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ABSTRACT

This paper presents a functional description ot the environmental control coolant loop system design
for the 30-day mission NASA Biosatellite program. A two-loop system is described which provides
temperature control for the fuel cell power source, cryogenic subsystem, water and urine storage, and
the gas management system. The latter provides control of the gaseous environment in the recovery
vehicle. It controls temperature, relative humidity, recirculation and filtration of the atmosphere, build
up of toxic and/or non-toxic gases and odors, and partial and total pressure of the standard 14.7 psi
nitrogen/oxygen atmosphere. Comparison of experimental and tlight results with analytical predictions
are presented. Extensive thermal vacuum system testing was performed to verify design predictions;

good agreement with analysis was achieved.

1. INTRODUCTION

The 3
puss

ssatellite project has been undertaken by NASA for the

<2 of implementing a program of biological experiments in
a sr:z2 environment. Ames Research Center, Moffet Field,
Czl “zmm1a, has responsibility for overall program management
anc < rection. The prime contractor is General Electric Co.,
Re-s-:~ and Environmental Systems Division, Philadelphia,
Pen=a

The =:u: Biosatellite missions are a 3-day mission and a 30-day

miss -~ The experimental objective of the 3-day mission is to
im= zxte the effects of combined weightlessness and radiation
on - 7uls, plants, and cells. The experimental objective of the

mission is to study the nervous functions, behavior,
= sm, and cardiovascular function of a primate.

secraft design for ecach mission consists of an ablative
«cat shield, payload capsule. retro-rocket thrust cone

ass— . parachute assembly, "and adapter section (Figure 1).
Tr. --.oecraft launch site is the Eastern Test Range, Cape
Ke--:2.. Florida. Recovery of the experimental payloads is a
. 2oective of all flights.

Tt ¢ z:rer shall be concerned with the environmental control
sy = 1 ECS) design for the 30-day mission spacecraft.

. OJUAL LOOP INTEGRATED ENVIRONMENTAL
CONTROL SYSTEM

Tr: *xJuy mission Biosatellite spacecraft has a dual-loop
cov s cmental control system which thermally integrates the

‘port  gas management assembly (GMA), the

hydrogen-oxygen  fuel cell power source, the cryogenic
subsystem, electronics equipment and experiments, and the
water and metabolic waste storage tanks. Figure 2 shows the
configuration and pertinent temperature control points of the
ECS.

The ECS consists of two circulating coolant loops coupled by an
interloop compact heat exchanger. One loop of the ECS provides
coolant for temperature and humidity control of the payload
capsule atmosphere and coolant for temperature control of the
water and mctabolic water storage tanks Temperature and
humidity control of the payload capsule atmosphere is
accomplished with a liquid to air GMA heat exchanger located in
the payload capsule. This heat exchanger is an integral part of the
life-support gas management assembly. The capsule air is
circulated through one side of the GMA heat exchanger, and the
ECS coolant is circulated in counter flow through the opposite
side.

The sccond loop of the ECS provides coolant for temperature
control of the fuel cell power source, the cryogenic tankage,
electronic equipment and the primate urine experiment package.
A radiator for rejection of the spacecraft thermal energy and a
regenerative heat exchanger comprise the second loop.

The ECS vehicle thermal design heat loads are 400 Btu/hr
minimum and 800 Btu/hr maximum. In addition, the vehicle
attitude during orbit is completely random, thus requiring that
the ECS be capable of operating over a wide range of orbit
thermal environments.

A duallloop ECS configuration was selected after careful
consideration of the system temperature sequirements, thermal




loads and orbit envitonments. Tradeotl studies were made
considening both single and  duallloop  configurations  with
component  by-pass  temperature  control,  regeneration,  and
radiator by-pass temperature control. The  advantages and
disgdvantages of cach were evaluated considering the system flow
rite 1o pressure drop characteristic, precision of temperature
control required, effects of system thermal loads, component
locations, and orbit environments. The results of these studies
showed that a dual-loop configuration with regeneration offered
the precision temperature control required for greater variations
in vehicle thermal loads and environments than could a single
loop In addition, a dualloop provided more flexibility to
accommodate changes in fuel cell and capsule loads and inlet
temperature requirements.

3. ENVIRONMENTAL CONTROL SYSTEMS DESCRIPTION

The primary temperature control functions of the ECS, shown
schematically in Figure 2, are to provide coolant at a temperature
of 45 + 3°F to the gas manusgement assembly (GMA) heat
exchanger located in the payload capsule. and to provide coolant
at a temperature of 55 £ 15°F to the fuel cell power source. In
addition to these requirements the ECS also provides coolant for
the following temperature control functions:

(1) Maintains the water and metabolic storage tank
temperatures above freezing,

(2) Provides heat to condition and pressurize the cryogenic
gases to fuel cell operating levels.

(3) Provides electronic equipment and urine experiment
thermal control.

3.1 COOLANT

The ECS coolant is Coolanol 25, a silicate ester manufactured by
Monsanto Chemical Co. In addition to being a good heat transfer
fluid, this fluid has excellent di-clectric properties which permit
its use in the fuel cell and pump-motor housing, and good fluid
lubricity which enhances the operation and life of the pump and
motor. Good lubricity is a highly desirable property because the
pump has a life requirement of 1000 hours. The fluid has a pour
point of approximately -120°F.

A coolant flow rate of 55 + 10 Ib/hr was chosen to satisfy the
vehicle temperature requirements and minimize pumping power.
The minimum allowable flow rate was sct by the fuel cell and
payload capsule temperature ranges and thermal loads. Tradeoff
studies showed that a minimum flow rate of 45 Ib/hr was
required to limit the maximum fuel cell temperature to 70°F
during maximum vehicle thermal loads and radiator orbit
environment. This flow rate results in pumping power
requirements of 13 watts under worse case conditions. The
corresponding Reynolds numbers are in the range of 10 to 30.

3.2 GMA COOLANT TEMPERATURE CONTROL

The specifications for the primate capsule calls for a laboratory
controlled environment in which to perform the biological
investigation. The capsule pressure is required to be 14.7 £ 1.5
psi with the gascous composition of the atmosphere 78.5% N;.
217 03 and 0.5 CO3. The total volume of the capsule is 6 3.
Capsule relative humidity must be kept within the range of 35 to

70 percent and the ambient air within the capsule must be
matntained at 75 4 57F. Both temperature and relative humidity
control are maintained by controlling the temperature of the
coolant at the mlet of the GMA heat exchanger. A fan in the
capsule circulates the capsule air through the heat exchanger
where the capsule ieat is transterred to the coolant and the water
vapor is condensed in the heat exchanger. To maintain the air at
75 + 5°F and the relative humidity between 35 and 70 percent
the coolant inlet temperature must be held at 45 ¢+ 3°F. The inlet
coolant temperature must be less than 48°F in order to pick up
the total capsule heat load and reduce the air temperature within
the heat exchanger below the dew point to remove the required
water. The minimum coolant temperature is maintained above
43°F to prevent low relative humidity in the capsule and allow
some margin above the water freezing point of 32°F. The capsule
heat consists of primate sensible and latent heat, electrical
equipment and environmental effects.

Modulation of the coolant through a liquid to liquid heat
exchanger (interloop heat exchanger) maintains the temperature
at 45 + 3°F at the inlet to the GMA heat exchanger. Figure 3
shows a schematic of the temperature control components. A
modulating valve, temperature controller, and two temperature
sensors are the basic components. The thermal controller
contains the control circuits and logic operating the components
to provide GMA coolant temperature control. The thermal
controller has two modes of operation. In the normal mode,
temperature is sensed at the inlet to the GMA heat exchanger and
the modulating valve is positioned to by-pass sufficient flow
through the interloop heat exchanger to maintain 45 + 3°F at the
sensor. The payload capsule heat is transferred from the air to
the coolant in the GMA heat exchanger and rejected to the
coolant in the radiator loop via the interloop heat exchanger. The
coolant is then circulated through the radiator and the heat
rejecied from the spacecraft. When the radiator loop is unable to
accept the payload capsule heat load and maintain a coolant
temperatury of 45 + 3°F at the GMA inlet sensor, an evaporative
water boiler is initiated and the capsule heat is rejected by the
boiling water. This condition occurs when the radiztor outlet
temperature is above 34°F. At this point the coolant AT across
the interloop heat excnanger is too low to transfer the capsule
heat and limit the coolant into the GMA to 48°F. Specifically,
the sequence of operation of the thermal controller is as follows:

(1) Sense the coolant temperature at the entrance to the
GMA heat exchanger and provide a pulse to the
modulating valve when the temperature is out of dead
band (45.0 £ 0.5°F).

(2) Initiate water boiler operation when the modulating
valve is in the full interloop flow position, the radiator
outlet temperature is above 34°F, and the water level
in the water accumulator is above the low limit (the
water accumulator supplies the boiler with water).

(3) Stop boiler operation when the coolant temperature at
the radiator outlet is below 34°F or the water level is
below the accumulator low-low limit.

(4) Inhibit the ECS from going into the boiler mode of
temperature control during prelaunch operation.

In addition to the temperature control functions described
above, the thermal controller also contains the logic for switching



fiom the operating pump to the stand by pump upon receipt of a
sl tram a pressure difterential switch. The modulating valve
consicty of a threesway coolunt valve, a d-¢ stepper motor, and
patring Figure 4 shows o crossssectional view of the valve. The
stepper motor actuates a piston which controls the flow in the
two et ports. A position switch is incorporated into the valve
to indicate that the valve s passing full flow through the
interloop heat exchanger. Since a permanent magnet holds the
vilve position when not being pulsed, the valve does not require
power when it is inoperative.  The modulating valve and
temperature contreller were acquired under sub-contract to
United Control Corp.

Figure 5 shows a sectional view of the temperature sensors. Both
temperature sensors are identical except for their calibration
temperature  range.  Fach sensor consists of a  calibrated
thiermistor hermetically sealed in a stainless steel housing. The
thermistor is electrically connected to the thermal controller.

3.3 FUEL CELL TEMPERATURE CONTROL

The additional primary temperature control function of the ECS
is to provide coolant at §5 + 15°F for fuel cell heat rejection and
temperature control. Fuel cell development tests have shown that
a coolant between 40 and 70°F is the optimum range for
maximum fuel cell life. Temperature control of the coolant
between 40 and 70°F is provided by a mechanical temperature
control valve and a regenerative heat exchanger (Figure 2). The
valve modulates the flow through the regenerative heat exchanger
to maintain the coolant temperature out of the valve above 40°F.
The valve is so designed that, when the valve outlet temperature
starts to drop below 52°F, flow is by-passed through the
regencrative heat exchanger where heat is picked up from the
warm fuel cell outlet coolunt. The fuel cell has an average
thermal dissipation of 320 Btu/hr. As the outlet temperature
continues to drop, the valve allows moie flow through the
regenerative heat exchanger, always maintaining the fuel cell inlet
temperature above 40°F. This method of control conserves the
system thermal energy during minimum orbit thermal conditions,
by transferring the fuel cell thermal energy back into the cold
radiator outlet coolant, and also attenuates the radiator outlet
temperature transients.

The temperature control valve is actuated by a liquid filled
element immersed in the coolant which expands and contracts as
a result of variation in coolant temperature. This type of valve
was selected because it could meet the temperature control and
response requirements without requiring power for operation. In
addition. it is a simple and reliable design.

The regenerative heat exchanger is a counter flow, three-pass

design  with an effectiveness of 0.80. Figure 6 shows the
dimensions of the heat exchanger.

3.4 SECONDARY ECS FUNCTIONS

The ECS, in addition to the functions discussed above, also
provides coolant for temperature control of the following vehicle
cquiprent:

th Evaporative boiler water accumulator,

(2) Primate drinking water,

3 Primute metabolic waste water,
(4) Flectronic equipment,
(5) Cryogenic hydrogen and oxygen tanks.

The water and metabolic waste tanks must be maintained above
32°F in order to prevent freezing. This is accomplished by
circulating warm coolunt through cold piates to which the tanks
are mounted. The cold plates are located downstream of the
GMA heat exchanger where the temperature range of the coolant
is 50 - 75 °F. Two additional cold plates are located at the inlet
to the fuel cell to provide a heat rejection surface for the fuel cell
clectronic equipment and the primate urine experiment packages.

Two electrical heaters are located on the coolant lines of the inlet
and outlet of the fuel cell. One heater is a 10 watt orbit
contingency heater. The purpose of this heater is to provide
additional heat to the coolant to prevent the fuel cell inlet
temperature from falling below 40°F during the initial phase of
the mission when the fuel cell efficiency is high and the thermal
dissipation is low. This heater operates off the fuel cell power
hus. The second heater operates off a fuel cell back-up battery
ard has a capability of 55 watts. The purpose of this heater is to
provide the ECS with sufficient heat to maintain the coolant
temperature and enable the pumps to continue operating long
enough to initiate an carly call down if the fuel cell should fail
during the mission. The fuel cell provides the major heat input to
the radiator coolant loop; loss of this thermal energy would
result in a coolant pressure drop above the pump capability due
to high coolant viscosities at low temperature.

4. ORBIT RADIATOR DESIGN

Orbit thermal cnvironment analysis for the low inclinations
angles to be flown by the Biosatellite showed large variations in
heat flux around the spacecraft. In addition, the maximum heat
flux can occur over any section of the vehicle with a random
spacecraft attitude. A study of radiator configurations showed
that the optimum geometry for averaging large heat flux
variations around the spacecraft was a cylinder. This resulted in
the design of a cylindrical radiator attached to the outer surface
of the adapter section of the vehicle. The initial design goals for
the radiator heat rejection and outlet coolant temperature
requirements were:

(1) Maximum and minimum vehicle thermal loads of 800
and 400 Btu/hr, respectively,

(2) A maximum allowable radiator outlet temperature ot
34°F, in order to provide 45 + 3°F coolant to the
primate capsule GMA heat exchanger,

(3) A minimum allowable radiator outlet temperature of
-30°F in order to maintain the coolant temperature at
the inlet to the fue! cell above 40°F. The -30°F is
based upon a regenerative heat exchanger effectiveness
of 0.80,

Prefiminary unalysis to size the radiator showed that the area
required to limit the maximum outlet temperature to 34°F
resulted in a minimum temperature below -80°F. These low
temperatures result in ftiel cell inlet temperatures below the 40°F




destea requirement and also below the freezing point of the fuel
cell product water. In order to alleviate this ~ondition and
muitnize the cold environment etfects, the radiator was Jdesigned
to operate at two different levels of radiating effectiveness, A
mechamical valve located at the outlet of the radiator controls the
flow butween one or four-tube operation. The valve is designed
to pornut low in all four radiator tubes when the coolunt
temperature is above 10°F, and to allow Now in only one tube
when the coolant is below -5°F. During maximum  thermal
conditions, the radiator operates with four coolant tubes and has
an effectiveness of 0.96. During minimum thermal conditions,
the valve switches to one-tube ow, resulting in an effectiveness
ot 0.60. In this way the total radiator area is utilized in the hot
orbits and only a partial arca in the cold orbits (variable arca
radiator), thus limiting the minimum outlet coolant temperature
to -30°F

The rodiator thermal performance was caleulated using the
General Electnie: Temperature Control Svstems Optimization
Computer Program. The results of the radiator thermal analyzes
showed that the maximum allowable radiator arca consistent
with maintaining the fuel cell inlet coolant above 40°FF was 24
square teet. The limiting parameter on increasing the area above
24 square feet is the regenerative heat exchanger effectiveness. A
higher effectiveness is needed to handle lower radiator outlet
temperature. The radiator analysis also showed that. for short
periods of time during maximum orbit environments and vehicle
heat loads, the radiator outlet temperature increases above the
required upper limit of 34°F. This meant that another method of
heat rejection was required for short transient periods in order to
limit the coolant temperature to 48°F into the primate capsule
heat exchanger. The method that was used is an evaporative
water boiler. This component will be discussed in a later section.

The optimum radiator configuration determined from the
analysis, to meet the fuel cell temperature requirements and
minimize water boiler usage during peak thermal conditions, is
shown in Figure 7. The radiator consists of four 3/8 inch OD
aluminum tubes, brazed to a 0.032 inch aluminum cylinder. The
total width of the radiator is 19.5 inches and the diameter of the
cylinder is 56.6 inches. The radiator is attached to the outer
surface of the adapter section of the vehicle with 24 nylon
fasteners. Fourteen layers of aluminized mylar insulation is used
between the radiator and spacecraft., The radiator surface is
coated with a low a/e inorganic thermal coating to provide a cold
sink for heat rejection. The coating was developed by lllinois
Institute of Technology Research Institute and designated S-13G,
It has an initial ag of 0.20.

The radiator thermal performance was calculated from a laminar
flow heat transter coefficient based upon a formula developed by
H. Housen.

(0.14)
kg 0.668(d/1/RePr) B

M fuid root) = Tg 4.36 + 1+0.04 [(d/l)RcPﬂzH —"-

where

n G,
Pr = Prandt] number, (T) Mud

Re = Reynolds number, (li‘!) f
m
p = density ol uid, Ilv/fl“
d = inside diameter of radiator tube, 1t
I B viscosity of fluid, Ib/ft hr
(‘p = specific heat of fluid Btu/lb °F
k = thermal conductivity of fluid Btu/hr ft °F
| = tube length

Comparison of analytical predictions with experimental results
showed excellent agreement. The test results and correlations will
be discussed in a later section.

5. EVAPORATIVE WATER BOILER

During peak vehicle thermal loads and orbit environments, the
radiator cannol maintain the coolant into the GMA heat
exchanger below 48°F, During these peak thermal conditions,
temperature control for the GMA is provided by an evaporative
water boiler which was designed and developed by GE-RESD.
The water boiler is located in the coolant line at the inlet to the
GMA heat exchanger. The boiler dissipates the primate capsule
heat load by boiling fuel cell product water at a low pressure.
The conditions which dictate boiler turn-on are as follows:

(1) All the coolant is being by-passed through the
interloop heat exchanger. This results in maximum
heat transfer to the radiator loop.

(2) The radiator outlet temperature is above 34°F.

(3) The water level in the water accumulator is above the
low limit.

When conditions 1 and 2 sccur, the radiator can no longer reject
the total spacecraft therma' load and maintain the primate
capsule within the upper design temperature limit of 80°F. At
this point a coolant valve directs flow around the interloop heat
exchanger 2nd a signal from the thermal controller enables the
boiler to operate and provide the desired temperature control for
the primate capsuie. Figure 8 shows a cutaway view of the
evaporative boiler. The water (after initial start-up) is retained in
a reservoir at the bottom of the boiler. Evaporation takes place in
a cylindrical vapor chamber directly above the water reservoir.
The warm coolant which has picked up the primate capsule
theriaal energy in the GMA heat exchanger flows into a coolant
chamber which surrounds the vapor chamber. The coolant is
introduced at the top of the boiler and exits at the bottom
flowing over 22 baffles or fins on the outside of the vapor
chamber. As evaporation at the wick surface proceeds, due to
heat being transferred from the coolant through the baffles and
into the wicks, regulated replacement water is induced by
capillary action along the wicks.

The water level is maintained in the reservoir by a capacitance
sensor in the reservoir and a solenoid water inlet valve. The
change in water level is sensed as a change in electrical




cipacitance, being part of a control circwit which operates the
woter let valve. Wicks af the top and bottom ol the water
rescrvolr serve as the capacitor plates, The botling temperature of
the water is contiolled by hie pressure inside the vapor chamber,
A temiperature sensor oo ated on the wicks welded to the vapor
chiamber wall is calibrated to provide a signal to a control circuit
which operates a stepping motor to open and close a vapor outlet
valve  The “valve is designed 1o be open when a resistunce
equivalent to a temperature of 40°F is sensed, and to be closed
when the temperature is 34°F.

In addition to the temperature sensor on the vapor chamber wall,
there s also a temperature sensor in the coolant inlet line. The
purpose ot this sensor is to bias the internal sensor at the low
heat loads so that sub-cooling and freezing of the boiler does not
oceur Coolant flows through the boiler continuously to prevent
freezing of the boiler during the non-operational period.

6. MOTOR PUMP

The driving torce for circulating the ECS coolant is provided by a
dual-clement vane pump driven by a two phase a-¢ motor. The
motor-pump unit contains an inverter that converts 26 volt d-¢
power to 115V, 400 cycle, two phase power. The pumps are
redundant and the back-up pump is sturted when the pressure
head across the prime pump decreases below S psi. A high
pressure reliel valve is incorporated into cach pump element.
Figures 9 and 10 show the coolant low rate and pumping power
versus differential pressure for a coolant temperature of 60°F
and a supply voltage of 26 volts. The pumps were acquired under
subcontract to Hydro-Aire Division, Crane Co.

7. LIFE SUPPORT GAS MANAGEMENT ASSEMBLY

The gas management assembly (GMA) is located in the primate
capsule and controls the gaseous atmosphere in the capsule to
provide 4 laboratory controlled environment. The GMA controls
the temperature and relative humidity of the air, the circulation
and filtration of the atmosphere, the buildup of trace gases and
odors, and the total pressure of the oxygen. It also provides the
instrumentation for the measurement of the total pressure,
cuygen partial pressure, partia! CO5 pressure, and the
temperature and relative humidity. =

The GMA receives its coolant supply from the fluid loop ECS
located = the adapter. The oxygen is supplied from the
cryogenic storage tanks and the nitrogen from a storage bottle in
the adapter. The GMA  was acquired under subcontract to
Hamilton Standard Division of United Aircraft Corporation.

Figure 11 shows a schematic diagram ot the GMA. An electrically
driven fun is used to circulate the air in the capsule. The air
enters the GMA through a particulate filter and flows over the
tan into a mechanical temperature control valve. Temperature
control of the air is maintained by by-passing air around the heat
exchanger as a function of capsule outlet air temperature. The
by-passed air flows directly out of the valve into the capsule, The
remaining air passes through the heat exchanger where it is
cooled and the water vapor removed  The lithium hydroxide CO 5
removal canisters are in a parallel circuit with the fun. The
amwunt of flow through the canisters is controlled with orilices
in the lines.

1AIR TEMPERATURE CONTROL

The capaule latent and sensible heat load from the primate,
clectrical equipment, and contuminate removal equipment s
transferred to the ECS coolant in the GMA air to liguid heat
exchanger. The mechanical temperature control valve at the heat
exchanger inlet 1s calibrated to flow sutficient air through the
GMA heat exchanger to maintain the capsule air temperature
between 70 and 80°F. The valve operates through mechanical
linkage controlled by a temperature sensing pyrodyne element.
The valve is designed to pass the total Mow through the heat
exchanger during maximum heat 'oad conditions and
approximately SO percent flow during minimum conditions. The
maximum air flow rate is 11 efm.

7.2 HUMIDITY CONTROL AND CONDENSATE DISPOSAL

Relative humidity is controlled by condensing moisture out of
the air stream and transferring the water to an evacuated tank in
the adapter section. The air by-pass temperature control allows
the relative humidity to be maintained between 35 and 70
percent.

Figure 12 shows a schematic of the condensate disposal system.
The water condenses on the celd heat transfer surfaces of the
heat exchanger and is pushed along the surfaces to the outlet
duct. As the water droplets grow in size, the pressure head across
the heat exchanger forces them out of the heat exchanger with
the existing air. Separation of the condensate from the air is
accomplished by means of an ¢lbow in the air duct. The water
particles, being heavier than the air, continue in a straight line
until they strike the walls of the duct Collection of the droplets
takes place in a section of the duct lined with glass wool wicking.
The water is transferred from the wicking to an evacuated tank in
the adapter through a water transfer capillary plug. The plug is
designed to operate for a downstream pressure 0.3 psia minimum
and 9.0 psia maximum.

7.3 CARBON DIOXIDE/TRACE
CONTROL

GASES AND ODOR

€05 partial pressure levels are maintaired above 7.6 mm Hg by
removing CO5 from the capsule atmosphere with lithium
hydroxide absorption canisters. The hydroxide is contained in
two separate canisters each containing approximately 8.5 pounds
of chemicals. The capsule air flow is directed into one of the
canisters for the first half of the mission, while the other canister
is isolated by a diverter valve. At the half-way point of the
mission, or when flight data indicates high CO, levels, the
diverter valve is actuated from a ground signal and the air flow is
switched to the second canister. Carben ¢ qde partial pressure
is monitored constantly so that the maximum allowable level is
never exceeded.

Air flow through the canisters is controlled by orifices in the
by-pass line and filters in the canisters. The nominal air flow
through the canisters is 2.5 Ib/hr. Odors and trace gases are
removed by a chemical canister and activated charcoal in the
lithium hydroxide canisters.

7.4 CAPSULE PRESSURE

The primate capsule total pressure is maintained by a pressure
regulator which controls the in-flow of nitrogen during the




orbital phise of the misston During the recovery phase of the
mission, pressure is maintaned with an oxygen bottle located in
the capsule. The nitrogen is stored in a bottle in the adapter
section of the spacecraft. The capsule is controlled to a nominal
prossare of 147 psic The capsule oxypen s supplied during the
orhital phase from the fuel cell oxygen cryogenic storage vessel
locared o the adapter. Two oxygen partial pressiie sensors are
used to control an oxygen supply solenoid valve. An oxygen
controller s designed to select the higher of two signals and to
oper o the valve accordingly. The capsule partial oxygen
pressure is maintained between 135 and 165 mm He.

85 COREELATION OF FLIGHT AND EXPERIMENTAL
RESULTS WITH ANALYTICAL PREDICTIONS

Extensive system thermal vacuum development testing of the
emvironmental control fluid loop was performed to verify
analy tical design predictions, The tests consisted of subjecting an
entire spacecralt to simulated orbital thermal environments in a
thermal vacuum chamber. The spacecraft was operated over the
entire range of thermal design loads for predicted orbit
environments. The orbit thermal environment yas simulated
using a multiple zone thermal canister that completely “nclosed
the spacecraft. The canister was divided into separate zones using
heaters to simulate the orbital sink temperatures. Figure 13
shows a diagram of the test configuration.

The internal vehicle ihermal loads were simulated with d-¢
heaters controlled to the design levels. Thermocouples were
installed both within and on the outside of the fluid loop coolant
lines at critical locations. Thermocouples were also installed on
all fluid loop components and hardware, including the radiator
surface, to record the thermal performance of the complete
system,

8.1 THERMAL VACUUM TEST RESULTS

The radiator performance and capability correlated very closely
to analytical predictions. Test results verified the analytical and
thermal modeling techniques used in sizing the radiator. The
radiator coolant outlet temperatures were generally within 3°F
of those values predicted using the GE Temperature Control
Systems Optimization Computer Program. Figure 14 shows a
plot of actual temperature distribution across the radiator during
test versus that predicted by analysis. Close agreement was
achicved on the predicted temperature level and gradients for
tubes 2. 3, and 4. In tube 1, the test results were lower than the
predicted value due to a low coolant flow rate resulting from a
flow imbalance. The flow imbalance was caused by improper
calibration of the radiator two-position valve that switches
between | and 4-tube flow. This problem was solved by a
recalibration of the valve,

The laminar flow film coctficients used in the radiator analysis
were also verified during test. The temperature drop across the
boundary luyer was measured and found, on an average, to be
within 4°F of the predicted value. The experimental temperature
difference was lower than the predicted, indicating a slightly
higher film coefficient than was used in the analysis. Figure 15
shows 4 plot of predicted coolant film AT versus test results.
Tenperature control of the coolant at the inlet to the fuel cell
and GMA heat exchanger was verified for the complete range of
design conditions, The thermal controller and modulating valve
operated smoothly in response to all temperature changes and

thermal toads, and maintained the design requirement of 45 ¢
3"F coolant temperature at the inlet to the GMA hoat exchanger.

The temperature control valve located at the regenerative heat
exchanger outlet porformed satistactonily 1 by-passing the flow
through the regencrator at the required design temperature ol
S2°F. The thermodynamic performance of the boiler met all the
thermal design goals and system requitements, The required GMA
inlet coolint temperature of 45 ¢ 3°F was maintained for all
GMA heat loads, Figure 16 shows the boiler performance during
vacuum testing. The radiator omlet temperature was increased to
40°F, at which time the GMA inlet temperature reached 48°F
and the boiler was initiated. The boiler maintained the GMA inlet
coolant below 48°F for GMA heat loads between 309 and 409
Btu/hr. When the boiier was turned on, the radiator outlet
temperature decreased until the interloop heat exchanger could
transfer the full GMA heat load and maintain the inlet coolant at
48°F. At this point the boiler was turned off. Cycling of the
boiler was repeated for both transient and steady state radiator
environments to verify performance under extreme simulated
orbit environments and heat loads.

8.2 FLIGHT DATA RESULTS

The Biosatellite 30-day spacecraft, designated flight “D", was
launched into an Earth orbit on June 28, 1969, carrying a
14-pound primate as its scientific payload. The planned 30-day
mission was terminated after nine days when flight data results
indicated the primate’s life functions were declining. The re-entry
vehicle with the primate capsule successfully re-entered and was
recovered near the Hawaiian Islands. The adapter section with
the fuel cell, cryogenics and thermal control loop remained in
orbit and continued functioning for a total of 38-days at which
time power was lost.

The fluid loop thermal flight instrumentation consisted of
temperature sensors on the coolant lines at the inlet and outlet of
the GMA heat exchanger, fuel cell, and orbital radiator. In
addition, pressure differential sensors across the pumps were used
in order to determine coolant flow rates. The loop
instrumentation along with the primate capsule ambient
temperature measurements were used to perform heat balances at
critical points and verify the fluid loop thermal performance.

8.2.1 Primate Capsule Thermal Performance

The primary requirement of the environmental control fluid loop
is to provide a medium for rejection of the primate capsule waste
heat and control of the capsule relative humidity. Both of these
objectives were successfully met during flight. The fluid loop is
required to maintain the coolant to the GMA hcat exchanger at
45 + 3°F. Figure 17a shows the GMA inlet temperature varied
between 43.5 and 44.5°F between launch and R/V separation.
Figure 17a also shows that the temperature rise of the coolant
through the heat exchanger was approximately 9°F during the
beginning of the mission and declined to approximately 7.5°F at
separation. This is a change in AT of 1.5°F. Duing ground
thermal vacuum testing there was a temperature rise of 1i°F
during the maximum environment case and 8.5°F during the
minimum environment, or a change in AT of 2.5°F. During
thermal vacuum testing, internal thermal loads were held
constant and there was no noticeable change in the primate load,
thus indicating a fairly constant internal heat load to the GMA
heat exchanger. The change in GMA AT during this time was




By the change in external enviromment and was as
I Dosign limits sllowed a heat wddition of 44 Btu/hr
avioum orbital environments and a heat loss of 30

rodunsg minhmam environinent, or a change in GMA AT of

T = ovonam and minimum orbit design environments were
o doupcn a S6 degree J angle (angle between the sun's rays and
the orhat plane) and a O degree J angle, respectively. Figure 18
that Jurng flight the g angle at launch was 43 degrees and
ot Stk T degrees. Based upon the ratio of the g angle change
Dot et to that used for dosign, the GMA AT should have
dooroowd 1310 2°F during the flight. Since a 1.5°F decrease in
GMA AT dunng flight was experienced, this verifies the validity
¢f tmo dosgn environments as well as proper performance of the
re—- v achicle thermal coatings and insulation system.
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Tro orly difference between test and flight data that was evident
= e GMA coolant temperatures was that of total heat load.
cround test data showed a AT of 11°F of which 1.5°F was
tormal envirenment heat load. The remaining AT of 9.5°F or
227 Bru hrois cttributable to metabolic and electrical equipment

2t generotedin the capsule. Subtracting the external heat load
25t 2 GMA AT of 8°F or 191 Btu/hr was the result of
t ! heat generation. Thus, during flight, the GMA heat load
wii a'wars in the lower end of the design range of 160 to 350
Bro hr.

1= addition to the fluid loop flight temperature sensors, there
were alio five *emperature sensors in the primate capsule. All five
semsors were used to measure the capsule air temperature. Two of
the senscrs were located in the primate head and chest area
(i=centive points); one sensor was located in the primate foot
area: and two sensors were used to monitor GMA inlet and outlet
air temy erzture. The orbital temperature data for the five capsule
temperziure sensors showed all temperatures to be within
specification throughout the mission. Figure 19 shows a
s.mmary of the primate capsule temperature and environmental
ore during both orbit and recovery.

&2 2 Fuel Cell Thermal Performance

The <« stem design requirement is for the coolant loop to
~12in fuel cell inlet temperature between the limits of 40 and
TEF Figure 17a shows that the fuel cell coolant inlet
te= rersiore remaining fairly constant at S3°F for the first five
the fight. This indicates that the total system heat load
sh to keep the temperature control valve within
s¢ range. From the fifth day on, the temperature of
i inlet eradually declined to a minimum value of 46°F
the sesenth day and then increased again to a maximum
F during de-orbit. The low temperature of 46°F was
by 2 reduction in system heat load due to the turning off
¢ pomale urine experiment package and associated

4 ool el sverage electrical load of 104 watts was estimated
Sood upor oowaleulated average fuel cell waste heat rejection of
243 Biu hr. None of the fuel cell inlet coolunt contingency
ters were required during the flight even though the urine
aavncrment was turned off. Thus, an adequate design margin was
svoiable in the system for minimum heat load conditions.

8.2.3 Radiztor Thermal Performance

The radiator inlet and outle! temperatures during flight from
lauach until R/V separation are shown in Figure 17b. The figure
shows the orbita! cyclic fluctuation on a 24 hour period, since
the ground station received that data once cach orbit. The figure
also shows that the minimum outlet temperature during each
orbit was S°F. The maximum outlet temperature was 18 - 20°F
at the beginning of the mission and giadually decayed with the
decreasing  external environment to 11°F of de-orbit, The
constant minimum outlet temperature of 5°F was a result of the
two position vilve coming into its control range at this point.

During thermal vacuum ground testing, the maximum radiator
outiet temperature was 46°F and 12°F during the maximum and
minimum orbit eavironments. If a ratio of the g angles during
flight to those during test is made, a predicted maximum radiator
outlet temperature during flight would be 36°F. This prediction
should be valid, since the radiator heat loads during the test and
flight were approximately equal. The discrepancy between flight
data and prediction is not that great however (only 16°F) and
could readily be accounted for by the unknown orientztion of
the vehicle and by conservative values used for the radiator
thermal coating properties during design. Furthermore, at
de-orbit, when the vehicle orientation was known, the radiator
outlet reached a maximum value of 26°F. This is in exact
agreement with the results obtained during ground testing for a
test condition with equal heat loads and similar radistor
environments. Thus, the radiator's pe-formance indicated that ‘t
also had adequate design margin in the low heat load and
environment condition. The system design thermal loads were
400 to 800 Btu/hr compared with the flight average of 530
Btu/hr. The radiator performance also demonstrated that the
predicted environments used for design and test were valid.

8.2.4 Evaporative Water Boiler Flight Performance

During the flight, boiler operation was never initiated. The
vehicle system heat load was never high enough to require the
reserve cooling capacity of the boiler. Flight data results showed
that early in the mission the total system heat load was as high as
700 Btu/hr. However, this was for a short duration and the
system thermal capacitance prevented boiler turn-on conditions
from being resched. The total system heat load gradually fell to
an average of 530 Btu/hr for the remainder of the mission.

9. SUMMARY

The Biosatellite 30-day spacecraft met or exceeded all
environmental design requirements. Shirtsleeve conditions were
maintained in the primate capsule throughout the entire mission,
Temperature variations within the primate static envelope was
limited to 68 to B1°F and relative humidity was maintained
between 42 and 56 percent.

The two-gas standard atmosphere system supplied a laboratory
environment for the primate. During the on-orbit portion of the
mission, the capsule’s tota! nressure ranged between 13.7 and
14.7 p<ia with partial oxygen pressures of 143 to 156 mm He.,
versus stem requirement ranges of 13.2 to 16.2 psia and 135 to
165 mm Hg., respectively.




Fovo e fovels were maintained significantly below specification
t« In particular, CO> concentrations ranged trom 0.3

42 mm Hg

_versus an allowable range of 0.2 to 7.6 min He,
The theht domonstrated the capability of industry working in
ccteen wath povernment and the Bioscience community to
LI ntegrate a complex spacecraft experiment.

This, vgrk wms sarriod cut by the General

NASA, Ameo Research Center under Contract
NAS2-1900.
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Environment Units (';At;:::‘::m ;l_;?,::
Capsule Total Pressure psia 13.2 to 16.2 13.7 to 14.7
Recovery Total Pressure psia 13.2 to 16.7 15.0 to 15.4
Capsule Incentive Temp. Of 70 to 80 70 to 71.2
Temperature Recovery oF 50 to 100 74.5 to 80.0
Temperature Gradient Across Primate L 67 to 83 67.6 to 81.0
Maximum Temp. Gradient in any one Orbit OF Not to exceed 13 69.8 to0 81.0
Capsule Relative Humidity percent 3510 70 42.1 t0 56.8
Capsule Partial Oz Pressure mm Hg 135 to 1656 142.9 to 158.7
Recovery Partial Oy Pressure mm Hg 105 to 260 175 to 200
Capsule Partial COp Pressure mm Hg 02t 76 0.30 to 4.22
Recovery Partial COp Pressure mm Hg 02t 76 0.52

Figure 19. Gas Management Performance Summary
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