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1.

11

1.2

INTRODUCTION:

Scope:

This part of the manual presents methods for arriving at a solution to the problem of spacecraft
inflight equipment environmental control. The temperature aspect of this problem may be
defined as the maintenance of a proper balance and integration of the following thermal loads:
equipment-generated, personnel-generated, and transmission through external boundary.

Achievemdnt of such a thermal energy balance Involves the investgation or thre

1. Establishment of design requirements.
2. Evaluation of properties of materials.
3. Development of analytical approach.

The solutidn to the problem of vehicle and/or equipment pressurization, which is
of major environmental control functions, is also treated in this{section. Pressuri
case may be defined as the task associated with the storage-and control of a pr¢
leakage control, and repressurization. Although secondary to the thermal energ)
function of|pressure control is nevertheless an important aspect of the overall en
problem.

Environmeptal Control Systems:

Environmeptal control systems (ECS) must operate in a continuously changing r
energy exdhange condition with the San, Earth, and space, and with variable int
loads. Frefuently, during the operational phase, concentrated amounts of energ
dissipated from small components with small external surfaces. The internally g¢
loads may pe cyclic but alsorandom with respect to the orbit.

Some equipment such as.actuators, attitude control devices, or storage tanks m
exposed and require special treatment. Other components will function properly
pressurized, whilein.some instances pressurization is used as a means of elimin
for qualificgtiondn a hard vacuum. These installation techniques will introduce th
control proplems and contribute to the selection of a specific ECS configuration.

b specific areas:

the second half
vation in this
bssurizing fluid,
balance, the
vironmental

adiant thermal
ernal equipment
y must be
bnerated heat

ny be partially
only if

ating the need
eir own thermal
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1.3 Nomenclature:

Wherever the same symbol is used in the text for different properties, the paragraph number is
included in the definition as a convenience and to avoid ambiguity. Variations of symbol usage
in an equation may be defined in the explanatory list following the equation. Thermoelectric
nomenclature is listed separately in 4.6.4.1.

Heat transfer surface, ft* or in’

_&—T:\pnr p:\r:\mnfnr (A 6.1 R, lqulnfinn 101)

Do

Specific heat, W-s/°F, Btu Ib-ft®
Parameter, dimensionless (Equations 24 to 27)
Coefficient of performance, dimensionless
Specific heat capacity at constant pressure, Btu/lb-°F
Specific heat capacity at constant volume, Btu/lb-°k
Diameter, ft, in
Blackbody emissive power, Btu/h-ft* (4.4)
Planetary emission, Btu/h
Potential, Btu/h-ft* (4.4.6.1)
Configuration factor, dimensionless (4:4.6.1, Equation 63)
Fraction of vapor condensed in tube; dimensionless (4.6.1.6)
Wind force, Ib (4.4.3.3)
°F per watt (4.2.1.2) (Tables 5'and 6)
Fractional volume of insulation occupied by fibers, dimensionless
(4.2, Equation 2)
Friction factor, dimensjonless
Interchange factor, dimensionless
Mean friction facter, dimensionless (4.6.1)
Sum of all ingident radiation, Btu/h-ft*
Mass velacity! Ib/s-ft> (5.2.3)
Gravitational force, in/s’
Artificial gravitational force, in/s’
Gravitational acceleration on Earth, cm/s?
Spécific weight (density), Ib/ft®
Fin specific weight, Ib/ft’
Tube specific weight, Ib/ft®
Film heat transfer parameter, Btu/h-ft>-°F (4.4.3.2, Equation 52)
Adiabatic head, ft
Altitude, miles (4.2)
Surface heat transfer coefficient, Btu/h-ft*-°F (4.4.2.3)
Film condensation coefficient, Btu/h-ft>-°F (4.6.1.6)
Radiation heat transfer coefficient, Btu/h-ft-°F
Inside diameter, in
Radiosity, Btu/h-ft®
Constant, dimensionless (4.4.2.3)
Fin thermal conductivity, Btu/s-ft-°F

A

S92 000
O
T

mMmmMmmTmmmoO

o
Al
=

—

(Q_(Q G)G)—h—h—h

do
gp or pg
aps

ARROUgISITSoII

-10 -
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1.3 (Continued):

S3IZIFFXXTARARN

zZ Z

12}

Neo

Heat transfer coefficient, dimensionless (Equation 31)
Parameter for physical properties of fluid (4.6.1.2, Equation 89)
Thermal conductivity, Btu-ft/h-ft*-°F

Apparent thermal conductivity, Btu-ft/h-ft*-°F

Fin length, ft (4.6.1)

Latent heat of evaporation, Btu/lb

Mach number, dimensionless

Molecular weight (5.2)

Fluid mass, Ib

Number of parallel tubes (4.6.1.6)

Specific speed, dimensionless (4.6.3.4, Equation 122)
DZpgkg

Bonde number:T (4.6.1.1)

2
Weber number _DnpgV=® (4.6.1.1)
c

Reynolds number =p_\/8 (4.6.1.5)
18

Number of shields (4.2.2.1)

Pump power parameter, dimensionless (4.4.3.2)
Pressure, psi (4.4)

Internal heat load rate, Btu/h' (4.2)

Heat input, Btu (4.2)

Heat load, Btu/min (4.4:3.3), Btu/s (4.6.2.3)

Incident solar radiation absorbed, Btu/h-ft* (4.4.6.1)
Cooling load, Btu/min (4.6.1)

Volumetric flow'rate, ft*/min

Condenser-radiator heat rejection rate, Btu/s (4.6.1.4)
Heat transfer rate, Btu/h (4.2.1.1 and 4.4.2.3)
Heat(transfer rate/unit area, Btu/h-ft*

Reftigeration effect/unit volume of refrigerant, Btu/ft® (4.6.2.2)
Wniversal gas constant, ft-Ib/Ib-°R

Earth radius, miles

Reflected solar energy from planet, Btu/h-ft*
Radiation resistance, h-°F/Btu (4.4.6.1, Equation 80)
Combined conduction and radiation resistance, h-°F/Btu (4.4.6.1,
Equation 81)

Pressure ratio, dimensionless (4.6.1 and 4.6.3.2)
Albedo, dimensionless

Parameter, dimensionless (Equation 6)

Solar radiation, W/ft* (4.2.2.1)

Solar constant = 430 Btu/h-ft* (Figure 20)

Entropy, Btu/°R

Temperature, absolute, °R

-11 -
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1.3 (Continued):

N<<XxXssss<cc-~

Q

Temperature, °F, °C

Velocity, ft/h

Volume flow, ft*/h (4.4.3.3)

Axial velocity, ft/s

Weight, Ib

Combined tube and fin weight, Ib
Weight flow, Ib/h (4.4.2.3)

Net heat flow per unit area, W/t (4.2.2.1, Equation 9, Figure 16)
Tube length, ft (4.6.1.5)

Expansion factor, dimensionless

Blade twist, dimensionless (4.6.1.2, Equation 88)

Combined figure of merit, 1/K (4.5.5, Equation 83)

2TTES:Wave number (4.6.1.5, Figure 66)

Ratio of specific heats, (cp/c,), dimensionless

Fin thickness, in

Film thickness, ft (4.6.1.5, Equation 98)

Porosity factor (4.6.1.3)

Emissivity, dimensionless

Dielectric constant, dimensionless*(Table 14)

Efficiency, dimensionless

Compressor efficiency, dindensionless

Efficiency based on Carnot cycle, dimensionless

Turbine efficiency, dimensionless

Angle between incident solar rays and the normal to the surface,
Angle between Earth-Sun line and vertical from planet to satellite,
Slant angleqmeasured from skin surface, deg

Irradiationtangle with respect to the normal to surface, deg
Wavelength, microns

Micron’(10°® m)

Microinch (107 in)

Viscosity, poise (4.4.2.4)

eg
deg

Viscosity, thift=s

Specific weight (density), Ib/ft’

Surface tension, Ib/ft (4.6.1.3), dynes/cm (4.6.1.1)
Stefan-Boltzmann constant (0.173 x 10°®) Btu/h-ft* -T*
Time, s, min, h

Time interval

Slant angle, deg (4.6, Equation 64)

Rotational speed, rpm (4.6.1.2)

-12 -
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1.3 (Continued):
Subscripts:
a = Air
a = Axial
abs = Absorbed
ad = Adiabatic
b = Boiling
C = Condenser
o = Cold
C = Compressor
c = Conductance
c = Critical flow (5.1.1)
c = Ciritical point (5.2)
cd = Conductivity of gas (4.2.1.3)
ct = Carnot
cv = Conductivity due to convection (4.2.1.3)
E = Earth or planet (4.2)
E = Equipment or compartment (4.4.2.3)
E = Source heat exchanger (4.6.1 and 4:6-3)
e = Earth
e = Evaporator
e = Smaller (4.6.1.6)
eff = Effective
ex = Exit
f = Fin
f = Fluid
fg = Evaporation (4.6:1.3)
g = Gas
gen = Generated
H = Plumbing hardware
Hx = Heat\exchanger
h = Hot
h =~ Hydraulic
in = — Inlet
L = Length
m = Mean
n = Number
o] = Internal body surface
P = Pump
R = Reflected solar
R = Rejection
r = Radiation
ra = Radiation (4.2.1.3)
S = Solar

-13 -
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1.3 (Continued):

1.4

s = Specific speed

sc = Conductivity of solid conductor due to fiber content
sink = Heat sink

T = Tank (4.4.2.3)

T = Overall or total (4.2 and 4.4.6.1)
t = Tube

turb = Turbine

* = Reference area

0 = Reference properties
Superscripfs:

X = Average X

Commaon Abbreviations:

% = Percent

abs = Absolute

AC = Alternating Current

A = Ampere

Al, AL = Aluminum

ARS J. = American Rocket Society Journal
ASD = Aeronautical Systems Division (USAF)
ASME = American Society of Mechanical Engineers
atm = Atmosphere

bp (Bp) F Boiling Point

Btu = British Thermal Unit

°C = Degrees Centigrade

cal = Calorie

cm = Centimeter

comp = Compressor

COoP = Coefficient of Performance

cps =~ 'Cycles per second

ct = Carnot

DC = Direct current

deg = Degree

dia. = Diameter

ECS = Environmental control system

eff = Efficiency

Emf = Electromotive force

°F = Degrees Fahrenheit

ft = Feet

g = Gravity

gal = Gallon

-14 -
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1.4 (Continued):

g = Gram

gpm = Gallons per minute

hp = Horsepower

h = Hour

Hx = Heat exchanger

Hz = Hertz, cps

in = Inch

Inst. = Insiitute

J. = Journal

K = Kelvins (formerly called degrees Kelvin)
kg = Kilogram

kw = Kilowatt

Ib = Pound

m = Meter

max = Maximum

mil = 0.001in

Mil. = Military

min = Minimum

min = Minute

MIT = Massachusetts Institute\of Technology
mm = Millimeter

mol = Mole

mol. = Molecular

NACA = National Advisory Committee for Aeronautics
p. (PP.) = Page(s)

psfa = Pounds per square foot absolute
psi = Pounds per square inch

psia = Pounds per square inch absolute
psig = ‘Rounds per square inch gage

°R =-Degrees Rankine

rms = Root-mean-square

rpm = Revolutions per minute

SAE = Society of Automotive Engineers
sat — Saturated

S = Second

std (STD) = Standard

TN = Technical Note

ton (of refrigeration) = 200 Btu/min

TR = Technical report

Trans = Transactions

USAF = United States Air Force

vol = Volume

W = Watt

WADC = Wright Air Development Center (USAF)

-15 -
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1.4 (Continued):

WADD

ME= l>§'_

Wright Aeronautical Development Division (USAF)
Weight

Increment

Micron, 10° m (3.937 x 10°
Summation

in)

2. ESTABLISHMENT OF DESIGN REQUIREMENTS:

Satisfactory
large measu
equipment.

it is obviously
particularly i
complete de
simplify requ

2.1 Parameter

In order to
equipment

1. Heat

equip
shoul
varial

It sho
dissif
betw
functi

shoul

hermal design of equipment environmental control systems (ECS)\is
e on accurate as well as adequate knowledge of the environmental li
his area is of special concern to the environmental control system de
one of the controlling factors in the weight, size, and power requiren
the configuration of the environmental control system, ‘lt'is not only ¢
5ign criteria be established but also that repeated efforts be made to 1
jrements during the course of development.

5 to be Studied:

evolve sufficient criteria for the task of providing a satisfactory enviror
the following parameters must be studied:

nput rate and required heat dissipation rate in watts or Btu/h. Where
ment operate intermittently or at a varying percentage of their full loag
d be noted together with héat input versus time, absolute pressure, of
les.

uld be also noted-that the heat input to the accessory package and th
ation rate are egual only in the prolonged steady-state condition. The

¢en the two is ordinarily the heat that is absorbed into the equipment i

on of the-specific heats of the various materials used in its constructig

lependent in a
mits of the
signer because
ents, and
pssential that
educe and

ment for

parts of
rating, this
other pertinent

e required heat
 difference
self as a

n.

mperature
h the heat input

d be stated asa functlon of time or other pertlnent varlables

ipation rate

Maximum permissible ambient temperature conditions versus minimum average coolant

supply to the equipment and versus absolute pressure and heat input rate. Ambient

temperature conditions are here defined as the temperature of the ambient gas and/or the
temperature of surrounding solid surfaces (wall temperatures of test chamber or enclosing
compartment).

ambient conditions noted in item 2.

Temperature rise of critical equipment elements versus time and heat input in maximum
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2.1 (Continued):

4.

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Life of critical elements versus temperature of critical elements.

Approximate envelope dimensions, position and size of louvers or other openings, location
and performance (versus absolute pressure) of any internal fans, location and dimensions
of any special heat transfer fins, and color and type of surface finish.

Provisions for attachment of equipment to vehicle. For example, accessories mounted by

shocH
acces
heatil

Maxin

Temq
temp

mounts are effectively 1solated against conduction from the venicle, g
sories mounted metal to metal on structure may achieve considerabilg
hg by direct conduction.

num permissible temperature of outside surface of equipment versus

erature rise of surface of package versus time and heat input, with st
brature and coolant supply conditions.

Quantity of gas required for pressurization of equipment, in Ib/min, versus ¢

absol
Minin
packd
comp

Antic

Press
flow 1

Temq
and v

ute pressure.

um required flow rate and maximum permissible temperature of coolg
\ge versus various stated ambient. temperature conditions; items 1 to
artment absolute pressure and heat input rate.

pated maximum coolant exittemperatures corresponding to inflow co

ure loss of coolant flowing through package or heat transfer surface \
ate and density.

erature rise of\critical accessory elements versus time and heat input
ith specified-quantities of coolant.

Location and size of coolant interfaces.

Layo

tructure, but
 cooling or

heat input rate.

hted ambient

ompartment

Int into the
D versus

hditions noted.

ersus coolant

with no cooling

surfaces.

Ire of these

Specification of type or class of package seal. MIL-S-8484 (USAF) "Seals and Seal
Testing Procedure for Electronic Enclosures" may be used as a guide.

Positive and negative pressure differential capability of the package, along with surface
deflection.

Humidity and contamination control requirements.
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2.1 (Continued):

19. Ground support requirements; interfaces, temperature, pressure, and flow of coolant.

20. Storage environmental requirements under sea level and vacuum conditions.

3. REGULATION, SENSING, AND CONTROL OF ENVIRONMENTAL SYSTEMS:

3.1 Temperatu

re:

3.1.1 PerformJnce: Often, temperature control systems designed for space vehicle

have not
required
usually b
regulator

performed as well as expected. As a result, several major redesign e
pefore an acceptable system is developed. This poor system‘perform
b traced to the improper choice of locations and types of .sensors, con
devices, and the neglect of dynamic response analysis for prediction

performahce.

Fromac
thermody
based on
procedur

pnsideration of the analysis approach used forqnost designs, the heat
namic analyses appear satisfactory, but the gentrol and flow rate cho
maximum and minimum temperature and heat load considerations.

e does not lead to an optimum and/or amé€ll-controlled system, since

consideration for the heat storage of the equipment, coolant, and components

control sy

The real
systems
The basi
1. Solar
from

Equig
and/d

Ascanb

stem response is included.

mportance of dynamic response analysis for space vehicle temperatu
s not apparent unless a detailed breakdown of the system heat loads
C heat loads can be listedas:

reflected, and planetary radiant heat (variable with vehicle spin, orier
Sun and orbit conditions).

ment and{ersonnel heat load to heat exchangers and cold plates (va
r functien).

b seen, the heat load for most vehicles must vary with time. Thus, the

applications
fforts are
ance can
troller and
of system

transfer and
ces are usually
Dbviously, this
neither

nor prediction of

re control
is considered.

tation, distance

\riable with time

re should be no

doubt tha

t otich factars ac csneoed aof resnaonse damnina factar nhase laa and d
tSHeHaGctesasSspeeaoHeSpol gampiRgtactophRase+ag-aha-

ead band,

T

stability, control band, and prediction of temperature versus time for individual components are
necessary outputs to any analysis. (Note that, in most cases, the use of dynamic response
analysis methods is necessary for optimization, since the system designed without dynamic
response analysis will be overdesigned to supply control for the maximum and minimum heat
load conditions.)

Apparently, the main cause of neglect of dynamic response analysis is the fact that most texts
on dynamic response systems are directed toward hydraulic, pneumatic, and electrical

systems,

with little or no mention of temperature control applications.
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3.1.1 (Continued):

3.1.2

Another cause is the educational background requirement of three or four courses in linear
and nonlinear system analysis needed for basic understanding of the block diagram Laplace
transform analysis method. Also note that a block diagram Laplace transform solution
becomes extremely complex or impaossible when a temperature control system with fluctuating
heat loads and temperature control by fluid flow modulation is used.

Another method of analysis, the differential equation method, uses the basic differential

equation
compute

Compongé
anticipat
Figures 1
semipasy
these fig
controllel
of contro
Tables 1

5 TOr temperature, heat transier, and 1uid 11ow In a form that can be_Sa
programs or analog networks.

ents: Components associated with the temperature control circuits are
rs, amplifiers and controllers, servomechanisms, and feedback positi
through 4 illustrate the relationship of the controller circuit to some si

Ived by

b Sensors,
bn indicators.
mple

ive temperature control methods. Even with the controller circuit setyp as shown in

Ires, numerous controller circuit component problems exist in choice ¢
s, and servomechanisms. To show some of the choices available, ta
ler operation and of sensor and thermoswitch:operation and accuracy
and 2.

Q
) S s |
RADIATOR
CONTROLLER

POWERSZID

ANTICIPATOR

PUMP

! SENSOR
CONTROL

CONTROLLED VALVE
COMPARTMENT

DY S Y
e Y

f sensors,
bles of methods
are shown in

FIGURE 1 - Temperature Control by Fluid Flow Modulation
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3-WAY Q
CONTROL

RADIATOR

........ -

ANTICIPATOR

Y
d

CONTROLLER

SENSOR

CONTROLLED
COMPARTMENT

FIGURE 2 - Temperature Control by Mixingsand Bypass

Q

4 E ANTICIPATOR
—

RADIATOR
CONTROLLER— _J

POWER o _17¢ -

B HEATER
!.

PUMP -

SENSOR

CONTROLLED

COMPARTMENT

FIGURE 3 - Temperature Control by Heat Addition
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FIGURE

4 - Temperature Control by Varying Surface Emjissivity and Solar Abg

TABLE 1 - Types of Automatic Controllers.for Temperature Control Systems

RADIATION
TO SPACE
SHUTTERS

GEARS

SURFACE—" MOTOR [:'_]

(]

ANTICIPATOR i

CONTROLLER{—

11

il

SENSOR POWER

CONTROLLED
COMPARTMENT
OR COMPONENT

borptivity

Type of
Controller

Description

On-{Off

Proportional

Cor

stant Frequency,

Pul$e Modulated

Feedback

Receives signals,-.eompares, amplifies, and opens or closes a s4
such as a salenoid valve

Receives.signals, compares, amplifies, and modulates servo
propartional to signal

Receives signals, compares, amplifies, and modulates pulse wid
of constant frequency on-off servo action

Position indicator sends signal to controller for comparison to ra
of response of servo. This allows speedup of response and
increased accuracy in positioning of servo. Can be used with
proportional or pulse modulated controllers.

rvo
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TABLE 2 - Temperature Sensors and Thermoswitches

Range, Range, Sensi- Controller
Type Low High tivity Required? Description
Wire Resistor -460 +5000 +0.05°F Yes Resistance of wire increases with
temperature
Thermistor -200 +900 +0.05 °F Yes Resistance decreases with temperature
Thermocouple:
Copper-Copstantan  -460 +600 +005°F  Yes Emf at junction increases with
Iron-Constantan 0 +1600 +0.1 °F temperature
“Chromel-Alumel” +600 +2100  +0.2 °F
(Hoskins|Corp.)
Platinum-Hlatinum +1300 +2800 +0.1%
Rhodium|
Mercury Thefmoswitch -80 +750 +0.1 °F No Length ©f mercury column|increases
with temperature, contact yith points
cale used for switching
Bimetallic Digk -100 +1000 +3% No Bimetallic disc snaps into feverse
Thermoswitch position at desired temperature and
can be used for switching
Bimetallic Eqpansion -100 +1000 +1% No Differences in thermal expansion of
Thermoswitch bimetallic strip cause switghing
Thermal Exppnsion +1800 *1% No Thermal expansion of matgrial causes
Thermoswitch switching
3.1.2 (Continuéd):
In consideration of the cantroller circuit, the controller is usually the key compopent. These
controlleffs can be extremely complex or honexistent, depending on the tempefature control
system. [For example, in a complex system with precise temperature control requirements, the
controllel may eonsist of electronic circuits to:
1. Intergrétsensor and anticipator measurement signals.

2. Amplify the interpreted signal.
3. Direct a signal to the servomechanism for corrective action.

4. Alter the output signal to linearize the servo action.

5. Interpret and compare feedback signals from position indicators with the desired servo

control position to speed up the rate of response.
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3.1.2 (Continued):

The opposite in complexity is the thermoswitch and solenoid valve type of combination wherein
the thermoswitch directly controls the valve and no controller is needed.

At any rate, in most cases a controller of some form is required. This controller is usually
electronic for space applications because electronic controllers are usually lighter, more
reliable, and smaller than hydraulic or pneumatic controllers. (Also, electricity is more readily
available.) Much useful information on controllers for particular applications can be obtained

from the
controller

3.2 Compartm

Compartm
negative p
flight phast
space fligh

Generally,
the level th
compartme
gas occurs
addition of
control tolg

During ree
to prevent
cannot be
accomplish
schedule ig

A compart

Electronic controller companies. Some o1 these companies Will ot or
for the application, but will also analyze the dynamic response ofithe

bnt Pressure Regulation:

PNt pressure regulation for space vehicles is dependent @n the allowa
essure differentials established by structural requirements for ascent
s, respectively, and the total pressure level that must be controlled d
[ under hard vacuum conditions.

positive pressure relief is required during ascent, to reduce internal to
at will be maintained throughout the spac€ mission. Once the prescri
nt total pressure level has been reached during ascent, further loss o
only from leakage. Internal pressure regulation is accomplished by c
makeup gas. The method and rate of makeup gas addition depends

rances and leakage rate.

ntry and subsequent terminal flight to touchdown, negative pressure r

pxcessive crushing préssures on the structure. If inflow of hot boundg
olerated, internal-pressure increase to match ambient pressure increg
ed by the onboard’pressure regulation system. A typical compartmer
shown in Figure 5.

ent pressure regulation system may consist of a supply of makeup ¢

high pressiire, @ pressure regulator, a flow control valve and/or orifice, pressure
positive and negative pressure relief valve.

ly design a
system.

ble positive and
and reentry
uring orbit of

tal pressure to
ped

[ compartment
pntrolled

bn the allowable

blief is required
\ry layer air

\Ise must be

t pressure

as stored at
sensors, and a
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3.2.1

3.2.2

High-Pre
gas pres
valve ang

type valve operated pneumatically and automatically by a metal diaphragm. S
reductions as high as 75:1 are passible.

pressure

Low-Pres
of a mak

Makeup gas control can beg~accomplished by either an on-off shutoff valve con
compartment total pressure sensing or by an orifice sized to provide a gas flow
total leakipge flow fromithe compartment. In the latter case, a shutoff valve wil

series wi

The com
differenti

ssure Regulation: A high-pressure regulator-is‘required to reduce the
sure from its stored level to a constant reduced level on which to base

PUp gas quantity to maintaifvthe required compartment total pressure
guantitie$ of gas are relieved overboard through the compartment pressure rel

partment pressure relief valve functions to maintain the internal-to-am
hl-within allowable limits for all phases of the flight. Such a valve (Figt

60,000 1t
& 50,000
w
[=]
2 40,000
S LLINE OF CONSTANT ABSOLUTE
2 /| PRESSURE (5 PSIA)
w 30,000 /
@x
D
w
(7]
# 20,000
o —DESCENT PRESSURE LINE
=z /
¥
'E 10,000
$
(3]

)
% 2 ry 61/36 a6 S0 0 70 80 100

PRESSURE ALTITUDE, MILES

FIGURE 5 - Compartment Pressure Schedule Chart

supply makeup
flow control

/or orifice sizes and the supply flow rate:"A typical regulator is a balahced poppet

ngle stage

sure Regulation: Low-pressure regulation is accomplished by the comtrolled addition

h the orifice,to prevent loss of makeup gas until pressure control is re

level. Excess
ef valve.

rolled by
equal to the
be required in
pquired.

bient pressure
Ire 6) contains

an anero

tthatsenses compartment pressureand-is adjustedtocloseasmatt

pilot valve when

the compartment pressure reaches the desired absolute pressure. The small pilot valve, in
turn, blocks the escape of gas from the outflow valve head chamber when the pilot valve is in

this positi

on.
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3.2.2 (Continué

As the pr
provides
be adjust
setting.
may be €

Regulato
pneumat
automati

For maxi
capacity
regulator
regulator
of the ba

4. TEMPERAT

ANEROID
COMPARTMENT C}&E
AIR ss%son /
PO E AMBIENT
N SENSING LINE
N
N
= |
CHAHEAD MW
=X ENE
=27 PRESSURE
DIAPHRAGM FLow
OUTFLOW
POPPET

FIGURE 6 - Compartment Relief Valve
pd):

essure outside the compartment drops, the cabin-to-ambient different]
a closing force on the outflow poppet, which helps prevent leakage. |
able and limit the compartment pressure range within less than 5% ¢
| eakage of a typical regulator with 0.5'psia outlet pressure and 5 psia
xpected to be of the order of 0.0005 Ib/h.

rs are generally mounted insidé and require a sensing line to the atmg
c sensing line is provided.with a check valve which causes the regula
cally when atmospheric ‘pressure exceeds compartment pressure.

mum reliability, it may be necessary to provide a duplicate regulator th

al pressure
Regulators may
f the nominal
inlet pressure

sphere. The
for to open

at will act in the

Df a safety valve.) This regulator would be identical to the compartment pressure

described above except for calibration. Obviously, the setting of the
would beat pressure somewhat higher than the primary regulator. P
Ckup unitis established by the structural criteria.

DRE' CONTROL:

standby
ressure setting

The basic problem involved in aerospace equipment temperature control is the provision of a
transfer loop from the internal heat source to various types of heat sink systems. If this loop
consists of no fluids and no moving parts, it is considered "passive." The system becomes
"semipassive" when moving parts or fluids are introduced in order to energize the loop and reject
heat at a value less than the source temperature. If a heat pump is employed, heat is rejected at
a higher temperature than the source and the system is classified as "active."
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4.1 Passive Temperature Control Methods:
4.1.1 Fixed Resistance Heat Path (Insulation):

Figure 7 shows how a fixed resistance is used to control temperature.

m

(N
1A
W\ 1]

LN,

AT

INSULATING MATERIAL

FIGURE 7 - Temperature Control by Fixed'Resistance

The function of insulation in the control of temperature’is to impede the transfef of heat across
a space. | This is often done by breaking up this space into very small volumes) thereby
preventinlg the formation of the convection currents by which most of the heat {ransfer would
occur. This effect is produced by the use ofdmaterials such as foams, powderg, and matted
hairlike of fibrous substances.

Heat tranfsfer across a space by convection or conduction can be eliminated almost completely
by produging a vacuum between(the walls. However, this does not prevent radiation transfer,
and the qo-called superinsulations become necessary. These evacuated insulation types are
laminated combinations of aluminum foil and Fiberglas paper or layers of thin metallized plastic
film which provide multipfe radiation barriers to reduce transfer of radiant energy.

Charactefistics of tHe-types of insulation described above include:

1. Powdr— NO external power is required.

2. We|g ht = Densities vary from 3 to 15 Ib/ftS for thermal conductivities in the o nge of 0.015
Btu/h-ft-°F at a mean temperature of 560 °R for unevacuated materials, to 0.005 Btu/h-ft-°F
for evacuated materials at 560 °R. Laminated foil-Fiberglas insulation at an average
temperature of 300 °R has a conductivity less than 5 x 10 Btu/h-ft-°F.

3. Method — Vacuum of outer space may be used to evacuate a desired region of vehicle.
Insulation can be combined with self-sealing of walls.

4. Limitations — Extra weight. May prevent easy access to some structural areas.

5. General — Simple, no power requirements, nontoxic, noncorrosive; easy to apply.
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4.1.2 Fixed Conductance Heat Path: This method of temperature control differs from the one
previously described in that it has paths of high conductivity interposed between two areas
rather than paths that are thermally isolated from each other. The purpose here is to remove
heat, and this is done by joining the heat source and the heat sink by paths of high
conductivity. The best conductive materials are metals, so that rods or plates of solid metal
provide the necessary service.

4.1.3

Characte

ristics include:

1. Powdr—NoO power is required.

2. Weight — Depends primarily on length and cross-sectional area of path and
and thermal conductivity of metals used. The density of commonumaterials
114 I/t for beryllium to 556 Ib/ft* for copper.

3. Integfation — Sections of structure, enclosures, fluid conduits; or protective
be used.

upon density
varies from

shielding can all

4. Limitations — The best conducting materials have the highest densities. Radiation from

cond

5. Gene
mate

Heat Sto
space ve
utilized a
impossib

These dg
propertie
high latel
volumes

Thermal

ctive paths may necessitate insulation.

ral — A simple, reliable process involving easily predicted behavior of
ials and numerous possibilities for integration.

rage: Heat storage devices may be used to minimize the temperature
hicles subjected to extremes of cooling and heating. A storage devict
5 a heat sink for active systems during periods when normal rejection
e or inadequate.

vices may became’solid or liquid materials, but not, ordinarily, gases.
5 to be considered in selecting heat storage materials are high thermg
it heat of fusion. While gases may possess these required propertieg
pf gases at practical pressures are excessive.

breperties of some promising materials for heat storage are tabulated

amiliar

excursion of
e may also be
to space is

The important
| capacity and
, the specific

in Table 3.
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4.1.3

4.1.4

TABLE 3 - Thermal Properties of Some Heat Storage Materials

Latent Heat Absorbed

Melting Heat of from 70 °F
Point, Fusion, Through Fusion,

Material °F Btu/lb Btu/lb Chemical Symbol
Tristearin 133 82.1 (C17H35C0O0)3C3Hs
Beeswax 143 76.1
Methyl

Bromobenzoate 178 54.4 CgH202Br
Catechal 220 8890 CeHa(OH),
Phenacetin 279 58.8 CH3CONHCsH,OC3Hs
Hydroquinone 342 111.1 CsHsO2
PtAminobenzoic

Acid 371 65.7 CsHa(NH2)COOH
Lithium 367 59.5 270" Li
Beryllium 2330 468 2032! Be
Sflicon 2570 776 1330" Si

i

Computed from available data.

(Continuéd):
Charactefristics of these materials are as follows:

1. Powdr — In themselves, storage systems require no power, but circulation may be required
to trapsport heat to storage.

2. Weight — Based on Table 3 and-allowing 100% extra for containers and cirgulating system,
the rgnge is 4.2 to 24.3 Ib/kW-h.

3. Method — Storage material may be any body, solid, or liquid that is on boarfl and which will
not be materially altered by the addition of heat.

4. Limitations —The rate of transfer may be slow and recovery more difficult than accretion.
Containment.of material may be difficult.

5. General= Simplicity and wide possibilities of integration make this method attractive.

Heat of Solution Storage System: This is a unique method for storing heat, or more
accurately, the effects of heat. It depends upon the fact that the addition of water to
concentrated solutions of some alkaline materials is attended by the production of
considerable quantities of heat. After reaching a certain degree of dilution, no more heat is
given off, so that the solution must then be reconcentrated.

Excessive heat can be used to drive off water, which is condensed and then re-used to dilute
the reconcentrated solution. Some representative values are given in Table 4.
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4.1.4 (Continug

4.1.5

Characte

1.

TABLE 4 - Heats of Solution of Representative Substances

Heat of Solution Heat of Solution
(18 °C, 1 atm) (18 °C, 1 atm)

Solution Molecular Weight kg-cal/g-mol Btu/lb
CaCl, 111.0 18.0 292
NaOH 40.0 10.3 463
MgBr2 184.2 43.3 423
BeBr; 168.5 62.6 668
AlCl3 133.3 77.9 1054
Al(SO4)a 342.1 126.0 662

Powdr — No external power is required beyond that needed-for circulation g
exchange medium

Weignt — A representative weight is indicated by the heat of solution value
solutipn for 1 mol of aluminum chloride, AICl;, dissolved in 2 mols of water.

pd):

ristics of these substances include:

f the heat

of 249 W-h/Ib of

3. Method — This system can act to store heat'and release it on demand, or itjcan be used to
genefate energy, and so can be integrated with either a heat sink or a heaf source.

4. Limitations — Materials are usually.highly corrosive. Temperatures of system operation are
relatiyely low.

5. Gengral — Materials are cheap and readily obtainable in pure form. The system is reliable
and dasily controlled._The high-temperature requirement of meltable heat $torage
matefials is avoided.

Radiators: A radiator is any surface whose purpose it is to emit heat by electrgmagnetic

radiation| Heatsmay be transported to the radiator by means of conduction, frege or forced

convectign, ertadiation (Figure 8). In the interior of a vehicle, heat may be removed from the
face of a|radiator by radiation or by the passage of convective air currents, whereas in space

the only means of transmission is through radiation.

CONDUCTIVE

vear-pams —= L
—= ]
—T]

—

—

—

—e= MEAT

—e RADIATED
—

—

—a

RADIATOR SURFACE COATING

FIGURE 8 - Heat Disposal by Radiation
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4.1.5 (Continued):

The interchange of radiant energy between the face of a radiator and its surroundings is in
accordance with the Stephan-Boltzmann law, which states that this interchange will be a
function of the emissivity and the fourth power of the absolute temperatures of the surfaces.

Emissivity is a property of the material and condition of the surface, being low for gold, silver,
and aluminum, and high for black oxides of metals. Ideally, a radiator should have high
thermal conductivity and low density in order to minimize weight.

overdll effectiveness of the radiator, the density of the material, and other f

Characte
1. Powe
the r3
2. Weig
whetl
3. Meth
anten
4. Limitd
emisy
high
5. Gene

(ordin
4.2 Technical 1

Passive mjd
combinatio)
does not o
here.

ristics of radiators are:

r — No power is required to operate the radiator, although a flthd trans
diator would have to be moved by some mechanical means:

Nt — The specific weight (weight per unit of heat transfer) would be a f
er the radiator forms an integral part of the vehicle structure or surfag

pd — Can be integrated with vehicle outer strface or auxiliary surfaceg
nas.

itions — Ordinarily not subjected to_control, although movable shutters
ivity of surface. Surface properties are subject to change through meg
acuum, and other space enyvironmental factors.

ral — Insensitive to gravity,field; long lived; high reliability; no power re
arily) no moving parts.

\pproach, Passive-Methods:

pthods previeusly discussed in this section depend upon conduction, |

porting heat to

Linction of the
actors, such as
e.

, such as radar

may alter
teoritic damage,

guirements; and

adiation, or a

n of conduction and radiation as a means for heat transfer. Since nafural convection

CCcur iy a zero gravity environment, heat transfer by this process will n

bt be considered

Figure 9 illustrates a simple passive temperature control system that depends on conduction and
radiation for heat transfer.
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4.2 (Continued

Passive m¢
control of f
required in
control sys

High condd
placing the
should be
An important consideration for the efficient design of conduction paths is the effq
heat transf
sures, and
indicate thg
1.
2.

3.

>

Incread

Reduci

Maintai

RADIATING SURFACE
SURFACE COATING
VEHICLE SKIN
N HEAT
SOURCE
1) “see oETAIL A MOUNTING
JONF——DBASE
i
DETAIL A

FIGURE 9 - Simple Passive Temperature Control System

):

pthods, because of their relative simplicity, have beenthe sole means
rst generation space vehicles. Although more complex control metho
future vehicles, passive methods will be an integral part of the overal
fem.

ctance heat paths can be achieved by-utilizing high-heat conducting

heat source close to the heat sink,-stich as the vehicle skin. The con
lesigned with a minimum number\of joints.

er. Currently (circa 1965).there is a need for more data, particularly g
a development of methods for analysis. Limited information currently
ermal resistance of{oints can be minimized by:
ing contact pressure.

Ng surfaceyroughness.

ning,Surface flatness.

for temperature
ds will be
temperature

material and by
duction path

ect of joints on
it very low pres-
available

Utilizing shim materials that have lower hardness than joint materials.

Through continued development efforts, high efficient insulations have been developed. Most
efficient insulations require very low interstitial pressure to minimize or eliminate gas conduction,
which is the major mode of heat transfer, accounting for 50 to 90% of the total conductance. In
addition, radiation heat transfer is minimized by use of powder and fibrous materials and by
utilizing multilayer foils. Foil type insulations are available for vehicle thermal conductivity of
0.000025 Btu/h-ft-°F. Being nonload bearing, this type of insulation usually requires additional
structure for rigidity.

-31-



https://saenorm.com/api/?name=3f6786e976a1d6c58eb83ac5309bc684

SAE AIR1168/13

4.2 (Continued):

Proper selection of surface coating for space vehicles is a very important consideration for the
efficient design of a temperature control system. Vehicle skin temperature has direct influence
on the interior temperature and thus affects temperature control requirements. Many surface

coatings have been developed and provide a wide range of values for a4/[].

An analysis for multilayer radiation shields and the plots of equations developed indicate the
marked effect of shields to reduce radiation heat transfer. As shown on Figure 19, three or four

shields shd
Increasing
coefficient,
which O =

The princig
From the
The prime
to the sink|
across the

In addition
radiation, n
This is very
particularly

4.2.1 Conducti
heat tran
selected

Study of
ability to
electricity,
nonmeta
classified

the number beyond four has only a small effect in reducing the heatt
D.05.

al mode of heat transfer from heat source to the outer. skin surface is
uter skin, surface heat is dissipated to space, the ultimate heat sink, kg

One very important consideration, which will be discussed, is the he
interface of mating surfaces, illustrated in detail A of Figure 9.

to discussing means for providing efficient heat transfer by conductio
nethods for providing effective heat resistance or insulation will also b
important in providing thermal protéction for space vehicles while in

during reentry.

pn: The subject of heat conduction has been treated extensively in m
material on the subject.

heat flow throughymany materials has established the fact that materi
conduct heat.\\Those that are good conductors of heat are also good

. This includes well-known metals such as silver, copper, and alumin
lic materials such as wood, liquids, and gases are poor heat conductg

as insulators. Thus, depending upon the material utilized, either high

uld be used for maximum reduction in the value of heat transfer cogfiicient.

ransfer

Shielding material should have low values of emissivity, suchas aluminum foil, for

by conduction.
y radiation.

fequirement of this simple system is to provide an-gificient heat path from the source

ht transfer

n and by
P considered.
brbit and

any books on

5fer, such as References 1 and 2. Therefore the discussion here is lipnited to

als differ in their

conductors of

bm. Many

rs, and are
thermal

conducta1nce or high thermal resistance can be achieved.

4.2.1.1 Thermal Conductance: To obtain efficient heat transfer by conduction requires more than
just the consideration of the conducting material. As indicated by the fundamental law of
conduction (Fourier's equation)

kA

L

a=[*JaT

(Eq.1)

high heat flow rate can be achieved by obtaining large values for the term (kA/L) or the
temperature difference AT.
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42.1.1

4.2.1.2

(Continued):

To obtain a large temperature difference between the heat source and sink requires, for a

given heat source temperature, the determination of a heat sink at the desire

d lower tem-

perature. For the temperature control system illustrated in Figure 9, the intermediate heat
sink is the vehicle skin, so that AT is dependent upon the skin temperature, which in turn is

governed by the net energy exchange by radiation.

The term (KA/L) is a combination of the conducting property of the conductor

and its physical

dimensjons. Good heat conductors, such as copper and aluminum, have spegcific gravity

values
condudtivity. Increase in area A would increase heat flow rate, but it would
larger donductor, and hence an increase in weight. The most significant qua
length L, since a smaller value would result not only in higher heat flow rate,
lighter-fveight conductor.

For the| simple system illustrated in Figure 9, the heat sourCe should be place
the thefmal radiating surface as possible. The conduefion path shown is con
several solid conductors, which introduce joints; thus,joint effect on heat flow
importgnt consideration.

Joint Resistance: For efficient design of conduction paths, knowledge of join
necesspry. A survey of available literaturg’(Circa 1965) indicates a lack of an
experimental data directly applicable to Spacecraft, particularly for extremely
environment. Many variables (which'include contact pressure, temperature,

reater than |; therefore weight is an important consideration in addition to

jso result in a

ntity is the
but also a

d as close to
nposed of
becomes an

t resistance is
alysis and

OW pressure
heat flow rate,

interstitjal pressure, interstitial fluid,;joint materials, surface finish, material hafirdness, and

surface flatness) must be taken into consideration to provide useful data on

Some ¢f the more important earlier work on joint resistance was published in
and Ryder (Reference(3)conducted tests using copper, steel, and aluminum
temperpture and pressure. Brunot and Buckland (Reference 4) used lamina

his subject.

1949. Weills
for varying
ed and

machined joints, dsing steel with cement, steel, and aluminum foils sandwiched between the

surfacgs; only pressure was varied.

In 1953, WAADC (Reference 5) reported an experimental method of measurin

h foina A MAach Zahndar intarfaramantny

Tha roculte nf thncn maonacriv

g thermal resis-
ements were

tance

Yy oomg T iviACTT ZC o T Tt TCTOTTTCTCT TTTCTCOUItS UT O TCoCTTITCcTouT

tabulated. Fenech (Reference 6) developed an idealized model for thermal contact and

compared the theoretical analysis with experimental data for Armco-iron cont
600 rms roughness for varying pressure and temperature. Groff (Reference

act surfaces of
7) introduced a

dimensionless conductance (h. p/kp), which was used to correlate test data presented by

other investigations.

Investigators for NACA (References 8 to 11) have presented a considerable amount of

experimental data on aircraft joints at atmospheric pressure for surface finish

ranging from

10 to 120 pin, rms surface roughness. Contact pressure, temperature, and heat load were
the principal variables. Figure 10 presents a portion of the data given in Reference 9. The

influence of surface finish and contact pressure on joint conductance is clear

ly indicated.
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HIGURE 10 - ThermahConductance Across Interface of Conductor Joint
(@)75S-T6 Aluminum-to-Aluminum Joint;
(B) 75S-T6 Alumindm-to-Aluminum Joint, 10 pin rms Surface Roughnegs

4.2.1.2 (Continued):

Recently, Eried and Costello (Reference 12) have presented the results of experimental work
for testh cohducted at ambient pressures of 10™ to 10°® mm Hg abs and relatjvely low range
of contact pressures (Z 1o 35 psi). The experimental values indicate that joint conductance is
lower at vacuum conditions. Tests were also conducted utilizing various interface shim
materials. The results of these tests are presented in Figure 11, indicating the marked
influence of soft materials, such as lead foil, in increasing the joint conductance.
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| - Thermal Conductance Versus Contact Pressure-for’Joints With Sh
ued):

pn the review of available reports, joint resistance can be decreased |

lucing surface roughness.
ntaining surface flatness;
zing shim materials with lower hardness than that of the joint material

blem of analyzing thermal resistance of joints consists of two steps: ¢
ntact area threugh which heat flows by solid conduction, and identifyin
Insfer, other than solid conduction, and their relative importance. Trug
to establish because it is made up of many small points of contact, w
e surface roughness, contact pressure, contact material hardness, ar
5.Chhe amount of deformation of the contact points establishes the try

m Material

A

etermining the
g the modes of
b contact area is
hich depend

d surface

e or effective

contac

area.

Reference 12 suggests gaseous, or molecular or other conduction through the interstitial
fluid or filler and radiation as possible modes of heat transfer in addition to solid conduction
through the contact area. The contribution of each mode to the total heat transfer has not
been established (circa 1965).

In the transfer of heat by conduction, the thermal resistance across the mounting surfaces
can decrease the overall heat transfer. This decrease in heat transfer becomes particularly
important when considering cold plate mounted components where the small change in heat
transfer can cause the junction temperature to operate 10 °F higher or more.
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4.2.1.2 (Continued):

For cold plate mounted components, a spacer with high electrical resistance and low thermal
resistance is required. Two new methods of decreasing joint resistance have been used:

1. RTV rubber between component, washer, and cold plate.

2. Special washer with high dielectric and low thermal resistance.

RTV rupber has been Used successtully in at least one company in the aerogpace industry.

For exa
breakth
0.002 i
remain
dead-s

As an 4§
to the 6
is fixed
is limitg

ng 70% finished material. This is sandwiched between twoayers of
pft aluminum (110 SO) and then bonded to it.

lectronic element during the packaging phase.(The dielectric layer th
by the glass ball diameter (state-of-the art 0f\1965); however, the alu
d only by physical considerations (see Figure 12).

—e
-

mple, a newly developed washer (spacer) material, which may be'clagsified as a
rough in material development, has resulted. It consists of 30%-(by weight) of
n dia. glass balls bonded into a single layer solid by Epoxy 907, which| constitutes the

D.020 in thick

lternate, a single layer of aluminum may be used;.the washer would then be bonded

ckness of 2 mils
minum thickness

FIGURE 12 - Section A-A of an Electrical Separation Washer Using Glass Balls as Dielectric Material

Preliminary tests have been conducted on glass-epoxy and comparisons made with other
materials (see Table 5) including beryllium oxide (ceramic). The latter is an excellent
electrical dielectric and is also favorable for thermal conductivity. The major disadvantage of
beryllium oxide, other than brittleness, is its extremely high cost.
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TABLE 5 - Comparative Thermal and Electrical Resistances of
Various Electrical Insulating Materials (Washers)

Type of Washer
Type of Washer  Type of Washer  Type of Washer Anodized
Resistance Mica (0.002 in) BeO Glass-Epoxy Aluminum
Thermal, °F/W 2.61 1.7 1.5 2.6
Electrical, Range
megohms 150 x 10° 0.250 x 10* 150 x 10° (100-750) x 10°

4.2.1.2 (Continued):

Along with the above-mentioned glass-epoxy and BeO, the often diseuissed mica and

anodiz¢d aluminum are also compared for electrical and thermal resistance. |It should be
emphasized that these are comparative values, due only to thesnature of the|preliminary
tests, and are not to be used as absolute values for design purposes.

From the summary of the preliminary test data shown.in“¥able 5, it can be sgen that
beryllium oxide is by far the best material, although,«in addition to extremely high cost, it is
quite brittle and requires a form of grease or smear.gasket for maximum usefulness. Based
on thege test results, the glass-epoxy has greatpromise. As a complete sandwich (between
two laygers of aluminum), the dead-soft aluminum provides a smear gasket, with a good
therma| bond between the aluminum and glass-epoxy joint. Used with a single sheet of
alumindim, this epoxy joint is made directto the heat source or heat sink.

More ektensive tests of this nature-are planned (circa 1965). This is expected to provide

more dhata on joint resistance in'general. Table 6 shows the results of a serigs of laboratory
tests de¢signed to indicate the magnitude of thermal resistance of the materials investigated
as compared to mechanjcaljoints with no electrical insulation.

TABLE G- Effect of Electrical Insulators on Thermal Resistance of
Typical Component Mounting Joint (refer to Figure 13)

Washer Washer Temperature Gradient,
Run No. A B °FIW
T Bare Al (2) Mica (0.006 1n) T.05
2 Bare Al None 0.94
3 Mica (0.006) (2) Mica (0.006) 2.61
4 Anodized Al (2) Mica (0.006) 2.55
5 None (2) Mica (0.006) 1.17
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Solid insulating material, such as wood, stone, and plastics, are not consider
because there are other insulations that have not only niuch lower thermal cq
also lower densities. Table 7 presents a list of representative insulations tha

WASHER A
SOURCE

~

WEAT SNK [

o’ ——wsere

FIGURE 13 - Typical Component Mounting Joint

used and are readily available.

particles, liqui
combinations to provide the necessary insulation. The selection of the matef
upon, if addition to low thermal conductivity, whether structural rigidity.1s imp
example, insulation for cryogenic storage vessels must have not only high th
but als¢ structural rigidity.

TABLE 7 - Effect of Air Removal Upon* Thermal Conductivity of

Various Materials at 100 °F Mean Temperature

] to achieve

n various

ial is dependent
prtant. For
brmal resistance

ed here
nductivity but
are commonly

Thermal
Thermal Conductivit
Conductivity, k Reduced At Reduceq
Density, Thickness Atl Pressure Pressure Percent
Matefial b/it® in atm. W Hg k Reduction
Air Space-Copger Surfaces 1 0.572 0.07 0.187 67.3
Corkboard 6.67 1 0.283 0.06 0.106 62.5
Corkboard 12.4 1 0.314 0.13 0.120 61.8
Cotton 0.78 1 0.288 0.07 0.072 75.0
Cotton 1.53 1 0.257 0.12 0.052 79.8
Cotton 2.62 1 0.248 0.14 0.033 86.7
Coarse Glass Wool 2.8 1 0.267 0.04 0.055 79.4
Fine Glass Wo¢l A 0.58 1 0.2505 0.08 0.050 80.0
Fine Glass Wo¢l A 1.94 1 0.2145 0.05 0.0195 90.0
Fine Glass Wool A 3.8 1 0.211 0.11 0.012 94.3
Fine Glass Wool B 0.78 1 0.302 0.04 0.0665 78.0
Hairfelt 111 3/4 0.260 0.10 0.031 88.1
Kapok 0.26 1 0.366 0.10 0.091 75.1
Kapok 0.99 1 0.2445 0.10 0.0375 84.7
Kapok 3.96 1 0.244 0.12 0.0175 92.8
Mineral Wool 7.7 1 0.258 0.05 0.037 85.7
Silica Aerogel 8.6 1 0.1715 0.07 0.0255 85.1
Special Specimen 3.1 1 0.231 0.00 0.0145 93.7
Wood Fiberboard 15.5 3/4 0.353 0.05 0.075 78.8
Wood Fiber 3.5 1 0.2715 0.08 0.052 80.8
Wood Fiber 6.9 1 0.277 0.09 0.033 88.1

Source: References 15 and 42.
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4.2.1.3 (Contin

ued):

These insulating materials are nonhomogeneous and porous so that thermal conductivity is a
function of composition, density, temperature, and (particularly) pressure. For materials of
this type, heat transfer is effected not by conduction alone but also by convection and
radiation. Reference 13 suggests that the term "apparent thermal conductivity" should be
used for fibrous insulation rather than the term "thermal conductivity" and gives the following
expression for the overall thermal conductivity:

Table 2
of fiber
pressu
pressu
insulati
atmosp
the low

Figure
each of
insulati
transfe
decrea
increas
due to

’ (kcd +k::v +k;a)

= +k
T 1-f

sC

of Reference 13 shows measured thermal conductivity vajues for va
insulation with four gases (helium, air, carbon dioxide, and. Freon 12)
e, except for one test at 76 mm Hg pressure. The results indicate thg
e, gas conduction is by far the most important mode of heat transfer i
bn, contributing from 50 to 90% to the overall thermal conductivity. Al
heric pressure, helium gas gives the highest thermal conductivity and
st value.

14, which is reproduced from Figure 6 ‘of Reference 13, shows the co

bn density. It is readily apparent_that air conduction is the major modg
 and does not vary with changejin insulation density. Radiation and ¢
5e rather rapidly with increasge. in insulation density (up to about 3 Ib/ft
e in density has less influence on these two modes of heat transfer.

iber contacts contributes-very little to the heat transfer in the fibrous ii

(Eq.2)

ious densities
at atmospheric
t at atmospheric
n fibrous

50, at

Freon 12 gives

ntribution by

the different modes of heat transferyat atmospheric pressure, for changes in

e of heat
onvection
) and further

$olid conduction

sulations.

uw 10.035
B\
L TOTAL
g 0.030 \conoucnvn’v
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FIGURE 14 - Thermal Conductivity Versus Density.

Contribution by Various Modes of Heat Transfer (for Fibrous Type Insulation)
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4.2.1.3 (Continued):

The predominant mode of heat transfer (gas conduction) can be minimized or eliminated by
evacuating the gas from the insulation. The marked effect of low pressure on decreasing the
thermal conductivity is clearly indicated in Table 7. The variation of thermal conductivity with
pressure for powdered insulation is given in Figure 15.

0.024
R
0.020 v B4
/A
0.016 / /

0.012 / /
0.008 / / o

THERMAL CONDUCTIVITY k, BTU-FT/HR-FT2-°F

/
0.004 ~
/k
/_/“'
0
00! o.l | 10 100 1000

PRESSURE, mm Hg

FIGURE 15 - Variation of Thermal Conductivity k With Pressure for Various Powdered Insulations
of Temperatures Between. 138 and 540 °R; T, = 339 °R; A = Diatomaceous|Earth;
B = Perlite;.C = Lampblack; D = Santocell (Reference 15)

When gas conduction is eliminated by lowering the insulation pressure, radigtion becomes
the predominant mode of heat transfer. This mode of heat transfer can be njinimized by the
use of powdered or solid particle insulation, by fibrous materials, or by multiple layers of
highly reflective surfaces. This latter method is discussed more fully in the part on radiation.

Highly efficient insulating materials with lower thermal conductivities than those listed in
Table 7 have been developed through improvements in cryogenic insulation. Table 6 of
Reference 14 lists a number of such materials. As indicated in Reference 14, the best forms
of insulation are the laminated types of insulation, which have mean thermal conductivities
on the order of 0.000025 Btu/h-ft-°F. However, they are not load bearing, so that an
application such as insulating a cryogenic storage vessel requires additional structural
members, which introduce the additional problem of heat leaks. Evacuated powders and
fibers have been used extensively, particularly in small vessels. The thermal conductivities
of these materials are approximately ten times as high as those of laminated materials.
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4.2.1.3 (Continued):

Christensen, Reference 15, draws the following conclusions with regard to some of the
commonly used insulation materials.

1. Cellular foams are not the best insulation for space environments because the totally
enclosed interstices cannot be evacuated by the vacuum of space.

2. Fiberglas mats may be the best conventional insulation for space application because

the
0.0

3. Fib
mo

4. Pov

are vibration- and pressure-resistant and have conductivities as [ow
D1 Btu-ft/h-ft*-°F at low temperatures.

e in order to reduce radiation transfer through the insulation.

of eing nonload bearing or vibration resistant, and are/susceptible to eff

These

not suit

during
insulati

DN problem is discussed in Reference\19.

4.2.2 Radiation): Radiation is a very important means of heat transfer for temperatur

equipme

all are de

and mea
givesac

ns for its control are vital for the design of temperature control system

detailed @nalysis for the desigh of efficient radiating surfaces. A more general

thermal r
18.

The sele
proper te
absorptiV

pdiation is presented in many books on heat transfer, such as Refere

or external surfaces of Explorer VIl (Reference 20).

as

erglas mats and powders must be used at the relatively high:densities|of 5 Ib/ft> and

vders, while having the best thermal properties as insulators, have thg disadvantages

pcts of moisture.

nsulating materials are applicable primarily for.extremely low temperafures and are
able for specific application such as for reentry bodies. The insulation requirements
eentry are low thermal conductivity at high' temperatures for short durnation. This

e control of

nt. Surface temperatures, disposal of waste or excess heat, highly efficient insulation,
pendent upon radiation or.the control of radiation. Knowledge of thermmal radiation

5. Reference 16

pmprehensive treatment on radiation heat transfer analysis. Referenge 17 gives a

discussion of
nces 1, 2, and

Ction of surface coatings for space vehicles is one of the important tagks to provide
mperature control. Surface coatings must have appropriate values of|solar

ity-and emissivity, to keep the vehicle and equipment surface temperatures within
required ka < esthe varie aterials-a inishe

on the internal
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TABLE 8 - Absorptance and Emittance of Materials Found in
Explorer VII Satellite Vehicle

Short Wave Absorptance, Long Wave

4.2.2.1 Equipn
electro
ruled o
uniform
The pa

1. Hea
hed

2. Effe
3. Allg
If trans

For an

Material Solar Radiation Emittance
Sandblasted Al 0.42 0.21
Polished Al 0.31 0.07
Sandblasted Mg 0.63 0.54
Rokide A 0.15 0.77
Gray TiO; Paint 0.87 0.87
White TiO- Paint 0.19 0.94
Solar Cells 0.80 0.40
Sauereisen 0.34 0.88
Fused Silica 0.06 0.84
Gold Foil 0.21 0.07

Source: Reference 20.

ent Surface Radiation: Consider a piece of heat'generating equipme
hic or electromechanical. A fluid moving (hydraulic or pneumatic) equ
it because it would fall in the semipassive class. If the equipment is @
in temperature at any time, it can be treated thermally as a unit.
fameters of interest in steady-state cooling of the equipment are:

it generated in the equipment, Qgen. (In the steady-state condition, thi
t to be dissipated.)

pctive radiating surface area A.
wable equipment’surface temperature T.
ents are being‘looked at, the thermal capacity C is also of interest.

pbject-cooled only by radiation, the heat balance is

nt. It may be
pment item is
onsidered to be

S is also the

c[9T)_ o

where:

Q
Q

< gen Qe
\ dt )

gen = Rate of heat generation in equipment, watts
net = Rate of net heat loss by radiation from equipment, watts

(Eq.3)
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4.2.2.1 (Continued):

If the equipment is reasonably small compared with an enclosing spherical satellite, the
following equation can be used to a good approximation, provided the satellite inner surface
is at a uniform temperature:

If the s

Quet =CAeT*

tellite inner surface is nonuniform in temperature, the same eguation

(Eq.4)

may apply, with

T*repla

center pf the satellite or is (essentially) flat and wall mounted. In either,case,
T* can Hescribe the heat sink temperature; further, this temperature,€ah’be o

ced by T4, an effective radiation temperature, provided the equiprie

gross Vehicle heat balance of the type:

Equatic

where:

—_

Referri

— D2
%DZ eroT? =0‘sSnT+ZQgen

n 5 can be rearranged as

[—ET ]GT4 =S
OLg +I

=ngen/[(nD2 /4)8]
ng to Figure 16wis defined as

il
OLg +rI

Nt is near the

the simple term
btained from a

(Eq.5)

(Eq.6)

(Eq.7)

(Eq.8)
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4.2.2.1 (Contin

1200 \\
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w
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FIGURE 16 - Thermal Balance Solution for Flat Plate Normal to
Sun's Rays atyTop of Atmosphere

ued):

Figure 16 is defined as

_ ZQgen
D’/ 4

w W/ft?

jure A6.Can be used to give the sink temperature:

/_A\%

Tsink ={1 )

Tsink Will vary from 400 to 600 °R for most Sun-illuminated satellites. Tgn = 400 °R
corresponds to Or/as = 10 andw=0 W/Ht2, Tgm = 600 °R corresponds to Oy = 0.9, as = 0.3,

and w = 20 W/ft>.

Also in Figure 16,

- 44 -



https://saenorm.com/api/?name=3f6786e976a1d6c58eb83ac5309bc684

SAE AIR1168/13

4.2.2.1 (Continued):

where w is the thermal input to the plate in W/ft® in addition to solar radiation S, the value of
which is

S = 130 W/ft? (Eq.12)

Higher vehicle surface thermal loadings than these are possible, of course, for equipment
compatible with the resulting temperature level. Atw =50 W/ft>, O; = 0.9, and a5 = 0.3,
Tsink = 6§50 °R. These thermal Toadings are per unit disc area of the spherical satellite; they
should |pe divided by 4 to get the equivalent loading per unit of satellite surfagce area.

Figure [L7 is a generalized plot of the basic radiation equation:

2= o(T*-Tu) (Eq.13)

400

360

320

280

Q/A, W/FT2
= RN
@ o) &
& oo

-
N
o

(0]
o

H
o

o

0 100 200 300
T-Tsink °R

FIGURE 17 - Solution of Radiation Equation (Equation 13)
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4.2.2.1 (Contin

ued):

It may be used to show temperature levels associated with cooling by radiation alone, even
under favorable conditions.

At reasonable sink temperatures, in the range of 600 °R, it takes a temperature rise of 110
°R to dissipate 60 W/ft* from equipment. The loading of 60 W/ft* is a rather light thermal
loading, typical of electronic elements in a power limited installation. The conclusion is that
radiation cooling is satisfactory for items of low to moderate thermal loading. For high

therma
rise. T
be radi

4.2.2.2 Therma
surface
the sp4g
that no

assumption is that the layers are flat, parallel, and infinitely large, so that the

factor i

Each o
of the |
radiant
analyzg

[0oadings, additional cooling means are desirable, 10 avoid EXCESSIVE
ne exception to this would be single components of high thermal outp
htion cooled at fairly high temperature rises.

is shielded by n layers of protecting materials. It is assamed that a v
ce between the body and the shield, as well as between the individug
heat flows by conductivity between the elements-urider consideration

b equal to 1.

f the several layers is assumed to have.afyemissivity [0 except for the
hst layer (the most external one), which has an emissivity O,. The rat
energy leaves the body, whose temperature is To and emissivity is [y
bd by use of Figure 18.

N5

ToTi T2 22 F

2 e w&‘@‘
R
"9
INTERNAL
BODY NORMAL
012 VT Z

LAYERS OF SHIELDS

temperature
it, designed to

il Radiation Shield: The heat transfer equations derived here are for @ vehicle whose

acuum exists in

| layers, and
One further

configuration

outside surface
e at which
can be

FIGURE 18 - Multilayer Shielding

Heat transfer between surface 0 and layer 1 is

_ 1 4 T4
o1~ e )r @ 5ol -T)
_ o€ 4 4
_€+€0—€0€G(T0 Tl)

(Eq.14)
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4.2.2.2 (Continued):

and the heat transfer between layers 1 and 2 is

1
" :mc(ﬁl —Tf) (Eg.15)
- zfe G(Tf —Tf)
Similarly, it follows that heat transfer between layers n — 1 and n is
Ontn :fo(ﬂ?_ -T) (Eq.16)
The hept transfer equation between the nth layer and the environment is
d,, =€,06T —Soig cosO (Eq.17)
For stepdy-state condition, heat flow rate is the same through all the layers; thus, by
equating Equations 15 and 16, the following relation is obtained:
T -Ta=T - Ty (Eq.18)

Equatign 18 is typical for any of thelayers and shows the change in the valuge of the fourth
power ¢f the temperatures between succeeding layers. For n layers, there will be n -1
changsgs in value between the first and the nth layer, or

T =T =(Th =T )n-D) (Eq.19)

Now, efjuating Equations 14 and 16,

o :oofeoe ofT3 ~T¢' )=5=—o(TH1-T7) (Eq.20)
It follows that
T =Tf +5 :(02__ eec)) = (=T (Eq.21)
Also, equating Equations 16 and 17 and simplifying,
T4, -T4=5n (2_ <) T4 26_; S, coS® (Eq.22)
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4.2.2.2 (Continued):

Combining Equations 19, 20, and 22,

2— - +eq —
T =744 5 ( e)Trf _2 € Sag cosd || =070 4 (n-1) (Eq.23)
€ €0 € (2— e)
which Iy be C)\IJICDDCCII Dilllp:y as
g =Ta +(CaT -Cc )Cy (Eq.24)
where:
2—
d, =9 (Eq.25)
S
e+ EO bl EO (S
g, = (n-1) (Eq.26)
€9 (2— e)
2—¢€
Q. = Sog cosO (Eq.27)
€C
Finally,
T4
T4 =T+ GG (Eq.28)
C,Cp+1
Substitpting Equations 28 and 17, the general equation for the amount of hegat radiated
through a coverconsisting of n layers as a function to T, and angle 6 is obtaiped as
Ty +C,C
Oh—<n O < —Sus €ost (Eq29)

C,Cp+1

When in free space, if a side of the vehicle is not exposed to the Sun, 6 = 90°, cos 6 = 0 and
C. = 0 (see Equation 27), therefore

4
_ €q GTO

_ Eq.30
dn C.Co+1 (Eq.30)
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4.2.2.2 (Continued):

Further, in the particular case where [0, = [0, Equation 30 reduces to

where:

0, =Kee oTo

—Negy

If 0o = [, Equation 32 reduces to

The hept transfer coefficient Kg o, versus n, the numbér of shields, is plotted

the case in which an enclosed body is in free spac¢é-receiving no solar energ
indicatgs a rapid decrease in the value of heat transfer coefficient as the nun
increases from zero to 2. As n increases beyond 3, the reduction in the valu

becomes negligible.

=N

=#C(”l_e)+eo 2h-D-(n-De]

e
K =
0 14 n(2— e)

0.14 EQUIPMENT
VACUUM
0.12—f€e=0.25 % T
st — [y
| covers 2nd —
0.10 ‘ 1, TEMPERATURE
\ Nth — LR ST,
Wo 0.08 E/E(FE:EE
d | ohs cce
zu: O.I\.a \
0.06 AN EMISSIVITIES
AN
0.04
JANLY
A\ A N
0.02 010 -
| N e~ [t
0.05—]
0 [

0 2 4 6 8 10
n COVERS

(Eq.31)

(Eq.32)

(Eq.33)

in Figure 19 for

y. The figure
nber of shields
e for KD,DO

FIGURE 19 - Multishield Heat Transfer Coefficient (Box in Free Space and No Solar Heat);

Q=Kppg 0T04 BtU/h'ftz
-0

A value of 0y = 1.0 Was Used, Since Only Small Deviations
Result From Using Values as Low as 0.5
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4.2.2.2 (Continued):

Also indicated by Figure 19 is that the coefficient Ky, is reduced by decreasing the value

for emissivity. By using three or four shields of low emissivity material, such as aluminum foil
(O = 0.05), very low values for the heat transfer coefficient can be obtained.

Figures 20 and 21 show plots of Equation 29 for n = 3 and n = 4, for the case where the
body is exposed to solar radiation for which the incident angle varies from 0 to 90 deg.
Curves are plotted for several values of body temperature from 400 to 800 °R. For a given
Sun angle 6, the heat transfer rate increases almost exponentially with increase in body
temperpture. Comparison of Figures 20 and 21 indicates the reduction of heat transfer rate
by incrg¢asing the number of shields from three to four, which is as expected.

TEMPERATURE = 800 °R
5 |- TEMPERATURE = —

em——

EY

[

N

HEAT TRANSFER, BTU/HR-FT2

- A P N

0 30 60 90
SUN ANGLE, DEGREES FROM NORMAL

FIGURE 20 - Heat Transfer in Space Using Three Shields
Assufried Conditions: S = 430 Btu/h-ft*; [, = 0.80; [I = 0.05; [, = 0.95; as 5 0.18
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INSIDE ]
I~ TEMPERATURE =800°R | —
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~

4]
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»
~
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[+ ]
[=]
o

HEAT TRANSFER FROM FLAT SURFACE, [BTU/HR-FT2

[
(=3
o

\

/

-1 L 1 L 1 1 1

(o] 30 60 90
SUN ANGLE,-DEGREES FROM NORMAL

FIGURE 21 - Heat Fransfer in Space Using Four Shields
Same Assumed Conditions as for Figure 20

4.2.2.2 (Continued):

The preceding analysis is limited for the case of infinite flat plates, but it doeg
effectivieness af.using multilayer shielding. For surfaces of finite size, the int
betweeln the’layers must be computed, since the geometric form factor is nof
This can berreadily accomplished by utilizing the radiosity analog method, de

illustrate the
erchange factor
equal to 1.
scribed in

References 16 and 21

4.3 Semipassive Temperature Control Methods:

4.3.1 Variable Insulation: The ability to vary the effectiveness of insulation with time
method of controlling temperature. For example, a satellite of low internal pow

can be one
er generating

ability may require a change in the insulating ability of its shell, as it moves from sunlight into

shadow and back into sunlight again.
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4.3.1 (Continued):

4.3.2

One type of variable insulation alters its overall conductivity by admitting small amounts of gas
into the otherwise evacuated space. A thermal switch, sensing the temperature of the
equipment to be controlled, actuates a valve that admits gas into the insulating space. The
insulation may be vented to space and returned to a vacuum condition when the gas
admission valve is closed.

The very small quantities of gas required for large changes in conductivity make this system

feasible
be disch

The syst
conduct
awider
ability ca
surfaces

Characte
1. Powe

2. Weig

ducts
Meth

Limitd
causs

gas.

Gene
readi

Thermal

rged overboard in any event is particularly attractive.

m may be arranged so that the section of the vehicle facing.the Sun

would normally

s a poor

r, while that facing away is a good conductor, or vice versa.:It can aljo accommodate

nge of heat loads and component temperature requirements. A varia
N be made to compensate for the deterioration of radiation properties
which may occur during protracted operation in aspace environment
ristics of variable insulation systems are:

r — Only that necessary to actuate valves:

Nt — The weight of the system would,;be made up of weights of the val
and extra gas.

ral — A system of relative simplicity, designable upon well-established
y determined data.

Switch: The operation of a thermal switch (Figure 22) involves the op

closing o

atharmal candiiective circuit iIn resnanse toa temneratiire chanae
atheHRa-coRadcthYe-ciFetHiHhRteSpohRsetoatemperattre-chahge-

fion in insulating
of outer

ves, switches,

pd — The gas used could be that ordinarily ejected overboard in normal operation.

itions — Reliability is dependent upon that of switches and valves. Majfunction could
e complete evacuation of vehicle. Extended missions may require large quantities of

principles and

ening and

Any device that

will break contact will perform satisfactorily, but the contact must be positive, to ensure good
thermal conduction. A bellows filled with a temperature-sensitive fluid has given good
performance. The fluid may operate on volume variation produced by a phase change or
simply by temperature expansion. Simple bimetallic devices can also be used, but the thermal
contact resistance is usually high.
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4.3.2 (Continug

4.3.3

Characte

1.

2.

3.

4. Limitd
surfa

5. Gene
opers
Cross
resist
for cl

Radiator

proper sy

will be a

HEAT IN
-
E:E' INSULATION
3
ACTUATING <
MEDIUM % £ BELLOWS
RADIATOR kK 4 SWITCH
CONTACT
-
HEAT OUT

Powe

Weight — Weight of a bellows type of thermal switeh filled with liquid metal
fusion phase change ranges from 5 to 20 Ib/ft’.

Method — While integral with structure, no possibility of any function other t
conduictance appear obvious.

FIGURE 22 - Thermal Switch for Control of Conductivity
pd):
ristics of this type of switch include:

r — No external power is required for actuation.

itions — Bellows may fatigue ordeak. Actuating medium may be toxic.
ces must be precise and remain unchanged in properties.

-sectional area,and type of gap (air or vacuum) when open circuited.
ance values are 0.5 to 10 °F-h-ft/Btu for open circuit and 0.001 to 0.4
psed Circuit.

With/Shutters: A radiator with a shutter will allow close temperature ¢
rface-coatings are used (see Figure 23). When the shutters are closq

poar emitter; when open the surface will be a good emitter By varyin

hat depends on

han electrical

Contact

ral — No external power. or control requirements increase reliability. Temperature
ting range is 20 t0o2000 °F. The heat conducting rate depends on thé¢ material,

Typical thermal
1 °F-h-ft’/Btu

ontrol if the
pd, the surface
g the degree of

opening, any value between the open and closed emittance can be obtained.
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4.3.3 (Continug

4.3.4

The shut
temperat
allow as

0.01to O
Flexure t

Characte

1.

SHUTTERS WITH
BEARINGS AND LOW-EMISSIVITY COATING

Powse
electr

Weig
rangg

Meth

Limitd
and t

CONTROLS
./
2\N
)\
/ / N - EAT FROM
HEA
RADIATOR WITH “ VEHICLE

HIGH -EMISSIVITY COATING

FIGURE 23 - Shutter for Controlling Emissivity

pd):

er opening can be varied by a bimetallic element controlled by the su
re. The shutter can be louvered or rotary, butthe’'rotary, or pinwhee
vide control as does the louvered shutter. Typical values of thermal g
05 for the closed shutter condition and 0.92\to 0.93 for the open shut
pe bearings eliminate zero gravity effects’and high-vacuum lubricatig

ristics of the shuttered radiator are;

r — No power requirements unless the shutters are actuated mechani
omagnetically.

Nt — The weight of the 'shutter and controls, exclusive of the radiator,
0.1t0 0.3 Ib/ft®.

pd — Functional integration is difficult to achieve.

itions —.Qperation of bearings and controls in vacuum is subject to so
D meteoritic damage.

Gen

'face

, type does not
missivities are
ter condition.

n problems.

cally or

hould be in the

me uncertainty

ral~ Emissivity is controllable over a wide range, probably 20to 1. O

erative in the

same

temperature range as plain radiators. Insensitive to gravity field.

Forced Convection Loop: This system (see Figure 24) consists of a pump or fan, a circulating
heat transfer fluid, a radiator, and the necessary ducting. The heat is transported from or to
the vehicle interior by circulating the working fluid, after increasing its sensible or latent heat.
The working fluid may be contained in a duct or may occupy an enclosed space such as a
cabin. Air, helium, nitrogen, ethylene glycol, water, or ammonia can be used as the circulating
fluid.
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4.3.4

4.3.5

RADIATOR

INTERIOR)

PUMP

FLUID
RESERVOIR

may be integral with structure.

FIGURE 24 - Forced Convection Loop
pd):

ristics of the system are:

g. Using ethylene glycol, a pump-motor efficiency of 40%, a total sy9
pf 100 psi, and a radiator temperature drop of\20 °F, the pump power

kW per kW of heat rejected.

Nt — The weight depends on the arrangement. Based on the example
t of 3 to 10 Ib/kW is reasonable.

pd — The air circulation loop.can be integral with the cabin air distributi
can serve as attitude control devices; ducts may be formed by structy

itions — Heat transfer rate is subject to difference in internal and exter
pratures. Fluid leakage must be prevented. Gravity field affects heat
phase, butsot in single phase forced flow.

ral — Relatively simple control and good stability characteristics. Rela
ements.

r — The power required depends on the fluid, cireulation rate, and length and type of

tem pressure
is approximately

initem 1, a

on system; fluid
ire; the radiator

nal
transfer rate in

lively low power

(Continug
Charactg
1. Powe
ductin
drop
0.025
2. Weig
weigh
3. Meth
loops
4. Limitg
temp
mixeq
5. Geneg
requi
Expenda

fe Heatr SinkT_The heat sink (see l-igure £9) consists of an expendaal

le material such

as water, liquid oxygen, nitrogen, hydrogen, or any substance that can store energy in some
manner, with or without a change of phase. The heat can be brought to the heat sink material
by a passive, semiactive, or active heat transport system, or the heat sink can be brought to
the heat source.
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4.3.5

4.3.6

PRESSURANT

RESERVOR OF EXPENDABLE
COOLANT

&

HEAT IN
VENT
>
FIGURE 25 - Expendable Heat Sink System
(Continuéd):
Charactefristics of the heat sink are:

1. Powdr— The power required would be that to operate an active or semipas
transport system and to actuate a vent valve.

2. Weight — The weight depends on the expendable fluid.” For example, wate
arour]d 1100 Btu/lb; hydrogen, oxygen, and nitrogen (from liquid to 70 °F),
183 Btu/lb, respectively.

3. Integfation — Expendable material may be.chémical fuel fed to a secondary
breathing and/or cabin pressurization gases, or attitude control propellant.
be cantained within structural members:

4. Limitations — The heat capacity.6f'a practicable amount of fluid may be ins

sive heat

I can absorb
1100, 175, and

power system,
The fluid may

ifficient for the

is 1 to 500 atm.

ptection of cabin
consists of

t skin. Cooling
rated sheet and

placing perforated sheets over all otherwise exposed interior surfaces of the hq
air is adnpitted into the cabin compartment and then flows out through the perfg
into the

sffect is that the

perforated sheet is malntalned at essentlally the air compartment |nIet temperature, thereby

shielding the occupants from the high radiation heat of the basic structure.

The air, after passing through the perforated sheet, will gain heat from the skin,

but this heat

cannot be transmitted back to the occupants, owing to the air continuously flowing through the

perforations and the shielding effect of the perforated sheet. The incoming air,

therefore,

should absorb only the heat generated by the occupants and the equipment inside the
compartment. Consequently, the air circulation rate would be only a small fraction of the rate

that would be required if the transpiration wall were not used.
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4.3.6 (Continued):

4.3.7

These perforated sheets need not cover the entire inner surface and may be removed for
access to the basic vehicle skin for any needed repairs during space flight.

Characte

ristics of the system include:

1. Power — The only additional power requirement would be that necessary to overcome the
resistance to the passage of air through the perforations.

2. Integ
as an

3. Limita
open
flow ¢

4., Geneg
adap
cabin

Vacuum
heat sink
The nam
recovery

ation — The high-temperature air downstream of the transpiration wall
efficient energy source for a cryogenic power system.

itions — Hole sizes must be selected so that radiant energy does not g
f air. The side facing the outer skin should be thermally reflective.
ral — A relatively simple solution to a difficult problem of prime importg
cooling.

Cooling Cycle: The vacuum cooling cycle (see Figure 26) is similar to

b derives from the use of a vacuum for producing a pressure different

P2
T2

£ Qout
/ ~
L /Qin
TEMPERATURE
CONTROL

RADIATOR
CONDENSER

FIGURE 26 - Vacuum Cooling System

could be used

nter through

ngs that are too large, and so that the openings are notteo small to permit the free

nce. Can be

ed, together with convection loop and radiator, or expendable heat sipk, to space

an expendable

system, but has the advantage thatithe coolant is recovered for subsgquent reuse.

al and for

Low temperature, easily obtainable In space, Is used to condense the coolant. As illustrated,
the coolant flows from storage, picks up heat and vaporizes, and then goes to the radiator-
condenser, where it is reduced to its liquid or solid phase. The operation of the system may be
made continuous by using a small pump for recirculation, or may be made intermittent by the
use of a dual system with necessary valving and plumbing to permit the cyclic operation of two

separate

systems.
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4.3.7 (Continued):
Characteristics of the system are:
1. Power — There may be none or a very small amount.

2. Weight — This system would use, as a coolant, only such liquids that were aboard for other
purposes, so that assignable weight would be that of the plumbing and radiator.

3. Integfation — Coolant or fuelintended Tor reentry could be used, and the ragliator integrated
with the outer surface or a radar antenna.

4. Limitations — Generally restricted to low heat dissipation requirements.

5. Gengral — Spot cooling may be the principal application. Elimination of cirdulating fluids
appears attractive.

4.3.8 Silica Ge] Cooling Process: This process (see Figure 27)is’similar to the vacupim cooling cycle
described above; the difference is that a vacuum is maintained by adsorbing the coolant in a
silica gel|bed.

OOLER
(REFRIGERANT EVAPORATOR) SILICA GEL
—AA ADSORBING
SO2
& Gn
Py TRROTTLE ®Qout
®/ VALVE
pl 9 Qin
& Qout SILICA GEL
I A I WITH
| LA | ADSORBED
RADIATOR SO2

(REFRIGERANT CONDENSER)
FIGURE 27 - Silica Gel Cooling System

The refrigerant is'desiccated as a vapor from a quantity of silica gel where it was previously
adsorbed. This’vapor is then condensed, after which the liquid pressure is reduced by passing
it through athrottling valve. The cold liquid is next evaporated, providing refriggration by
picking up the heat that is to be disposed of, and the vapor is then adsorbed by a second
guantity of cooled silica gel.

After the adsorbed vapor has been completely driven off the hot silica gel and adsorbed by the
cold lot, the roles of the two lots are reversed. By proper valving, this reversible process can
be followed and refrigeration continued.
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4.3.8 (Continued):

Characteristics of the cooling process are:

Power — Low, possibly involved only with heating of one lot of silica gel and cooling of the

Weight — Estimated to be comparable to a vacuum cooling system of same capacity.

ation — Heafing and cooling of silica gel could be done in a comparim
Icture, heating accomplished on one side and cooling on other side ©
ensation could be accomplished by the cold of outer space.

itions — Generally restricted to low heat dissipation requirements.

ral — No circulation pumps are required. By using naturally available |
inks, the power requirement for regeneration may-le reduced. Opers

1.
other.

2.

3. Integ
of str
Cond

4. Limitd

5. Gene
and g
are re
dioxia

4.4 Technical 1

Semipassi
one used h
conduction
discussed

operate sw
componen

The wide r
through va
coating an
heat loads
equipment
for removir

e is commonly used. Operation can be intermittent.
\pproach, Semi-Passive Methods:

e methods previously discussed can be classified in a number of diffs
ere is the mode of heat transfer; that is, by systems involving variatio
, in convection, or in radiation:it should be noted that the use of som
namely, differential metallic;expansion or fluid expansion) can also bg
itches, relays, or other means to reduce or halt the heat producing ac
. This type of operation is not considered here.

hnge of available semipassive temperature control methods gives a ¢
[iation in surfaee coating or variation in the internal heat transfer rate.
| variable €onduction type control will usually be restricted to equipme
whereas.the forced convection fluid loops and expendable methods
with4igh heat loads, since cold plate or direct forced convection cool
g-heat from high dissipating components.

ent forming part
f the vehicle.

neat sources
ting pressures

latively low and leakage is preventable. A varigty-of coolants are available; sulfur

erent ways. The
NS in

e methods to be
e used to

livity of some

noice of control
The variable
nt with small
hdapt better to
ng is available

The semipassive methods are usually limited only by the requirement that the heat sink (heat
exchanger, vehicle skin, or radiator) must be at a lower temperature than the equipment.
However, the expendable, vacuum, and silica gel methods do not even have this restriction.

At the present time (circa 1965), semipassive methods of variable surfaces and fluid loops have
been used on some space vehicles. These methods have proved to be reliable and fairly light.

However, some coatings have deteriorated and fluid loops have an inherent danger of leakage.
Much research is needed in improving coating and fluid loop reliabilities.
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4.4 (Continued):

Since extensive research in surface coatings is already underway, recommendation is made that
some research be directed toward fluid components and loops. If the probability of leakage is
decreased, toxicity, corrosiveness, and dielectric strength become negligible considerations in

most fluid loops. As a result, basic coolant considerations of weight, volume, an
can be used as the only criteria needed for optimization. Increase in the efficien
operating life of fans and pumps is also desirable.

d surface area
cies and

4.4.1 Variable Conduction Methods:

4.4.1.1 Differeptial Metallic Expansion: The simplest type of thermal switch isc@ne m

ade up of

welded| parallel strips of two metals having different coefficients of thermal expansion.
Changgs in temperature cause expansions or contractions of thestrips, but the differences

in coefficient cause a bending or warping that can be used to,make or break

a thermal

condudtive path. This is illustrated in Figure 28. A number af\bimetallic elements and

applications are illustrated in Reference 22.

lﬁ:lC:[F

FIGURE 28 - Differential Metallic Expansion Device for Controlling a Therma

While gimple in operation, this 'switch can be made quite sensitive to tempera
the make or break being controlled to within a degree or less of temperature.
heat trgnsfer may be lesSgasy to regulate, being subject to the degree of fin
contamination on the surfaces and the forces between surfaces.

| Path

iture changes,
The rate of
sh and

4.4.1.2 Fluid Ekpansion:~The use of fluid expansion or contraction to regulate heat flow can take

many fprms. {Far'example, a variation of the differential strip switch just desg
one in which<ontact was made or broken between the elements by tempera
fluid préssure. A thermal switch actuated by fluid volumetric change is illustr

ribed would be
ure-induced
hted in Figure

29.

HEAT CONDUCTION SPRING

THERMAL EXPANSION FLUID
BELLOWS

CONTACT SURFACES

FIGURE 29 - Thermal Switch for On-Off Conductivity Control
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4.4.1.2 (Continued):

44.1.3

The thermal switch of Figure 29 is characterized by on-off operation. Figure 30 illustrates a
method of temperature control employing a variable resistance heat path. This device also
employs a bellows containing a temperature-sensitive fluid, but this material is not required to
conduct heat. Heat transfer takes place across surfaces of soft materials, the contacting
area being variable and related to the amount of heat to be conducted.

These
condug
metal f

Variabl
after de
regulat
meet s

Table
pattern
pressu
by ara

B RUBBER WITH
— -( _~COPPER WIRE CONDUCTORS
{ ”rhl H{' ,F VARIABLE GAP RESISTANCE

C —

FIGURE 30 - Thermal Switch for Variable Conductivity Control

oft materials may be rubber, cork, or any other material that deflects
tivity of such materials is usually low, but may ke improved by impreg
bers, ribbons, springs, chips, or other flexible\paths (Reference 23).

e Gas Conduction: The difference in cenductivities of insulating mate

ng the amount of gas within the insalation, it is possible to produce cg
pecific requirements.

shows variation with pressure for several insulating materials. Figure
of change for typical pawdered insulators. Generally, the behavior of
ed insulation is a vety slow increase in conductivity with pressure incr
pid rise, and finally-stabilizing in a region of little change in conductivit

easily. Thermal
nating with

rials before and

gassing was discussed in 4.2.1.3 and shown in Table 7 for some maferials. By

nductivities to

2 15 graphs the
reduced,
ease, followed

.
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TABLE 9 - Variation of Thermal Conductivity at 100°F of
Various Insulating Materials with Interstitial Pressure

Thermal
Thickness, Density, Pressure, Conductivity,
Insulating Material in Ib/ft® U Hg Btu-in/h-ft*-°F
Air Space Between
Copper Surfaces 1 -- 1 atm 0.572
0.10 0.245
0.07 0.187
00 0145t
Corkboard 1 6.67 1 atm 0.283
0.08 0.12%
0.06 0,106
Cotton 1 0.78 1 atm 0.288
0.11 0.0805
0.07 0.072
Fine Glass Wool 1 0.78 1atm 0.302
0.05 0.0695
0.04 0.0665
Mineral Wool 1 7.7 1 atm 0.258
9.0 0.059
3.0 0.0425
0.02 0.037
! Calculated.

Source: Reference 15, p. 20

4.4.2 Variable Convection Methods:*The methods examined here are of two principal classes: those
using expendable coolants-and those having closed loops in which the coolant is recovered for
re-use. The environment-assumed for all systems is that of zero gravity, so that a fan, blower,
pump, or[some othemn.device is necessary to force convection.

4.4.2.1 Expendable.Coolant Convection Method: Expendable coolant methods are fhose in which a
coolant abSorbs heat, usually with one or two changes of phase, and is then |vented
overboard! Such systems are practicable only for missions of short duration lbecause of the
relatively large weight and volume requirements of the coolant for the amount of cooling
done.

Two classes are recognized: those having separate coolant storage and heat exchange
components; and those in which storage and heat exchange are combined in one
component. These are illustrated in Figures 31 and 32, respectively. It can be seen that in
the integral system, no pressurant is required.
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4.4.2.1 (Continued):

A comyf
that the

the reliability of the integrated system was only very slightly higher. The gres

volume

1. Kesd

accgleration pgssible in any direction, and at the end of a mission, when

WOl

2. Pre

FLUID LOOP

FIGURE 32 - Integral Expendable Coolant Storage

separate storage arrangement had decided advantages of weight arn
of the latter resulteg:from two necessities:
ping an adequate portion of the heat transfer surfaces wet during the
Id be low _because of coolant losses.

venting carryover of the liquid coolant through the vent.

arative analysis of these twortypes of systems (Reference 24) led to the conclusion

d volume, while
ter weight and

mission, with
he liquid level

By providing heat transfer surfaces, storage volume, and quantity of coolant in excess of the
minimum requirement, and by packing the coolant space of the exchanger with Fiberglas
wicking to disperse the liquid, a sufficient area of the exchanger was kept wet to ensure good
heat transfer rates. The Fiberglas wicking and the location of the vent entrance at the
geographical center of the exchanger prevented the carry-over of unvaporized coolant.
Although simple and reliable, these provisions add considerably to the weight and space
requirements of the integrated system.
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4.4.2.1 (Continued):
One of the problems in expendable methods is the expulsion of the coolant from the tank.
This becomes a major problem in space, where gravity cannot be used as an aid to
expulsion. Usually some form of bladder with a pressurized gas such as helium or nitrogen is
used. The gas is kept in a high-pressure tank and bled into the coolant tank to force the
coolant out. The bladder is used to prevent mixing of gas and coolant. Control of the
coolant tank pressure is maintained by a pressure regulator between the gas pressurant tank
and the coolant tank. Another method of expulsion is to spin the tank so that the liquid is
forced put by centriftugal Torce.
4.4.2.2 Selectipn of Expendable Fluids: Analyses of expendable fluid coolingamethods will almost
always|show the best fluids to be water and ammonia. While watenhas mos} of the
advantages, ammonia has a lower freezing point and can thereforée-be used gt lower
temperpture. In addition, ammonia vapor can be used for certain pressurization applications
where $team would condense.
Table 10 lists a number of materials that could be used)as expendable coolapts and the
importgnt properties that would have to be considered in making a selection.| Note that the
relative| temperature level between the coolant boiling temperature and the eguipment
operating temperature is also important in choiee-of coolant.
TABLE 10 - Properties of Some Substances Suitable as Expendable Coolant$
Total Total Total Total Tqtal
Specific Specific Spécific Specific Heat Heat Heat Heat Heat
Heat of Heat, Heat, Heat; Heat, Absorption Absorption Absorption Absorption Absofption Rank Rank
Liquid Vapori-  Btu/lb-"F  Btu/lb°F  Btulb-°F  Btu/lb-°F Btu/lb Btu/lb Btu/lb Btu/ft® Bty/ft* on the on the
Density, B zation at at at at Bp to Bp to Bp to Bp to B{ to Basis of:  Basis of:
Substance Ib/it® °| Btu/lb Bp 200,°F 450 °F 1500 °F 200 °F 450 °F 1500 °F 200 °F 450 °F Vol. Wt.
H2 4.37 -423 194 3.42 345 3.47 3.62 2335 3200 6966 10,200 13,p80 18 1
H20 62.4 232 970 0.45 0.45 0.47 0.52 970% 1131 1671 60,5007 70,p00 1 2
He 7.62 -4%2 11 1.24 1.24 1.24 1.24 821 1132 2437 6,250 8,620 20 3
NH3 40.6 -28 589 0.48 0.53 0.59 0.81 703 844 1572 28,550 34,p50 3 4
HF 62.0 7 650 0.34, 0.34 0.35 0.38 695 782 1165 43,000 48,600 2 5
CHa 25.9 -2%8 248 050 0.58 0.71 1.09 495 675 1638 12,800 17,600 11 6
CH3OH 48.1 148 472 039 0.39 0.46 - 492 600 - 23,650 28,850 4 7
CH3CH20H 48.1 113 367 041 0.41 0.45 377 486 18,100 23,850 7 8
- 53.1 148 596 0.41 0.41 0.46 - 3692 733 - 19,6007 38,p00 6 9
C2Hs 34.1 -127 210 0.33 0.50 0.63 1.00 345 486 1290 11,750 16,600 14 10
CoHa 35.3 -1%5 208 0.33 0.45 0.55 0.83 345 474 1168 12,200 16,700 12 11
co, 62.0 -110 252 0.20 0.22 0.24 0.30 317 377 656 19,650 23,400 5 12
CO 49.3 -313 91 0.25 0.25 0.26 0.29 219 283 577 10,790 13,p50 17 13
N2 502 -320 86 0.25 0.25 0.25 0.28 216 279 560 1(\'Q’)n 1/I' 00 16 14
- 57.4 -318 87 0.24 0.24 0.25 0.28 211 276 556 12,140 15,850 13 15
Oz 71.2 -297 92 0.22 0.22 0.23 0.26 201 260 525 14,330 18,540 9 16
Ne 75.2 -411 37 0.25 0.25 0.25 0.25 187 249 507 14,080 18,700 10 17
NO 62.4 -129 161 0.21 0.23 0.25 0.31 164 226 514 10,020 14,100 19 18
A 88.0 -302 68 0.13 0.13 0.13 0.13 130 161 292 11,450 14,190 15 19
Kr 162.3 -241 47 0.13 0.13 0.13 0.13 103 135 268 16,750 21,910 8 20

Note: All values at 14.7 psia except as noted.
* solid carbon dioxide assumed cubed and occupying 65% of total volume. Sublimes without evaporation.
2 Boiling assumed at 11.5 psia and 200 °F.
Source: Reference 26, pp. 17 to 18.
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4.4.2.2 (Continued):

A relationship that may be of assistance in the selection of a suitable expendable liquid is
known as Trouton's rule. This rule states that the molal latent heat divided by the normal
absolute temperature of evaporation is equal to a constant. However, this ratio actually

varies considerably, as seen in Table 11, but averages about 21.

TABLE 11 - Liquid Properties and Trouton's Rule

The po

nonassociated liquids. This results from the heat of vaporization of these su
is true that their boiling points are also relatively high, the difference ih temperatures

while it

is not sp great as the difference in'latent heat. Attention should therefore be

liquids
coolant

Figures
boiling
liquid in]
Figures

Latent Heat of

Boiling Critical Vaporization Le,
Substance Temp., K Temp., K  Tu/Tc cal/mol Le/Th
He 4.2 5.2 0.81 22 5.2
H 20.3 33.2 0.61 216 10.6
(@) 90.2 154.3 0.58 1610 16.9
NH3 239.7 405.5 0.59 5560 23.2
CCly 350 556 0.63 7140 20.4
CH3CH20OH 351 516 0.68 9450 26.9
CeHe 353 562 0.63 7500 21.2
H,O 373 647 0.58 9700 26.0

Source: Reference 25, p. 145.

ar or associated liquids, such as-water and ethyl alcohol, have higher

naving high values of the latent heat of vaporization temperature ratio
S.

33 and 34 show for a number of possible liquids the value of latent h
femperatures:” It appears that water has more ability to absorb heat th
the temperature range covered. The vapor pressures of these liquid
35 and 36.

values than the
pstances, and

directed toward
for expendable

eat at various
an any other
s are shown in

A meth

mplex than Tr

weight comparison technique developed in 4.4.2.4.

on's rule is the
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FIGURE 33 - High Latent Heat Liquids

-66 -



https://saenorm.com/api/?name=3f6786e976a1d6c58eb83ac5309bc684

SAE AIR1168/13

3.5 | l | T T | i
ETHYLENE ~ ACETALEHYDE
OXIDE ETHYLAMINE

[4V] pu—
L 3.0 T - BUTYL ALCOHOL
; PROPIONITRILE
E > 5 = ~SOLID
S5 20 Lo
= METHYL
m FORMATE
Z— ETH

20 L cHoRriDE —
o ~~
= = HYDROGE
N SULFIDE
T 15 | - METHYL i
o ~ J/-EHLORIDE
a DIOXIDE METHYLENE
§ SULFUR CHLORIDE
% 10" "~=--._ \""~"--. —]
= _FREON 11
<€ FREON 22
wi
W o5 |LFrREON 12 |

| | | | | | |
0

-100 -50 0 50 100 150 200 250

TEMPERATURE °F

FIGURE 34 - Moderately High Latent Heat Liquids
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FIGURES35 - Vapor Pressure of Liquids With High Latent Heats;
for Dashed Lines, Data Computed Using Clausius-Clapeyron Equation
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4.4.2.3 Evalua
Le/Ty, h
to carry
for a gi

Using F
g, Te, and At.

TEMPERATURE; °F
URE 36 - Vapor Pressures of Liguids With Moderately High Latent Hg
ion of Expendable Coolant Liquids: Several comparisons, including T
ave been used to choose a coolant fluid. However, most comparison
through to an ultimate goal of showing which coolant requires the leg

/en heat load ¢, equipment temperature Tg, and time interval At.

Figure 37-and Table 12, a useful coolant comparison can be made for

ats;
Using Clausius-Clapeyron Equation

‘routon's rule,

5 do not seem
st total weight

given values of

s COOLANT CONTROL — PRESSURE
OI~200°F l EXPULSION — TANK ~ VALVE REGULATOR
4 TANK
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FIGURE 37 - Expendable Water Method (see Table 12)
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TABLE 12 - Comparison of Water Method to Ammonia Method (see Figure 37)

Weight, b Weight, b Volume, in®  Volume, in®

H,0 NH3 H,0 NHs

Tank 2 14.6 55.5 278
Heat Exchanger 5.2 1.0
Fluid 4.2 10.4

Total* 11.4 26 55.5 278

! Does not include tubing, valves, cold plates.

4.4.2.3 (Contin

For the|

The we
load, a
pressu
densityj]

ued):
system in Figure 37,

L=978-168=2810 Btu/Ib

W=M=4_2 Ib/h
810

ight of the tank can be considered as afunction of coolant pressure,

nd latent heat of vaporization. The thickness of the tank varies directl
e so that W+ O P+. Since the volume of the tank varies directly with tf
of the stored coolant, a spheri€al container with volume (4/3) Tr° and

m yieldls Vr O (L/gpr), Ar O W+, AxlE (V1)?®, or W O [1/(gpr)]*°. Finally, cor

y with the

the latgnt heat of vaporization ef'the fluid determines the amount required, which also
influenges the tank weight as-a'volume change:
e
Combining theseterms,
\vl\vIT IF)T qAT
\/Leng

or the weight of the tank can be expressed as

LeOpT

where K is a constant.

(Eq.34)

lensity, the heat

e inverse of
surface area 4
sideration of

(Eq.35)

(Eq.36)

(Eq.37)
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4.4.2.3 (Continued):

The weight of the heat exchanger can be considered as an inverse of the film coefficient of
the coolant and the temperature difference between this compartment and the coolant:

1
Wy o< ————— Eq.38
Hx h(TE _Tb) ( q )
or
K
Wy =——2— Eq.39
Hx h(TE _Tb) ( q )
where K; is a constant.
The weight flow of the coolant can be considered as
A
w -9._2m (Eq.40)
Le At
or the fluid weight as
WL Am = 9AT (Eq.41)
Le
Of coulse the coolant flow path may include other weight considerations such as tubing,
fittings,| pressure regulators;*and valves, but the weight of these components|is usually not a
direct flinction of the coalant. Therefore this weight can be neglected or considered as a
constamt Wy = K.
Combining the.weight, described in the previous paragraphs, the total weigh{ becomes
W:WT +Wf +WHX +WH
K Eq.42
:KlPT\/ AT > AT Ky (Eq.42)
Ledpr TKTE-—TB) Le

Equation 42 can be simplified for comparison purposes by nondimensionalizing the terms in
the equation. Such nondimensionalizing could be based on a known coolant and flow
system so that K;, K,, K3 can be estimated. The nondimensionalized equation would appear

as
%
W:K’[ ]{ ] +K5 j+Kg

W ho (TE - Tb,O)
Wo

h(Te = Tp)

Pr

Pro

Leo9P0T
LeOpt

e0

;

4

+K3

(Eq.43)

e
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4.4.2.3 (Continued):

where 0 is a known coolant and K7,K5,K5 and W; are known values:

W W,

Kj=—12, Kf=—1%0 (Eq.44)
WO WO
W, W,

Ko=—19 K, =—10 (Eq.45)
WO WO

This e(luation can be reduced even more if the boiling film coefficientabthe ljquids is held
constamt by varying the heat exchanger or cold plate flow area. Thenh/h, =[L and Equation
43 becpmes

%
L Te-T L
W gy Pr { e'ong'Oj +K’2(—E b’°j+Kg+Kg( e'oj (Eq.46)
W, Pro \ Legpr Te - Tg Le

Equation 46 can be used to compare coolants fof,use in an open-loop coolamt method with
known compartment heat load q and temperature Te. Tank weights and volumes and
coolant method parameters, estimated in Reference 26, are presented in Figjures 38, 39, and
40 for yse in comparisons.

500 pd
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q 1
200 4// ,/ /,1
> /// 2 ’/V
& £y d // G4
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5 1 ) y Y/
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HEAT SINK WEIGHT, LB

FIGURE 38 - Liquid Heat Sink Storage Weight; Includes Tank, Insulation Where Applicable,
Supports and Fill, Vent, and Safety Valving
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FIGURE 39 - Liquid Heat Sink Storage Volume (Reference 26)
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(Reference 26)
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4.4.2.4 Comparison of Coolants for a Simple Open-Loop Expendable Coolant Method: Consider the
sketch in Figure 31. If the weight of the coolant lines, fittings, and pressure regulators is
neglected, then K5 =0, and the weight of the method is dependent on the heat exchanger,
coolant, and tank. For a known ammonia method of this form, with Q = 1000 W and

te = 130 °F, the equation constants can be evaluated. Figure 37 shows a possible
expendable water method and Table 12 gives the data for comparison with ammonia.

Referring to Figure 40, the following conditions apply:

1. Sys

2. Coq

3. Tarn

tem weight includes coolant, tank, and a volume allowance of 1.5 Ib.g
f storage.

lant heated from stored liquid to 200 °F vapor.

k weight and volume same as for Figures 38 and 39. AlPassumption

figures apply to Figure 40.

4. No
The prq

Cp,oz 1
ko =0
gpo = 4
Ho =0
Le,o =3
to =-2
Pro =

and thq

WHx,O
Wf,O
Wro
Wo

ground standby time is assumed.
perties of the ammonia method are as follows:

07 Btu/lb-°F

29 Btu/h-ft-°F

.6 Ib/ft®

0024 poise

DO Btu/lb (15 to 85% quality), 14.7 psia
8 °F

130 psia (70 °F sat NH3 liquid)

weights are as.follows:

1.51b

10.4 Ib
14.61b
26-5 Ib

f structure per

5 for these
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4.4.2.4 (Continued):

Evaluating K' constants:

(Eq.47)

K =| Wro _146 551
lw, ) 265

K% = WHX"’)—ﬁ—oow
2~ A /_')Rr;_ :

K’ = Wro :10_'4:0392
YTlw, ) 265

Use of these values in Equation 43 gives the ratios of W/Wfor coolant fluid$, shown in

Table 13.

TABLE [L3 - Weight Comparison of Expendable Coolants(Q = 1000 W, te = 130 °F, At =1 h)

Usable Weight Volume
Tank Vapor Boiling Latent Ratio Ratio
Pressure’  Pressure  Temp. Héat’ w Vv Leoo
Coolant P, psia P, psia T, °F LeBtu/lb Wo Vo  Le
Water 14.7 1.0 100 810 0.5 0.3
Ammonia 130 14.7 -28 330 1.0 1.0
Ethanol 14.7 - 100 200 1.0+ 15
Freon 21 80 14.7 48 80 2.2 2.1
Nitrogen 14.7 14.7 <322 70 2.0 4.0 Store$ at -322 °F
CO; Solid 14.7 14.7 -110 246 0.9 0.6 Stored at -110 °F
! Tank prespgure at 70 °F except for nitrogen and CO; (solid).
2 Useful latgnt heat of vaparization to 85% quality for high film coefficients except nitrogen and JO2 (solid).

4.4.3 ClosedC

having in
the open
of remov

ycle Convection Methods: There are a number of different closed cy¢le methods, all
common the conservation of the coolant for repeated use in heat trapsportation. In

cycle or expendable coolant systems, the disposal of the coolant ser
ng the unwanted heat from the vehicle  Since radiation is the nnly méans by which

ed the purpose

heat may be rejected in space without this loss of the coolant, all closed systems have a

radiator as a hecessary component. Aside from these two common characteristics, closed
cycle systems may differ from each other quite widely. A number of methods of the closed
cycle type are described in the following paragraphs.

4.4.3.1 Forced Convection: The basic convection loop accomplishes transfer of heat from a heat
sink to a heat transport fluid, transporting the fluid to a radiator, and a return of the cooled
fluid to a reservoir or to the heat exchanger. Such a method is illustrated in Figure 41. The
degree of complexity can be changed by the addition or removal of controls for regulating the
temperature of the heat sink. The transport fluid may be water, air, ammonia, or any other

suitable liquid or gas.
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FIGURE 41 - Forced Convection Loop Temperature Control Method
ued):

ight, volume, and power requirements of a forced convection loop de
hd, temperature range, fluid, and._ducting. One analysis has been ma
ng ethylene glycol, a pump-mator efficiency of 40%, a fluid pressure
bmperature change of 20 °Flof the fluid in passing through the radiatg
ment was found to be 0,025'kW per kW of heat rejected, and the weig
Ib/kW (Reference 27, .p=-22).

4.4.3.2 Comp

rison of Liquid Caolants for Closed Loop Semipassive Control Methog

semipalssive closed lpop’liquid cooling method consists of a flow control valv
radiatof exchanger,“a pump, and a compartment heat exchanger (see Figure

Ideally,[the comparison of various liquids for this method would include detai

compl

e leop’for each coolant. However, such a comparison is time consun

Therefore'the use of parameters for comparison purposes is advisable. Sev

pend upon the
e for a system
drop of 100 psi,
r. The power
jht to be

s: The
P, a space
41).

ed design of the
ning and costly.
bral parameters

that appear to affect the weight and effectiveness of the loop are the pump power and the
forced convection film coefficient parameters.

The pump power parameter P has been derived in Reference 14. This parameter is

Lz (laminar flow)

(pac,)

P=

(Eq.48)
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4.4.3.2 (Continued):

and

I.LO'Z

= (turbulent flow)
(P9)°c,

2.8

(Eq.49)

For comparison purposes W, pg, and ¢, are used as ratios relative to turbulent water at 80 °F.

Referri

and

The fin
ft and U
Note th
temper.
1/3 pov
fluid pr
the bul
the bul

ng to Table 14, these ratios may be expressed as

b/ (puc, )’

Mo/(Pong,o)

5> (laminar flow)

HO'Z/(QP)ZCpZ'S
Hoo'z/(gpo)ch,oz'

5 (turbulent flow)

Al coefficient parameter H is based*on McAdams' equation (Referencg
=1 ft/h, where fluid properties.are evaluated at the average fluid bul
at cpop/k = Prandtl number is taised to the 0.4 power for use with the b
hture properties, whereas;the more accurate Colburn "j factor" has cp|
ber. However, the Cplburn equation as shown in Reference 1, p. 169
pperties at the average film temperature. Since, for evaluation purpog
temperature of-a-liquid is more likely to be known than the average f
temperaturethas been used. In the gas comparison, the difference i

noticeaple, so that’the more accurate Colburn equation is used:

0.8 0.4
C
H= 0.0231{@] [L“]
n k

(Eq.50)

(Eq.51)

p 18) with D=1
temperature.
ulk fluid

I’k raised to the
is based on

es, it is felt that
Im temperature,
S less

(Eq.52)

These two parameters, as well as other comparison information such as freezing and boiling
temperature, toxicity, flammability, corrosiveness, and dielectric strength, are presented for
some liquids in Table 14. A curve, Figure 42, shows the comparison of H and P for various
coolants at different temperatures.
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FIGURE 42 - Turbulent Flow Liquid Coolant Parameters
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4.4.3.3 Comparison of Gaseous Coolants for Closed Loop Semipassive Control Methods: From
Figure 43, the fan power, volume flow, pressure drop, heat transfer film coefficient, and
dielectric constant can be seen to be parameters for comparison of gaseous coolants. In
addition, if a sensitive component such as a stabilized inertial platform is part of the
equipment, the wind force becomes a parameter.

For pur
1. Thsg
2. Thsg
3. Thsg
4. All
The fol

1. We

2. Vol

poses of comparison of different gases the following assumptions we

parameters will be computed as ratios relative to air at 70 °F.

Lme Flow:

0 \slanLE

/
GAS  =— | H——<FAN
(TTE 18T 5 s

FIGURE 43 - Typical Closed Cycle Gaseous CoolantiL.oop

heat load to be removed by the gas is the samé.for all gases.
maximum temperature rise in the gas is set.(ATys = Const).

flow of the gases is turbulent.

owing seven parameters were derived, using these assumptions (g =

ght Flow Rate:

Cpa

Cpg

U_g _ Wg(pag)
Uas  Wa(pg9)

re made:

gas, a = air)

(Eq.53)

(Eq.54)

3. Film Coefficient (for turbulent flow in ducts or tubes: Reference 1, p. 169):

Cpl
k

Dnhupg
1

h= 0.023L

ol

h

e

(Eq.55)
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4.4.3.3 (Continued):

where properties are evaluated at the arithmetic mean boundary film temperature:

0.8 0.33
hg _Kg [ UgPgHa CpghgKa
ha  Ka | UaPally CpalaKg
(Eq.56)
Q0R7 047 047
Ka Hg Chg
4. Pressure Drop:
2
Ap=TLuPg (Eq.57)
29D,
where:
0.2 N D
f=0.184/ —* [forNRe: P9 “%2100] (Eq.58)
upgDh,g I‘L
or
APg _[u_g]lS[pigjo.S[th.Z
APy \Ua ) \Pa9) \Ma
(Eq.59)
18 0.2
_[Cpa [“_gj Pag
Cp,g lia pgg
5. PowerReguirementthp LA PW/g g)
hp, _ AP, W, pag
hp, AP, W, p,g
(Eq.60)

0.2 2 2.8
I’La gpg Cp,g
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4.4.3.3 (Contin

ued):

6. Wind Force on Platform (F [p gS(u®/29):

F_QLH
Fa gpa Ua

Gp /gp AV
,a
=9 Fa P (Eq.61)
gPa\ 9Pg Cpg
2
_9Pa| Cpa
9Pg \ Cpg
7. Dielectric Ratio:
Sg
— (Eq.62)
Ea
These geven ratios have been used for comparison of various gases, and the results are
presented in Table 15.
TABLE 15 - Comparison of Gases for Semipassive Closed Loop Cooling
Parameters?
Heat
Gas Thermal Properties’ Weight Transfer
and Specifie Flow Volume Film Pressure  Fan  Wind
Molecular Dengity, Conductivity, Heat, ) Viscosity, Rate, Flow, Coefficient, Drop, Power, Force, Flam-
Weight p k Cp " w u h AP hp F €| mable Toxic
Air,28.96  0.0f65  0.0148 0:24 0044 1.0 .10 1.0 1.0 10 1.0 10| No No
He, 4.00 0.0p96  0.092 124 0046 0.192 1.40 1.52 0.376 0.93 0.268 0.13 No No
SFs,
146.066  0.3]2 0.00822 0.18 0.037 1.33  0.250 0.84 0.322. 0.11 0.354 20| No No
N, 28.02 0.0f2 0.0138 0.248 0.0424 097 1.0 1.0 104 088 1.03 10| No No
H,2.016 0.0p50 $>-07101 3.44 0022 007 098 1.44 0.104 0.097 0.07 Explo- No
sive
CO,, 44.00 0.1 ; - - - - - - - ; No No
Ar,39.90  0.097 0.010 0.124 0.0533 194 1.40 0.62 2.47 345 271 No No
SO,, 64.07 0.173 0.0057 0.154 0.0293 156 0.63 1.03 0.827 052 0.98 No Yes,
can
form
H,SO,

At 14.7 psia, 70 °F

2At constant heat load and gas temperature.

Reference 28 shows a comparison of gases for use as artificial atmospheres in space
vehicles. This section of the manual compares blower power requirements and heat transfer
coefficients for these atmospheres. These ratios along with ratios for constant heat load are

shown

in Table 16.
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4.4.4

TABLE 16 - Comparison of Artificial Atmospheres

The for
reliabili
weight
failure.

Most of
bearing
these f
continu
redund

Vacuum
method,
coolant p
where it i
change @
necessal

y, easy control, good stability, and relatively low power requirements.
may impose excessive penalties, while leakage is probably the greateg

the lightweight fans (and pumps) available for space or airborne use
s and high rpm to keep weight and volume low. As a result, the life e
hns is seldom in excess of 500'h. More reliable fans for long life (sucl
ous duty) must be developed: Otherwise, the alternative is to add mg
Ancy.

Cooling Method: Thevacuum cooling system is similar to an expendg
put has the advantage that the coolant is recovered for subsequent re

5 reliquefied_or solidified. The reduction in volume of the fluid brough
f phase Creates the vacuum that gives the method its name. The low
y for,condensation is easily obtained in space.

The vacyuny cooling method may operate with liquids that are aboard for other|

ced convection loop usually represents a relatively’ simple method with good
Size and
st danger of

Ratio of Ratio of
Blower Heat Transfer
Power to Air Coefficient to Air
Thermal Properties’ Con- Con- Con- Con-
Gas Specific Vis- Conduc- stant'  stant stant  stant
Pressure, ' Constant Heat cp/c, Density  cosity tivity, Con-  Vol. Mass Con-  Vol. Mass
Gas psia °R cp cy v pg " k stantQ Flow  Flow stantQ Flow  Flow
Air 14.7 53.3 0.240 0.172 1.40 0.0735 0.0446 0.0152 1.00 1.00 1.00 1.00 1.00 1.00
0,-N, 11.0 52.6 0.238 0.170 1.40 0.0559 0.0456 0.0153 1.78 0.95 1.74 100 077 0.98
Oy-He 6.5 752 030Z U.205 T.47 0U023F 00503 00177 530 082 110094 040 1.14
O,-He 11.0 109.4 0.405 0.264 1.53 0.0274 0.0510 0.0208 1.70 090 8.00 091 0.57 1.34
02 5.0 48.2 0.220 0.157 1.39 0.0276 0.0500 0.0155 9.28 0.88 7.86 1.0 0.37 0.91
0O, 11.0 48.2 0.220 0.157 1.39 0.0608 1.0500 0.0155 1.92 0.89 1.62 1.00 0.80 091
O,-Ne 11.0 63.7 0.234 0.152 1.54 0.0460 0.0605 0.0210 251 0.92  3.27 0.69 0.66 1.01
"From Reference $8.
4.4.3.3 (Continued):

have small
Xpectancy of
has 1 year
re fans for

\ble coolant
-use. The
icks up heat from the heat sink, is vaporized, and then flows to a radigtor-condenser
about by the
temperature

purposes, such

as coolants or fuels to be used during reentry. The power required may be a very small
amount or none at all. A schematic diagram is shown in Figure 44a.

If the coolant is liquefied in the condenser, it can be returned to the reservoir simply by

pumping. When the coolant is solidified, it must first be liquefied. This can be done by having
the radiator act as a collector of solar energy, as illustrated in Figure 44b. The operation of
this arrangement depends upon the orientation of radiator and absorber to deep space and

Sun, but

by the manipulation of valves, the functions of the two loops become

interchangeable.
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PUMP

COOLANT RESERVOIR

FIGU

4.45 Silica Ge

the vaculgim is maintained by adsorbing the coolant in a silica gel bed. The ref

from ano

The cyclg
applicatig
condenst
reduced.
heat sink

After all n
the two b
the radia
refrigerar

RE 44 - Vacuum Cooling Method; (a) Basic:Method; (b) Two Loop Mg
Cooling Method: The silica gel cooling'method is a type of vacuum 1
ther silica gel bed where it had been adsorbed previously.
commences with driving.offithe adsorbed refrigerant from a silica ge
n of heat. A typical refrigerant would be sulfur dioxide, SO,. The vaf
pd in a radiator and the liquid passed through a throttle valve, where t
It next goes through an evaporator, where it is vaporized by heat pic
The vapor is then adsorbed by the silica gel bed.

efrigerant Has been driven off the first bed and adsorbed by the secor

or, throttle valve, and evaporator can be followed, with either bed as |
t.. Arschematic diagram is shown in Figure 45.

rthod

nethod in which
igerant comes

bed by the

or is then

e pressure is
ed up from the

nd, the roles of

eds are.reversed. By the use of appropriate interconnections, the same path through

he source of
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HEAT SINK COOLER
( EVAPORATOR)

ADSORBING
SILICA GEL
BED
1

. 1
X{]TNROTTLE VALVE Oout

Py

[

REFRIGERANT CONDENSOR Join
RADIATOR
_________ v
SILICA GEL
BED WITH
0 ADSORBED
n REFRIGERANT

FIGURE 45 - Silica Gel Cooling Method

4.4.6 Variable Radiation Methods: One means of controlling thé surface temperaturg of a space
vehicle fgr the condition of varying internal heat load andivarying solar radiatiop incident on the
surface i$ to change the emissivity or reflectivity of the,surface. Several methdds for varying
the emisgivity are discussed in the following paragraphs. These methods are ¢haracterized by
a movable element whose position or attitude is<varied in order to change the emissivity or
reflectivity of the outer surface of the vehicle.

4.4.6.1 Venetian Blind Shutter Type Method:, (This type of controller is shown in Figure 46. With the
shutter|open, the exposed area presents a surface of one emissivity, while the outside
surfacgs of the "slats" in the closed’position can be made to have a different|emissive and/or
reflectiye character. By varying-the degree of opening, any value between the open and
closed pmittance can be obtained.

HINGED
SHUTTER

VEHICLE SKIN

FIGURE 46 - Venetian Blind Shutter, Hinged Type
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4.4.6.1 (Contin

ued):

One way of mounting the slats is illustrated in Figure 46, in which the slats are mounted to
the vehicle surface by hinges. This method permits some heat to be transmitted by
conduction so that the slats serve as "radiating fins."

Another way of mounting would be to pivot the slats along their longitudinal axis; thus, no
contact would be made with the radiating surface. The slats can be positioned by a single
mechanism actuated by volumetric or pressure changes in a temperature sensing bulb, by

photoe

The fol
emissiy
heat lo
design,

To mak
be use

Equatic

emissiVity, since there may be many combinations of values for [J and the sl

Further
on the
radiatin

The ab

emissiVity, since-thie radiation interchange between the various surfaces are

and the
these r
analog

ectric cell, or by bimetallic thermostatic elements.
owing discussion is a presentation of a way in which the required valt

ity of the vehicle surface and both sides of the slats may bedetermin
hd and vehicle surface temperature. It will not be a complete discussi

e a rapid estimate for the required values for emissivity, the following
il

O eeff FAT S~ X 0AG=Q =0

Eeff =€ slat COS PP Egiin (1-COS Q)
ns 63 and 64 illustrate the complexity involved in determining require
complexity is introduceed.for an orbiting vehicle because the solar rad
Various surfaces varies ‘with the vehicle orientation with respect to the
g bodies, such asthe Sun and the Earth.
bve equations.are not sufficient to determine accurately the required
equations are limited to steady-state conditions only. A method that

pstrictions is presented in the following paragraphs. This method utiliz
and'thermal analog networks described in Reference 16. See Figure

es for
bd for a given
bn of the slat

equations may

(Eq.63)

(Eq.64)

0 values for

it angle ¢.
ation incident
various

alues for

not considered
does not have
res the radiosity
47. The use of

networ

5 greatty facititates the visualization and accounting for the various

odes of heat

transfer and helps to establish the necessary relationships for the analysis of the problem
through the use of digital computers.
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4.4.6.1 (Contin

For illu
will be
shown
(Figure

As sho

0 +03 -460F

1/(hy A)s‘l

1/(he A)3

FIGURE 47 - Thermal Analog Network for Venetian Blind Shutter
ued):

btrative purpose, the case in which the slats are perpendicular to the \
considered, and this is shown in Figure 48. Theé/incident angle of the
fo be less than 90 deg, so that a shadow is cast on side 2 and a porti
48a).

INCIDENT RADIATION

//// / INCIMN?ADIATION

(o) (b)
FIGURE 48 - Cross Section Through Shutter Arrangement

vn inlFigure 48b two sources add thermal energy, the heat load adde

the soITr radiation incident to the three sides. The heat load Q is assumed tg

directly i

ehicle surface
solar radiation is
bn of side 3

d to side 2 and
be applied

laboration.

Solar radiation requires careful consideration because of the interreflection of the three
sides. Only part of the solar radiation impinging directly on a side is absorbed and the
remaining energy is reflected to the other sides, which in turn reflects back again the energy
not absorbed. This is illustrated in Figure 48b.

The most convenient way to determine the amount of solar radiation absorbed by the three
sides is to use the radiosity method described in References 16 and 21, and the radiosity

analog network illustrated in Figure 49a. A single node for each side is used for illustrative
purposes. For a more refined analysis, more nodes would be introduced.
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1/(FA)23

GA,COs 8,

(a) dE2

17(FA)
Es-Js 2

I/(FA)g, 1/(FA)g 3

('-_e) =€)
€A}, V/(FA)3 €Al

E, J3 €3
I/(FA)|2 1/(FA)23

(b)

VA

FIGURE 49 - Radiosity Analog Network for Venetian Blind Shutter

4.4.6.1 (Continued):

The radiosity method is limited to diffuse emission and reflection, so it is assymed that the
surfacgs considered here-are of the diffuse form. One further assumption is fthat the
surfacgs are similar to('gray bodies" (O = a), with the exception that the valug for solar
absorptivity o is different from infrared absorptivity or emissivity.

The copfiguratian factor F for the three sides can be readily determined by uging the string
methoq discussed in Reference 18, if it is assumed that the "slats" are infinitgly long.

By applyinmg Kirchoff'staws forefectricat metworks, three equations are written for heat flow
into the radiosity nodes. The surface temperatures or potential (E1, E,, and E3) are set to
zero and the radiosities (J1, J», and J3) are determined from the following three equations:

GA; 0080+ (FA)¢ 31 +(FA) ;5 (I = I3 )+ (FA) (31— J;)+ [f‘sA j J;=0 (Eq.65)
—og ),
oA
GA, €080, +(FA), , 35 +(FA), (I = J1) +(FA) ;5 (I = J3) + | 9270 (Eq.66)
s/2
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4.4.6.1 (Continued):

oA
1-oq

GA;3 €0803+(FA), 333 +(FA) 5 (I3 = J1)+ (FA) 5 (I3 - J2)+[ j J;=0 (Eq.67)
3

The values for J;, J,, and J; are then substituted into the following equation to determine the
amount of solar radiation absorbed by each of the surfaces:

oA
Qups = Ll_ - JJ (Eq.68)

Since the incident radiation G on each side varies with vehicle orbit position, which is time
dependent, it is possible to obtain the variation of Q.ps With respect to time, af illustrated in
Figure pO.

Q2

Q3 Q}

INCIDENT RADIATION
ABSORBED, Q

TIME
FIGURE 50 - Incident Radiation Absorbed

Radiatipn heat transfef involves proper accounting of all interreflections between the slat
surfacgs and the skinx This can be readily accomplished by utilizing the radigsity analog
network similar to’the one illustrated in Figure 49b. Since no energy is reflected from space,
the potential Esis’equal to radiosity Js. Also, the emissivity is different from the one used in
determ|ning<the solar energy absorbed, Figure 49a, since the emitted radiation is assumed to
be in theqinfrared band, which has a longer wavelength.

Again, three network equations are written from which radiosities J;, J,, and J; are
determined. These values are then used to determine the interchange factor f, between the

various surfaces and space.

(E) (E1=30)+(FA) 4 (Es —31)+ (FA),5 (33 = 1)+ (FA), (3, - 31) =0 (E.69)
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4.4.6.1 (Continued):

1-e

(ij (Ey-J,)+ (FA)S’Z(ES —J3)+(FA),, (31— 32)+(FA),5(J3 - J,)=0

(ij (Es - J3)+(FA)S’3(ES —J3)+(FA)5(31 - J3)+(FA) 5 (3, — J3)=0

1-¢
To detgrmmi ' i . 2, ;
E, = E)J= E; =0, and solve for J;, J,, and J;. Since
eA
()€ -E1)=( 2| (-8
—€ /1
then
eA
fA) . =[— | J
( )5’]_ (l_ejl 1
Similarly,
eA
fA) =— | J
( )3’2 (l_ejz 2
eA
fA) .=|—| J
( )5’3 (l—€j3 3
To detgrmine the interchange factor between side 1 and sides 2 and 3, let E;
= E3 = 0; again salye for Jq, J,, and Js. Since
eA
()o(E:-E2)=[ £2] (0, -E,)
then

eA

(fA),, = (Ejz J2

(Eq.70)

(Eq.71)

Es=Js;=1and

(Eq.72)

(Eq.73)

(Eq.74)

(EQ.75)

=land Es=E,

(Eq.76)

(Eq.77)
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4.4.6.1 (Continued):

4.4.6.2

Similarly,
eA
(fA),5 = (EL% (Eq.78)
Also,
(fA)23 =(fA),, (Eq.79)
The abpve procedure is repeated to determine the remaining interchange fagtors. These

factors
betweeg

The va
therma
is show
and rad

The ab
the speg

Rotatin
on the
spirally

are then used in the following equation to determine the radiation the
n the three surfaces and space:

1 1

Rp = =
" hA S(tA) (T + T J(Tir +T)

ues for thermal resistance and solar radiation absorbed are then utiliz
analog network to compute the temperature of the three surfaces. A
n in Figure 47. In this network, Ry ¢epresents the combined conducti
iation resistance between sides 4and 2 and sides 2 and 3:

. 1 _ 1
T (WR)+(/Rg) ~ (KA/L)+h,A

pve procedure will require several iterations to establish the desired e
cified heat load-and surface temperatures.

0 Mask Method: A temperature control method employing rotating mg

wound bimetallic strip senses the internal payload temperature, and t

rmal resistance

(Eq.80)

ed in the
typical network
DN resistance

(Eq.81)

missivities for

isks was used

Atlas Able-4 Lunar Satellite (Reference 29). This is illustrated in Figure 51a. The

hese

temper

pture changes cause the rotation of the mask through differential exp

hnsion or

contraction. On the surface of the vehicle were alternating 45 deg segments of materials
with ratios of high and low absorptivity to emissivity. The rotation of the mask covered one
and uncovered the other as required. Fifty of these units were used on the surface of the
spherical satellite, placed as uniformly as possible to reduce the influence of varying Sun

angle.

About 20% of the satellite surface was so controlled.
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e
s - VEHICLE SURFACE

ROTATING SHIELD

F

4.4.6.2 (Continued):

Advantpges claimed for this method include the fact that there is, essentially

moving
Sensiti

large nimber of individual units cgntributes to the reliability of the whole syst
failure ¢f a single unit will affect the degree of temperature control far less th
similar failure in some othersystems.

4.4.6.3 Translg
fashion
central

MOTOR DRIVEN
ROTATING
INNER CYLINOER

OUTSIDE CYLINDER
(VEHICLE SURFACE)

IGURE 51 - Translating and Rotating Mask Temperature Control Unit

part. This adds to simplicity and reliability and helps to keep the weig
ity to vibration is reduced because the unit is balanced about its pivot

[72)

only one
ht relatively low.
point. The

bm, since the
hn would a

ting Mask Method: The translating type mask operates in very much the same

as the rotary.mmask. The essential difference is that the mask does npt pivot about a
point but-moves laterally to cover and uncover surfaces of differing thiermal
eristics.\Figure 51b shows the form of one translational mask method.

pand. This band

ips of aluminum

oxide paint. An outer concentric band has openings in it of approximately the same size as
the alternating polished aluminum and painted strips. A battery powered motor moves the

outer band to expose the required proportion of each surface in response to signals from a
thermostat in the life cell. The heat generated in the life cell is conducted to the inner band
through the radial ribs.

It is interesting to observe some of the reasons that favored the choice of this method. The
proponents note that:
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4.4.6.3

4.4.6.4

(Continued):

"Since the shields represent added weight, it is desirable to place them where they would
have the maximum effect in raising the moment of inertia about the spin axis, i.e., at the
periphery of the central plane. To prevent large axial temperature gradients in the life cell,
heat generated in it is best removed from near its middle, rather than from its ends.
Placement of the shields at the largest diameter of the satellite would assure the least
possible variation of incident radiation, since the controllable surface can then not be shaded
by other parts of the satellite, but can at worst only be turned at right angles to the incoming
radiatign.”

The pufpose in quoting these statements here is to emphasize that some mdthods have
certainjadvantages not possessed by other methods. For examplejthe rotating mask
method would be of no help in stabilizing spin, but could prevent large axial temperature
gradients and would have far less variation of incident radiationthan would the method
described here.

Mercury Film Temperature Control Method: A temperature control method has been
suggested that would utilize the fluid and reflective properties of liquid mercuyy in a manner
illustrated by Figure 52. In operation, the temperature sensing bulb, containing mercury,
would e located in the region where temperatur€’is to be controlled.

N i

/ GLASS

HIGH EMISSIVITY
" SURFACE

T—— MERCURY FILM

=77 5"

FROM TEMPERATURE
SENSING MERCURY
RESERVOIR BULB

FIGURE 52 - Mercury Film Temperature Control Method

Increased or decreased temperature would cause a volumetric expansion or contraction of
mercury with a consequent rise or fall of a continuous thin film in the space between a glass
or quartz "window" and a suitable backing. This backing could be of high absorptivity or high
emissivity material, the choice depending upon a requirement to bring solar heat into the
vehicle or to reject internal heat from it.

At the present time (circa 1966), this system is undergoing analysis and shows some
promise for satisfactory operation. The arrangement has simplicity and reliability.

-93-



https://saenorm.com/api/?name=3f6786e976a1d6c58eb83ac5309bc684

SAE AIR1168/13

4.4.6.4 (Contin

ued):

Other variants of this principle involve the use of pressure changes to actuate bellows or
pistons to move the mercury. The use of a photoelectric cell to signal the start of a pump
also suggests itself. In each case, the object is to cover more or less of a critical area with a
reflective shield, capable of adjustment to any position within a range and free, in the shield
itself, of moving mechanical parts.

4.4.6.5

The elg
edges

window
would t

The pa
used td

45 Active Tem

4.5.1 Vapor Cy

Figure 53.

other cyg

Figure 5§.

of thermal energy into or heat out of the vehicle by the formation of

ctric field would be formed by applying an electric curtent-to electrode
pf the system, with the patrticles then collecting at these*electrodes. T
opaque, the current would be shut off and the brief actuation of a vilg
hen send the particles out in a random distribution:

ticle cloud shield operates in a manner siniilar to that of electrostatic
remove fly ash from flue gas. No develepment work has been done

perature Control:

cle Refrigeration: The ideal réfrigeration cycle is the reverse Carnot ¢
The vapor refrigeration-gycle (Figure 54) approaches this ideal mor

Particle Cloud Shield: In this method the evacuated space between the window and the

ue to solar
could be

b permit the

an electric field.

s at the outside
0 make the
rating device

brecipitators
on this concept.

ycle shown in
b closely than

les. The arrangement of the components making up the physical plant are shown in

TEMPERATURE

IDEAL WORK,
We

3 HEAT
ABSORBED
Qc

ENTROPY

FIGURE 53 - Temperature-Entropy Diagram for Reverse Carnot Refrigeration Cycle
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®
0 .

® 8
/ — gégnaso

ENTROPY

TEMPERATURE

FIGURE 54 - Temperature-Entropy Diagram for a Vapor Refrigeration Cycle

45.1 (Continug

In the Canot cycle, a fluid is expanded isentropically from a relatively high tem
shown by state 1, to a lower temperature at state 2. In this process, some wor
extracted from the fluid to reduce its temperature. The fluid then absorbs heat

condition
temperat
state 4.

the fluid o its original conditien at state 1.

The operation of the caGmmon refrigeration cycle is similar to the ideal. Liquid 6

throttling
temperat

temperatpre, T3, the fluid (a mixture of liquid and vapor) flows thorough the evg
heat from the'refrigerated or air conditioned space is absorbed by the evapora

THROTTLING DEVICE
VAPOR CONDENSER
————

HEAT REJECTED FROM CYCLE

FIGURE 55 - Vapor Refrigeratien Cycle

pd):

ed or refrigerated compartment while going from state 2 to state 3 at
Lre T,. Next, the fluid is compressed isentropically to the high temper
A\t this temperature, heat is dissipated from the fluid in a radiator, ther

device at.asrelatively high temperature and pressure, and expands to
Lire and\pressure at constant enthalpy, but not at constant entropy. A

perature, T,, as
K must be

from the air
constant

ature, T,, of
eby returning

nters the

a lower

t the cold
porator, where
ing fluid.

To simplify the analysis, it is usually assumed that saturated vapor enters the compressor.
Both the temperature and pressure of the fluid are increased in the compressor. The vapor
condenser dissipates the heat energy either to space or to the environment. Condensation of
the vapor takes place in this process, and by the time the fluid returns to the original condition
at state 1, it has completely reverted to the liquid phase.

The required work for the cycle shown in Figure 54 is represented by the area 1a234b1l, and
the heat absorbed is represented by the area Q;. An increase in work is caused by heating of
the fluid (by compression) to a value higher than the maximum temperature of the ideal Carnot

cycle; thi

s work increase is represented by area S.
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45.1 (Continued):

45.2

An additional amount of work results from the irreversible throttling from point 1 to point 2; this
work increase is represented by area T. The heat equivalent of the work represented by area
T remains in the fluid and thereby reduces the amount of heat that may be absorbed by the
evaporating fluid. Expansion of the fluid through a power generating device, such as a
hydraulic motor, could reclaim much of this lost energy; however, this complication is rarely
justified in a practical situation.

The char
1. Powe
refrig
0.39
condg
2. Integ
limite
3. Limitd
Powe
4. Geneg
mate
refrig
Gas Cyc
cycle bed
temperat
by proce
cooling p|

turbine o

ACLErSTCS Of the vapor cycle system Include:

r — An average value of power requirements for most vapors isci, hp/t
bration or 0.21 kW/KW. For carbon dioxide, the figures are 1:83 hp/t
W/KW. The operating temperatures assumed are 5 °F for evaporatig
pnsation.

ation — Because of the nature of its function and,thé materials involve
d to interchanges of heat.

itions — Leakage of refrigerants could be dangerous to the crew or ca
r requirements are relatively high.

ral — Vapor cycle refrigeration is a.well-tried method of temperature cq
ials, components, and skills necessary to design and construct a spa
brator are readily obtainable.

bn of
bn and
n and 86 °F for

d, integration is

hin equipment.

ntrol. The
ce cabin

e Refrigeration: Gas cycle refrigeration deviates considerably from the ideal Carnot

ause the absorption.and rejection of heat take place at continuously
lres. The gas, usually air, picks up heat at essentially constant press
bs A-B in Figure™567 It is then compressed isentropically from B to C,
focess (C-D).in.which heat is rejected at constant pressure. Expansig
" air motordrem D to A returns the gas to its original state.

arying

ure, as shown
ollowed by a
n through a

TEMPERATURE

i

A
ENTROPY

FIGURE 56 - Temperature-Entropy Diagram for a Gas Refrigeration Cycle
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4.5.2 (Continued):

45.3

Characte

ristics of the system are:

1. Power — The power requirement for an air cycle system comparable with the vapor cycles
evaluated in 4.5.1 is 2.82 hp/ton of refrigeration, or 0.6 KW/kW.

2. Integration — The manned cabin may be used as part of the plumbing, thereby eliminating

arate heat exchanger and cabin air circulation system.

asep
3. Limita

vapol
4. Gen€g

can b
not tg

Absorptig
except th
diagram

it is disso
then pum
applicatig

itions — Gas cycle refrigeration requires much larger and heavier equi
systems of the same capacity, especially compressors and radiators

e replenished, within limits, from the cabin atmosphere. ‘Because con
ke place, zero gravity presents no special problems.

n Cycle Refrigeration: The absorption refrigeration cycle is similar to
at the compressor is replaced by an absorptien process. Following th

pbment than do

ral — The chief advantage of the air cycle system is that therefrigerant is not toxic and

densation does

the vapor cycle
e schematic

pf Figure 57, the vapor is seen to leave the“evaporator and enter the absorber. Here

ped into the generator at higher pressure, and the refrigerant is distill
n of heat.

THROTTLING
DEVICE

(WEAK
SOLUTION)

CONDENSER

OO

HEAT OUT

(VAPOR)

Ived in an absorbing agent at relatively.lew temperature and pressure

The solution is
ed off by the

FIGURE 57 - Absorption Refrigeration Cycle

The refrigerant, now in vapor form, passes to the condenser, while the solvent, with most of
the refrigerant removed, returns to the absorber. A variation of this system uses an inert gas
to raise the total pressure in the evaporator and absorber to nearly the level of the condenser
so that the liquid can be cycled by thermal action only, and no pump is needed.
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4.5.3 (Continued):

454

ristics of this system are:

Power — The actual power requirements of an absorption system are very low, being only

those required to operate the pump. However, heat applied to the generator must be
considered when making comparisons between systems. The total heat and power
requirements of an absorption system will be 10 to 20% greater than for an equivalent

ression system.

Characte
1.
comp
2. Integ
redud
suffic
220°
3. Limita
and t
4. Gen€g

energ

Vortex TTbe: By expanding gas through a vortex tube, sometimes referred to

a Hilsch

Figure 5§.

The gas
up a whir
tube is cq

depressin)n, only about 20%.0f the gas can be removed in the cooled state. H

refrigera
by extrac

The temy
temperat

ation — The absorption system can use heat rejected from other syste
ing the requirement for generated power. The temperature, hawever
ently high to distill the refrigerant, which, in the case of an ammonia-\
.

itions — Some difficulty could be expected in zero gravity in separatior
ne circulating solvent.

ral — The possibility of using solar power or waste heat for the greater
y requirements of this system makes it worthy of study.

ube, a portion of the gas will be cogaled. A vortex tube is shown sche

enters the tube through a.nozzle, which discharges the gas tangential
ling motion within the tube: The portion of gas removed from the cen
Ider than the portion removed from the periphery. For maximum tem

ng effect (that iS,;the product of temperature drop and weight flow) c4
ting a larger.percentage of the flow.

erature.drop in the cooled portion is generally less than 50% of the is
Lire dfop for the same overall pressure ratio. As the overall pressure 1

increasetii, lower percentages of the isentropic temperature drop are obtained.

ms, thereby
must be
vater system, is

of the vapor

part of the

ns a Ranque or
matically in

y and thus sets
ral core of the
berature
bwever, a larger
In be obtained

entropic
atio is

The performance of a vortex tube is poor as compared to expanding the gas through a turbine
or a piston engine. Consequently, a vortex tube can rarely be justified as a separate entity.
However, as part of an integrated system, it may have merit. Assuming that a blower and a
gas distribution system are already required in a vehicle, little or no additional penalty may be
accrued by the addition of a vortex tube. The vortex tube can serve as a flow divider while
additionally delivering cooler gas to critical components. Also, the absence of moving parts

makes a

vortex tube attractive from a reliability point of view.
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4.5.5

Peltier Cpoling: Because of the Peltier effect, heat is generated or absorbed W
direct cufrent flows through a junction between two unlike materials. This effeq
pronounged when certain types of 'semi-conductors, such as bismuth telluride,
circuit. A practical device based on this principle usually has a configuration si
shown in|Figure 59. The-passage of a direct current produces a temperature @

T.) betwgen the junctions:

The devige is used for cooling by placing the colder of the two junctions next tg
source, which,isithe body or space to be refrigerated. A Peltier cooler is a hea
consequéntly;the heat removed from the source is pumped from the cold to th
along with the heat to which the electric power degenerates.

>
|
| |
’Lllé

K ;\ HOTTUBE

FIGURE 58 -Jhe Vortex Tube

henever a

t is most

are used in the
milar to that
ifferential (T,, —

the heat
[ pump;

rz hot junction,
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Characte

1. Temg
betwe

D

455 (Continug

ristics of the Peltier heat-pump are:

ELEMENTS
[ ELECTRICAL
AND THERMAL
CONDUCTORS

SOLDERED
SURFACES

HEAT IN

A

—1)[t
D-C POWER SUPPLY

FIGURE 59 - Peltier Heat Pump
d):

nsulation must be provided between element arms to prevent the bag
as. Electrical insulation must be placed in appropriate areas to preve
Connecting a number of elements-electrically in series and thermally
a simple and compact coolerthat finds its best application where rela
ads and small temperaturedifferentials are involved.

erature Differential)— The maximum temperature differential that can

ben the junctien'is

1 2
2 ZOTc

(Th -T, )max

kflow of heat in
nt electrical

in parallel
itively low

be produced

(Eq.82)

wheré Zg is the combined figure of merit of the two types of materials used

Realistic

values for Zy are 0.0025 to 0.0030/K.

(o) that can be obtained is

T +T. T

T 1+Z, h2 ¢ ?h
eO:[T—CT} TaT
hred vz, h2°+1

Performance — The maximum coefficient of performance (cooling load per unit power input,

(Eq.83)

- 100 -



https://saenorm.com/api/?name=3f6786e976a1d6c58eb83ac5309bc684

SAE AIR1168/13

455 (Continued):

3. Weight — A representative range of heat flow density is 1000 to 5000 Btu/h-Ib of cooler,
excluding heat transfer surfaces or radiator. With normal cold and hot plates, these values
will be decreased by a factor of 3 to 5.

4. Integration — Elements may be soldered directly to vehicle structure. In some cases, the
cooler may be revised to act as a heater.

5. f transport of
5 sometimes a
6. e, and high

nsensitive to
gravity field. Temperature ranges from 0 °R to about 1500%R. Operation in vacuum is

best for insulation and prevents oxidation. Peltier cooling is best applied where accurate
contrpl and/or spot cooling is required.

4.6 Technical Approach, Active Temperature Control Methods:

Active temperature control methods have been defined as methods that require p heat pump,
removing heat from a source or evaporator to@ sink or radiator-condenser at a higher
temperatune. The cycles discussed in this section include vapor cycles, gas cycles, and
thermoeledtric cycles. Modified gas cyclés that incorporate a vortex tube are alsp included.

The zero gravity effects of the spaCe‘environment create major problems in the gesign and
operation gf the vapor cycles. Consequently, detailed discussion of methods of design for
evaporators and radiator-condensers for operation in zero gravity is included. Note that
although the term "heat pump” is used here, most of these cycles are refrigeratign cycles and
cannot be feversed as inithe usual "heat pump" sense because the evaporators [and condensers
are compldtely different-in design, owing to the zero gravity requirements. The ysual "heat
pump" is lgss efficient than a refrigeration cycle, since dual purpose condensers fand
evaporators arelrequired and these result in lower condensation and evaporation efficiencies.

Zero gravity cts—3 ot aprok gas-ahd C . —Howey
refrigeration cycles have one drawback in common — a high power requirement. That the power
requirements are evident in the COP relationship is shown by

_ Cooling power
Input power

COP (Eq.84)

Unfortunately, increasing the efficiency of the compressor or system does not drastically change
the COP relationship, since the COP is more a function of the thermodynamics of the cycle.
Thus, power penalties in weight, surface area, and volume must always be considered in
comparisons of active methods to passive and semipassive methods.
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4.6.1 Vapor Cycle Methods: For several reasons, vapor cycle methods should be considered for
certain space applications. These methods have high performance characteristics, are able to
provide refrigeration for large heat loads at the required location, and can operate over a wide

range of

altitudes from ground to outer space.

The extensive development of vapor cycle systems for aircraft and missiles provides a wealth
of data and experience for space applications. The use of the vapor cycle in space, however,
introduces special problems involving the operation of components in a weightless

environment. In addition, the continued exposure of refrigerants to space radiation may create

new prob

As an elg
finds its 4§
conclusid

1. With
to op
desig
simpl

The €
transi

lems not considered in the past.

ment of the active thermal control system for space vehicles, the vap
L pplication in meeting a requirement for large cooling capacity“Two g
ns concerning its use are:

brate in a zero gravity environment by introducing-so0me modifications

e vapor cycle using Freon 11 appears most premising for space appli

vaporator of this zero g vapor cycle would’be of conventional design,
er surface such as the plate-fin or vartex type. The condenser would

radiafor type using a tapered tube desigmn:

contr
order,

4.6.1.1 Conver
exchan

evapor
mechal
pool bo
nature.
temper

Othel

components of the cycle are eommon to that of high-speed aircraft e
Dl systems. This present-day approach is characterized by a specific
of 35 Ib/ton of cooling capacity.

tional Evaporators:=The evaporator in a vapor cycle refrigeration sys
ger in which heat;is transferred from the source to the refrigerant. In

nisms, onela-transfer due to forced convection and the other a contrib
iling. Bailing takes place by the formation of bubbles around nuclei o
These vapor bubbles grow and collapse at a rate controlled by the li
Ature, pressure, and surface tension.

bresent (circa 1965) state-of-the-art, the componentsf the vapor cyg

ns for ground application. Within a condenserdemperature range of ]

Dr cycle system
eneral

le can be made
to present

50 to 250 °F, a
cation.

using a heat

be of the

nvironmental
lveight on the

em is the heat
conventional

htors operating.on Earth, the heat transfer regime is a mixture of two Iasic boiling

ution due to
unknown
juid

For effective transfer, these bubbles must be continuously removed from the heat transfer
area, which thus remains wet. Removal of a bubble takes place when it collapses upon
contact with a subcooled liquid or under the influence of the inertia of the surrounding liquid.
In a zero gravity environment, there are no body forces.

A still liquid without inertia does not contribute toward the removal of these bubbles. The
coefficients of boiling heat transfer would therefore be several orders of magnitude lower
than those usually accepted. Forced convection would then remedy and help maintain the
heat transfer coefficients at a higher level by contributing to the removal of the vapor
bubbles.
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4.6.1.1 (Continued):

It appears that a conventional evaporator can be used for zero g applications if the amount
of forced convection is increased. This will occur at the expense of a higher pressure drop or
a reduction in At across the heat transfer surface.

If conventional designs are to be applied effectively to space equipment, the parameters
characterizing these processes must be maintained close to the values known to yield
satisfactory operation on Earth, since boiling heat transfer is a mixture of dynamic and
therma[ processes. For dynamic similarity, dimensionless Bonde and Weber|numbers must
be intrqduced, along with the usual Reynolds number.

The following example illustrates the evaluation of these numbers for'a typical Earth
applicafion design, given these conditions:

1. For|Freon 11, pg=91.4 Ib/ft® (or 1.413 g/cm3)
2. Surface tension o = 19 dynes/cm (Note: 1 dyne =@ ¢ - cm/s?)
3. Hydraulic diameter D, = 0.1 in = 0.00833 ft (or 0:254 cm)
4. Acdeleration of gravity on Earth, go = 986.cm/s®
5. Logal gravity field, g = kgo
where k = 1 for Earth gravity.canditions.
6. Floy of fluid in evaporator,-V = 1 ft/s (or 30.48 cm/s)

7. Bornde number,

2
Ng, =21 P9Kdo pgkgo =47k (Eq.85)
8. WeperPnumber,
pgV°D,
Nuwe == =17.55 (Eq.86)

For a Bonde number smaller than 1, the gravity field has a preponderant effect on capillary
forces. For the preceding conditions, this takes place in an environment with g = (1/4.9) go.
To maintain this similarity in flow gravity operation, the evaporator requires a larger Dy, and
thus becomes heavier and more voluminous. As zero gravity approaches, there is
increasing difficulty in keeping the Bonde number at the same magnitude as in conventional
design. An investigation must be made into this deviation to determine a rational design
approach.
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4.6.1.1 (Continued):

Inertia force will be preponderant in comparison to capillary force if the Weber number is
larger than 1. From the above example, a velocity of 1 ft/s still yields a good Weber number.
Thus it appears that this number can be easily maintained in designing for zero gravity.

Since the thermal process is generally correlated in terms of the previous physical
parameters, the heat transfer parameters possibly can be maintained within a range of
practical values. Pending further investigation of the problem of zero g boiling, these
argumednts are presented to SUpPpOrt a design approach based on the converjtional technique
for evaporation design (References 30 and 31).

The volumes and weights of some lightweight evaporators using the plate-fin, tube-fin
construction are presented in Figures 60, 61, and 62. The success-of the copventional
approath is presently supported by the operation of the plate:-fifyevaporatorg used on the
Project|Mercury environmental system, as shown in Figure 63, The heat transfer surface on
this unit is made from offset finned packages. The offsetfins act as turbulatgrs, creating a
flow fie|d that aids vapor bubble entrainment.

1.6
- V=0
1.2 T
n._ r/
g >l vio
g P\'P l /’ —“ V=35
-4 / 5“ "1 s
g -1 Xt -(_ ) .§.v s
— p—— \ - Vov e
4 & N\ Vou" T Vex
VORTEX TUBE (ZERO q)

I%OO 2000 2900 2800 3200 3600 4000
EWAPORATOR HEAT LOAD, BTU/MIN

FIGURE 60 - Comparison of Volumes of Freon 11 Plate-Fin,
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FIGURE 61 - Comparison of Volumes of Freon 1% Plate-Fin,
Vortex Tube, and Plain Fin-Tube Evaporators
Same Conditions as for Figure 60 Except.That AP, = 0.1 psia
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FIGURE 62 - Comparison of Weights of Freon 11 Plate-Fin,
Vortex Tube, and Plain Fin-Tube Evaporators; te = 40 °F, Aty = 25 °F, AP, = 0.3 psia
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4.6.1.2

0, OUTLET

H,0 INLET

STEAM OUTLET
FIGURE 63 - Environmental Control System Evaporator for Zero Gravity Opgration

Vortex [Evaporators: Vortex evaporators have been_considered for space applications, to
take advantage of the artificial gravity field induced-by rotating the fluid in stationary
passages. Physically, the evaporators consist oftubes with twisted tapes ingerted internally.
The bolling refrigerant flows inside these tubes:in a helicoidal path. The rotajional motion
impartg an artificial gravity field g' in which

g'= o (Eq.87)
where the radius of rotation r is/expressed in inches.

From Reference 5, the rotational speed can be calculated by assuming that the flow follows
the twigt Y of the blade-with a mean axial velocity V,; thus,

o= 30Va (Eq.88)

vD[1- (1:/2Y)2]}/2

where {he Totationat speed wis given i rpiT and the expansion factor Yis expressed by the
number of diameters advanced per 180 deg twist.

Preliminary evaluation of the merits of vortex evaporators has been made with a simple
modification of the Roshenow correlation for boiling heat transfer:

0.1 2
h:K[w_Zr] (9)4 (£.89)

do A

where K is a grouping of physical properties of this fluid (Reference 32).
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4.6.1.2 (Continued):

4.6.1.3

Evaluation of the pressure drop due to the two-phase flow on the vortex side of the
evaporator can be made from data in Reference 36 and application of the Lockhart-Martinelli

theory.

The results of the calculations of vortex evaporators carried out by Reference 31 are shown

in Figures 60, 61, and 62.

It appears that the vortex evaporator does offer an advantage in

weight and volume, accompanied by a reasonable pressure drop. These comparisons have

been
46.1.1
not hol

Althoug
further
for zerda

Evaporators Using Capillary Material:
htor design to provide a liquid feed to all surfaces. Reference 31 desg
using capillary material in an ice-water evaporator in which a wick (Lig

evapor
design
the boili

A capil
through

where a cross-flow evaporator is presented. Air flows in one side through the
surfacgs. Fibrous material fed from water storage lines the other side of the

surface.
ne heat transfer surface. When evaporation takes place, the vapor eg

the perforated spacer fin-

along t

ade with a 1 g evaporator.

I the more favorable position in the competitive picture.

ary evaporator for use in space applications must present some free |

IT due consideration were given 1o the reasoning of

calling for a relatively higher forced evaporation, the conventionakevpporator would

h these preliminary calculations have been made with data of reasonjble reliability,
nvestigation is still needed to ensure the definite advantage of the voytex evaporator

g application.

Capillary material has been proposed

ng side of the heat-exchanger.

which the boiling bubble can escape. Such an approach is shown in

The surface tension praoperties of the fibrous material move and dis

PERFORATED
SPACER FIN

VAPOR
L
] — —
Fierous _ | AHHM 1M V:
materiaL N\ |HI |8 H:
3 : — -
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- - r—-'
- =N
AIR FLOW = = =
PASSAGE/ =ZR=a== =

\wnsa STORAGE
FEEDING FIBROUS
MATERIAL

FIGURE 64 - Proposed Design of an Evaporator Using Wick Material

n space
ribes a typical
uid Lock) fills

bassages

Figure 64,

e plate face
heat transfer
fribute the water

capes through

Capillary material may take less forced convection power than other designs and also

provide

a fluid storage reservoir.

Heat transfer data on these materials, particularly in zero g

operation, are still scarce. Pending further experimentation, Reference 31 suggests using
the correlation due to Gilmour:
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4.6.1.3 (Continued):

0.6 0.21 077
h ([ CpM Lo D.G
| =P P9 ~0072| =¢ (Eq.90)
c,G'{ K P 18
where:
G = (Eq.91)
Aec hfg
and
q_ 2
— =Heat flow, Btu/h—ft
A
(Eq.92)
D, =Dimension parameter,
P9,
c= 1_ wick (Eq93)
pgfiber
A prelirpinary investigation of these materials, reported in Reference 31, shoys that material
stability is the major problem. Unless thé*'material is properly selected or the |additional
forced gonvection is kept within a limiting value, the behavior of the material alters after a
period pf operation. Table 17 presents the physical characteristics of some wick material
reported to be promising (Refetence 31).
TABLE 17 - Physical Properties and Absorption Characteristics of Wick Materials
Sample aximum Maximum
Number Thick- Maximum Volume  Weight Density Water Water
and Width, «Height, ness, Volume, Weight, Density, Rise, Time, Ratio, Ratio, Ratio, bsorption  Absorption
Material in in in in Ib Ib/t® in* min®  Vu/Ve  Wu/Wg Pu/Pg Ib/lb Ib/t®
1. Refrasil Batt -4 -- -- -- -- -- 1.5 35 0.675 11.78 17.4 10.77 26.6
Dry Condition 40 5.0 1.0 20.0 0.0287 247
Wet Condition 4,125 5.25 0.625 135 0.337 43.2
2. Refrasil Bulk -- -- -- -- -- -- 6.25 31 1.00 3.87 3.87 2.87 40.9
Dry Condition D,
Length 1.875 24.8 0.205 14.2
Wet Condition Length 1.875 24.8 0.793 55.1
3. DuPont Cellu-
lose Sponge - - - - - - 3.5 60 1.35 10.10 7.51 9.09 31.9
Dry Condition 1.613 5.0 0.75 5.98 0.0121 3.54
Wet Condition 1.75 5.25 0.875 8.04 0.122 26.3
4. American Felt
Co. No. 7546 - - 4.375 6600 1.03 3.68 3.58 2.68 53.4
Dry Condition Dia. 0.28
Length 11.33 0.717 0.0084 20.2
Wet Condition Dia. 0.28
Length 11.94 0.737 0.038 72.3
5. American Felt Co.
Co. 17/3, No. 7545 - - - - - - 5.25 1440 1.00 3.49 3.49 2.49 42.0
Dry Condition 2.813 6.125 0.813 14.01 0.137 16.9
Wet Condition 2.813 6.125 0.813 14.01 0.477 58.8

* Maximum height to which water rose in the dry specimen against gravity and the time to reach this height.
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4.6.1.4 Condenser-Radiator: In some instances, the refrigerant of the vapor cycle rejects heat

directly to the outer space without an intermediate heat transfer loop. This rejection takes
place in a condenser-radiator. For simple analysis, the heat rejected per unit of cooling load

is calculated as

where:

Qr _qy !
Q. h(COP)_,

~—
o

in whic

and

:OP)Ct = Carnot coefficient of performance of vapor cycle

T

:Tl_TZ

T, =Condenser temperature

T, =Evaporatortemperature

1 1
= 1 _— c
O {n (coP), }Q

=AceT;)

A ceT)

Q. 1+ [Vnq(copP), |

(Eq.94)

(Eq.95)

(Eq.96)

(Eq.97)

Equation 97 is plotted on Figure 65 to offer a rapid estimate of the required radiator area. It
is calculated for an evaporator temperature of 40 °F (T) and an assumed emissivity of the
radiator surface of 1.
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4.6.1.5

FIGL

Conventional Condensers: Design with Tapered-Tubes: In applying convent
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URE 65 - Radiator Area Versus Radiator Tempéerature for Cooling Sys
Evaporator Temperature =40 °F

esign of condensers required to operate in weightless environments,
NS are:

ntaining a reasonably stable flow at the interface of the condensing fi
or.

lescing and collecting the condensed refrigerant.

btting refrigerants, such as Freon, a thin layer of condensate tends to
ser. Nonwetting fluids such as mercury appear in the form of conden
or velocitytis-sufficiently high, the interface between vapor and liquid
e.

all perturbation will be amplified and thus tend to destroy the continui

tem;

onal techniques
the main

m and the

form on the

sate droplets. If
hecomes

y of the

Fay A Vclinon" flew talenc nlacn vaath Aan narnacn 1n nrncacrirn Aran Aand

yith the

interfac
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resulting possibility of completely clogging the condensing side of the condenser. The
decrease in condensing heat transfer coefficient may have a negligible adverse effect, since
the controlling coefficient is generally on the cooling side, that is, the radiating of
intermediate heat transfer loop sides.

Three factors contribute to the stability of the interface:

1. Viscosity — Higher viscosity results in an increase in the damping of all the disturbances.
For Freon type refrigerants the viscosity is relatively small; thus, in laminar flow,
stabilizing with viscosity effect is less feasible.
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4.6.1.5 (Contin

ued):

2. Turbulence — A condensate film with a turbulent flow regime will have good damping
characteristics. As Freons have low kinematic viscosity, the condensate film will soon
reach the transition Reynolds number and benefit from the subsequent turbulence.

3. Gravity Field and Surface Tension — The stabilizing effects due to gravity and surface
tensions have been extensively examined. In a zero g field, condenser operation is
closely related to surface tension effect. Stability then consists of maintaining the

vel CIty ot the vapor phase below the critical value.

Theoretical investigations of the hydrodynamic stability of thin films of conde
in Refefence 32, show that if the Reynolds number and Weber number of thg
are kept within the range shown in Figure 66, stability will exist fof'a wide ran

disturb
250 °F,
Reynol
From F

Table 1
exists.

tolerab
determ

nces. The use of this relationship is illustrated as follows;'condensing
tube diameter = 0.2 in, and condensate thickness = 0;001 in. The cg
s and Weber numbers are tabulated for typical yagor velocities, V, in

gure 66:
Vo
NRe = P9
18
2
pgV<3
N =———
We g

nsate, reported
e condensate
ge of small
Freon 11 =
rresponding
Table 18.

(Eq.98)

8 in conjunction with Figure 66 shows that for a velocity of 1 ft/s, an gbsolute stability

For velocity of the order of 50 ft/s or higher there is a possibility of ing
e degree of instability for a satisfactory condensing process has not b
ned. Therefore'thie theoretical analyses can at best serve as a guide

tability. The
een
o the designer.
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FIGURE 66 A
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Domains for Twa_Phase Flow Stability; a = Wave Number = 21tdA (Reference 32)

WEBER NUMBER, Nye

TABLE 18 - Typical Vapor Velocities Nge and Nye

V, ft/s NRre Nwe
1 1.374 0.15
10 15.74 15.U
50 68.7 395.0
100 137.4
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4.6.1.6 Coalescing and Collecting the Condensed Refrigerant: This will also be a problem in zero g
environment. Although sponge materials have been suggested, the most practical solution
currently (circa 1965) seems to be in a tapered tube configuration.

In Figure 67 the surface forces acting on the fluid (pressure and surface tension) will cause a
slug of a wetting liquid to migrate toward the larger end and a nonwetting liquid toward the
smaller end. Under forced condensation in a tapered tube, a slug will be drawn into the
header of the condenser in one direction or the other. Besides this, the taper helps to
maintain the vapor velocity constant, thereby avoiding the usual deceleration of flow found in

a consfant diameter tube. because Oof potential advantages ot the condense

tapereq

1. Heat Transfer Coefficient on the Condensate“Side — For space design, it
assumed that the controlling thermal resistance is on the radiating side; t
condensation coefficient h. is much higher than the radiating coefficient h

of g
tran

tubes, a detailed treatment of the subject is warranted.

WETTING FLUID
(FREON)

-—
_DIRECTION OF FLUID
. —
NONWETTING FLUID
(MERCURY)

FIGURE 67 - Influence of Surface Tension.on Tapered Tubes

round equipment, the film condensation coefficient is given by well-kr
sfer correlation data. The quéstion now arises, however, as to the ag

r-radiator with

is generally

ne film

. In the design
own heat
plicability of this

relationship to space equipment:
Pending further investigation, a low limit to this coefficient can be evaluated by assuming
that heat transfer takesiplace by conduction only. The relative values of h. and h; are
given as
4k
h,=—
Dh
(Eq.99)
hr =TS (fnr auter space at 0 °F\))
Then
h 4k
£ = (Eq.100)
hr [eN< DhT

Reference 31 gives the numerical values of the ratio shown in Table 19. It appears that
for Freon 11, the assumption of the radiating side as the controlling thermal resistance is

still

valid.
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TABLE 19 - Minimum Ratios for Condensing Side to Radiating Side
Heat Transfer Coefficients for Integral Condenser-Radiators

4.6.1.6 (Contin

2. Siz
usir

a.

Saturation Condenser
Temp., Tube Dia.,

Fluid °F in (he/hy)min
Freon 11 320 0.5 3.6
Freon 11 320 2.0 0.9
Freon 11 250 0.5 1.57
Freon 11 150 2.0 3.25
Mprr‘ury 400 05 640
Mercury 400 0.5 160
Sodium 800 0.5 1120
Sodium 1250 0.5 396
Sulfur 400 2.0 2.0
Sulfur 1100 2.0 0.5

ued):

e and Weight of Condenser-Radiators — To arrive at the size and weig
g tapered tubes, the following assumptions-are made:

Condensation in the tube is uniform, and 90% or more of the entering
vapor is condensed in the tube. This'condition must exist to produce
pictured in Figure 67, which permits easy coalescing and collecting of
condensate in a zero g environment.

The thickness of the copdensate film in this tube is negligible compar
diameter. The vapor velocity and the tube length are constant.

The physical dimensions of a radiator element consisting of a tapereg
corresponding fin area are shown in Figure 68. Mean arithmetic valug
taken wherever integration of a variable dimension is required. Henct
the noménclature of Figure 68,

—.j

ht of a radiator

saturated
the situation
the liquid

pd with the tube

tube and the
bs have been
2, referring to

=19 b
3 0 P °

FIGURE 68 - Geometry of Tapered Tube Condenser-Radiator

-114 -



https://saenorm.com/api/?name=3f6786e976a1d6c58eb83ac5309bc684

SAE AIR1168/13

4.6.1.6 (Continued):

(Eq.101)

The eq
enterin

The we

The sp

Wa
Qr

The elemental radiator is designhed around a fin of light weight (such 4
which, according to Reference 33, is characterized by

3
48ceT 3

Ko

n¢ =0.575; =18

Lations for determining the required length, of the tube to condense a
J mass of vapor is given by

Qe

Kd
N

Tc p—
=gpV| =D? |[FL_ =€'oT*X,|D+2.07,————
gp (4 Oj e l|: 48GET3

|

ight of the radiator element is calculated from the expression

Wit
N

§ = — ottt
:gpfxlﬁ(D+2L)+gth1n(D+EjE

ecific weight of the radiator is given by combining Equations 103 and

gp; (8/12)(D +2L)

[—

gp. T [[_) + (t/lz)](t/lz)

A [

1S aluminum)

(Eq.102)

fraction F of the

(Eq.103)

(Eq.104)

104 as follows:

0T (D+207K5/ 486 e T | €oT"(D+207 K5/ 485 T

(Eq.105)

With this design approach, the specific weight is seen to be independent of the rate of heat
transfer. It depends only on the physical dimensions of the passages and the radiator
temperature.
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4.6.1.6 (Continued):

From Reference 33, the pressure drop in the elemental radiator is

_ 2 a3
AP _ 114 11a+10a4 3a” | dP (Eq.106)
P _ UJ.UUI— ﬂ\z (Eq.107)
dX, g\N) &

The frigtion factor is that of a two-phase flow given by the correlation\of Martinelli, Bergland-
Gazley| or Koster in Reference 34.

As an illustration of this design procedure, Figure 69 presents the characterigtics of a
condenser-radiator for Freon 11 at 150 °F and 250 °F, where 95% of the entgering vapor is
assumed to be condensed. The specific weight showmapplies also to other fefrigerants
operatipg at the same temperatures, in accordance with the previous analyti¢al expression.
The pressure drop, calculated with extrapolated data of Bergland-Gazley, is pf small
magnitlide, a condition that satisfies the assumptions used in the design appfjoach presented

here.
£ 10
w
[72]
gg . S
gF—’ ¢ <cZ
[o] 1
<o ===
O
— 150 °F
o5
ggé‘
guﬁ 250 °F
OE 3
?,‘I
mb 2
3% o1 02 03 04 05 06 07

Do, IN.
FIGURE 69 - Condenser-Radiator Characteristics with Freon 11

From Figure 69 it is seen that the specific weight changes little with tube diameter. Proper
diameter is determined by the space available for the radiator length and also the taper
angle of the tube. For instance, very small tubes have considerable taper angle, which
precludes all the assumptions used in the calculation. In Figure 69, for a tapered tube
radiator:
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4.6.1.6

4.6.1.7

(Continued):

1. Emissivity, 0.9

2. Tube thickness, 0.020 in
3. Fin thickness, 0.020 in

4. Tube material, aluminum, 173 Ib/ft®

5. Fin|material, aluminum, 173 Ib/ft’
6. Condensation in tube, 95%
7. Vapor velocity: 1 ft/s at 250 °F condenser; 10 ft/s at 150 °F €ondenser

Condensers with Curved Passages — Curved passages have been proposed for space
condensers to provide a force similar to that of gravity()HMere, the entire mass of the
condensing refrigerant flows over a helicoidal path. ;At any point along its trajectory, the fluid
is subjgct to centrifugal force due to local acceleration, defined by the tangential speed and
the corfesponding radius of curvature of the path-

Two contributions account for the heat transter in curved passages of the copdensing
refrigerpnt shown in Figure 70. Since the condensate layer on wall B is relatjvely thin, owing
to centrifugal action, there is good heat'transfer. On wall A, the condensate |ayer is thicker.
The hept transfer rate is compensated, however, by mixing due to the secongary flow
inhererft in curved passages, and‘the fluid temperature will be closer to that ¢f wall A. As a
result, peat transfer rates are practically the same on both walls. Usually thegse rates are
taken gs those of flat plates'(Reference 35).

CONDENSATE
/ LAYER
A
/8

FIGURE 70 - Flow in Curved Passages

A conceptual design of a condenser with curved passages is given in Reference 31 and
shown in Figure 71. This spiral condenser consists of curved layers in which the coolant and
condensing refrigerant flow is countercurrent. For some typical operations of vapor cycle
systems, Reference 31 reports a preliminary design study yielding the characteristics of
spiral condensers. The heat transport fluid was taken as an alloy of sodium and potassium
(22% Na, 78% K) that melts at 12 °F and has a high conductivity.
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| REFRIGERANT
COOLING F\LUlD N FLUID OUT

\
REFRIGERANT IN
FIGURE 71 - Spiral Condenser (Fluids in Counterflow) (Reference 31
4.6.1.7 (Continued):
Pendinp further experimental work, the feasibility study used the same desigh procedure as
for a ground-use condenser. A relatively good vapor velocity (20 ft/s) and a fesulting
conder|sing heat transfer coefficient of 275 Btu/h-ft’-<2F‘have been used. Flaf plate data

have bgen applied without consideration of the stability of flow or the slugginfy under zero g
operatipn.

The computed characteristics of the spiral.condenser derived from this study|are shown in
Figureq 72 through 74.

TUBE

FIN SPIRAL
6 12

L
s Jo —
4. 8 Te =250 °F

7
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|E’DO Ll
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o
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FIGURE 72 - Comparison of Volumes of Freon 11 Spiral Condenser (Zero g) with Large Tube-Fin
Condensers (1 g); Staggered Circular Finned Tubes, NaK Side Pressure Drop = 0.5 psia,
Tube ID = 0.55 in, Fin Thickness = 0.10 in, Number Fins/in = 8.7, Freon Flow Length = 1.0 ft
Dashed Curves Represent Spiral Condensers and Solid Curves the Tube-Fin Condensers
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FIGURE 74 - Variation of Freon 11 Spiral Condenser Volume and Préssure With NaK Side Hydraulic

Evapofator Heat Load = 4000 Btu/min; the Dashed Curves Represent Volun

4.6.1.8 Rotating Condensers: Another method for providing the body forces require
condensation in zero gravity environment is {o use a centrifugal force supplig
equipment itself, which is the principle of-gperation in a rotating condenser.

Figure |5 illustrates a rotating condenser design. Vapor from the compressa
a serie$ of rotating hollow discs cgoled by coolant flow. The vapor condense

and the
rotatior

the liquid main as a result-of a pressure difference.

Diameter; Freon Plate Spacing = 0.25 in, Condenseér Length = 1.0 ft,

the Solid Curve the Pressure Drop (Reference 31)

liquid condensate, in the)form of droplets or thin film, is centrifuged g
of the discs. The liguid is collected in an annular channel from which
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VAPOR FROM 7 7
| |
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FIGURE 75 - Rotating Condenser (Reference 31)

he and

J for satisfactory
d by rotating the

ris sprayed on
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utward by the

it is returned to
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4.6.1.8 (Continued):

Though a rotating condenser, with its extra power requirements and complex design, is
thought to offer little advantage over other approaches, a fully detailed design study has
been carried out in Reference 31. The weight and power requirements of vapor cycle
systems using Freon 11 are shown in Figures 76 and 77 for some typical operating

conditions.
| I |
2000 - 18,800 ]
37,600 -
150,400 [/ Qg = 4000
1000 902,40 451,200 s BTU/MIN
0 ~ Qg = 2000
5 150,400 ) BTU/MIN
=
400 451,200
| 002,400 i
200
] }Qo = 400
BTU/MIN
100
80

50

NUMBER OF DISCS

FIGURE 76 - Condenser System Dead Weight Versus Number of Discs;
Evaporation Temperature = 40 °F, Condensation Temperature = 250 °F;
the Condenser Angular Velocity and System Capacity are the Parameters (Reference 31)
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1000
Qq = 4000 BTUMIN
] l |
Qp = 2000 BTUMN 4—L——1
100 |—— Qq = 400 BTUMIN
\
w = 902,400 \\
451,200~ N
10 X t X
T ! =
2 X 150,400 y 4
a 451,200 < / 4
w = 902,400 ,/
| 1~
1 150400—= = 37, ——
f A 18,800
{ o L1
[ 3780 f
\ 451,200 \V
A
0.1 \ /
= ¥ 18,800
<z 150,400
7
I 37,600
ot
18,800
0.01 L -
o] 60 . 120 O 60 120 O 60 120
NUMBER OF DISCS
FIGURE 77 - Taotal Power Requirement Versus Number of Discs;
Condenser Angular'Velocity and System Capacity are the Parameters|;
w Given in Raglians/h; Evaperation Temperature = 40 °F and Condensation Temperature = 250 °F
4.6.2 Actual Performances of Vapor Cycle Systems: Actual performances of vapor ¢ycle systems
are often needed for comparative studies such as system analysis. While system performance

can be ca 1 rapid approximation of
the actual value Wlthout detalled calculatlon This is best handled by the introduction of a cycle
efficiency, defined as

Actual COP of cycle
MNeycle =
Ideal COP of cycle

(Eq.108)
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4.6.2 (Continued):

The actual COP is calculated, accounting for the performance of all the components, while the
ideal COP is evaluated from purely thermodynamic processes. For illustrative purposes,
Figure 78 presents the cycle efficiency achieved on a high-speed aircraft vapor cycle system
as derived from preliminary calculations found in Reference 19. In this case, the refrigerant
was Freon 11, evaporator temperature was 40 °F, and heat load was 2000 to 3000 Btu/min.

V.7V

0.60

g 050 \

S \\
0.40 <

\\

.30
100 150 200 250 300
CONDENSER SATURATED TEMPERATURE, °F

0

FIGURE 78 - Performance of Vapor-Cycle (Reference 36)

4.6.2.1 Demongtration of Vapor Cycle System Analysis: Consider a vapor cycle system to be

designed for space application. The requirements are as follows: evaporatof

40 °F;
simple

4.6.2.2 Selecti
govern
refriger,
Figures
temper.

There 4

ondenser temperature, 150 t0250 °F; cooling capacity, 1000 to 2000
cycle with a superheat of 20.°F and a compressor efficiency of 60% Ww

pn of the Refrigerants:, Following the steps presented in this study, th
ng the refrigerant selection are evaluated. The COP of the common

ation effect Q/Vy,(and the pressure ratios of the compressor cycle are
79, 80, and 81.—Table 20 lists these refrigerants in order of COP for
Ature of 250F.

\ppears-to be little to chose from when the relative standings of each

added

develo;pment, must be taken into consideration in a final selection. For illustr

bn a.basis of 1, 2, 3, 4. Other factors, such as state-of-the-art in com

temperature
Btu/min. A
ill be assumed.

b factors
efrigerants, the
shown in

A condenser

efrigerant are
ponent

ative purposes,

Freon 1T has been chosen In this example.
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COEFFICIENT OF PERFORMANCE

EVAPORATOR TEMPERATURE °F

FIGURE 79 - Coefficient of Performance of Freon Refrigerants;
20 °F Superheat and 60% Compressor Efficiency (Reference 31)
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FI

EVAPORATOR TEMPERATURE, °F

[GURE 80 - Refrigeration Effect Per Unit Volume for Freon Refrigeran
20 °F Superheat and-60% Compressor Efficiency (Reference 31)

S,
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45 T T

PRESSURE RATIO P¢/Hg

40 45 50 55
EVAPORATOR TEMPERATURE °F

FIGURE 81 - Ratio/of*Condenser Pressure to Evaporator Pressure for Freon Rdfrigerants;

20:°F Superheat, 60% Compressor Efficiency (Reference 31)

TABLE 20 - Summary of Properties of Selected Refrigerants”

Coefficient Refrigeration > of Relative
of Effect, Pressure Condenser Positions in
Performance, Q/V4, Ratio, Pressure Evaporator, Preceding
copP Btu/ft® Pe/Pe Pe, psia AT/AP Columns
F-11 0.85 F-113 2.06 F-114 20.4 F-113 102 F-114 3 12
F-21 0.77 F-114 4.15 F-21 23.2 F-11 182 F-21 3.5 13
F-113 0.63 F-11 6.7 F-11 26 F-21 295 F-11 6 13
F-114 0.28 F-21 11.1 F-113 28,5 F-114 310 F-113 13 12

! Evaporator temperature, 40 °F; condenser temperature, 250 °F.
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4.6.2.3 Performance Characteristics and Estimate of System Weight: Conditions of systems
operating at 250 °F and 150 °F condenser temperatures are as follows:

1. Condenser Temperature 250 °F — Table 21 represents the characteristics of a Freon 11
system operating at a condenser temperature of 250 °F. With a COP of 0.85, the
compressor power required for a system with a cooling capacity of 2000 Btu/min (10
tons) is 55.4 hp. The radiator accounts for 69% of the total. The estimated radiator
weight would be considerably higher with protection from meteoritic damage.

TABLE 21 - Vapor Cycle System Weight and Performance Characteristies”

Weight, Ib Weight, Ib
for Cooling  for Cooling
Capacity, Capacity,

in Btu/min in Btu/min Source of
Characteristic 1000 2000 Information
Eyaporator, Plate-Fin Design
P =0.3 psia Data from Reference 32
Tair side = 25 °F 7.5 13.5 25% for header
Spperheater 7 10 Reference 31
Ekpansion Valve 3 5 Reference 31
REceiver 3 4 Reference 31
REefrigerant 7 10 Reference 31
Temperature Control 6 6 Reference 31
Centrifugal Compressor and
400 cycle AC Electric Motor 35 50 AiResearch Mfg. Co.
Cpndenser Radiator with
Tapered Tubes and Figure 69
Conventional Design 104 218 W+/Qr = 3 |b-s/Btu
Toetal 172.5 316.5
CpP 0.85 0.85
Cpmpressor hp Required 27.7 55.4

i

Conditions of gperation, using Freon 11: evaporator, 40 °F; radiator condenser,
P50 °F; 20 deg.superheat; 60% compressor efficiency.

Tahle 21-also shows the weight estimate for a system with 1000 Btu/min jin cooling
caplacity. It can be seen that the system weight variation relates principally to radiator
weight. Thus, for a reasonable range of cooling capacities, the system weight can be
written as

1Y Wy + W’
W+, =W, + 1+ Eqg.109
T2 T1 Qc( COP)[ On j (Eq )
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4.6.2.3 (Continued):
where:

W+, = Weight of system components, compressor, refrigerants, evaporators,
and others except condenser-radiator, Ib

W+, = Condenser radiator weight (such as given in Figure 80), Ib

W' = Increment in radiator weight for meteoritic protection, Ib

and Q. and Qr are given in BIU/s.

Equation 109, valid within a given range of capacities, is predicated-upon a radiator
weight that is large compared with that of other components. Fer‘a wide range of
capacities, variation with capacity of the evaporator weight, electric motorf weight, and of
oth@r component weights must be taken into account.

2. Comdenser Temperature 150 °F — Table 22 presents-thie characteristics df a Freon 11
sysfem operating with a condenser temperature of/150 °F. With the therinodynamic
properties of Freon, a COP of 2.3 is achieved asscompared with 0.85 for the 250 °F
condenser. Thus, a 10 ton cooling system requliires a compressor power jof only 20.5 hp.

TABLE 22 - Vapor Cycle System Weight and Performance Characteristics*

Weight, Ib Weight, Ib
fori€ooling  for Cooling
Capacity Capacity

in Btu/min in Btu/min Source of
Characteristic 1000 2000 Information

Eyaporator, Plate-Fin Design Data from Figures

P =0.3 psia 60 and 61

Tair side = 25 °F 7.5 13.5 25% for header
Spperheater 7 10 Reference 31
Ekpansion Valve 3 5 Reference 31
REceiver 3 4 Reference 31
REefrigerant 7 10 Reference 31
Temperature Control 6 6 Reference 31
Centrifugal Compressor and

400 cycle AC Electric Motor 25 30 AlIResearch Mig. Co.
Condenser Radiator with

Tapered Tubes and Figure 69

Conventional Design 129 258 W+/Qr = 5.4 |b-s/Btu
Total 187.5 341.5
COP 2.3 2.3
Compressor hp Required 10.25 20.5

! Conditions of operation, using Freon 11: evaporator, 40 °F; radiator condenser,
150 °F; 20 deg superheat; 60% compressor efficiency.
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4.6.2.3 (Continued):

4.6.2.4

4.6.2.5

Because of operation at a lower temperature level, the radiator specific weight (weight per
unit of heat rejection rate, Ib-s/Btu) increases. Relatively, resulting radiator weight is even
larger than in the previous case.

Condenser Temperature for Optimum Vapor Cycle System Weight: The demonstration
estimate indicates reasons for high condenser temperature operation to decrease the system
weight. The examples indicate a difference of only 6.5% between 150 °F and 250 °F

operati
compre

Retaini
advant
considsg
problen
higher

mentio

Vapor
vapor g
of both
differern
exampl

indicate
to ineff

In Refe
inefficie
that of

bn. With the 150 “F condenser, this difference would be further redud
ssor of higher efficiency (compatible with 1965 year technology).

ng Freon 11 as a refrigerant, operation at a temperature highe€pPthan 2
hgeous, from the weight viewpoint, because the COP begins to deteri
rably, introducing a large amount of heat to be rejected{o the enviror|
N must be considered in addition to that of refrigerantstability. Thus t
condenser temperature operation is to be sought.indhe high temperat
ned earlier in this study.

Cycle Subsystem in the Thermal Environmeéntal Control System: If int
ycle subsystem in an environmental contrel system is considered, an
the vapor cycle and power systems may require a condenser operatit
t from the optimum of the vapor cyele system alone. From the previo
es, the ratio

NP,so ¢ 5514 COP5 _ 23

ST =2 o7
hPyyer =205 COP,,, 0.85

s that operation-at/’250 °F requires 2.71 times more power. The ener
ciency in the generation of the necessary compressor power is then 1

rence 37, the optimization of this system assumes that the energy as
ncy efpower generation is rejected to the environment at the same tg
he ‘condenser of the vapor cycle system. For optimization, this study

ed with a

50 °F will not be
Drate

ment. This

he feasibility of
Lire refrigerants

bgration of the
optimum weight
ng temperature
Us numerical

(Eq.110)

gy rejected due
huch more.

sociated with the
bMmperature as
calls for a high

condern

sertemperature, even beyond the limits of existing refrigerants.

While the weight consideration is of prime importance, the integrity of the vapor cycle system
must still be considered. Previous numerical examples consider Freon 11 for operation at
250 °F. Practically, such a system would require a change in refrigerant after short periods
of operation. There also exists the possibility of using a refrigerant with a lower COP, a
higher system weight, and a considerable improvement in reliability.
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4.6.3 Gas Cycle Method: Gas cycle cooling methods should be considered for space application for
several reasons. For example, the problems usually associated with vapor cycles, such as
toxicity, leakage, and availability of the refrigerant, can be avoided by proper selection of the
working fluid. More important, however, is the absence of problems associated with
weightlessness and with two-phase flow.

Gas cycle cooling can operate in an open or a closed loop. In the open circuit, the gas
circulating through the cooling loop is supplied directly from the source. After being processed
in the cooling system, it is then returned to the same source. In the closed cycle, the same
amount df refrigerant, continuously circulate absorbs heat from
the envirpnment through a heat exchanger.

4.6.3.1 Thermgdynamics and Operation: Gas cycle cooling systems usually‘operatel on the reversed
Brayton cycle, though cooling systems using Stirling and other cycles have bgen successful.
The Brayton cooling cycle is shown on the T-S diagram of Figure'82. The s
this closed cycle is shown schematically in Figure 83. The cyele consists of
components: compressor, turbine, radiator, and heat exchanger. In an open|cycle, the heat
exchanger is eliminated, since the cooling fluid is allowed‘to flow directly to the environment.

2

’ 7

TEMPERATURE

ENTROPY

FEIGURE 82 - Temperature Entropy Diagram of the Brayton Cycle
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FIGURE 83 - A Gas Cycle Cooling)System
ued):

5 entering the compressor is at condition 1 and relatively warm (Figuré
the compressor during process 142, its temperature and pressure ar,
n flows at constant pressure through the radiator, rejecting heat to thq
b at a lower temperature, duririg’process 2—3. The cooled gas is then
during process 3—4, where-work is extracted from the fluid. At the tur
perature is low enough'te*absorb heat from the environment, as it do

nance Characteristics: Gas cycle system performance is measured by
rmance, defined in the same way for gas as for vapor cycles:

Heat extracted

COP=
Cycle work

e 83). In going
e raised. This
2 sink, which
expanded in a
pine exit, the
es during the

its coefficient

(Eq.111)

In making a generalized study of the influence on the performance of the cycle, it is assumed
that the circulating fluid is a perfect gas and that the evaporator and radiator operate with
100% efficiency. Pressure drops in these components are not taken into account. (Effects
of the inefficiency of the components on cycle performance are discussed in Reference 30.)
The COP of the cycle of Figure 82 can then be written as

ATe T,

COP=
(ATE/Tg)—(ATC/ATJ

(Eq.112)
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4.6.3.2 (Contin

where:

ued):

ATe = Temperature rise in source heat exchanger, °R
AT, = Temperature rise in compressor, °R
AT, = Temperature drop in turbine, °R

T4

= Temperature of turbine exit, °R

The ratjo ATe/T, is of interest to the designer of cooling systems, for it estahlj

transfe

operati
1. Effg
calq

nea

whé

For|
nat
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the
tem

from the environment to the system. The effects of temperature diff¢
ng conditions are described as follows:

ct of the Adiabatic Exponent — The temperature ratios of Equation 11

ulated in terms of the cycle pressure ratio r, the turbine and compresg
nd n¢, and the adiabatic exponent of the gas y (that is,r = P,/P,):

ATy _ Ny Yy

T, (1-my)Y+d

AT, :[1+ ATCJE

Ty Tq JMc
bre:

Y = (-0

a given value of the design ratio of temperatures, ATe/T,, it can be s¢

Iire of the fluidhinfluences COP only through the exponenty. Figures
sent the COPthat can be achieved for two typical values of the ratio 4
umed values of the compressor and turbine efficiency. In addition, th
lines¢of\constant T,,/T4, where Ty, is the arithmetic mean of the inlet a
peratures.

shes the heat
brences on

2 can be
or efficiencies

(Eq.113)

(Eq.114)

en that the

B4 and 85

&TE/T4 and

bse figures carry
nd exit radiator
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FIGURH 84 - Relationship of Gas Cycle Coefficient of Performance to Pressufe Ratio;
ATe/T,40.0588, n. =n:=0.85, AP = 0; T/T4 Values on the Curves are the Afithmetic
Mean of Inlet and Exit Temperatures
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FIGURE 85 - Relationship of Gas Cycle Coefficient of Performance to Pressure Ratio;
ATe/T,=0.0492,n.=n:=0.85,AP =0
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4.6.3.2 (Continued):

Air, a refrigerant that has many advantages in the gas cycle, shows a low COP compared
to that of conventional vapor cycles. To achieve comparable COP values, air cycles
would have to operate between pressure ratios of 1 and 2, with a resulting low value of
Tm/T4, a characteristic indicating the requirement for a larger radiator area. These figures
also show that the coefficient of performance does improve with fluids of lower values of
y, and that there is not an appreciable difference in COP for y values between 1.4 and
1.666.

Effect of Specific Heat, c, — From the analytical expression for COP, itagpears that the
specific heat of the gas does not affect cycle performance. In a gas,refriggeration system
it dpes influence the flow rate through the system in accordance.with the [relationship

= Qc (Eq.115)
CpATE

where Q. is given in Btu/s and the temperature risein the source heat exghanger,

ATd, isin °F or °R.

To |ntroduce the concept of specific flow rate, that is, the flow rate required per unit of
coaling load, Equation 115 is written as

w 1
= (EQ.116)
Q" c, T4 (AT /Ty)

It can be seen that the specific flow rate, w/Q, is inversely proportional to|the specific
heﬂ; Cp. This flow rateyis often used as an approximate measure of the sjze of the
eguipment required_for the cooling system.

Begides the flow rate, the specific heat also establishes the boundaries of practical
application‘efthe gas cycle using compressors and turbines. For this type of equipment,
the|energy input per unit mass rate of flow is given by relationships such gs the head rise
in ti|1e compressor:

(r-1)
JcpTin[r 4 —1}

MNe

Haq = (Eq.117)

The head, Haq, represents a temperature rise and cannot be taken above the limits set up
by the physical properties of the material. It follows, then, that for a given inlet
temperature T, the specific heat establishes a maximum value of the pressure ratio
usable in the gas cycle.
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4.6.3.2 (Contin

ued):

3. Radiator Area — In this comparative study, it will be assumed for simplicity that the
radiator rejects heat at the mean temperature T, to outer space having a temperature of
0 °R. The radiator area required for a cooling capacity Q. is given by

1 4
1+—— |=AceT
QC( COP) 0 Im

(Eq.118)

whé

The
tem

Usi

Thi
valy
op€g
sys

The
Stal
me
the

bre:
T = Tin + Tex
" 2
area A* of a radiator required to handle the heat rejection rate Q at t

perature T, is now defined as
Q=A*ceT,
ng Equation 118, a nondimensional relation is now established:

A _1¥ycopr)
ALO (T, /T,

5 dimensionless area ratio'is shown in Figures 86 and 87 superimpose
es of pressure ratios, COP and y. For a large number of gases with
ration at a COP of\0.5 requires an increase in radiator area of 30% o
em having a CORof 0.2.

'ting with-small pressure ratios, the radiator area increases as it must
chanical energy input in addition to the cooling load. As the pressure

(Eq.119)

ne turbine exit

(Eq.120)

(Eq.121)

bd on various
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variation.@f-the radiator area with pressure ratio is presented in Figurjes 88 and 89.
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FIGURE 86 - Radiator Requirements-of Gas Cycle Systems;
ATe/T, =0.0588, s = n. = 0.85
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FIGURE 87 - Radiator Requirements of Gas Cycle Systems;
ATE/T4 = 00492, Ne =Nt = 0.85
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FIGURE 88 - Relationship of Radiator Area Ratio to Cycle Pressure Ratjo;
ATe/T,=0.0588, n. =n:=0.85
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FIGURE _89-- Relationship of Radiator Area Ratio to Cycle Pressure Ratjo;
ATE/T4 = 00492, Ne =Nt = 0.85

4.6.3.3 Fluids for Gas Cycle Systems: Among the fluids usable in a gas cycle, air has the most
advantages. A major advantage is the possibility of its application in a nontoxic open cycle in
an environmental control system for human use. The components for the cycle are well
developed and available today. Extensive studies of both air and hydrogen gas cycles may
be found in Reference 38.

Hydrogen deserves consideration because its y value of 1.4 yields the same COP as air. Its
high specific heat, however, dictates a lower flow rate for any given refrigeration load. The
advantage of hydrogen lies, then, in a reduction in the size of the system components when
large cooling requirements are encountered. One disadvantage is its high combustibility.
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