. Availability, cost,
compatibility and extended testing has resulted in the choice of Coolanol 15
as the preferred transport fluid and MP-1880 polyether urethane as the pre-

ferred tubing material.
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TABLE 13

FINAL SELECTION CRITERTA FOR TRANSPORT FLUID

PUMP_POWER
FIUID AP(PSI) PUMP POWER(LBM) (PUMP POVER), o
E-3 75.1 1k9.2 5.7

=l 132.9 259.3 © 9.9

E-5 217.6 417.3 15.9

F-l4h 304k, 7038. 269.0

F-50 Insufficient property data (but similar to F-LL)
c-15 58.4 12h.7 1.8

C-25 171.9 357.1 13.6
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TUBING WALIL, THICKNESS AND AT SUMMARY

DENSITY
TUBING (SP GR)
FEP Teflon 2.15
MP-1L85 1.04
MP-1280 1.0k
MP-1880 1.0k
ECD~006 2.0
Viton B | 1.k

TABLE 1k

THERMAL
CONDUCTIVITY
{BTU/HR-FI-°F)

Fa

Poa

11k

11

.12

.12

.12

.11

QA1

T

037
.053
.053
.053
.038
.0k&

30-DAY

(Im)

(°F)

4,05
h.56
k.56
L.56
k.13
.71



3.6 Engineering Model Inflatable Radiators

Engineering model test articles were fabricated and tested in the
Vought Space Environment Simulator. Drawing No. T-213-SK03 - Inflatable
Radiator Soft Tube Concept, and T-213-SKO4 - Inflatable Radiator Hard Tube
Concept give full scale details of the test articles. Both drawings have
been transmitted to the NASA Technical Monitor. Figures 32-39 are photo-

graphs of the engineering models.

o G Soft Tube Test Article

The soft tube model is 37" wide x 72" long and contains twenty
equally spaced transport tubes. The test article simulates one panel of
the 3-panel flight configuration defined in Vought drawing T-213-SKOl1 and
shown in Figure 2. The test article is smaller in size and does not have
the watchspring retraction subsystem of the full scale system.

Figure L0 sketches the general overall test article configuration
and its principal elements. The article was mounted horizontally in the
test chamber, and rolls out on guides with deployment similar to a party
whistle. The tubing is constructed from polyurethane and is arranged in
U-shaped flowpaths which begin and end at adjacent manifolds located at the
end of the panel nearest the deployment box. The tubing is bonded between
two sheets of fin material with SR-585 adhesive. The fin material and in-
flation tubing were fabricated by Sheldahl Advanced Products Division.

Each layer of the fin material consists of two mils of Teflon coated with
12,000 K of silver. The inflation tubing was inserted into sleeves formed

at the sides of the radiator, and the radiator was deployed from a 6" dia.
spool by pressurizing the tubing with nitrogen gas at 15 psi. No watchspring
retraction system is incorporated in the test article. Instead, the rewind
moment applied by the watchspring is simulated by a cable which is wound
around the 6" dia. spool and retracted by an electriec motor.

The purpose of the deployment box is to permit simulation of
deployment from a stowage compartment in the spacecraft into a cold space
environment. The box simulates a 20°F stowage compartment and is pulled
away from the radiator immediately following deployment so that the infla-
table panel can be exposed to a well-defined chamber environment for

thermal vacuum heat transfer measurements. A multilayer insulation curtain
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FIGURE 32 HARD TUBE FLEXIBLE RADIATOR TEST ARTICLE
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FIGURE 33 HARD TUBE FLEXIBLE RADIATOR TEST ARTICLE
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F1GURE 35 HARD TUBE FLEXIBLE RADIATOR TEST ARTICLE
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FIGURE 37 SOFT TUBE FLEXIBLE RADIATOR TEST ARTICLE
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3. Demonstrate structural integrity over the range of -
expected nominal and limt case cperational environ-
ments under steady state and transient conditions.

h, Obtain experimental data on tube and fin temperature

drops and tube-to-tube and longitudinal gradients to
evaluate test article integrity and analytical pro-
cedures.

Since the engineering models are not full scale 1t was not possible
to test them at the correct flowrabes while maintaining the fluid outlet
temperatures at the wvalue which would occur with a full scale system.
Therefore, test sequences were executed with the flowrate adjusted to give
the correct outlet temperature but incorrect Reymolds number, znd with the
correct Reynolds number but incorrect outlet temperature.

Table 15 suwmmarizes the test seguence for the hard tube radiator.
Test points 1-k were conducted before the radiator was flexed as required
in retraction and deployment to obtain baseline performance data for
assessing possible damage which might ocecur in deployment/retraction. For
test point 5 the radiator was subjected to several deployment/retraction
cycles at ambient conditions to obtain spring force data and to observe
how the radiator fin material reacts to the stress of deployment and re-
traction. Test points 6, T, and 8 were designed to evaluste the radrator
performance after repeated deployment and retraction in a cold vacuum
environment.

Table 16 gives the test sequence for the soft tube engineering
model. The test article was deployed and retracted approximately 50 times
at room ambient conditions prior to thermal vacuum testing, and was de-
ployed from a TO°F box in a -310°F vacuum enviromment at the beginning of
the test., Test points 1, 2, 3, and T-B were executed to establish the
steady state performanlce characteristics of the fully deployed radiator,
and test points 6-B and 6-C to determine the heat rejection at partial
deployment. Test point 4 demonstrated that the system would funetion at
the high temperature operating limit, and test point 2-A demonstrated that
the system thermal performence had not degraded during the test.
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Let

TEST
POINT

oy V1 F oW

6-4
6~B
6-C
6-D
7~B
8-A
8-3
T-A
T-C

TABLE 15 HARD TUBE INFLATABLE RADIATOR TEST OUTLINE

TEST CONDITIONS

~310°F Envaronment, Representative Tyn and Teut
0°F Envaronment, Representative Tin and Tout
0°F Environment, Representative Flowrate

0°F Environment, 160°F Inlet Temperature
Ambient Retraction/Deployment

0°F Envaronment, Vacuun Deployment

Same as Test Point 1

Same as 6-A, But Radiator Half Retracted

Same as 6-A, But Radiator Fully Retracted

Same as 6-A

~-LO°F Environment, Representative T,, and Tout
Same as T-B After 5 Retraction/Deployment Cycles
Same as 7-B After 10 Retraction/Deployment Cycles
~310°F Environment, Low Flow Cold Sosk

Bame as Test Point 1

COMMENTS

Performance prior to deployment
Performance prior to deployment
Design Re., 65°F avg. temp

Hot Loimat Structural Integrity
Deployment Data

Deployment Data

Effect of Deployment
Retraction/Deployment in Cold Envirn.
Retraction/Deployment in Cold Envirn.
Retraction/Deployment in Cold Envirn.
Intermediate Envirconment
Intermediate Environment

Intermediate Env1ronmént

Structural Integrlty’

Effeects of Test



8ot

TABLE 16 SOFT TUBE INFLATABLE RADIATOR TEST OUTLINE

TEST CONDITICONS

Ambient Retraction/Deployment

-310°F Enviroument, Vacuum Deployment
-310°F Environment, Representative T,y and Tgyy
O°F Environment, Representative T,; and Ty
0°F Environment, Representative Flow Rate
~30°F Environment, Representative Tyn and T
Same as T-B, but Radiator Half Retracted
Same as T-B, but Radiator Fully Retracted

0°F Environment, 160°F Inlet Temperature

out

Same as Test Poant 2

COMMENTS

Deployment Data
Deployment Data

Steady State Performance
Steady State Performance
Steady State Performance
Steady State Performance
Steady State Performance
Steady State Performance
Hot Operating Limt
Effects of Test



Several test points were planned which could not be completed.
Test point 4 of Table 17 was designed to test the hot operating limt
of the hard tube radiator. The system became inoperable when the flexible
Teflon tubing connecting the aluminum tubing to the manifolds began to
leak Freon into the vacuum chamber. The failure occurred when the fittings
Joining the Teflon and aluminum loosened because of cold flow of the
Teflon at elevated temperature and pressure. Test points T-a and T-e¢ were
designed to demonstrate that performance would not degrade after the radiator
had operated at extremely low temperatures. It was not possible to cperate
the radiator at the conditions of low flow scheduled for test point T-a
because an instability occurred which caused the flow to stagnate in most
of the parallel flow passages. Post test analyses showed that the flow
stability i1s predrctable from the properties of the Coolanol 15 transport
fluid. It was necessary to warm the environment simulation cold walls to
allow the radiator to recover from the flow instability. Insufficient Lilo
remained to re-cool the shroud after the flow had been re-established.
Therefore, test point T-C could not be executed. Test point 2-A was
scheduled in place of T-C to determine the effects of the test on the

radaator performance.

3.6.3.1 Test Set-Up

Figure h2 shows the arrsngement of the test article and environment
simulation shroud in the Vought 12' chanber.

Environment Simulation

Environment simulation was effected with a 6' isothermel shroud.
The closed end of the 6' shroud was inserted toward the lamphouse., The
back plate was installed so that the veiwing/illumination cutout (sbout
15-1/2" x 34k-1/2") 1s on the lower half of the plate, and viewing of the
test artiéle was through the lower 2 rows of solar ports. {Deployment of
the test article i1s toward the lamphouse)}. To make room for the test
article, deployment box, deployment mechanism and deployment supports 1t
was necessary to "stand off" the 6' shroud door plate several feet.

The resulting ring-shaped gap in the 6' shroud cold wall was insulated with
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TEST ARTICLE TEST POINT
Hard Tube L
Soft Tube T-A
Soft Tube T-C

TABLE 17 TEST POINTS NOT COMPLETED

TEST CONDITIONS

0°F Enviromment, 160°F Inlet

-310°F Environment, Cold Sosk
-310°F Environment, Repeat Test Point 1

COMMENTS

Teflon Tubes Lesked

Flow Instdbrlity Occurred
Warmed Shroud to Recover Flow



covers the front of the box as shown in Figure 40. The radiator panel
pushes the curtain out of the way as it unrclls, then the box i1s re-
tracted from over the manifold area.

Test article instrumentation consists of thermocouples located
on the tubes, fins, and manifold. The thermocouples are designed and

fabricated as an integral part of the test article.

3.6.3 Hard Tube Test Article

The hard tube engineering model 1s 28" dia. x 45" long and con-
tains twenty parallel flow 3/16" dia. sluminum transport tubes. The test
article was fabricated as a jJoint effort of the Vought Materials Laborastory
and Space Enviromment and Systems Test Laboratory. The test article
simulates the flight configuration defined in Drawing T-213-8K02 and showmn
in Figure 1. The test article 15 smaller in size and does not have the
STEM retraction subsystem or the flurd loop components of the full scale
system.

Figure 41 sketches the general overall test article configuration
and 1t's principal elements. The article was mounted horazontally in the
test chamber to minimize gravity effects and was supported during deployment
on a steel bar passing through the center of the radiator as shown in
Figure 38. Loads are transmitted between the radiator and support bar
through ball bearings which reduce friction forces during deployment.

The test article cylinder diasmeter and number of tubes 1s 2/3
scale relative to the flight article. The coil helix angle 18 20° at the
extended length of 45", and about 1.4 turns of each coil is required.

The spring was wound at e free length of 48" (about 21° helix) in order to
cbtain 2 preload of sbout 1.8 1b at the extended length. Eighteen of the
tubes are 3/16" 0.D. 6061-T6 Aluminum, and the remaining two are 3/8" 0.D.
6061-T6. The 18 small tubes carry the transport fluid from the supply
manmifold to & similar collection manifold at the opposite end of the ra-
diator. The two large tubes pick up flurd at the collection manifold and
deliver 1t tao a return manifold at the bottom of the eoil. The return tubes
are spaced 180° apart. Centerline spacing of the tubes 1s 1.5" when the

coll 1s extended. A support ring on each end of the cylinder is provided
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L0 layers of multilayer insulation. A1l coldwalls of the 6' shroud were
also insulated with about L0 lsyers.

For cold case runs the 6' shroud and chember cold trap were cooled
with INo. (Cooling of the main chamber walls was not required.) For
hot case (TP2, 3, and 4) and intermediate case (TPTB) tests the shroud was
cooled to slightly below 0°F and ~30°F, respectively, by flowing chilled
GNo through the 6' shroud LN, passages. For transition from cold-to-hot
conditions (TPl-to-2 and TPTB) and chamber warmup it was necessary to purge
the LNo with GNo.

The existing chamber GNo warmup system and blower were used for
GNs cooling of the shroud, with LN» injection upstream of the heater to
provide temperature depression.

A deployment box was used to simulate the Inflatable Radiator
stowage compartment. TFor thermal vacuum deployment tests (TD3, TP5B) 1t
was necessary to heat the box to zbout TO°F prior to deployment, then
retract the box and shut-off its heater power after deployment %o thermally
remove the box from the test. A multilayer insulation blanket (40 layers)
was applied to the front (test article face of box) and sides of the box
{extending around the support structure as shown 1n Figures 40 and k1) to
further isolate it from the Inflatable Radiator and the chaxber. For the
hard tube test article the front of the box was insulated only outside the
area defined by the four test srtiecle support legs. To compensate an
insulation blanket about 28 inches in diameter was applied to the bottom
of the hard tube test article "eylinder". A saimilar blanket was applied
to the top. For the soft tube test article the mulitilayer insulation was
installed in such a way to allow the i1nsulating blanket to re~cover the
front of the box after deployment.

Deployment/Retraction Mechanism

The previously mentiocned guide bar through the center of
the hard tube test article was used in connection with gppropriate
actuators/releases to allow the radiator to deploy by itself from the
deployment box. The actuators provided the capability for remotely re-
tracting the radiator for testing in the vacuum environment. A retractien

mechanism for the deployment box, which allows the box to be withdrawn
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clear of the test article, wes also provided. During ambient deployment
tests (TP5SA) the forces required to retract the hard tube radiator (about
30#) were messured with a scale. Forces for full extension to 45" were
also measured at that time.

The deployment system and associated support and force measurement
equipment for the soft tube test article are defined in the referenced
drawings. A nitrogen bottle and regulator/indicator were provided which
are capable of presswizing the 2" gas inflation tubes to up to 30 psig.
Weights for the pulley system used to simlate the flight retraction system
restraint forces were supplied for calibrating purposes, and restraint
forces vs inflation pressure were determined during ambient deployment tests.
Actuators for retracting the soft tube radiator remotely were provided for
thermal vacuum testing.

Vieving

Final positioning of the test articles and shroud in the chanber
considered the necessity to observe the proper deployment during thermal
vacuum testing. Lights (remotely switched on), mirrors, and a scale to
verify extent of deployment were installed in the shroud in such a way as
to provide minimum thermal interference. During ambient tests video-tape
and st1l1l photography films of the deployment weres recorded.

Flow Bench

The hard tube test article was tested with Freon 21 in the flow
loop. Flow in the range from about 10 pph to 500 pph was required. Oystem
pressure was regulated to avoid damage to the test article. TFor protection
of the Teflon flexlines, the test article inlet pressure was not operated
gbove 100 psig (referenced to vacuum) for any test point except TPh. Test
point 4 is a 1im+t case, and pressure at the test article inlet was in-
creased to 120 psig (referenced to vacuum) to avoid Freom 21 flashing.

The goft tube test article was tested with Coolanol 15 in the
flow loop. Coolanol 15 1s a very low vapor pressure flmid (10 mmHg @ 200°F)
and, thus, system pressure was driven by flow pressure drop. Since Coolanol
15 1s also highly viscous, large delta-p's ccewr. Maximum test article
pressure drop at the highest flowrate of about 125 pph 1s approximately

20 psi. TFlowbench changes and operating procedures to use Coolancl 15
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avo%ded\test article inlet pressures in excess of TO psia -(referenced to
vacuum) to protect the Urethane 1880 tubes.

Hard Tube Test Article Instrumentation

Figure 43 and U4 show the approximate locations of

the 50 thermocouples on the hard tube article. The thermocouples
attached to the tubes, manifolds, and structure (#36 gusge Cu-Cn)
were spot-welded. The fin root and midpoint thermocouples (#40
guage Cu-Cn) were sewn into the fin material. Thermocouple leads
were run parallel to the tube spirals.

Other test article instrumentation included fluid inlet and out-
let temperature and differentisl temperature, as specified in Figure k45
using the same instrumentation as previously used for element tests of
Reference (7). Also, fluid inlet pressure and inlet-to-outlet delta-P
should be measured at the test article flurd inlet/outlet.

Soft Tube Test Article Instrumentation

Figure 46 shows the 50 thermocouple locations on the soft tube

article. The fin and tube thermocouples were laminated into the test
article during febrication, and are #40 guage Cu-Cn. The installation is
like that of the square-foot soft tube test article, Reference (6).
Thermocouple leads were made to run parallel to the tubes. Thermocouples
attached to the manifolds and other metal structure were spot-welded and
are #36 guage Cu~Cn. Fluid temperature and pressure instrumentation for
the soft tube test artiele was the same as for the hard tube article.

Pacality Instrumentation

The deployment box was instrumented with three thermocouples,

one on the back (facing the supporting plate), one on the side, and one on
the front (facing the test article). The existing shroud thermocouple
instrumentation was used (17 T/C's). One thermocouple was attached to the
structural supporting plate behind the deployment box which mounts the
“hard tube test article. For the soft tube tests a thermocouple was required
on the 155 mounting bracket which attaches the test srticle manifold
asseribly to the support rails. In addition, one of the "invertegd-v"
deployment rails was instrumented about midway between the vertical cross

braces.
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Existing facility instrumentation was used to measure the following.
Flowrate. 10-500 pph Freon 21 (Hard Tube)
15-125 pph Coolanol 15 (Soft Tube)

Fluid System Pressures
Fluid Delivery and Return Temperatures to

Test Articles
Chanmber Pressure
GNo Supply Temperature

Data Recording

Test article and facilaity dazta were recorded by hand on data
sheets and selected data were relayed directly to a computerized data re-
duction system which stored the test data on magnetic tape and printed
tabulated resuits at regular intervals. The printed output was relayed
in real time by closed circuit television to a set at the flow bench. Fluxd
inlet and ocutlet absclute temperature and drfferential temperature using
the thermally isclated Swagelock fitting srrangement were displayed on a
digital voltmeter capable of reading to 0.001 mv. Both the test article and
the fluxd temperature indicators had a thermocouple running to an i1ce bath
for a real-time check of accuracy. Flowmeter readings were corrected to
account for fluid density variations with temperatures. Table 18 gives the
correction factor for each test point.

Analysais of Test Environment

Figures 47 and 48 are approximate scale cross sections of the
installations of the engineering model radiators in the test chamber. The
figures show that the test environment consists of coldwalls, reflective
aluminized mylar surfaces, and an open window. View factors from represen-
tative points on the two radiators to the environment surfaces are given in
Figure 49. Analyses summarized in Figure 50 show that heat rejection 1is
reduced by approximately 5% because of reflected radiation from the aluminized
mylar and irradistion from the open window. ILoeally the heat rejection is
reduced by sbout 9% near the base of the radiator, and by about 2% near the
tip of the radiator.
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FIGURE 50
ANALY SIS OF INFLATARLE RADIATOR TEST ENVIRONMENT
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Flow Calibration Tests

Prior to thermal wvacuum testing the engineering model radiators
were tested for uniformity of flow distribution by measuring the rate of
flow in each indivadusl tube. This was done by discornecting the tubes
from the outlet manifolds and flowing water through the radistor. The
Tlowrates were determined by weighing the water collected during prescribed
pericds of time in glass beakers placed under each tube. The samples were
collected simultaneously to eliminste the effects of small variations an
total Tlow with time. Teble 19 gives the percentage deviations from the
mean flow per tube computed from dsta collected from several flow calibra-
tion tests of the two radiators. The results for the soft tube model show
that tubes 1, 3, T and 13 have relatively low flow, and that tubes & and
16 have noticably higher flow than the remaining tubes. The low values of
flow are probably caused by flow restrictions where the polyurethane tubing
has been flattened or bent about a short radius. The two tubes with high
flow apparently have fewer flow restrictlions or larger diameters than the
remaining tubes. Tubes 15 and 16 of the hard tube radiator have unusually
high flow. This is believed to be a result of the diameters being slightly
larger for these tubes than for the remaining tubes. There was no crimping
of the aluminum which would create flow restrictions in the hard tube
radiators,and the manifolds do not favor high flow in any of the tubes.

The flow distribution obtained for the models is sufficiently
uwniform for cbtaining neaxr optimum heat rejection. The nonuniformties
that do occur in the engineering models are expected +to be more zevere than
any which might occur in the full scale system. The reason is that the
longer tubes of the prototype will induce frictional losses which are large
in comparison to the more unpredictable minor losses associated with bends
in the tubing.

Retraction Force For the Hard Tube Model

Force versus retraction distance, measurements were made for the
hard tube engineering model to cobtain data for sizing a retraction mechanism
for future systems. The test article was supported by a rigid steel bar
by means of a ball bearing, and was retracted horizontally to reduce fric-—

tion and gravity forces. The data presented in Figure 51 shows a linear
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TABLE 19
FLOW DISTRIBUTION TEST RESULTS

HARD TUERE RADIATOR SOFT TUBE RADIATOR
TUBE DEV FROM AVGH TURE DEV. FROM AUg
No. Frow (20 No, FLow (ofs)
t -2 | .2
2 ~ .4 2 ~2.4
3 - 2.1 3 ~-8.8
4 - 0.5 4/ 8.9
5 0 s -0, 2
6 -23 6 2.8
7 -2.3 7 -8 3
8 0 8 o
9 - L2 S - 0.2
lo - 3.7 1] -2 46
H -~ 1.5 t 4.5
iz - 9.1 12 ' '
13 | 13 - 9.0
4 -3 14 2.9
15 lo.8 IS -0,
I~ 1.7 16 6.¢
17 - 2.7 17 -09
18 6.3 18 2.8
RMS = L.1 la 2.8

20 1.7
RMS = L4.9

148



— - = == - —— o — - pw - ~ - — - ' -, - H
M ] T M‘ ! “.. ' ~ ] i ﬂ “ I 1 ._ ' , ’ “. t { i
) | : _ ) i i ! | : ' | ' l f
[ Tl 1 - | = ' ! H . ! ' ) 1 '
ﬂ_ , , “ ‘ h l : . ! ' I
) 1 i 1 - _J - _
SR i e e Al R ol Bl o AR N SRR U Bl e
! 1 1 1 \
_ ! ! m ' | _ _ " ul — Y _ m v ”. ” T
” T %V B D i R S e 1T 1 1 i i i i | § T
. _I ] 1 ' _ . , “ ._ M_ b ! _ { _ _ . i _ O _ b Q
- . o 1 e — e I R P I L
. o i T Bt e RS G I Al i e £ e
- )
I I I A : | I N
e B B N N s el B PR S e ety — e e e - [ - L el N
iy ! + K ” . | i : — _ _ “ m. | “ “
. i Sl O NN 17 VSIS R O N S & I N DU S P A (N e v
- - “l ! 2D 1 ' Lt t 1 b . M _
i .MA. N [ iy aw»_ ! b . i _ i l_ ; ]
i s el -l PR Bl Dl S S o R e bl st il Sk ks S0t Mt e ks B S N
1 LI N - = L 1 \ _ . ~ a
SR L PO 1 A Y SO 1 /S O P pol O O L) SR R EO % SV A R U R T S (2 I TR
T T T A ¥ #jane o= onnll RO PN RO U I SR B { - 0 ! ' i &
- [ - Lot — | 1 b |- - - Il ] i ,
e rod % A L Sl By tJun.....Lr 1] W. it B i w ! i _ O_r.u ! E "
-~ * * =1 o at r fd VN Ao A R SO S N B I T o o e
R T s R s [ B e P ]y R <3 o L o . | T ®,37 . Q
Meoanp ] adeed H ' by R Bl U A Y Pt S S - I ‘ iy i
e B ] Y Y PO I P FI e i Y ' - | . : LY
i SR O Td by s P 1< T g 88 S N O T | S R I
1 | - L 2SN AU S Ja} b — |- SRV VR AUURN Ao S AR —_— [ - -
H T~ T || ¥ T Rt - B i s T ] R i \
R B e ] T IR UL T A NN [ A ; _ o _ o &
' i o4 : l rh [ Tl i o Al N I [ A PO oy 3ot MO EE B IO AL O SRR (O [ I S SR N o sg N
H 1 o T PR e kb __.._..__._ Freprd v - -+ v ; s - N _ ! | I "? w -~ ..m.
U B O A O N - TR I Ry S N : 0 L+ . b ' < <
NELEE = e e o N .H—...“ " _L!_,.m.ﬂ _.P__ LR) t =] - [N . _ . R R S ) . — —
g0 = R W o D R . A R R D S B R R % . S e r_ I
1 y 1 i - s A NG I - - " %
Y Wil ﬁuL ) WL.., e A L '.ﬂ.wl.“. o B R H.L.lm b ..L/ﬁu 1 ‘ de 1 R I "R :w....ﬁ.ln..l.lxl
— pilanlh , oy i — _ = m
i -t -1 ! i~ !
i

I
|20

2l
fu
et

T
28
D/
b

i
H
i
- i . ]
Lt - 1 , - - i
T e -m.f!hm —ﬂ_..o._f_ T [ 1911 Hﬂr.l.. lh”lll —H.I-HII 'hl” _|||”|lv - /./ = I |.|n|- ﬂlLl ﬁl.rll,liiil - == = ml - E. F |I_
== IR P - A = BT N Y ) N I LN 4 i | ,%. g3
T oL - - H Tt D] et ARl L R DU ST LI RN = . IR SR I R B SR | L
- P R E E TR e B e r,ﬁq.)-rlrln o ; /mwi { .m. -_ wi .8_
._..1_ I P e ._\...m_,.rtzt__ RSN IIR NN E M i . ! : i 0 H...nﬁ__..
=t S EEYA ! di UL IR AT DN NN DU (TN A - PN — —f e - - e e b L -
e = &J-.Q._x PR _1_”...?, ] ] ..,.r P F - / i “ _ -~ T
S P A Pt B O | N Oy e s P e P T M M IS L ] i Sk : ) [k =g

L L o L = S - ol R Lo 5 [ A e e s o B i it et -l L S . e mi s ni Ha Bl . -
Lo O T A e A UG O O O R AR | C 3TN
SR S R A TH | ESRCIR R ! R R YEE S S S C A L, oA NG I R e LN T - IR P
mre g NStk # s ma | e w gl S Mot oo A Ry A Rt P I g e | ! T ~

I t ! | | Lyt 11 ot t . H | | 5 | I | H ]

I R LU P LBl e UL L ‘ = _ . _ 1 | _ 3 ,
AN S P O S S| - AP SR L K N T B s e s L R s ah B i P
' ”.._ 1o N AT W |t ) ' R m [ : i i | H * _E i I " |

L - " i Ol L i 1 1 1 r
AN EAR O LR I 0= (O =3 A Y A [ g P o I I U e pat-aam
| €2 1 4 - ;
\ . . : ' _W" 4 ‘ : m ._ _ _ w ' .m.. @ X . gn
[ I R e - ' DR .it.l - - - = P nl -t p— - FARPI S [ . L - - Po- r -
1 i “ 3 _— ' “ v : i _ ’ 1 : . U._

SPol

Ly 30

i
H
1
|
T
¥
[
.
i
:
'
S S
N N el
'
r
!

——— ———— e ——

_ _ _ :
i i s ! i ! | —
- oo | ! v - e T oT e T um.}n_vum J\Q\R"Uw\w\hm& ! to
| ! - - Lo m... | 1 _ [ “.. ! - i “
. L] — H 1 ! ] 1
. _ .

. [T S U P A FUL RV R

1ho




relationship between retraction force and daisplacement for the first

30 inches (67% of the radiator length). At this point the radiator

fin material begins to interfer with the motion of the tubing and the
force required for additional retraction increases rapidly. It is
expected that some damage would occur to the fin material if the radiator

were compressed far beyond the linear regiom.

3.6.4 Thermal Vacuum Test Results

Table 20 summarizes the test conditions and radiator perfor-
mance in terms of heat rejection for the thermal vacuum test. More
detailed information and analyses of the data are provided below. The
heat rejection data i1n Table 20 shows that the radiator performance dad
not degrade as a result of the test. Test point T-C for the hard tube
radiator has nesrly the same inlet temperature, ambient temperature, and
flow rate as test point 1, but was executed at the end of the test wheresas
test point 1 ceccurred st the beginning of the test. The heat rejection
for the two points is essentially the same. Also, test points 7-B, 8-A,
and 8-B which show the effects of repeated deployment and retraction on
radiator performance indicates no degrad;tion in heat rejection. Similarly,
test points 2 and 2-A for the soft tube radiator which were executed at
the beginning and ending of the test respectively have approximately equal
values of heat rejection.

Test points 6-A, 6-B, 6-C, and 6-D for the hard tube model, and
test points 7-B, 6-B, and 6-C for the soft tube model give heat rejection
for partially deployed radiator configurations. The results are plotted
in Figures 51 and 52. The relationship between heat rejection and extent
of deployment is not linear because the average radiator temperature decreases
as the radistor 1is deployed at constant flowrate. Also the average
radiator fin efficiency i1is a minimum when the penels are fully deployed.

Analysis of Hard Tube Model Test Resulis

SINDA computer models were constructed which account for all forms
of thermal interactions between the variocus components of the engineering
model and the walls of the environment simulation shroud. The computer
model of the hard tube test artircle given in Appendix D predicts the radiator

performance with great accuracy. Table 21 compares the experimental and
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TABLE 20

SUMMARY OF THERMAL VACVUM TEST RESULTS

HARD TURE EAO1aT0L

6T

TEST  PoiT Tl T (°F) Tw(r) W (b/h) rAOWMTE covkiguparion) @ (8T )
! 6.3 371.¢ -3 1LY, 2 FULLY DEPLOVED 2410
7. -V FA 34 8 -20 bz, FULLY DEPLOYED 925
2 To ¢ ¢z 2 O 5169 r jod7
4 1¢0 ~ ~ aaes " ~

c-A ag.l 371 - 31 [48.2 ! 2397
-8 | 5.8 - 311 /59,5 HALF  DEPLOVED (707
6-C Q2.7 v/ -3t le7 8 FUtlY RETRACTED 750
6-D 937 385 -3 Jel S FUucly OEPLOVEP 2229
7-8 1 1 2t 7 -4o lo.é “ 039
£-A wiN .9 -Ho 595 v toq0
§-8 4 207 -4o (10 “ locg
7-A bos - 104 2 ~ 31 14 2 ! , ~
7-¢ 23.7 371 -3 175.0 ! 2474

SOFT TUBE KADIATO(Z

1-B 95,0 362 - 2\ 63,2 FUtLLy DEPLOVED e
2 1,4 315 o} 24 | “ L2d
3 9712 n8 8 0 [y “ at
7B 9.7 10,2 ~ 30 22 (, . 773
¢-B 914 2l 2 - 30 23,2 HALF DEPLOYE D (29
L-c 0.7 523 - 30 223 FUuLlY RETRACTED 3289
4 1592 44,5 o 23,2 FULLY  DEFLOYED HEL
2-A 95,0 3ol o 238 g c54
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predicted heat rejection and outlet temperatures for cold (-311°F) and
warn (—20°F) environments. The results for the cold environment agree
almost exactly, and the results for the warm environment agree within

what is believed to be experimental error. The small discrepancy for

TABLE 21

COMPARISON OF EXPERIMENTAL AND PREDICTED THERMAT, PERFORMANCE
OF THE HARD TUBE TEST ARTICLE

TEST Ty W T.  Toyp(EXP) Toun(PRED) ooupy) o(RED)
POINT (°F) (LB/HR) {(°F) (°F) (°F) (BTU/HR) (BTU/HR)
1 96.3 16h.2 311 37.6 37.6 2410 2410
2 ok.6 62.1 20 34.8 28.6 925 104k

the warm environment 1s probably cauvsed by inconsistent control or modeling
of the cold walls., It is dafficult to meintain the environment walls at
steady uwniform temperatures. At the higher arbient temperatures small
variations in the coldwall temperatures have a large effect on the heat
rejection from the radiator. Thus any error in modeling or maintaining
the enviromment would be reflected in the test results. For cold ambient
temperatures errors in representing the environment have less impact on
the radiator performance and the predicted performance depends more on the
modeling of the radiator itself. The fact that the experamental and pre-
dicted performance agrees for this case indicates that the actual radistor
construction and thermal properties are near the design wvalues.

One area of uncertainty in the construction of the hard tube
radiator concerns the thermal contact between the tubes and the radiator
fins. The fins are glued to the tubes i1n sueh a way that it is difficult
to predict the exact value of the joint conductance. Figure 54 shows that
the contact resistance acts 1n series with a resistance associated with
convection inside the tubing and s resistance associsted with radiation
from the fins. The values of the series connected resistors are plotted
versus the temperature at the base of the radiator fin in Figure 55. For

temperatures in the range of the thermal vacuum test the contact resistance
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1s & small part of the total 80 that 1t has a relatively small effect

on the heat transfer from the radistor. Figure 56 shows that if the con-
tact resistance is four times as large as expected the heat rejection

1s reduced by approximately 10%. Averaged values of the contact resis-—
tance determined from thermocouple readings for test points 1 and 2 are
given in Figure 57T. The results which are sensitive to experimentsl error
indicate that the actual contact resistance is less than is predicted based
on a glue contact angle of 45°, as shown in Figure 54. Typical comparisons
between predicted and experimental temperstures for the hard tube test
grticle are given in Figures 58 and 59.

Additional test data for the hard tube engineering model are given
in Appendax E . All of the test results indicate that the test article
performed almost exactly as had been expected.

Anslysis of Soft Tube Model Test Results

The SINDA computer model for the soft tube test article is given
in Appendix E. Unlike the hard tube model, the soft tube radiator did not
reject heat at the predicted rate. Table 22 shows that the experimental

heat rejection is approximately 25% lower than predicted.

TABLE 22

COMPARTSON OF EXPERIMENTAL AND PREDICTED THERMAL PERFORMANCE
OF THE SOFT TUBE TEST ARTICLE

Tp T T w(EXP)  w(PRED)  Q(EXP) Q(PRED)
ggiITqT (zg) (33? (o;) (LB/ER)  (LB/HR)  (BTU/HR) (BTU/HR)

1-B 95 36.2 -311 63.2 86.0 1607 2219
2 92.h 31,5 © 2h.1 31.2 624 781

The low thermal performance of the soft tube test article is
believed to be caused by nonuniformities in the thickness of the silver
conducting layer in the radiastor fin. Table 23 compares the expected and
measured silver layer thickness of seven samples taken from the fin stock

used to construct the soft tube test article.
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FIGURE 57

EXPERLIMENTAL TUBE ~FIN CONTACT CONODUCTANCE

IN THE HAERD TURBE IMFLATABLE RPADIATOR
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FIGURE 58
HAED TUBE ([NFLATABLE RADIATOIMZ

CALCULATED

OO0 ExpeErRIMENTAL
1o

00 L. §car = . 2817 RiU /Hre-
Qexp = 2410 BTU [HR

9 |
T{°F)
e L
70 L
Go |.
s0 |-
a0 L

206 |-

20 =

-

-10

COMPARISON OF PREDICTED AND EXPERIMENTAL

TEMPERLATURES Fror TEST PONT ]

160



FIGURE 59
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TABLE 23

SAMPLE -MEASUREMENTS OF SILVER LAYER THICKNESS
FOR THE SOFT TUBE TEST ARTICLE

MEASURED THICKNESS _EXPECTED THICKNESS
SAMPLE NO. (K) (K)
260 10,000 ’ 12,500
2613 10,000 12,500
261 5,000 12,500
2610 5,000 12,500
2617 18,000 12,500
2591 9,000 12,500
2528C 11,000 12,500

The sample thicknesses were measured with a scanning electron
microscope, and were selected randomly from the seven sheets of fin stock
used to construct the soft tube test article. Since the measured thicknesses
are much lower than they were designed to be, the radiator would not reject
heat at the expected rates. Table 2l compares the fin efficiencies that
would result from the silver film thicknesses of Table 23.

TARLE 2L

APPROXTMATE FIN EFFICIENCY FOR MEASURED SOFT TUBE
RADTATCOR FILM THICKNESSES

FILM THICKNESS FIN EFFICIENCY
(a) ()
10,000 78
5,000 51
18,000 92
9,000 5
11,000 81
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The average fin efficiency from Table 2k is 0.72. This is approximately
15% lower than the expected value of 0.85. The measured heat rejection

in Table 22 1s also low because the flow rate was lowered during the test
to obtain the required outlet tempersture. Because of the low flow, the
temperatures are lower than predicted at the end of the radrator opposite
to the inlet and outlet manifolds, and the emissive power of the radiator
1s reduced. Figure 60 compares the predicted and experimental temperatures
at various locations on the panel for test point 1-B. The results show that
the experimentel temperatures agree witk the theoretical temperatures near
the inlet and outlet manifolds, but are sbout 15°F lower than predicted at
the opposite end of the panel.

The radiator fin efficiency has the largest impact of any of the
unknowns in the panel construction on hest rejection. Figures 61 and 62
show that the thermal resistance associated with radiastion from the fin is
much larger than the resistances from other sources. Thus it is likely that
the cause of the reduced performance is reflected in this term. The two
radiator fin properties which appear in R3 are the surface emissivity and
the conductsnce of the fin material. Separate measurements made by NASA/JSC
showed that the surface emissivaity is actually slightly higher than expected.
Therefore the thickness of the silver film is the most likely source of
error.

Figures 63 end 64 compare predicted and experimental temperatures
near the menifolds of the soft tube test article. The errors are not large,
thus confirming that the thermal resistances are near the expected values.

The tubes of the soft tube radrator are raised so that th§ actual
radiating area 1s T.4% larger than the projected area of the panel. However,
because the tubes block radiation from the fins and do not have a full
view of the envaromnment, the emissive power is not increased by this amount.
Figure 62 summarizes an analysis of the non-planar surface which shows that
the emitted radistion 15 i1ncressed by only 0.2%.

A flow anstability oeccurred during the cold soak of the soft tube
test article vhich has since been shown to be predicigble from the viscosity
versus temperature characteristics of Coolanol 15. Figure 66 shows a profile

of the outlet temperatures measured during the cold socak. The figure shows
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FIGURE 61
THERMAL RESISTANCFE IN THE

SOFT TURE INFLATABLE RADIATOR
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SOFT TUBE INFLATABLE RADIATOR
o 1
oo | FLUID INLET TEM P
TEF) ol
90 |.
o |-
TURBE WALL T/¢c
70 | C?’/
6o |
50 |- CALCULATE D
FLUID CQUTLET TEMP
40 L TUBE warL T/C
30 L EXPERIMENTAL
(EIN MiD POINT)
z0 |
10 .
o |
~lO 1 l I i l —

DISTANCE AcCROSS FINS

FIGURE 63
COMPARISON OF EXPERIMENTAL AND PREDICTED
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FIGURE 65
EFFECT OF RAISED TUBES ON SURFACE EMITTANCE
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that at 10 minutes elapsed time with the flowrate at 31 1b/hr the outlet
temperatures for tubes T and 12 had dropped helow the temperatures of

the remaining tubes. Eventually tubes 1 through 15 experienced uniformly
low temperatures while 16 through 20 attained a uniform temperature level
more than 50°F higher than the colder tubes. A study documented in Ref.(8)
shows that this type of performance can be caused by a flow instability
which allows the flow to stagnate 1n the tubes of parallel flow space
radiators. Figure 6T defines the approximate limits of stable operation
for Coolanol 15 computed from eguations in Reference (8). For a TO°F inlet
temperature flow instebilities sre expected to oceur when the outlet
temperature drops below -50°F. Thus the operating conditions during the
cold scak were well into the unstable region. Tasble 19 shows that tubes 9
and 13 normally have lower flows than the remazining tubes. Because of
this the outlet temperatures of these tubes reached the unsteble lamit
before the others. As the flow stagnated in tubes T and 13 the adjacent
tiubes were cooled and also entered into the unsteble region. All of the
tubes did not stagnate because the flow lost in the stagnated tubes accumu-~
lated 1n the remaining flowing tubes and kept the outlet temperasture

above the minimum steble limit.

The stable operating lamit depends on the viscosity/temperature
relationship of the transport flurd. Faigure 68 compares the stability curves
of three candidate flexible radiastor transport fluids. The figure shows
that the stable operating region is much narrower for Coolanol 15 than for
the other fluads. This 15 a significant factor to be considered in selecting

the transport fluid for future designs.

3.6.5 Computer Analysis of Engineering Model Inflatable Radiators

SINDA computer models were constructed to provide accurate
theoretical predictions of the test articles transient thermal performence.
The models account for all forms of heat transfer from the elements of the
test artiecles to the environment simulation walls, and contain logic to
determine the distribution of flow in the parallel passages of the radiators.

Instings of the computer routines for the two test articles and example are

REPRODUCIBILITY OF TEE
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given in Appendices D and E. Details of the models are summarized below.

Hard Tube Test Article Computer Model

Because of the way that the manifolds and return lines are de-
signed for the hard tube test article, there is symmetry of flow and tem-
perature so that 1t is necessary to analyze only one fourth of the radistor.
Thus the compuber model contains only six tubes as shown in Figure 69.

Each of the tubes was subdivided into twelve nodes and the fins connecting
each pair of nodes on parallel tubes were divided into five nodes as showm
in Fagure T0. The numbering sequence for the fluid, tube and fin nodes

1s shown in Figure Ti. Additional nodes defined for manifolds and support
rings are identified in Appendix D . Radiastion exchange between elements
of the radiator which view each other across the interior of the cylindrical
cavaty is accounted for by defining three surfaces with averaged properties
of the nodes contained by the surface, as shown in Figure 72, and employing
SINDA subroutine RADIR. Conduction resistances computed from equations

such as are outlined in Figure 54 are given in Appendax D .

Calculations showed that the pressure drop in the manifolds is
less than 1% of the pressure drop in the small diameter radiator tubes.
Therefore i1t was possible to simplify the flow model as shown in Figure T2
in the computer similation. The flow in tube 6 is double the sum of the
flows in tubes 1-5 because of symmetry bmlt into the SINDA model.

Soft Tube Test Article Computer Model

The computer simulation of the soft tube test article also takes

advantage of symmetry, and does not account for the effects of the manifold
on flow distribution. This mskes 1t possible to reduce the number of tubes
an the computer model without saeraificing accuracy in the predictions. The
model contains five tubes as shown in Figure T3 which represent five tubes
on the test article located at the outside edge adjacent to the inflataion
tubang. Hand anaiyses showed that edge effects are not significant for

the fifth tube so that no loss 1n accuracy results from assuming that the

anterior tubes are identical to the fifth tube of the computer model.

1
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Figure T4 identifies the nodes representing the inflation tubing, the
outside transport tube, and the deployment drum. The figure shows that
each transport tube is divided into 16 nodes. The fins connecting

each pairr of nodes on adjacent tubes are divided into five nodes as shown
in Fagure 75. The numbering seguence for the fluid, tube and fin nodes

18 showmn in Figure T76. Radiation exchange between nodes on the radiator
and the walls of the enviromment simulation chamber i1s accounted for by
defining isothermal surfaces as shown in Figure T7 and employing subroutine
RADIR of SINDA. Conduction resistances compubted from equations such as

are outlined 1n Figure 61 are given in Appendix E .

3.7 Computer Models of Flight Article Inflatable Radistors
SINDA computer models of the full scale system described in Figures

28 and 29 were developed to predict performance data for typical space environ-—
ments. The compuber models are similar to those developed for the engineering
modals except that dimensions, conductances, view factors, etc. have been
changed to account for differences in size. Listings of the computer models
and example rung with typical flowrates and inlet tempersbures are given in

Appendices F and G. Predicted performence data from the two models is

given 1n Table 25.

TABLE 25

PREDICTED PERFORMANCE OF FULL SCALE
INFLATABLE RADIATORS

TYPE OF T T Tour W Q Q
RADTATOR (°F) (°F) (°F) (zB/HR) (BTU/HR) (KW)
Hard Tube 0 95 38.6 1107 15,546 L.55
-310 95 34 2970 h5,131 13.21
Soft Tube 0 a5 33 378 10,077 2.95
(Three Panels)#*-310 95 35 1152 29,722 8.71

¥ Mnalysis does not consider thermsl interactions between panels
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The results show that the hard tube model rejects more than had
been estimated from earlier hand analysis {4 Kw at O°F enviromment). The
main difference between the hand analysis and the computer analysis ais
that the latter accounts for radiation emitted from the interior surfaces
of the radiator which 15 transmitted through the fin material at other
locations. This increases the heat rejection by about 10% as indicated
in Table 25. The compubter analysis for the soft tube prototype predacts
that the heat rejection will be less than b Kw with a 0°F envaronment.
The low performence results from cross conduction between the cold trans-
port fluid in the return tubaing and the warmer fluid in the adjacent
outgzoing tubing. Figure 78 shows that this causes the average flurd tem-
perature to be low in sections of the radiator away from the manifolds

and thus reduces the radiating capacity of the panel, Without regeners-

tion the heat rejection i1s spproximately what had been expected for Coolanol

15. Additional analyses are needed to gtudy the effects of cross conduc-
tion and to evaluate possible alternate flow routing for increasing the

performance of the soft tube radiator system.
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k.0 TECHNOLOGY ASSESSMENT

Based on test results and experience gained during the inflatable
radiator development program, the following assessment of flexable
deployable/retractable radiator technology 1s given.

1) The soft tube radiator concept yields lower system weights
and 1s mach easier to fabricate than the hard tube concept.
Therefore soft tube designs should be given first priority
in future work on full scale prototypes.

2) Silver wire mesh/Teflon has more uniform and predictable
thermal properties than thick silver backed Teflon and
should be used as the fin material in fubure designs. Ad-
diticnal work is needed to develop methods for attaching
tubing to the fin material and for constructing continuous
straips of the maberial with the tubing bonded to the in-
tericr of the fin. Contacts with custom laminating vendors
have established that i1t is probably possible waith current
technology to fusion bond silver mesh and Teflon on a roll-
to-roll basis in four foot widths. The tubes could then be
fusion bonded between the silver mesh/Teflon sheet and an
opposing sheet of Teflon on a roll-to-roll basis in 6.5"
widths. The risk involved 1n the second step are somewhat
higher than is the first becsuse cooling must be supplied
locally at the tubes to prevent them from collapsing during
the bonding process. Because of this it is recommended that
in future work only the Tirst step (fusion bonding of silver
mesh and Teflon) be performed on a roll-to-roll basis. Thus
tiubing would then be bonded to the interior of the radiator
with adhesive as showm in Figure T0. The second step of the
process would then be the same as was used in constructing
the soft tube test article and would have a high probability
of success. In this case each half of the laminate would be
coated with 1200 E of vapor deposited silver to protect the

adhesive and tubing from ultraviolet radiation.
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FIGURE 79 PROPOSED RADTATOR FIN CONSTRUCTION

Table 26 compares the predicted properties of the proposed

fin laminate to those of the fin materials of the engineering
model radiators. The data shows that the proposed laminate
will combine desairable features from both of the previous de-
signs but has a slight weight disadvantage. Overall, the
effect on thermal performance is slightly positive and a signi-

ficant increase in relagbility i1s achieved.

TABLE 26 PROPERTIES OF RADIATOR FIN MATERTALS

THERMAT, CONDUCTANCE AVERAGE WEIGHT

FIN CONSTRUCTION {BTU/HR-FT-°F ) EMISSIVITY (LB/FT2)
Thick Silver Backed Teflon .0008 - .0028 0.67 .069
Silver Wire Mesh/Teflon .00ko 0.67 072
Proposed Hybrid Design .00k2 0.71 .107

3) Polyurethane tubing should be selected as the baseline for
designing the full scale radiator. However, additional tests
and studies should be made to determine whether Teflon tubing
can be used. Teflon tubing would permit the use of Freon 21
as the transport fluid end would extend the coperating tempera-

ture renge. Table 27 compares the tubing dimensions and
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TABLE 27 COMPARISON OF ALTERWATE RADTATOR CONSTRUCTIONS

FLUID LIMITS TUBING LIMITS SYSTEM VARIABLES
SYSTEM TMIN TMAX TMIN TMAX TURE TURE W Re AP RELATIVE | RELATIVE
(°F) (°F) (°F) {°F} T.0.(IN.) | 0.D.(IN.) | (zB/BR)| wo. | (PsI) | STTFFNESS ARFA
Polyurethane/
Coclanol 15 -20(a) |185(v) | -100(a) | 225 .090 .205(f) 529 | 358 7.3 1.0 1.0
FEP/Freon 21 ~1h0{a) {350(c) | -1%0(a) | 225(e) .069 .143(%) 903 {blet8t11.2 1.5 - 2.0} 0.9k

68T

(a)
{b)
(c)
(d)
(e)
(£)

Limited By Flow Instabilities
Fire Point of Fluid

Critical Point

Limited by Stiffness of Tubing
Limited by Cold Flow of Tubing
3C-Day Meteoroid ILaife




L)

5)

6)

operating temperature ranges possible with polyurethane
and Teflon for 30-day, 90% meteoroid survivability designs.
Future studies should consider the impact of the tubing on
the deployment mechanism and weight penelties required to
accommodate the stiffness of tubing versus advantage of
extended operating range.
Coolanol 15 has the most desirable transport properties of
the fluids which are compatible with polyurethane, This
fluid would permit stable operation in the temperature range
from ~20°F to 185°F and 1s only slightly inferior to Freon
21 in thermal conductance and pumping power requirements.
Additional work is needed to develop a deployment mechanism
for the full scale soft tube inflatgble radiator. ZEngineering
model tests have demonstrated that inflation tubes will over-
come the stiffness of the soft tube radiator cqnstruction, but
drd not demonstrate retraction or deployment against a spring
force., Also fabrication techniques have not been demonstrated
for obtaining sufficient straightness in inflation tubang to
deploy a full scale radistor. Additional trade studies should
consider alternszte deployment concepts and account for weight
penalties associated with each mechanism versus probability of
success. Space deploysble booms should be considered as an
alternative 1o inflation tubing.
Cross conduction between outgoing and return tiubes of the soft
tube radistor apparently has a larger effect on radistor per-
formance than had been initially estimsted. Therefore, addi-
tional analyses are needed to study the effects of regeneration
in the soft tube concept and to investigate alternate flow
routing if required. Radiation interchange between adjacent
radiators of the three panel system should be consaidered in
establishing the temperature profiles on various sections of
the radiator and in evaluating alternate flow routes. Also, a
reoptimization of tube spacing with the proposed fin meterials
and flow routing will be required Lo minimaize the overall
dimensions of the systen.
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APPENDIX A. PRCPERTIES COF PLASTIC AND ELASTOMERIC MATERIALSl
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comparative properties

of the Du Pont Elastomers and natural rubber

VITON
co polymer of
HYPALON NORDEL vinylidene
chloro HYTREL ethylene fluonde and
Natural ADIFRENE sulfonated polyester propylene Neoprene | hexafluoro
Properties Rubber polyurethane polyethylene elastomer diene polymer | chloroprene{  propylene
HARDNESS RANGE (durameter A& D)| 30 90A (ﬁg gt 40 954 924 550 63D 40 90A 40 954 £0 954
TENSILE STRENGTH (ps1) -
Pure gum Over 3000 Over 4000 Over 2500 5900 6400 5800 —_ Over 3000 Over 2000
Black loaded stocks Over 3000 — Over 3000 — —_— — Over 3000 Over 3000 Qver 2000
SPECIFIC GRAVITY (Base Matenal) 0493 106 112128 117 120 122 0386 123 185
YULCANIZING PROFPERTIES Excellent Excellent Excellent Unnecessary to vulcanize Exceilent Excellent Good
ADHESION TO METALS Excellent Excellent Excellent Excel Excet Excel Good to Excel | Excellent ! Good to Excel
ADHESION TO FABRICS Excellent Exceflent Good Good Good Good Good Excellent | Good to Excel
TEAR RESISTANCE Good Excelient Faiwr Excel Qutstng Quistanding Good Good Fair
ABRASION RESISTANCE Fxcellent |  Qutstanding Bcellent | Outstng o Ve o MO | Excellent | Excelleat | Good
COMPRESSION SET Good Fair Fair Far Fair Paer Good Fair to Good | Fair to Good
REBOUND
€old Excellent | PooratV L. temp Good Very Good Good Fair Yery Good Very Good Good
Hot Excellent GoodatR T Good Excel Very Good Good Yery Good Very Good Excellent
DIELECTRIC STRENGTH Excellent Excellent Exceblent | Farte  Fario Farto 1 Excellent Good Good
ELECTRICAL INSULATION top .t | FairtoGood Goog | farto  Farto Faur | Excellent |FartoGood| Far to Good
PERMEABILITY TO GASES Fair Fair Lowto VL Fair Fair Farr —Fair Low Very low
ACID RESISTANCE
Dilute Fair to Good Fair Excellent Fair Fair Fair Excellent Excellent Excellent
Cencentrated Fair to Good Poor Very Gooed Poor Poor Poor Excellent Good Excellent
SOLVENT RESISTANCE
Aliphatic hydrocarbons Poor Excelient Good Excel Excel Excel Poor Good Excellent
Aromatic hydracarhons Poor Fair to Good Far Good Good Goed Peor Far Excellent :
Oxygenated (kefones, etc) Fair to Good Poor Poor Farr Good Good Good Pgor Poor '
Lacquer solvents Poor Poor Poor Fair Fair to Good Good Poar Poor Poor |
RESISTANCE TO
Swelling in lubricating oil Poor- Excellent Good to Excel Good Excel Excel Poor Good Excellent
0il and gasoline Poor Excellent Good Very Good Excel Excel Poor Good Excellent
Ammal and vegetable mls Poor to Good Excellent Good Very Good Excel Excel Good Good Excellent
GoodatR T Very Good  Very Good Very Good
Water absorption Very Good Poor at 212° F Very Good Zgg JOF 2{115 ot‘;; zgg 3:;: Very Good Good Very Good
Oxidation Good Excellent Excellent Excel Excel Excel Excellent Excellent ] Oulstanding
Ozone Farr Excellent Qutstanding Excel Excel Excel Qutstanding Exceflent | Outstanding
Sunhght aging Paor Good Outstanding | Very Good  Very Good Very Good | Outstanding | Very Good Very Good
Heat aging Good Good Excellent Good Excel Excel Excellent Excellent | Outstanding
Flame Poor Fair Good vl n;le;lrtnt;ué::;ldgﬁtmade Poor Good Good
Heat Good Goed Excellent | Very Good Excel Excel Excellent Very Good | Oufstanding .
Cold Excellent Excellent Good Excel Excel Excel Excellent Good Good
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Gamparismn of Hi-TUFF polvurethane with natural and synthetic rubl::ers\

T T n
From "' Hi-Tore Souin Pnb&-)uﬂ.ETRAUE' J.P

VITON
TTevNERs AL Co ) e MAZSALHLSETTS (::111-\:1:-:) SILICONE co\'r?:;-{:::;eof HYPALON
NATURAL BUNA S BUTYL butadiene | polysitoxane | NEOPRENE fluoride and | chlorasutfonated HI-TUFF
BROPERTIES RUBBER butadiene styrene|isobutylene Isoprene | acrylonitrile polymer chioropreno [hexafluoropropylene| polyethylene polyurethane
g'lgggr[ll-GETH Pura gum Over 3000 Below 1000 Over 1500 Below 1000 Below 1500 Over 3000 Over 2000 Over 2500 5000-8500
(psn Black lvaded stocks Over 3000 Over 2000 Over 2000 Over 2000 Over 3000 Over 2000 Qver 3000
HARDNESS RANGE (durometer A) 3090 4090 4075 4095 40 85 4095 60 95 4095 (up to 75 Hirameter D)
SPECIFIC GRAVITY (Base Matenal} 093 0954 092 100 123 185 112128 1i0tol 24
VULCANIZING PROPERTIES Excellent Exceltent Good Excellant Excellent Goad Excellent Excellent
ADHESION TO METALS Excellent Excellent Good Excellent Excelient Good to excelient Excellent Excellent
ADHESION TO FABRICS Excellent Good Good Good Excellent Good to excellent Good Excellent
TEAR RESISTANCE Sood Fasr Good Fair Poor Good Fair Fair Cutstanding
ABRASION RESISTANCE Excellent Good to excellent Good Good Poor Excellent Good Excellent Outstanding
COMPRESSION SET Good Good Faur Good Faw Fair to good Very good Fair Good
REEQUND Cold Excellent Good Bad Good Excellent Very good Good Good Fair at low temp
Hot Excellent Good Very good Good Excellent Very good Excellent Good Good at room temp
DIELECTRIC STRENGTH Excellent Excelient Excellent Poor Good Good Good Excelfent Excellent
ELECTRICAL INSULATION Good to excellent| Good to excellent| Good to excellent Poor Excellent Fair to good Farr to good Good Good
PERMEABILITY TO GASES Fair Faipr Very low Falr Fair Low Very low Low 1o very low Fair Good
ACID Dilute Fair to good Fair to good Excellent Good Excellent Excellent Excellent Excellent Fair Goad
RESISTANCE| Concentrated Falr to good Fair to good Excellent Good Fawr Good Excellent Very good Poor
Ahphatic hydrocarbons Foar Poor Poor Excellent Poor Good Excellent Good Excellent
SOLVENT Aromatic hydrocarbons Poor Poor Poor Good Poor Fair Excellent ' Fair Fair to good
RESISTANCE Oxygenated (ketones, etc) Good Good Good Paor Fair Poor Poor Poor Poor
Lacquer solvents Poor Poaor Poor Fair Pecor Poor Poor Poor Poor
Swelhng 10 lubnecating o1l Poor Poor Poor Very good Fair Good Excellent Good to excellent Excellent
1l and gascling Paor Poor Poor Excellent Fair Good Exceilent Cood Excellent
Animal and vegetable oils Poor to good Poor to geood Excellent Excellent Fair Good Excellent Good Excellent
Water absorpbion Very good Good to excellent Very good Fair to good Good Good Very good Very good Gooigaﬁ-l;?nlr_}'lsﬁmp
Cxidation Good Gaood Exceilent Good Exceilent Excellent Dutstanding Excellent Qutstanding
¥SSI5TANCE Ozone Fair Falr Excellent Fair Excellent Excellent Qutstanding Cutstanding Qutstanding
Sunlhight aging Paor Poor Very good Poor Excellent Very good Very good Outstanding Excellent
Heat aging Good Very' good Excellent Lxcellent Qutstanding Excellent Outstanding Excellent Good
Flame Poor Poor Poor Paor Fair Good Good Good Good
Hea* Good Excellent Excellent Excelfent Excellent Excellent Excellent Excellent Goed
Cold Excellent Excellent Good Good Excellent Good Good Good Excellent




hemical resistance

of the Du Pont elastomers

Du Pont elastomers are used widely and successfully in contact with a broad vanety of chemicals

To assist engineers in selecting the appropriate elastomer for the particular environment, the
accompanying tabulation has been prepared We emphasize that it should be used as 2 guide only

The tabulation 15 based on laboratory fests and records of actual service performance Butan
elastomer’s degree of compatibility with a particular find also depends on such variables as temperature,
aeration, velocity of flow, duration of exposure, stability of the flurd, degree of contact, etc

Therefore, it 1s always advisable to test the material under actual service conditions before specification
I this 1s not practical, tesis should be devised that simulate service condifions as closely as possible

Chemucal ADIFRERE HYPILON HYTREL Neapreny RORDEL Viten Chemical ADIPREXE HYPALON EYTREL Neapreas KORDEL VITON
Acetaldehyde G G - [ A C Carbon tetrachleride c C B8 C C A(158°F)
Acetlc acld 20% B A A A A C Caslor ofl A A(158°F) B8 A[158°F) B A
Acelfc acid, 30% [v A A A A Cc Chlorine gas dry X 8 X B A A[212°F)
Acetlc acld glacial C AB A C B C Chiarine gas, wet G B8 X C B A
Acetlc acid glaclal - - B{100-F) - - - Chloroacetic ackd X A X A A G
Acelic anhydride T A T A A [ Chlorobenzens X X X X X A
Acetone C B 5] B A C Chloroferm G C C C [ A
Acetylens - B A B A A Chigrosulfonie ackd C C [ o] c C
Aluminum chloride Chromic acld, 10 50% o] A(158°F) A C [ A

solutions Ll A i A A A Citric acid solutions A A A A A A
Alumirum sultate A a@sE T AGSR) A A Copperchionide solutions __ A A A A A A
Ammonia, anhydrous T B i~ A T c Copper sulfate solutiens A A A A A A
Ammonium chioride = Cottonseed all A A A A AB A(300°F)

solutions A A A A A A Creosate oll T C - c c A{212°F)
Ammonium hydroxide Cyclohexane A [+ A [+ c A

solutions A A(200°F) T A{I58 F) A A Olbutyl phlhalate C{158°F) c A c A B
A";::zﬂ:;:: sulfate ” AZ00%F) A A(5B°F) A A Diethyl sebacate C 8 A [§ B B
Ayl acetate C C B ¢ A C Dieclyl phthalate C C A c B B
Amy! aleohgl T A@OF) A AISBF) A __ Azizcr)  DOWTHERMA 8 8 - B C A2
Anlline C B C c A AB DOWTHERM A - - = = - (400 F)
Anlline - G100 &) - — gl B(158 F) Eplchlorohydrin, - T X — 5] C(122 F)
Anilne — = _ — = T@E00-F) Ethyl acetate [ c B [v] A c
ASTM oll #1 AGSE F) A ABOOF) A C___ AmwoFy  Ethyl acetate - - - — _ BOSERY -
ASTM ol 23 B(158 F) B(ISE F)  A{300 F) B(153°F} [ Aaso-ry  Elhytalcohal ¢ A(Z00 F) A A{158 F) A A
ASTM rotarence fuel A A ry 2158 F) A C A Eihyl chlordde C C C C 8 A
ASTM relerence fuel B B EREG T A Ethyl ether < c - c c B
ASTM reference fuel C C C 5 c C A Eihylene dichloride C{120F) C(i120 F) C C(120 F) B(120 Fy A B(120°F)
ASTM rejerence fuel G — — B(158°F) — — A(258 F Ethylene glycol B8 A(200°F) A A{158 F) A A(250 F)
Asphalt — ) T B X AM00 F) Eihylene oxide T X A X X C[158°F)

Exxon 2380 t