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:\ G under Contract NAS8-30746, 'Space Tug Thermal Control Follow-On", £
\ Q This effort was accomplished for the National Aeronautics and ;
\ gf Space Administration, George C. Marshall Space Flight Center i
, °\< under the technical direction of the Structures and Propulsion 5
; ? Laboratory, Thermal Engineering Branch with Mr. James H. Wise ;
: i serving as Technical Monitor. ;
g The work described herein was performed over the period of 6 May }
3 1974 to 22 October 1975. S
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INTRODUCTION

The Space Tug Thermal Control Follow-On program was conducted to
further explore some of the thermal control concepts proposed for
use in Space Tug in a breadboard test program. The objectives of
the test program were to demonstrate the thermal control capabil-
ities of a louver/battery configuration and a thermal conditioning
panel/heat pipe radiator configuration. An additional objective
was added to model the header pipe and radiator of the second

test and correlate the analysis with the test results.

These three objectives were achieved and are reported separately
within the three appendices of this report.
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. ' The louver/battery test was conducted to demonstrate the louver's
ability to control the Tug battery temperature and also compare i
o actuator mechanisms.  Two flight type louver assemblies were pro- o
i1 cured and tested. Each of these assemblies were actuated by
bimetallic springs. Results of this test were compared with a
Martin Marietta built louver assembly which was actuated by a
fluidic actuator. Fach unit exhibited similiar effective em-
ittances and performance when full open and closed. The bimetallic
units function well throughout the testing while f£luidic actuator

P kY exhibited a sluggish response.

The heat pipe radiator/thermal conditioning panel test was conducted
to demonstrate the performance of an all heat pipe thermal control
system. The radiator and thermal conditioning panel were provided
GFP for this test. The two units were connected together thermally
via a procured fixed conductance heat pipe. Steady-state and
transient tests were performed with all test articles performing
flawlessly. The major conclusion drawn from this test was that
e physical interfaces between the test articles should be minimized.
t@yiv% Bolted and clamped joints for such a design result in Ats that

) reduce the system capability to reject heat. The test demonstrated I
the radiators capability to reject the design heat loads at design !
environments and also demonstrated the capability to reject heat
loads at lower than the design cold case environment. Appendix B
discusses the test program and results.
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The development of an integrated thermal model of the radiator,
header pipe, and thermal conditioning panel provided the means to
evaluate the above test results. The analysis of heat pipe sys-—
tems in steady-state and transient conditions has recently been

a state-of-the-art problem. While the results of the analysis
indicate that system performance can be obtained with confidence,
the analysis is sensitive individual pipe performance and inter-— H
face conductances. Appendix C presents the analysis results and [
overall conclusions. ' ooy
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INTRODUCT ION

Application of a louver system to thermal control of typical space
tug components is desirable for many reasons. They are partic-
ularly useful because of high reliability, a semi-passive nature
requiring no electrical power, and their ability to readily com-—
pensate for a change in the component power dissipation on the
spacecraft environment.

Interior louvers are even more reliable and predictable than ex-
posed louvers because they are unhampered by the complex effects
of solar impingement and direct exposure to the space environment.
However, the heat rejection is reduced by the addition of the
cover which acts as a radiation shield to the environment. The
choice to use covered louvers on the tug was based on the thermal
and mission requirements. The heat dissipation of typical tug
components, with the exception of the fuel cell, are within the
control range of covered louvers with moderate surface areas.
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SUMMARY

Two louver systems were tested to demonstrate their thermal control

capabilities as applied to spacecraft components. Both louver
systems are of the interior type and differ primarily in the way
the blades are actuated. System 1 uses bimetallic spiral wound
springs while System 2 uses a fluidic actuator developed for the
Viking thermal switch.

The primary objective of both series of tests was to demonstrate
the louver systems capability of maintaining thermal control of
typical spacecraft components. Both steady~state and transient
environmental conditions were simulated along with various compo-
nent power dissipations. A post test model correlation was then
carried out to verify the analytical techniques and to establish
interior louver system operational characteristics.
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TEST DESCRIPTION AND OBJECTIVES

Two covered louver systems were tested in a thermal vacuum en-
vironment in order to establish the operational characteristics

of covered louver systems and to verify the analytical modeling
techniques. The primary difference between the two louver sys-
tems tested was the way in which the blades were actuated. Louver
System 1 used the more conventional bimetallic spiral wound actu-
ators while Louver System 2 used a fluidic actuator built by
Martin Marietta for use on the Viking thermal switch.

Fach louver system was subjected f:0 a series of tests designed

to demonstrate the capability of the louver system to maintain
the thermal control of a simulated tug component. Both steady-
state and transient conditions were simulated. Steady-state
tests were performed by supplying a constant power input to the
component simulator while maintaining the louver cover at a fixed
temperature. Transient simulation consisted of varying the power
supplied to the lower cover consistent with an absorbed environ-
mental flux typical of a tug earth orbital mission.
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1v. BIMETALLIC ACTUATED LOUVER SYSTEM TEST ARTICLE :

ot R R T

L el o

Photographs of the bimetallic louver system taken during the test /
o article fabrication are shown in Figures A-l through A-4. Table g
; A-1 gives physical characteristics of the test article. The louver E,
system is composed of two 20.32x40.64 cm (8x16 in.) flight-type [
thermal controller modules designed and built by Northrop Elec-
tronics Division, Palos Verdes Peninsula, California.

eI L L T

Each module consists of 16 highly polished aluminum blade halves ;
bonded together to form eight louver blades. The eight louver :
s blades are controlled in place by four bimetallic actuator ele-

ments housed in the center channel of the lower system. The shaft

end of each louver blade fits into a nylon spool in the center of ,
each bimetallic element. The elements respond to a temperature ‘? Rk
change of the baseplate via a radiation coupling through slots :
in the bottom of the housing. The actuator is designed to pro- ; .
duce 90° of blade rotation over the temperature range of 288.9°K :
to 302.8°K (60°F to 85°F).

v

i P Tt

LR =

The modules were fastened to a 45.72x45.72 cm (18x18 in.) base-
plate using low conductance nylon screws. The baseplate was 0.32
em (1/8 in.) aluminum. Two aluminum blocks weighing a total of
6.41 kg (14.14 1b) provided the thermal mass for the component
simulator. The blocks were bolted directly to the baseplate using
a thermal heatsink compound to ensure a good contact. Heater tape
- i was attached to the blocks to simulate an evenly distributed

; component power input. A fluid loop utilizing GH; was also at-
tached to the blocks to provide for cooling the test article,
This was necessary to establish initial temperatures at the start
of each test. Guard heaters were put on the copper tubes to con- }
trol the heat flow from the test article during testing. a7

G it R S

The cover also measured 45.72x45.72 cm (18x%x18 in.) and was made
from 0.16 cm (1/16 in.) thick aluminum. It was stood off from
the baseplate using six teflon blocks measuring 1.27 cm (% in.)
square by 6.35 cm (2% in.) long. Heater tape was used to provide i
up to 100 W of power to control the cover temperature.

FEET P I OV T PSPt [ S

‘ The baseplate and both sides of the cover were painted with 3 M
s Black Velvet paint (£ 2=20.90). The entire assembly, with the
exception of the cover, was wrapped with 20 layers of aluminized
Mylar, each being separated by a layer of netting.

LW T

Instrumentation used on the assembly consisted of 24 Type E chromel/ i
constantan thermocouples located as shown in Figure A-5. These : i
thermocouples are tabulated in Table A-2. In addition to temper- ;
ature measurement, voltage and current measurements were made for i
each of the heaters, These included the simulated component heater, i
the cover heater, and the fluid loop guard heaters. A photograph
of the louver assembly mounted in the chamber is shown in Figure A-6. b
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?q Table A-1
‘ Summary of Bimetallic Actuated Louver Test
r Article Characteristics '
!
[ | Item .| Characteristics : ‘
3 Louver System Two Northrop flight-type thermal controller i
; l modules :
P Dimensions 20.3x40.6x4.9 cm (8.00x16,00x1.93 in.)
”L V per module
* Blades Polished aluminum, € & 0.06, 8 per module
18.3x4.9 cm (7.20x1.93 in.)
é Actuators Spirally wound bimetallic element; four ' o
E per module
| ; Weight © 0.27 kg (0.6 1b) per module N
i Baseplate Aluminum
Dimensions 45.7x45.7%0.32 cm (18.0x18.0%0.125 in.)
:E Coating 3M Black Velvet paint, £~ 0.90 -
Area Total 0.209 m2 (2.250 £t2)
. eff. Radiating 0.149 m? (1.602 ft2)
if '
i Weight 1.84 kg (4.05 1b)
’g Component Simulator Two aluminum blocks :
f 15.2x30.5%x2.5 cm (6.0x12.0x1.0 in.) each ‘.
8 :
Weight ' 3.495 kg (7.705 1b) each
Cover Aluminum ‘%
Dimension 45.7%45.7%0.16 cm (18x18x0.063 in.) |
Coating 3M Black Velvet paint, € 2 0.90 (both ¢
15 o sides) f
Insulation 20 Alternate layers of perforated alum- F
inized Mylar and tissue glass

5.4
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Table A-2 : i
g Bimetallie Actuated Test Article Thermocouple Locations
% T/C Number Location g
i |
ﬁ 1 Baseplate N
%% 2 Baseplate {; j
?E 3 Baseplate E k
%; 4 Baseplate é: i
g 5 Frame Side (Inside)
;i 6 Frame Side (Inside) -
é% 7 Frame End (Inside) i
E% 8 Frame End (Inside) b
é% 9 Actuator Center Channel |
%E 10 Actuator Center Channel
g 11 Component Simulator
ié 12 Component Simulator
ﬁ 13 Baseplate underneath Actuator Element
? 14 Baseplate underneath Actuator Element :
%E 15 Cover ' |
; 16 Cover
i 17 Cover
ﬁ 18 Cover
% 19 Guard Heater i
? 20 Guard Heater
? 21 Guard Heater
? 22 Guard Heater
23 Outside Insulation
24 Outside Insulation
Ly
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The fluid actuated louver system test article is shown in Figure
A-7 which was a photograph taken during disassembly of the test
article after completion of the test. The radiation character-
istics of both louver systems are quite similar. That is, they
have the same number of blades, approximately the same radiating
area, and the same optical properties. The major distinction
between the two systems is the blade actuation mechanism. Table
A-3 gives the physical characteristics of the test article. The
actual louver system was bullt by Martin Marietta in 1970 and was
based on a louver design used on the Mariner spacecraft.

A photograph of the fluid actuator used for the test is shown in
Figure A-8. The actuator was developed by Martin Marietta for
the Viking program to actuate the Viking lander thermal switch.

A schematic of the actuator is shown in Figure A-9. The rack

and pinion gear mechanism which controls the louver blade rota-
tion is powered by the actuator. The actuator utilizes the vapor
pressure of Freon-12 as the pressure agent. For a given tempera-
ture, the vapor pressure of Freon is constant and thus permits
the actuator bellows to stroke without pressure loss due to volume
increase. A single rod transmits the actuator motion to the
rack and pinion mechanism. The actuator is bolted through foot-
pads that are integral to the actuator body to the component

side of the louver rbaseplate. 1In addition, thermal grease was
applied to the bol@ed joints to provide good heat transfer from
the baseplate. The actuator body is a stainless steel pressure
chamber which is divided into two sections by metallic bellows.
The bellows serve as flexible barriers to retain the Freon and
were sized to provide the spring force to close the thermal con-~
tacts on the Viking thermal switch.

The actuator was designed to transmit motion to the output shaft
over a temperature range of 275°K (34°F) to 286.1°K (55°F). The"
desirable operating range for the louver system was 288.7°K (60°F)
to 302.5°K (85°F) which would require that the activation tem-
perature range of the actuator be modified. However, after eval-
uvating the modification alternatives available, which included
introducing a noncondensible pressurized gas into the belloys or
adding an external pressurization mechanism to the housing, the
decision was made to test the assembly at the design temperature
range of the Viking actuator. Bench tests of the actuator by
itself and attached to the louver system were performed to estab—!
lish the relationship between actuator temperature and output
shaft stroke, The results of this test, shown in Figure A-10,
indicate a very linear relationship between the actuator temper-
ature and output shaft movement.
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Table A-3 l
Summary of Fluid Actuated Louver System Test Ariticle Characteristics i
Item Characteristics :
Louver System Basic Mariner louver system design built by ¥
Martin Marietta and modified to allow blade t -
positioning by a rack and pinion gear mech- i i ]
i anism., i
?l Dimensions 36,0x48,6x4.8 cm (14.7%x19.125%1.90 in.) Z
;i Blades 16 Aluminum-type H 45-1119 ;
N = 20.96%4 .67 cm (8.25%1.84 in,) i
g Blade Coating Aluminized polyster tape, 3M Company %?
i designation Y8437, ex:0.06 .
Q Actuator Viking thermal switch actuator built by %i 1
B Martin Marietta. Weight 0.91 kg (2.0 1b), 5
ﬁ dimensions 38 cm long, 3.81 cm dia (15x1.5 i
E in.). i
Weight 1.23 kg (2.71 1b)
i Baseplate _ Aluminum
) Area Total 0,195 m? (2.01 ft2)
Eff. Radiating 0.165 m? (1.78 ft?)
H Weight 1.64 kg (3.62 1by :
ﬁ Coating 3M Black Velvet paint, £~0.09 i
I i
}‘ Component Simulator Aluminum block with integral fluid loop 1
Dimensions ' 48.5%36.8%x1.3 cm (19.1x14.5x0.5 in.) ;E »
Weight 4,88 kg (10.75 1b) b 4
Cover :é i
Dimensions 46.8%36.8x0.16 cm (19.125%14.5%0.063 in.) i :
i
Coatings 3M Black Velvet paint, €=80.90 both sides e
Insulation 20 alternate layers of perforated aluminized :
Mylar and tissue glass :
;
r
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: %% The louver system instrumentation is shown in Figure A-11 and !
' i tabulated in Table A-4. 1In addition to the test article temper- f
3 ature and power measurements, a potentiometer was attached to an ?
;‘ o extra pinion gear to record the blade rotation produced by the :
5 actuator. The paipt coating and insulation system were identical
U to those used on the bimetallic louver system test article. An ;
5 aluminum plate with an integral fluid loop was fabricated to '; ’
H provide both the simulated component mass and enable cooling to E
L establish initial temperatures. A photograph of the test article
. i mounted in the chamber is shown in Figure A-12.
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Table A-4
Fluid Actuated Test Arvticle Thermocouple Locations
TC Number Location
1 Baseplate
2 Baseplate
3 Baseplate
4 Baseplate
5 Guard Heater
6 Guard Heater
7 Frame End (Inside)
8 Frame End (Inside)
9 Frame Side (Inside)
10 Frame Side (Inside)
11 Guard Heater
12 Guard Heater
13 Louver Blade
14 Louver Blade
15 Outside Insulation
16 Outside Insulation
17 Component Simulator
18 Component Simulator
19 Baseplate underneath Actuator
20 Actuator
21 External Cover
22 External Cover
23 External Cover
24 External Cover
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: VI. 'TEST FACILITIES AND DATA RECORDERS i 4

g . Photographs of the test articles mounted in the 6x15 thermal

i vacuum chamber are shown in Figures A-6 and A-12. The test arti- -

; cles are suspended by low conductance stainless steel wire at- [
b tached to the teflon cover mounting blocks. Guard heaters and

g% insulation were used to prevent heat leaks from the inlet and ' f

(! outlet tubes to the fluid loops. :

A description of the thermal vacuum facility is presented in
Table A-5. A photograph of the data acquisition systems is shown
i in Figure A-13, A Bristol strip chart recorder with a tempera-
ture range from 61°K (-350°F) to 672°K (750°F) was used to re-
cord thermocouple data. This wide temperature range was neces- : E
sary because the next standard recorder scale, 144°K (-200°F) to
478°K (400°F), would not be adequate to record temperatures on
the outer insulation. The accuracy of the temperature readings
was * 1.4°K (+2.5°F). Heater power which included two guard
heaters, a cover heater, and a baseplate heater for both test
articles was individually controlled using Varac controllers.
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Table A-5 6x15 ft Vacuun Chamber Facility

Nominal Chamber Size 6 ft in diameter by 15.5 ft long
Maximum Test Specimen | 5 ft in diameter by 11 ft long
Size
Ultimate Pressure 1x10 8 torr k
Pumping System Roughing - . }
Portable cart capable of pumping the :
chamber to 5x10 ° torr. Cart contains
a cold trap and a 650 CFH booster pump
backed up with a 60 CFM compound pump.
Hi-vacuum - 3
Ion/titanium sublimation system with net
pumping speed in excess of 24,000 liters/
sec
Cold Wall IN, cooled -
997 optically dense shroud capable of
absorbing a heat load of 26,000 Btu/hr
Solar Simulation Target volume - f
1l sun - 42 in, diameter by 60 in. long ; i
2.5 sun - hexagonal, 30 in. across flats § :
by 30 in. long P
Intensity - ; %
1 sun - 1400 W/m® nominal with a range :
of 1250 W/m? to 1600 W/m? %
2.5 sun - 3500 W/m? nominal with a range %
of 2000 W/m? to 4500 W/m? y
i
f
|
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THERMAL MODEL DESCRIPTION

A thermal network model was constructed for each louver system
test article for use in the MITAS (Ref 1) thermal analyzer. The
models were used for both steady state and transient model cor-
relations. The effective emittance of the haseplate as a func-
tion of blade angle was calculated using a computer program (Ref
2) which characterizes a covered louver system with a diffuse
base and specular blades. The effective emittance is the radia-
tion interchange factor from the baseplate to the cover and takes
into account the blockage of the louver blades. In the case of

the bimetallic louver system, the effective emittance valves were

adjusted to account for the holes in the frame to lighten the
assembly.

The louvered area of each baseplate was modified to account for
the blockage of the actuator housing and the frame. The model
also simulated radiation from the baseplate to the cover through

the unlouvered portion of each baseplate. Conduction through the

teflon standoffs as well as heat leaks through the multilayer
insulation were modeled.

Test data input to both models consisted of the power applied to
the component simulator heater and the cover temperature. The
cover temperature was used as a boundary condition. However,
the heat input necessary to hold the cover at the test data tem-

perature was calculated and compared to the cover power test data.

An array of blade angle versus baseplate temperature taken from
Northrop data for the bimetallic louver system was input into the
model. A blade angle, measured directly from the potentiometer,
versus time array was put in the model for the fluid actuated
test article.

A-26

g




R 2

vy —

VITIIL.,

TEST RESULTS AND MODEL CORRELATION

i s

The results of the testing and model correlation for the steady ‘
state test using the bimetallic louver system test article are B A
summarized in Table A-6. The table gives the heater power ap- T .
plied to the simulated component the final test data for the ;
cover-power and temperature, the final baseplate temperature test

data reéding, the model baseplate temperature correlation, as well i ‘
as tbe figure number which shows the model correlationk;gd*test v ]
data for the baseplate temperature versus time. As shown in the ‘. 3
plots of the baseplate temperature history, the actual test data 5
was tabulated from approximately two to five hours depending on B
the duration of the particular test. The last test data value for A
the cover temperature was used to project the transient simula- ) b
tion out to 10 hours at which time a ttrue-steady state solution
was simulated. The extended transient simulation indicates the
steady state temperature which would have been obtained had the
actual test been allowed to continue.

The baseplate temperature results of the transient tests using
the bimetallic louver system are shown in Figures A-21 through
A-23 for 0, 20, and 45 W of component power respectively. The
power supplied to the cover corresponds to an absorbed environ- ﬁ B
mental flux (Ref 3) given in Table A-7. 3

AR
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Table A-6
Symmary of Steady State Tests Using the Bimetallic Actuated

Test Article

Component | Cover [Cover B-seplate Temperature Baseplate
Power Power | Temperature Test Model Temperature
W WK (°F) °K (°F) °K (°F) Figure No.
15.0 43.3 273.3 | (32.0) | 297.9 ( 76.2) | 297.6 | ( 75.7) | A-14
15.0 57.7 |287.6 | (57.7) | 303.7| ( 86.7) | 304.6 | ( 88.2) | A-15
30.0 14.3 254.4 | (-2,0) | 305.0| ( 89.0) | 302.7 | ( 84.8) | A-16
30.0 28.2 272.2 (30.0)‘ 309.1} ( 96.3) } 310.5} ( 98.9) | A-17
30.0 43.7 |288.6 | (59.5) | 319.9| (115.8) | 318.8 | (113.8) | A-18
45.0 0.0 254.4 | (-2,0) | 312.5| (102.5) | 313.2 | (103.7) | A-19
45.0 13.1 |272.1((29.7) | 322.0} (119.6) | 321,3 | (118.4) | A-20
Table A-7 Cover Heating Envivonment Used for Transient Cases
Absorbed Flux

Time, hr W/ cm? (Btu/hr-ft2)

0.000 1.695E-02 (53.767)

0.135 1.079E-02 (34,203)

0.269 . 5.139E-03 (16.294)

0.404 2.002E-03 ( 6.348)

0.538 7.951E~-04 ( 2.521)

0.592 6.069E-04 ( 1.924)

0.592 6.069E-04 ( 1.924)

0.673 6.135E-04 ( 1.945)

0.807 1.712E-03 ( 5.429)

0.942 4.269E-03 (13.537)

1.022 6.557E-03 (20.792)

1.022 6.557E-03 (20.792)

1.076 8.396E-03 (26.620)

1.211 1.299E-02 (41.214)

1.345 1.811E-02 (57.407)

1.480 1.998E-02 (63.349)

1.608 1.696E-02 (53.767)

Average  8.467E-03 (26,842)
A-28
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The results of the steady state cases using the fluid actuated

louver system test article are summarized in Table A-8.

The base-

plate temperature model correlation and test data plots extend

only to the end of the actual test.

Further simulation using the

model (past the duration of the test) could not be performed be-

cause test data only was used for the blade position.

An analy-

tical model of the actuator position as a function of baseplate
temperature was attempted based on the steady state curve fit of
the actuator temperature versus stroke relationship shown in Fig-

ure A-10.

not correspond to this value.

mechanism necessary to head the Freon vapor.

However, in the covered louver system test, even though
the actuator housing temperature indicated a particular blade
‘position based on Fipure A-10, the measured blade position would
This was probably due to a dif-
ference between the Freon vapor temperature and the housing tem~
perature because of the relatively inefficient gas conduction

Once the vapor tem-

perature started to respond to the change in housing temperature,
the housing temperature had exceeded the control range and re-
sulted in driving the actuator from one extreme to the other.

The influence of cover temperature on the baseplate was minimized
by not applying power to the cover in an attempt to gain conttrol
of the actuator.

Table A-8 Summary of Steady State Tests Using the Fluid Actuated Test Article

Component | Cover |Cover Baseplate Baseplate
Power Power |[Temperature Temperature Temperature
Est Model
W W °K (°F °K (°F) °K (°F) Figure No.
0.0 45.0 1261.8 ( 11.3) |264.2 ( 15.5) 265.3 (17.6) | A-24
5.0 0.0 |170.1 (-153.8) |249.6 (-10.8) 251.7 (-7.0).] A-25
7.5 0.0 J172.1 (-150.3) |256.8 ( 2.3) 258.0 ( &4.4) |A-26
10.0 0.0 |190.6 9-117.0) |260.6 ( 9.0) 262.6 (12.6) |A-27
15.0 0.0 [199.6 (-100.8) ]273.5 ( 32.3) 272.3 (30.2) | A-28
20.0 0.0 }1210.3 (- 81.5) |277.4 ( 39.3) 277.5 (39.5) | A-29
30.0 0.0 |228.9 (- 48.0) |283.3 ( 50.0) 281.8 (47.2) |A-30
35.0 0.0 |238.9 (- 30.0) {292.8 ( 67.0) 289.2 (60.5) | A-31
A~39
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_ Two transient tests were simulated for the fluid-activated louver
@ , system. Case 1 involved continually varying the input power to

3 i the simulated component with no power to the cover. The baseplate
t temperature model prediction and test data for this case is shown
! in Figure A-32. The power to the base, blade angle, and cover

‘ temperature all versus time are shown in Figures A-33, A-34, and
‘ A-35 respectively. Transient Case 2 involved applying a constant
10 W of power to the simulated component and imposing the time

varying environmental flux given in Table A-7 to the cover. Base- :} k
plate temperatures for Case 2 are given in Figure A-36. The blade : ;
angle and cover temperature test data for this case are given in j

Figures A-37 and A-38 respectively.

cwsa,

e

I T U+ ST

P L P N L ST

Haalor s pibetiieg

A-48

PRI IS SN




Ziia

T e YT T T e e e e e

‘Mw\, FEEETLTIR TR AR\ M T éi!ﬂl,

3.300E+02 - T 1
Legend:
Analysis
B /A Test Data
3.200E+02
3.100E+02
o
g
=
=
34
]
H
]
g
a
B 3.ooca+02!
N
2.900E+02 \ii*\\\
K
3
*.L A !_L A y—Y e
Attty
2.800E+02

0 2.000E+00 4. 000E+00
Time, hr
Figure A-32

Fluid Aetuated Test Article Transient Baseplate
Temperature for Case 1

6.000E+00

8.000E+00

A-49

1.000E+0L

1
1
\
i
Lt
i
il
!
'

PPy




| LT L e
; _ i J T
% P i1 Zlv‘_“is.‘..>i“<<*;>-,¥‘, . . - - . - — . aracn, .
~ i E
¢
| |
4
g
%;
¢ -
}
Legend:
% ~©~ Interpolated from -
& 1.050E+01r Test Data ’
9.5008+00 Ir
: $ 5
8. 500E+00 ]
§ 7.500E400 "fw“'*‘w
Q
=]
6. 500E+00 f
3+ 5008400 G985 5668+400 &.000E+00 6. 000E+00 8.000E+00  1.000E+01
i Time, hr
Figure A-33
! Flutd Actuated Test Article Transient Component Power for Case 1
Legend:
: 9.020E+01 —&~ Interpolated from
Test Data
r 8, 980E+01.
® 8.940E-01 m&mmm !
, w . :}‘1
¥ ‘—.( B R
: 50 R
£
o 8.900E+01 : j
’ o '
: o { i 3
H re{ i
8.860E+017> P
P
| $ =
.820E+01 ‘ o
8 0 2.000E+00 4. GO0E+00 6.000E+G0 8.000E+00 1.000E+01 Z 3
Time, hr !
i i 3
! Figure A-34 ;‘ d
Fluid Actuated Test Article Transient Blade Angle for Case 1 i/ *g
-
i
Lo
' i 4
REPRODUCIBILITY OF THE
A-50 ORIGINAL PAGE IS POOR




§e~y 2unbry

4

°
[
-
)
e}
)

-

0
o
E

u

2]

2.000E+00 4. 000E+00 6.000E+00 8.000E+00 1.000E+01
Time, hr

Figure A-35
Fluid Actuated Test Article Transient Cover Temperature for Case 1
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The results of both louver system steady state and transient tests
indicate the condition when component thermal control can be main-
tained. The analytical models developed to correlate the test
data are capable of predicting the operational characteristics of
; an interdior louver system. The bimetallic actuated louver system
| operated as expected. It was able to maintain component tempera-
, tures below 305°K (90°F) while dissipating 15 W of power to a
% E cover at a temperature of approximately 289°K (60°F) or dissipating
S 30 W to a cover at approximately 256°K (0°F). Also there was no
’ detectable time lag between component baseplate temperature and
the blade response.,

The operation of the fluid actuated louver system test article

was affected by the actuator design. The desirable operating tem-
perature range of the louver system had to be lowered to be com-
patable with the actuator temperature range. This had an adverse
affect on the capability of the louver system to reject heat
because the radiation heat transfer mechanism depends on the ab-
solute temperature L-vel of the radiating bodies. This can be
easily corrected in the actuator design by either using a different
fluid or by pressurizing the existing Freon actuator with about

10 psi of GNy or He. A more critical characteristic of the ac-
tuator was the significant time lag involved for the actuator to
respond to a temperature change of the component. This was at-
tributed to the relatively slow heating of the Freon actuator wvapor.
This did not effect the original Viking thermal switch application
of the actuator because the response to temperature change was not
a critical factor. However, when response to temperature change

is critical, such as the louver system, then this type of actuator
may not be adequate.
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I. INTRODUCTION

. The application of heat pipes to thermal control of satellites
zi has grown significantly in recent years. In most cases the heat
I pipe was used only as a transport medium. This test was intended
to demonstrate the ability of an integrated heat pipe system to
collect, tranmsport, distribute, and control heat from the source
to the sink. This method can result in significant weight reduc-

tions while improving the system performance and reliability if :
v the heat pipes perform as required. !

The ability to control a system of this nature requires the use
of variable conductance heat pipes (VCHP). The VCHP has been,
and still remains, the pacing item for the development and flight

Y of an integrated heat pipe system. Configuration (a) of Figure B-1
; was tested.
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Figure B-1 Iw*:grated Heat Pipe Systems ! j

Each of the systems shown in Figure B-1 uses a collector panel
called a thermal conditioning panel. This panel has integral
heat pipes enabling the application of nonuniform heating while
controlling the temperature differential over the panel to a

small value. For low heat loads, this panel would provide three
of the four functions presented above.

s e it

B-1




N

MR

T r“:_/ i

ERNCAERERTRAT N v S

Additional rejection capability can be achieved with large heat
loads by adding a separate radiator with integral control capa-
bility in the radiator feeder pipes, in the header pipe, or both.

Our original plan was to test configuration (c) (Figure B-1);
however, performance problems were experienced with the government
furnished property (GFP) header pipe. Hence, configuration (a)
was tested. We accomplished this by procuring a fixed conductance
header pipe. To facilitate installation into the chamber, the
header pipe had a 90° bend in the adiabatic section of the heat

pipe.
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II.

SUMMARY

Testing of the heat pipe radiator/thermal conditioning panel was
conducted in the 6x15 thermal vacuum chamber at Martin Marietta's
Space Simulation Laboratory. Three series of tests were conducted
to demonstrate the system capability. This was the first series
of vacuum testing of the radiator which performed flawlessly
throughout the test program. The design of the radiator and the
thermal conditioning panel was limited to 324.8°K because ammonia
was used as the working fluid in each unit. This resulted in the
test plan being modified to perform an additional series of test-
ing to further demonstrate the radiator capabilities.
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III. OBJECTIVE

The overall objective of the Space Tug Thermal Control Follow-On
contract was to experimentally demonstrate that the thermal con-
trol subsystem concepts selected and defined in Phase I of the
contract were viable, to obtain data for refining analytical
models, and to optimize concept configurations and performance.

The objective of this test was to demonstrate and measure the
performance of an integrated heat pipe thermal contreol system.
The special test objectives were to:

AW

2)

B-4

Measure performance of the system under a constant thermal
environment on the radiator at constant heat loads to the
thermal conditioning panel to obtain steady-state results.,
Hot and cold radiator environments were tested.

Measure the performance of the system under a cyclic thermal
environment with a constant heat load to the thermal condi-
tioning panel.
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TEST DESCRIPTION
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These objectives (Sec. III) were accomplished by conducting the
testing consistent with the radiator and thermal conditioning

panel design requirements.

The upper temperature limit of

324.8°K required a modification to the original test plan to
avoid over temperature of the thermal conditioning panel.

Table B-1 summarizes the tests that were conducted.

presents the original test plan summary.

Table B=1

Table B-2

Thermal Conditioning Panel/Heat Pipe Radiator Test Summary

Testing Conducted

1

2 3 4
1. Type of Test Transient Transient Cyclical|Transient
to Steady- |to Steady- |1.5 hr to Steady-
State State Period State
2. Conditioning 100 200 200 600
Panel Heating 200 400 400 400
Level, W 300 500 500
380
200
3. Radiator Sink Constant Constant Cyclical|Constant
Temperature, °K 238.66 194.29 238.7 144,29
to 194
4, Simulated Flight | Hot Cold Orbital |Colder
Environment Environment |Environment |Cyclical |Environment
B-5
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Table B-2

Planned Thermal Conditioning Panel/Heat Pipe

LI SN LR, Yo

Radiator Test Summary

Test
1 2 3
1. Type of Test Transient to Transient to Cyclic, with
Steady-State | Steady-State | 1.5-hr’'Period
2, Conditioning 100 200 200
Panel Heating 200 400 400
Level, W 300 600 600
400 800
200 1000
3. Radiator Sink Constant Constant Cyclic,
Temperature, °K 238.66 194.29 238.7 to 194
4., Simulated Flight | Hot Cold Variable
Environment Environment Environment Environment
Orbit Orbit Orbit

The first two series of tests were conducted at steady-state
gshroud temperatures of 238,7°K and 194.3°K while varying the power
to the levels shown until the temperatures achieved steady-state.
The third series of testing was conducted at constant power levels
while varying the shroud temperature in a sine wave manner between
238.7 and 194.3°K with a 90 min period. The fourth series of
testing was conducted at a shroud temperature of 144.3°K at

three power levels.

TEST ARTICLE DESCRIPTION

Heat Pipe Radiator

The radiator panel (Figures B-2 and B-3) is an aluminum panel com-
prised of six variable conductance feeder heat pipes. The.evap-
orator section of each pipe is bent 90° from the condenser to
permit attachment to the header pipe. The radiator is 1.22 by
1.83 m (4 by 6 ft) with a total radiating area of 2.23 m? (24 ft?2)
excluding the heat pipe and reservoir areas which extend beyond
the radiator panel. The feeder pipes used ammonia as the working
fluid and nitrogen as the noncondensable control gas.
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The radiator panel was developed for NASA-MSFC under contract
NAS8-29905 by Grumman Aerospace Corporation. The radiator was
then supplied GFP to Martin Marietta for this test program.

Reference 1 describes the design, build, and test of the radia-
tor.

The radiator panel was received with 38 copper-constantan thermo-
couples installed on the radiator. An attempt was made to use
these thermocouples but proved impractical due to the facility
instrumentation capabilities and cost of supporting hardware.

The laboratory is setup to use chromel-constantan thermocouples.
The use of copper constantan would have required the modification
of the recorders, chamber feedthroughs, connecting wiring, etc.
The modifications and unnecessary cost items associated with using
the existing thermocouples were avoided by installing thermo-
couples compatible with the existing instrumentation system.

The radiator was instrumented with chromel-constantan thermo-
couples (Figure B-4). The thermocouple locations agree with
the present thermocouple locations with some deletions and addi-
tions. A total of 34 thermocouples were installed. Table B-3
presents, for information purposes, a comparison of the thermo-
couples installed by Grumman versus those installed for this
series of tests.

PRI

Table B-3 L
Thermocouple Comparison !
GAC MM GAC MM GAC | MM GAC MM - i
1 | NI | 11 5 .21 | 15 | 31 | 27 .
2 NI 12 NI 22 17 32 28 |
3 1 13 7 23 18 33 29
4 2 14 8 24 19 34 30
5 NI 15 9 25 20 35 31
6 3 16 10 26 21 36 32
7 NI 17 11 27 22 37 33 '
8 NI 18 12 28 23 38 34
9 4 19 13 29 24 t
10 NI 20 14 30 25 -
Notes: 1) NI - Not installed i
2) Thermocouples 6, 16, and 26 do ¢
not have corresponding GAC i
thermocouples. I
B-9 i
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Figure B-4 Heat Pipe Radiator Thermocouple Locations
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L After installing the thermocouples, an insulation blanket was
assembled from 20 layers of wented aluminized Mylar with nylon

: netting separators. The blanket was sized to drape over the

y radiator sides and the reservoir end to form an enclosure with
the flat plate shroud. A second 20-layer blanket was fabricated
for completing the enclosure at the header pipe end of the radia- ;
tor. - !

2. Header Heat Pipe

The header heat pipe was purchased from Isothermics Incorporated.
This pipe (Figures B-5, B-6, B-7 and B-8) was designed to carry
a 1-kW load using Genetron 31-114 as the working fluid. The
pipe was made of copper with mounting provisions integral to the
design. The pipe was designed for use in a 1 g environment and
does not include a wick internal to the pipe.

Fifteen thermocouples were installed on the header pipe as shown
in Figure B-8. Thermocouples 10 through 15 were matched with
radiator thermocouples 1, 6, 11, 16, 21, and 26 respectively.

R T T D R

The headex pipe was checked out at Isothermics before shipment
to Denver. Attachment A presents the data resulting from that
checkout.

3. Thermal Conditioning Panel (TCP)

The thermal conditioning panel was developed for NASA-MSFC by
Donald W. Douglas Laboratories under contract NAS8-28639. The
panel was government furnished property (GFP) supplied to Martin
Marietta by MSFC. References 2 and 3 describe the design, build, :
and test of the panel. The panel was designed as an isothermal : :
panel with 12 heat pipes between 2 aluminum panels. Ammonia was :
used as the working fluid.

The thermal conditioning panel (TCP) was instrumented (Figure B-9)
with 11 thermocouples. In addition, five heater zones of 200 W
capability each were added (See Figure B-10). All heater zones
were controllable over the 200 W range. A heater tape 0.95 cm
(0.375 in.) wide was applied to the TCP covering the entire area
of each zone. ’ i

i : The application of heat to the panel agreed with the recommended i
0.31 W/em? (2 W/in.2). Removal of the applied heat load at the g
header pipe interface was accomplished at a flux density of 0.66 -
W/em? (5.56 W/in.2). This appears to be consistent with previous ST
testing conducted under the original build and test contract to |
n Donald W. Douglas Laboratories.

= A 20-layer aluminized Mylar blanket was fabricated to provide an P
insulated enclosure for the TCP and the header pipe evaporator ‘
section. This blanket was installed after chamber installation ‘
of the TCP. -
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Environmental Shroud

A flat shroud (Figure B-11l) was used in this test as the radiator
radiation sink. The shroud was 122x%213 cm (48x84 in.) and was
instrumented with 10 thermocouples (Figure B-12). The shroud was
required to enable meeting the l.5-hr environmental temperature
cycle. The chamber shroud would not respond fast enough over the
required temperature range in the 1.5-~hr cycle time. The flat
shroud was insulated on the chamber side to avoid cooling down the
present chamber shroud. This minimized the heat load on the gas
heat exchanger system used to control the shroud temperature.

TEST CONTROL AND INSTRUMENTATLON

The heater control of the test was accomplished by using an
existing regulated dc power supply and control panel shown sche-
matically in Figure B-13. Figure B-14 shows the control panel
including digital potentiometers for controlling each zone.
Voltage and current measurements were obtained by selecting the
desired channel and recording the appropriate meter outputs.
Figure B-15 shows the overtemperature controller on top of the
control panel which was wired to interrupt power to the heaters
on the TCP when it exceeded 324.8°K. Also shown are the multi-
point recorders used in recording the data. The data were re-
corded manually on summary sheets during the test.

The number of thermocouples and heaters was quantized to be con-

sistent with previous testing and to provide data consistent with
the overall test objectives. Table B-4 summarizes the instrumen-
tation requirements for each test article and the chamber shroud.

Table B-4
Instrumentation Summary

Item Thermocouples Heaters
Radiator 34

Header Pipe 15

Thermal Conditioning Panel | 11 5
Shroud 10 =
Total 70 5
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The thermocouple data were recorded on 24-channel recorders. The
radiator data required two recorders and permitted recording the
TCP temperatures on the second recorder. The header pipe and
shroud data were recorded on separate recorders. The heater power
was recorded manually on separate data sheets. The accuracy of
thermocouple recording was *1.4°K (%2.5°F).

CHAMBER INSTALLATION

The three subassemblies were installed in the chamber as shown
schematically in Figure B-16.

The radiator and thermal conditionming panel were suspended from
the aluminum frame shown in Figure B-17., Figures B-2 and B-3
show the teflon blocks used to suspend the radiator. The header
heat pipe condenser mounting surface was greased with a DC 29
heat sink compound before clamping to the radiator feeder pipes.
The same compound was used to interface between the header pipe
and the TCP before bolting the two units together (See Figure
B-18).

The radiator, header pipe, and TCP were then leveled to ensure
proper heat pipe operation. The shroud was installed 6.5 cm

(4 in.) below the radiator completing the piping installation.
After conducting a controls and instrumentation checkout, the
radiator and shroud were enclosed by an insulation blanket com-
prised of 20 layers of 1/2 mil-vented double aluminized Mylar
with nylon netting separators. This created an enclosure
between the radiator and the shroud and minimized the influence
of the chamber upon the test.

Figure B-19 shows the final installation with the TCP and line
insulation installed. The radiator/shroud blanket ls not visible
in the figure.
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TEST FACILITY

A 6x15-ft ion/titanium sublimation-pumped chamber capable of
attaining a vacuum level of 1078 torr with a pumping speed of
50,000 liters/sec was used during the conditioning panel/heat
pipe radiator tests (See Figure B-20).

The operating characteristics of the 6x15-ft solar-—thermal/vacuum

chamber, based on both design specifications and actual test data,
are shown in Table B-5.

Table B-6
Operating Characteristics of the Solar-Thermal/Vacuun Chamber

Nominal Chamber Size Six £t 0.D, x 15 £t 6 in. long

Ultimate Pressure 1x10™ 8 torr
Pumping System Roughing

Portable cart capable of pumping the
chamber to 5x1075 torr. Chart contains
a cold trap and 650-cfm booster pump
backed up with a 60-cfm compound pump.

High Vacuum

Bulk titanium subliminator with LNj
cooled substrate with an initrinsic
pumping speed of 50,000 liters/sec at
1x10~7 torr. Ion pumps are capable

of pumping 1400 liters/sec of air with
a nokle gas load capability of 20%
relative to air for argon.

Chamber Feedthroughs Instrumentation
300 chromel/constantan thermeccouples.

Power

24 channels, each with a capability of
28 Vdc at a maximum current of 10 amps.
Eight feedthroughs with a 100-amp capa-

city.

Additional capabilities of the 6x15-ft solar-thermal/vacuum
chamber, which are available, but were not required to support
the proposed test program, are shown in Table B-6.

B-29
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Figure B-20
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Table B-6 f
Additional Capabilities of the Solar-Thermal/Vacuum Chamber b
Solar Simulation

|

i Intensity One to 2.5 solar constants (1400 to 4000 ¥
E W/m?) . L
2 Uniformity + 5% over a 4-cm? area in a plane per- g

ii pendicular to the axis of the beam. L
ij Spectral Range 0.5 to 2.7

e S,

i Spectral Match Filtered zenon with a e¢lose match to the
i Johnson curve.

ST

Residual Gas Analysis Continuous scanning of the mass spectrum
from 1 to 500 AMU or any portion thereof.

Temperature control of the shroud was obtained by using the por-
table gas heat exchanger shown in Figures B-21 and B-22. The
unit uses gaseous nitrogen forced through a closed loop which is
: controlled to the desired temperature. Liquid nitrogen is used
; for cooliiig and a 10 kW heater is used for heating. An elec- i
| tronic controller is used to control the system by manual or

automatic setpoint inputs. The system is capable of controlling
: the output gas temperature between 116 and 339°K (-~250 and 150°F)
é while subjected to heat loads up to 10 kW.

st

b Standard Operating Procedures (SOPs) govern the operation and

i protection of both the test specimen and the test facility.
Specific test requirements are integrated into these SOPs through
a controlled release system. The facility is operated by certi-

fied operators who have a thorough knowledge of vacuum technology
and test techniques.

- .?L.:.(
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The data presentation for all of the testing used the following
N nomenclature shown in Table B-7.

| Table B-7 Nomenclature Used for All Data Presentation

: Thermocouple Test Reference,
: Designation Hardware Figure
i 1
B § T Thermal Conditioning B~-10
: Panel
; H Header Pipe B9 :
! R Radiator B~4 %
]
s Shroud B-13 |
3 :
{
i Note: The shroud temperatures were presented as average values
i since the variation in temperature over the shroud was
‘ 5°K.

TEST 1, HOT CASE, 238.66°K SHROUD ;

Testing of the radiator/thermal conditioning panel was performed
from 16 April to 24 April 1975 beginning with the hot case. For
this series of testing the shroud was held at 238.7°K (-30°F)

! and heat was applied to the thermal conditioning panel (Table B~7)
until steady-state was achieved. The planned 400 W test was

i reduced to the 380 W level to avoid over temperature of the thermal
; conditioning panel. The steady-state and transient data obtained
from the tests are presented in Figures B-23 through B-52.

e

Figures B-23 through B-32 summarize the test data by location on

the test hardware for the five power levels at-steady state condi- 4

tions. Figures B-33 through B-52 present temperature histories ; 2
; from the same runs showing the transient response of the system :
} to varying power loads for constant environment: temperatures.

The thermal conditioning panel exhibited a maximum of 8°K AT

(Table B-7) over the panel. The header pipe exhibited ATs ranging
from 3°K at 100 W to 8°K at 380 W. The two 200 W runs both ex- b
hibited a 5.5°K AT. B

T B-34 | -
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The zadiator data clearly shows the front movement throughout
this test series as exemplified by Figures B-35 and B-45 by
thermocouples R3 (Table B-7) and R4. Thermocouple R2 was ob-
served during the test to read lower than R3. This thermocouple
" (Figure B~4) was located on the adiabatic section of feeder tube
1. After removing the radiator from the chamber it appeared

i that this thermocouple had become detached from the tube and was
it very likely influenced by the shroud temperature. The radiator
i skin temperature shown in Figures B-41 through B-51 show the

o expected trends including a nonuniform front location in the

i feeder tubes. This was anticipated since the evaporator section
S of feeder pipe 6 is only 15.24 cm (6 in.) long compared with the
v 30.48 cm (12 in.) length of the other 5 pipes.

J/

The shroud temperatures are presented as average values in the
transient plots and as individual temperatures by location in the
steady-state summaries. Thermocouple S-10 (Table B-7) failed to
yield data comparable with the other shroud temperature and is not
presented in any of the data summaries. The average temperature
plots are based upon the nine thermocouples for each plot. Ne
attempt was made to correct the problem on the S-10 thermocouple
due to the time required to remove the insulation blankets and
the potential requirement of removing the shroud from the chamber
before corrective action could be performed. After completing
the test, this thermocouple was found to be detached from the
panel,

oL

®

B. TEST 2 COLD CASE 194.29°K SHROUD

Cold case testing of the system was continued after completing the . ;
hot case by reducing the shroud temperature to 194.3°K (-110°F),
The 200 and 400 W power levels were accomplished without difficulty
after increasing the power to 600 W over the temperature of the %
thermsl conditioning panel was achieved. At that point the test N
plan was modified to three power levels; 200, 400 and 500 W. The

600, 800, and 1000 W tests were deleted. In place of the two

deleted tests a colder shroud temperature test was added by 7
agreement with the COR, Mr. Jim Wise.

The data derived from the cold case testing are presented in
Figures B~53 through B-68. Tigures B-53 through B-58 present

the steady~-state results by location on the test hardware for the
three power level tests. Figures B-59 through B-68 present
temperature histories from these runs showing the transient
response from a changing power load at a constant shroud tempera-
ture.
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The thermal conditioning panel exhibited a maximum of 9°K AT over
the panel at 200 W. The 400 and 500 W runs both resulted in 8°K
AT. This agreed with hot case results for the 400 W condition,
however the 200 W results were 1°K higher. The reason for this
discrepancy is unexplained.

The Leader heat pipe exhibited ATs of 4, 7, and 9°K respectively
for the power levels of 200, 400, and 500 W. These data are in
agreement with the hot case results.

The radiator temperatures show a pronounced movement of the vapor/
gas interface as shown in each of the feeder tube temperature
plots (Figures B-61 through B-66).

TRANSIENT TESTS

The transient tests were conducted by cycling the shroud tempera-
ture between the hot and cold case shroud temperatures 238.7°K
and 194.2°K, in a cosine wave form with a 90 min period. Two
transient tests were conducted as a result of the over tempera-
ture problem experienced during the cold case test series. A
minor problem was encountered in the gas heat exchanger which

was used to control the shroud temperature. This problem was
corrected by increasing the vent area of the unit eliminating

the choked flow conditions in the vent. Two sets of transient
runs were conducted as a result of the gas heat exchanger

problem, however only the second set of runs was reduced and
presented.

Figures B-69 through B-78 present the temperature histories of
the data that resulted from the 200 and 400 W tests. Figure B-78
presents the average shroud temperature. The unconnected points
indicate the desired temperature curve. The comparison between
the desired curve and the actual curve was within a few degrees
Kelvin throughout the transient test series.
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Figure B-77 Test 3, Transient Enviromment Radiator Skin Temperature
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Y D. '144°K SHROUD TESTING i
Sl P
) I
L The 144°K shroud testing was conducted to obtain additional cold I %
L case performance data instead of the testing that could not be T
! conducted under the original plan. This test exceeded the cold L
i case design environment for the radiator and was compensated for j
L by increasing the load to be dissipated. _ (I
; Three power levels 400, 500, and 600 W were tested, however the ? j
i lower load was terminated before achieving steady-state. The B |
' ii 400 W load test was terminated early as the reservoir temperature ¥
continued to drop below the freezing point of ammonia, the feeder i
i pipe working fluid. The power level was increased to 500 W and |
i the test continued until steady-~state was achieved. =
;E This test demonstrated the capability of the radiator to operate i g
¥ in a significantly colder enviromment (144°K versus 194°K). The : |
i raesponse of the radiator to changing load for this environment | ;
il was also obtained. Figures B-79 through B-84 show the tempera- f 5
y tures obtained for this series of testing by location on the test ; 3
i hardware. Figures B-85 through B-94 show the temperature his- ‘
ﬁ‘ tories of the data. y
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CONCLUSIONS

The heat pipe radiator/thermal conditioning panel demonstrated
that an all heat pipe thermal control system can satisfy future
spacecraft thermal control needs. While all of the heat pipes
performed as expected, one conclusion drawn from the test was
significant.

The use of heat pipes in a thermal control system should minimize
the number of physical interfaces between pipes and other equip-
ment. Each interface introduces a AT into the system which will
result in a lower system performance per unit of weight. This
test was intended to integrate two existing heat pipe systems and
demonstrate their operational capability. Three interface AT's
resulted in connecting the two major test articles. Specific
thermal control applications should consider making the header
pipe or its equivalent an integral part of the collector device.
One or two of the system interfaces can be avoided improving
overall system performance.

B-1190
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ISOTHERMICS INCORPORATED ¢ R.O. BOX 86+ AUGUSTA *» NEW JERSEY+07822 (201) 3833500

€ Isothermics, Inc.

March 4, 1975

Martin Marietta Aerospace
Denver Division

0O, Box 2371

Denver, Colorado 80201

Attention: Terry Ward

Dear Terry:

Enclosed please find a copy of our test report and lab
data sheet concerning the heat pipe we manufactured for you.

We did not know exactly how the pipe would be inter-
faced with heat source and sink. We assumed that the heat
input would be uniform over the 30 inch evaporator and that
the heat out put would be uniform over the 48 inch condenser.
Tests were run level and horizontal. It was decided to verify
the upper load requirement and assume that the lower loads
would be acceptable.

If you have any questions regarding the report or data,
please feel free to call me at any time.

Very truly yours,

ISOTHERMICS, INC.

/'/_'. / 7 /‘(J/\

Robin Rhodes

Project Engineer
RR/dss
Enclosure
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ATTACHMENT A

TO:

FROM:

SUBJECT:

March 3, 1975

R. Rhodes
C. Wyman

Testing of Martin Marietta Pipe MO 5114

1. Test Set Up

A.

B~114

Thermocouples No. 1 to 8 are mounted on the evaporator
plane in the first and third; bolt holes from each end.

Thermocouples No. 9 and 10 are mounted on the heat pipe
in the evaporator section.

Thermocouples No. 11 and 12 are mounted on the heat pipe
on the 90° bend.

Thermocouples No. 13 to 16 are mounted on the condenser
plate.

Heaters

Two heater wires were attached to the evaporator plate
outside the bolt holes. Each heater measured 20 ohms
resistance.

Insulation and Cooling

Evaporator section was covered with twc layers of 2 in.
fiberglass. The condenser section was cocled by evapora-

tion of a refrigerant.

Tests 1 and 2, R-113 refrigerant used.
Tests 3 to 10, R-11 refrigerant used.

Pipe Set Up Level and Horizontal
Load Evaporator ~ each heater had 20 ohms resistance.

Voltage varied current measured. :
Watts calculated using I2R.

I —
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2, Results

Watts Watts
°F Rise T evaporator - T condenser

Over all pipe conductance

Test No. |T Evaporator | T Condenser| I Watts Pipe Conductance
L &2 138.2 130.1 3 360.0 | 44.4
3 105.9 91.4 3.6 518.4 | 36.1
4 & 5 107.4 89.1 4.0 640.0 | 34.96
6, 7, & 8|121.0 93.8 5.0 | L000.0 | 36.76
9 & 10 122.4 94,3 5.5 {1210.0 | 44.6

Note: Temperatures in °F

10 Tests at five sets of conditions

One and two used R-113 cooling - insufficient cooling capacity
Three changed to R-11 for cooling - uneven temperature on condenser,
indicated that R-113 was insulating portions of the condenser.

Ran approximately '; hr to stability. R-1l attached Silicone in-
sulation on the t/c's (condenser).

Four and five R-11 uniform condenser temperatures restored.

Six, seven and eight R-1l cooling excellent operation at 100%
power requirement.

Nine and ten R-11 cooling - 210 W beyond requirement, tests
terminated. '

Note: Due to time factor and lack of equipment, the low limit
(~30°F) could not be verified.

Conclusions:
1. Pipe is capable of meeting high end requirements.

2., Overall pipe conductance based on the five conditions tested
is 38.9 W per °F rise,

B~115
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U T T
r Lp 28 February 1975 .
12 13 14 15 16
11
nf No. = TC in Bll Holes Large Plate
8 {10| 7
6 5 Condenser End
R-113 used to Remove Heat Test 1 and 2
4 3 R-11 Used ! ﬁ
9 ,
2 1 l
<\\\\\'\\\\LHeatm:s Ohtside Bll Holes 26.2 each
C \
:
Test No. %
e 1 2 3 4 5 6 7 8 9 10 §
Temperatures ~ °F '
1 140.8 | 147.0 | 114.4 J116.7 | 116.7 | 133.5 | 132.4 }132.1 }137.7 |137.9
2 141.1 | 147,0 | 114.0 ) 115.6 ) 115.9 | 131.7 | 130.8 j130.9 | 135.6 |135.4
3 138.1} 144,2 | 110,0 {111,7 | 111.8 }126.5 } 125.9 | 125.3 | 130.9 {130.6
4 138.5 | 144,3 |'110.3 | 112,0 | 112.3 | 127.5] 126.9 | 126.4 } 132.0 {131.7
5 139.0 | 144,0 | 110.8 {112.0 { 113.1 {129.0 { 128.3 |{127.4 {134,2 [134.0
6 138.9 | 145.7 { 112,7 {114.8 | 115.4 [132,5{ 131.8 [ 130.9 {138.2 {138.1
7 139.1( 145.2 { 112.0 {114.3 | 114.9 [131.3{ 130.6 | 129.5 | 136.7 [ 136.7
8 138.9 | 144,2 [ 111,1{113.1 [ 113.8 [129.0{ 128.3 [ 127.5 { 134.3 [ 134.4 :
9 135.1 | 140.1 | 105.5 |106.8 | 107.7 |121,7 | 121.2 {120.4 | 122.4 [122.2 .
10 135.9 | 141.6 | 106,3 | 107.2 [ 108.1 {121.2 | 120.8 {121.2 | 122.7 |122.2 4
11 128.2132.7| 95.2 | 94.9 96.0 |105.2 | 105.4 {105.0 | 109.7 |110.0 , }.f
12 128.6 | 132.4 | 94.3 | 93.8| 94.9 |104.0 | 104.3 | 104.4 | 108.5 | 108.6 ‘ é
13 128,9 [ 132.2 | 91.9 ) 89.6 | 90.6 | 96.8| 96.2 | 95.6 | 96.4 | 96.2 ’ ..§
14 128.8 | 131.6 | 90.3 | 88.3 ] 89.5 | 93.2| 93.6{ 93.5| 95.1 1] 195.1 g
15 122.3]130.9'} 86.3 ] 85,6 86.2 | 83,3] 88,5 88.7 | 90.0 | 90.0 %
16 128.8 }132.0} 92.2 | 88.3) 88.8 | 91.9) 91.8} 92.5) 93.8 ] 93.8
Input
Amps 3.0 3.0 3.6 4.0 4.0 5.0 5.0 5.0 5.5 5.5 :
R-113 { R-113 | R~11 |R-11 |R-1i. |R-11 |R-11 |R-11 |R-11 |[R-11 ‘g
i
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INTRODUCTION

The analysis of the heat pipe radiator/thermal conditioning panel
test results was performed to demonstrate the ability of predict-
ing multi-heat pipe system thermal performance. The test data

from Appendix B was compared with the model results for both steady-
state and transient conditions. To accomplish this comparison a

112 node thermal model of the header pipe and radiator was de-
veloped. Steady-state and transient runs were made and the results
compared with the test data.

The predicted results agreed with the test results both in heat
rejection and temperature. The most difficult task in the analysis
was matching the front location in the individual feeder pipes on
the radiator.

The complexity of this analysis is significant when compared with
the analysis of previous radiator systems using a pumped fluid.
The number of variables introduced by the wvariable conductance
heat pipes over-—-shadows those of the pumped fluid systems. While
the pumped fluid radiators have been designed and analyzed for
over ten years, heat pipe radiators are relatively new and their
analytical techniques have not achieved the maturity of other
thermal control systems and techniques.

Over the past two years, Martin Marietta has devoted an IR&D task
to the development of these analytical techniques and has verified
the techniques for several fixed and variable conductance heat

pipe designs including one radiator system. The analysis described
in this report was the first data correlation attempted for an
axial grooved variable conductance heat pipe.
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II. SUMMARY . |

-t The heat pipe radiator thermal model correlations with the test

' data demonstrated that heat pipe systems can be modelled as a

. part of an overall system thermal model. The predicted results ; :

i agreed very well with the test data for all steady-state and b
transient runs. : }

The added complexity of modelling heat pipes and including them
in a thermal model is significant. The predictability of the :
front location in a variable conductance pipe represents the most § |
difficult task. In general the predicted front locations appeared '
to be within 10 cm (approximately 5% of total length) of the
actual location on the average with the maximum error being 30

cm (approximately 157 of total length).

Future applications of these techniques and improvements in heat L
pipe modelling will provide even better results as heat pipe

applications to spacecraft increase. The results indicate that ]
heat pipe analytical techniques are now achieving the maturity of ? q
techniques developed for analyzing other thermal control devices
such as pumped fluid systems. by
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MODEL DESCRIPTION

The thermal analysis of the radiator/TCP test was accomplished
using a 112 node thermal model of the system. The radiator con-
tained 60 nodes, the header heat pipe 16 nodes, and the shroud 36
nodes. ’

The radiator model was divided into 10 nodes per feeder heat pipe.
Each pipe contained one evaporator node, one transport node, six
condenser nodes, one reservoir node and one vapor node. The
header pipe consisted of four evaporator plate nodes, four evapo-
rator nodes, one transport node, six condenser nodes, and one
vapor node. Figure C-1 presents the nodal breakdown of the radi-
ator and header pipes. Each of the heat pipes were modelled in
the same general manner as shown in Figure C-2 for feeder pipe 1
on the radiator.

The evaporator of each feeder pipe was connected with the appro-
priate header condenser node via a contact conductance. The con-
tact conductance was calculated based upon the test AT and the
predicted heat load per pipe Five steady-state runs (three hot
case and two cold case) were used to determine the values shown
in Table C-1.

The average values in Table C-1 were used in the model to obtain
the predicted performance presented later in the test.

Heat was applied to the header evaporator plate uniformly over

the four-plate nodes based upon the measured heat loads from each
test. An attemp was made to model the thermal conditioning panel
(ICP) as a single node and apply the heat load at this point. This
did not yield reasonable results due to a variation in the apparent
contact conductance between the plate and TCP. This variation

is attributed primarily to variation in cemperature on the TCP
under the plate. Since this temperature distribution was not
measured in the test, the proper conductance value was unobtain-
able from the model or test data.

Since this was the first attempt to checkout the axial groove pipe
simulation, problems with the axial groove logic in the subroutines
were anticipated. Initially low ATs were obtained for the feeder
pipes. A match of feeder pipe ATs was obtained by reducing the

tube to vapor conductances by a factor of 18.6. The original con-
ductance calculation did not account for conducting through a liquid
layer in the area of vaporization or condensation. A brief liter-
ature search revealed that a liquid layer of approximately 0.00254
cm (0.001 in.) yields the appropriate conductance in series with

the radial conductance of the tube (ref 1). Furthermore, Reference

et
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1 states that the vaporization in the evaporator occurs in the
vicinity of the meniscus attachment line while condensation in
the condenser occurs primarily on the fin ends. For the results
discussed later, a constant radial conductance for both the evap-
orator and condenser sections was used.

120

VAPOR

10 10 105 106 19

EVAP ITRAN l CONDENSER RESERVOIR

Figure C-2 Heat Pipe Model

Table C-1 Contact Conductances

Pipe 1| Pipe 2| Pipe 3 |Pipe 4 | Pipe 5| Pipe 6
10.26 10.73 | 9.38 7.07 8.69 7.29

= W
¢ %

Standard W
Deviation °K 1.69 1.90 1.99 1.65 0.79 1.97

The early runs further indicated that using the gas load of 0.0135
lbm of nitrogen (Ref 2) did not yield the proper gas front loca-

tion. The model assumes flat front theory with tube conduction.
This was not sufficient in locating the front until the gas load
was reduced by 6%. The reduced load was within the loading ac~-
curacy accordinggto Grumman Aerospace. Corporation (+10%). The
actual gas weigh? is very difficult to weigh and the load was
determined by the perfect gas equation. Some diffusion effects
are also likely; however, this effect was considered to be small.
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MODEL CORRELATIONS

—— — e o -

Model correlations with the test data yielded good agreement for

the steady-state and transient runs both in temperature and front

location. The discussion of the model results are presented first .
for the steady-state cases followed by the transient runs. P

STEADY-STATE CORRELATIONS

Hot Case

All of the hot case test runs were simulated by the model and

the results are presented in Figures C-3 through C-12. Each of
the six feeder heat pipes' temperatures are plotted versus node
location superimposing the test temperatures for direct comparison
with the model results. The 100 W hot case is presented in Fig-
ures C-3 and C-4. The front locations for pipes 3 and 4 were in
excellent agreement with test while pipes 5 and 6 predicted fronts »
10 and 15 cm, respectively beyond the locations indicated by test. : 3
Pipes 1 and 2 predicted fronts 25 and 15 cm inside those in- : "
dicated by test. This run yielded the most significant front
location errors of the hot case analyses.

T |

In reviewing all of the data one should bear in mind that the
reservolr temperatures were set to the measured test temperature
with one exception. The thermoccuple on reservoir 1 was loose
and did not yield accurate test data. Its reading was adjusted
to a more reasonable value.

Iy

The 200 W case is presented in Figures C-5 and C-6. The tempera- L
ture predictions were in excellent agreement with test as were
the front locations. The 300 W case is shown in Figures C-7 and i ;
C-8. Pipes 1, 4 and 6 were in excellent agreement with test while :
pipes 2, 3, and 5 showed errors in front locatgon 20, 12, and 17
cm, respectively, beyond that indicated by test. The 380 W case
is shown in Figures C-9 and C-10. This case resulted in excellent
agreement for the first 5 pipes with pipe 6 predicting the front
inside of that indicated by test by 32 cm. The 200 W test was
repeated to show repeatability of results which also showed re-
peatability of the model. The data is presented in Figures C-11
and C-12.

C~6
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2. Cold Case

The cold gas correlations are summarized in Figures C-13 thru C-18.
Figures C-13 and C-14 present the 200 W case. The model predicted’
temperature and front locations very well for this case. Pipe 5
presented approximately 10 cm error in front location. The 400 W
case, Figures C-15 and C-16, resulted in slightly larger fronmt
location errors, 17 em for pipe 2, 10 cm for pipe 3, 5 cm for

pipe 5, and 15 cm for pipe 6. The 500 W case, Figures C-17 and
c-18, gave very good results for the first 5 pipes with the sixth
pipe showing a significant error in front location.

4
E
3

5 144°K Shroud

The 144°K shroud 500 and 600 W cases showed nearly excellent agree-
ment with test, The 500 W case is shown in Figures C-19 and C-20.
Temperature agreement was excellent for the first 5 pipes. The
sixth pipe predicted the front 22 cm inside that indicated by

test. Figures C-21 and C-22 present the 600 W data and show ex-
cellent agreement in temperature and front location for the first

5 pipes. The sixth pipe appeared to have at least a 30 cm error

in front location.

4, Discussion

As shown in the above data general agreement in predicted versus
measured temperatures was achieved by the model. Due to the lack
of sufficient number of thermocouples from the test the precise
location of the vapor gas front can not be determined. Assuming
that the temperature profile indicated by the model is reasonable
the apparent errors in front location were determined by shifting
the model prediction to agree with test. Feeder pipe number 6
gave the most inconsistent set of predicted results. A further
reduction in gas load below the -6% load used in the model would
have resulted in poorer agreement. In all of the runs the energy
balance of the model at steady-state was less than 1 W maximum
error.

Simulation of a variable conductance heat pipe is strongly dependent
on reservoir vapor pressure, which in the case of ammonia, is an
exceptionally strong function of reservoir temperature. The com-
plex geometry in the vicinity of the reservoir made an accurate
estimate of the radiation couplings to the shroud difficult. Con-
sequently, the reservoir temperatures were imposed in this analy-
sis in order to minimize these unknowns. All the steady-state

runs contained logic to compute a radiation coupling from reservoir
to shroud based on the heat leaking into the reservoir from the
tondenser. Several cases resulted in apparent front movement into
the reservoirs, a condition which the model is not capable of
simulating. When the average radiation couplings for the runs with
the front not influencing the reservoir were used between the res-
ervoirs and shroud, predicted temperatures within 2°K resulted for
the 500 W 144°K shroud case.
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TRANSIENT CORRELATIONS

The transient data is presented in Figures C-23 through C-29.

In general the model predicted transient responses in very good
agreement with the test data. The reservoir temperatures were
controlled to the measured test values except for pipe 1 which
was controlled to the same curve as reservoir 2. All of the
capacitance of the system was limited to that of the four header
pipe evaporator nodes including the thermal conditioning panel.
All of the remaining nodes were input as arithemetic nodes. The
reason for this was that the resultant time step would be extremely
small indicating that the chosen method would yield a close
approximation. Time step problems were encountered resulting in

a sluggish response of the problem at an interval of 0.05 hr.
Reduction of that interval to 0.02 hr yielded the presented data.
The ‘data presented here were derived from Appendix B superlmp031ng
the predlcted results for comparison.

In the“header pipe comparison the upper set of model points rep-
resents the average of thermocouples H1l, H3, H5 and H7. The next
cooler set represents H2, H4, H6 and H8. The lowest two sets

are the hottest and coldest condenser results representing thermo~
couples H10 through H15. Figure C-23 presents the data comparison
for“the header pipe which resulted in very good comparison in
temperature. The most severe transient conditions were chosen

for this correlation representing the end of the 200 W run and

the beglnnlng of the 400 W run.

' In the feeder pipe comparisons the upper set of model points
. represents the evaporator, the middle set the first condenser

thermocouple from the evaporator. TFeeder pipe 1, Figure C-24,

~ yielded excellent agreement with the test. Pipe 2, Figure C~25,
gave results approximately 2°K warmer on the evaporator and dis-

played faster response of the front movement compared with test.

~ Pipe 3, Flgure C-26, compared very well with the test and showed

sllghtly faster response in front movement than the test. Pipe

4, Figure C-27, showed good agreement in the evaporator and active
condenser section. The agreement with the second condenser thermo-
couple was mixed. The front did not respond out far enough during
the initial front movement resulting from the power change and
later showed the front moving back 1nto the pipe beyond that in-
dicated by test. Pipe 5, Figure C-28, ylelded very good agree=-

ment except for the front tending to move back into the pipe be-

yond that indicated by itest during the cold part of the orbit wh;le

at 400 W. Pipe 6, Figure C-29, gave good agreement in the actlve

sections of the pipe but also showed-a front location closer to’

. the evaporator than 1nd1cated in. the test result durlng ‘the 400

W portlon

c-28"
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Discussion g
The transient results were in good agreementfvifh the test data i
except for pipes 4 and 6. A slightly sluggish response to the :
load change in the model caused the front in pipe 4 to be too far g
toward the evaporator when the shroud temperature began to drop. , i
Consequently, a much greater temperature excursion resulted in i
the model than in test. Preliminary runs in the 540 to 630-min i
region indicated that this excursion would be eliminated by that it
time. Pipe 6 showed the most inconsistent comparison with test L
throughout the analysis, and in the transient again a slightly ;
further decrease in noncondensible mass would have resulted in :
better results. The error indicated in the evaporator of pipe 2 - f
is uniform throughout the analysis and indicates an instrumenta- o
tion problem especially since in some cases this thermocouple !
registered temperatures below the condenser temperatures of the i
same pipe. 8
Although the capacitance of the radiator was ignored in the tran— ?
sient analysis, the response rate results indicated that the ther- B
mal conditioning panel was the dominant mass in the system. ﬁ
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V. CONCLUSIONS

i The model correlations with the test data indicate the techniques
%f of analyzing heat pipe thermal control systems are maturing and

A can be incorporated into the design analyses of 'spacecraft. Since :
ﬁ future spacecraft will very likely depend upon heat pipes for . 5 ]
; controlling the wvehicle thermal balance and equipment temperatures, : '
: this analytical tool will become more useful and important to the

e thermal design.

i Specific pipe configurations and designs still require empirical
o data for the model such as the determination of the characteristics
of liquid layer in the axial groove pipe through which the heat
is transferred. This can be evaluated through test and analysis

Loy

yielding an effective %f for use in modelling. Mechaniecal joints

are inherent problems in heat pipe systems and particularly in a
radiator system. Considerable data is available for design appli-
cations, however the performance of a specific system is still
dependent upon the values and the repeatability obtained.

L

PRV S

UL CUE AN

[ The techniques employed in this analysis did not incorporate the

- front movement into the transition tube and reservoir. Generalized
approaches to handle this problem would aid ones ability to pre-
dict the reservoir temperatures with more accuracy during full
open pipe operations.
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bﬁiy 101, 71us 19-45

492, 101, 711, 19,45

493, 2(1, 711, 28.3¢

LO4y 201y 712y Z20.3E%

405, 301, 712+ 17.78

#JE, Il 7137 17.78

497y 4ely, 713, 1342

408y 4Uly 714y 13440

409, 5C1, 714y 1647

4139y 531y 715, 16.47

) 411, 631, 715, 13.83

L *»%  HEADER PIPE FVAPGRATOR TO MOUNTTNG PLATE

511y 7481, 732, 34404

542y 703, 734y 3h4.J4

5139 755, 756) 34,04

514y 707y 738, 34404
G ®»» RADIAL CONDUCTICN IN WALL; WICK, AN LINUTO
C %=~ EVAPCRATRS

GEN 1901y 6y 164y 131, 108, 120, 100y 1oy 1ey 2y 1.3 FEENERS

GEN 7051, 4y 1, 782, 2y 716y Oy 1ay 1ay 1.y
C w«*» ADIABATIC SECTIOMS

1.3 HEAPER

GEN 1342, 5y 15063y 132, 100y 12Cy 100y 1ay 14y Ley 1.3 FEEDEPS

73i5y 7.9y 716y 1.3 HEANER
b CCNDENSERS

GEN 24dC3y 69 19 1053y 1y 1209 J¢ Lea 1ay Ley
GEN 2303y By 1y 233y 1y 220Gy Ty Ley 14y L4y
GEN 3du3y 6y 1y 2.3, 1"323’ Gy Loy 1oy 1ay
GEN 4003y 64 1s 4034 1y 4204 09 1.9 1ey 14y
GEN S53u3y By 1y 533y 1y 523y 3y 1ey 14y 1.,
GEN BJu3y H+ 1s AD3s Ly, 6235y O¢ 14y 14y 14
GEN 7.d0b6s 6y 1y 741Gy 1y 716y Oy L1ey 1y 14y

(]

1,3 FEENEP
1.3 FEEDER
1.% FEENER
1,% FEENER
1.7 FEENER
1.3 FEERER
1.T HEANFR

TIPN L WN -

C ®** CONDUCTANCES TO EFFECTIVE SINK TEMPS (ARRITRARY)

GEN 10, 6’ 19 1&3, 1’ 1&37 1, 10"1-’10,1-
GEN 20y By Ly €03y 1y 2y 1y 1feslesleyl,
GEN 3uy By Ly 353y 1, Iy Ly 1Ge9leglasia
GEN 40s 69 1y 4L3s 1y #4C9 19 Loesleslesle
GEN 53, 59 1; 553’ iy g:y 1, 15-11.,10,1-‘
GEN BCy By 1y EBuds 1y 67y 1y lleslesieydis
END

c'."!'l#'U‘l#"*l!'l'*-‘#'#”#!!!'!’!V¥¥l‘¥¥!¥¥'l!!!#!¥!'¥'ﬂ!!.¥l.l¥'¥¥

agl 3CONSTANTS DATA
Ce s CONVERSION CCNSTANTS

1 = 3414158 5 °P1
2 = 32.174 3 GSUABC (LBW-FT/LRF-SEC¥*2)
3 = 77R.156 3§ MECHANICAL EQUIVALENT OF HEATY (FT-LBF/2TU)
4 = 57.29578 5 DEGREES/RADIAN
5 = +1714c-3 3 STEFPHAN-ACLTZMANN GONSTANT (STU/HR-FT¥%2-p¥+y)
A = 1.,296547 5 SEC¥¥2/HR*¥2
7 = 1545, 3 UNIVERSAL GAS TONSTANT (FT-LRF/LPMALE-R)
C s seCOMPUTED CONSTANTS
11 = Jo 3 TOTAL PANEL HEAT REJECTION (BTU/RF)
2u=~31,
Ceesl OGIC CCNTROL TONSTANT
JTEST = 4 ! FLAE FOR STEARY STATE (J) OR TRAMSTENT (1)
Ce«oMITAS CONTRCL CONSTANTS
ARLXCA = J0G12
ORLXCA = .01
EBALSA = 15.¢
EBALNA = 5.0
ABSZRC = =4FRJ,
SBCNST = 1.
Cc-42
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EXTLIM = 13,
ITERMX = 2&4
ITEROT = 4

TSTERPI = 02
TSTEPO = .02
TIMEO = S.u
TIMEND = u.J
NOSYOR = 460

END

C@"’""""-.;"’"*#"'4*""“"’*"‘""*“’;;"‘**”‘*"‘4"‘*"“‘*"'*
BRCN 3ARRAY DATA
C %% HALL PARAMETERS
G ¥*¥¥ FVAPCRATOR
Sduy 1y REPEAT, By 4, ENDJF NUMRBEP OF NODES EACH PIPE (INTEGER)
501y 169., REPFAT, 6y 5584y REPEAT, 4,ENDS DENSITY (LPM/FT *+3)
502+ «21by REPEAT s Bs +381, REPEAT, 4,ENNZ SPECIFIN HEAT (RTU/LRM-F)
533, 111,y REPEAT s 0y 22bey REPEAT, 4,ENNT  CCNOUUCYIVITY (ATU/HR=-FT=F)
SG4y «0515R34, REPEAT, £, +0R333, REPEAT, 4,END3 TURE OnN. (FT)
535y s0G358333, REPEAT, £, «07353)y REPEAT, u4,ENDS TURE Iff (FT)
5036« 1e9 REPEAT. 549 454 #6254 REPEAT, 4,ENNS NCOAL LENGTH (FY)
507y 1ley REFEATy 5y 4359 2453y END3 TOTAL LENGTH (FT)
C #»* ADIARATIC SECTICH
515y 1y REPEAT, 7, ENDE
511, 169., REPEAT,; By E£58,.,4 ENDS
512y «2%4e REPEAT, He 4091, END3
513, 111., REPEAT, 6y Z224ey ENNZ
514y «0515884y REPEAT, 6y (8333, END?Z
515, 1358333, REPEAT, 6y ..7?3Jd, END3I
516y 254 RIFEAT s Hy 145004 ENNT
. 517, 25, REPEAT, 5, 1.53d, ENIE
C %*+# (CONDZINSER SECTICH
52Cy By REPEAT, 7, END?}
521, 169,54 REPEAT, 36, 558.y RZPEAT, 6, "NDE
522+ «214y RFPEATs 6y «391¢ REPZAT, 6, ENDI
523y 11i1., REPFAT, 36, 224., REPFAT, B, ENDS
524y «U5158R4, REPCAT, 36, .08233, RIPEAT, B, ENNS
525, #u358333, REPEAT, 36, U731y REFPEAT, Hy ENOZ
52€s ley REPEAT. 36y +E66867, REPEAT, €&, ENDZ
527y 6.y REPEAT, 64 4sy ENOS

C ¥** WICK PARAMETERS
C %*¥  EVAPQORATOR
53\4, 21 DFDEAT, 6, Zy RE—‘:EAI) Ly ENDYT
C ¥»v 1= WRARPFED SCREEN, SINTERED PDWOER, FELT, CR FOAM
C ¥=**x 2= CPEN AXIAL GROCVES
C ¥*xx 3= SCREEN COVERFD AXIAL GROQVES
C ¥»x 4= SCRZEZN CCVEREN AXTAL SPACZR WIRES
C ¥+« 5= NIRCUNMFEPENTAL GROOVEIS (THREADS)
531, 169.,, RcPEAT, 5, 328.,, EEPEAT, +, ENOS DENSTTY (LAM/FT**3)
532y 214y REPEAT, b6y .u91, REPEAT, 4, ENOZ SPECIFTC HEAT (3TU/7LAM-F)
5334 111.4 REPEATs 6, 22%4., REPEAT, 4, END3 CONDUCTIVITY (RTH/HR-FT-F)
534y #935833y REFEAT, 6y «073ul, REPEAT,; 4,ENDT aD (FT
535, +J2%157, REPEAT, By G7299y REPLAT, 4y ENDS  IP (FT)
536y eulls REPFAT, b, 1e.iGy RFPEAT, L,FNRS EEFENTIVE RU3QLE RADPTUS
C *rx FCR BOILING (FT)
537y 1.y REPEAT; S, 435, 625, REPZAT, 4, FNDOZ? NODAL LENGTH (FT)
538y .62537, REPEAT, 6, « 999, REPEAT, 4,ENDE POROSITY
C %=+ (LIQ VCL/Z TO0TAL VCL 0OF WICK )} OIMENSTONLESS
539, G.d21y FEPEAT; o, 1.6y REFEAT, L, ENNI EFF. PNRE RADTUS (FT)
Stily Jey REFEAT, 1J, £NNS NMCT USEN 3UT REQUIRED
541y 7.253y REPEAT, &, Bu.yy REPEZAT, 4, ENDEY EMTRAINMENT
C ¥+ CHARAGTERISTIC LENGTH
542y 2744 RIPEAT, 6, 2.9 REPEAT, 4, ENOI NUMRZR OF AXIAL GROCVES (R
C *%¢ SPACER WIRES CR NUMBER THREADS PER FT (FLOATING PCINT NUMRER)

543, «iu275%, REFZAT, &, + 3355, REPEAT, 4, ENDI GRCOVF NR THPEAD MEAN
[ WIDTH (FT)

Sty 353333y REREAT, €&y L330G31, REPEAT, 4, ENDZ GRMOVE OR THREAN REPT
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! ¥ee OR SPACER WIRE GIAMETER (FT)
; C ¥¥¥ ADIARATIC SECTIOM
) ‘ 5505y 2y REPEAT, 6y 2, END3

551y 169., REPEAT, 6, 558s9 ENDT

552y #21Ly REPEAT. 6, 091, ENDS

553y 1l11e.y REPEAT, &y 22Lesy ENNS

554y «3358334 REPEATs 6y 27300, ENDS
555y 2529167, REPEAT, 6y 07299, END3
556y Dsv REPEAT, 7, ENDJS

557, «25, REFEAT, o, 1.5G0, END?¢

558y «625374 REPEAT, 6, «993, END3
559, J.udly REFEAT, 6, 1.0, ENDZ
560+ O0e¢y REPEATS 7, END3

561y 7.25, REPEAT, 6, 8.0, END3%
562+ 2744 RZPEAT 4 6o 2.9 ENDZ

.- 563y, «LJ2355, REFEAT, 6y U365, ENN3
56Uy «333333, REPEAT, 6y L0G081, ENDS3
C *¥% CONDENSESR SECTICH
5759 2y REPZAT, 36, 2, REPEAT, 6, ENDE
571, 169.4 REFEAT, 36, 558., REPEAT, 6, £NDS
572y s21l4y REPEAT, 35, »091, REPEAT, 6, ENDS
573, 111ey PEPEAT, 354 22Lss REPEAT, 6, ENDS
574y 035833, REFEAT, 36, «073u3, REPEAT, 64 ENDZ
575+ «G29167y REPEAT. 26, W 57299, RZPEAT, 6, ENNG
576y Geoily REPEAT, 42, ENDS
577+ 10+, REZPEAT, 36, 66667, REPEAT, &, ENOE

R a5 BRI s ATt

578y «62537, REPEAT, 36,4 .999, REPEAT, 6, ENNS
i 57C, «U31le REPEAT, 28, 1.Jy REPEAT, 6, END3
% 58;, Jo) REDEAT, 427 ENDZ ¥
i 581y 7425y REPEAT, 36, B.0y REPEAT, 6, ENDZ i
582y 27+s» REFPEAT, 36, 2+y REPEAT, 6, FND? 4
! 583, +002365, REFPEAT, 36, +u365, REPEAT, 6, ENOS
! . 5AL4,y aTJ3333, REFEAT, 135, «50031, REPEAT, 6, ENGCS ;
1 ‘ C *** [ UIN PROFZRTIES . :
1

591, 20.y FEFEAT, 6y G2ey ENDS WETTING ANGLE (CEGREES) 2
592y 1.31, REPEAT, 6y 1423, ENN? SPECIFIC HEAT RATIO

C ¥*¥ OPERATING CONDITIONS
602y 32.17+y PEFEAT, 7, ENDZ? BODY FORCE ACCELERATION (LBM=-FT/LBF-SEC**2)

H 603y 9d.y REPEAT, 7, ENDNS ANGLE AETHWEEN ROOY FORCE AND PIPE AXIS (DEG)
; 6064y =1es REPEAT, 7, END3 +1.y IF EVAP HIGHER THAN CONDENSER o
G ¥x+ -1., IF EVAP BELQHW CQONDENSER K
C **%x CONDENSER FIN FAFRANMETZES ‘
610, 0.9 REPEAT, 42, ENDZ ABSORBED FLUX ) ‘1
611y oul4167, 504157, 4632667, 90U2667, +304167, L04167 s

Cil167, +0U4167y 4002667y 4002667y «O0041E7, 400LLG7 T
e00ulB7y +0C4167y +CI2667y) +302€67y 4 U0L1E7y oCOLLGT : ;
eL04167y «0UnLE?y) +JU20E7y +0526HR7y C0LIBT7, JGC4167 '
avJd 4167y sulul6?7y «u02667y ,352667y +00H41E7, GO04LGT
«JdG4167, 004167, 002667y +JG2EBT,y +TRL167, 004167
Oov REPEAT, 6y ENDI FIN THICKNESS (FT)

612y 4323333, REPCAT, 36y Tey REPEAT, By ZNDT WICTH (FT)
613y 704y RFPEAT,36y J., REPEAT, &, EZND3 K (RTU/FT=HR~-F)
B1l4s «B5, PEFEAT 4364 ey REPEAT, 6, ENDOF EMTSSIVITY
615, ‘2619 ‘25’, '2‘0-, ‘26-’ ‘28-) -31.
‘26., “25., ’2"0-, ‘26.) "28-, -31.
~26.4 0 ~2549 =254 ‘270' =284+¢ =-31.
“270) ‘25-, '25-, '2?-, '29;1 ‘31:
'27-, ’26.1 -26-, '28-9 “29-’ "31- .
=274y =20ey -2Ee.y ~2Bay =29., -31. ‘ '3
G., REFEATy 6q ENO i
616e 169., RZPEAT, 36, 0.y REPEAT, €, ENOSZ : X
617y o214y REPEAT, 36y J.y REPEAT, 6, ENDS ¢ -
618y 14 REPEAT. 36, 34 REPEAT, 6y, END3 0= NC TIE TO ADJACENT FIN - -4

G #vx 1 = FIN PERFECTLY TIEN TO ADJACENT FIN ’ ¢

Ca e  ARTERY PARAVMETERS R

Cees e EVAPQRATOR :
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; %} 6233 JREPEAT,13,ENDS TYPE OF ARTERY (INTEGER) --
s i?§ c « = NONE
] %ﬁ c 1 = PEDESTAL
T c 2 = SPIFAL WITH SPACER WIRES
o €21, O JREPEAT,13,ENDS OUTER DIAM (FT) -~ USE EFF DNIAM IF
i c : NOT CIRCULAR? EFF D = (4 .,* X=S AREA 7/ PT)*¥+,5
i 622y Do JREPEAT,10,ENDE INNER DIAM (FT) -- USE EFF 0
o 623, 0 JREPEAT 13,ENDS OIAM OF SPACER WIRES IF MB204I = 2 (FT)
i 624y U JREPEAT y13,END3 ARTERY SPIRAL SCREEN THICKNESS (FT)
c IF MB23+I = 2 (FT)
625y Co JREFPFAT ,1J,ENNDE  ARTERY SCREFN PORCSITY (DIMENSICNLESS) i
626y J JREPEAT 443 ,ENDT  NC OF SFTRAL TURNS IF ME20+T=2 (REAL) |
6274 G +REPEAT 91U ,ENDSARTERY SCREEN DENSITY®CP FRODUCT (BTU/FT*%3-F) ‘.
- 628y Je JREPEAT13,ENDS SFACER WIRES OENSITYYGCP PRODUCT IF M620+I = 2 - |
. 629y Je +REFEAT,13,END3ARTERY SCREEN THRML CCNOUCTIVITY (ATU/ZHR-FT=F) :
o 630y V. +REPEAT y1J)ENDESFACER WTRE THERMAL CONTUCTIVITY TF MB20+T = 2
S 31y 0. +REPEAT 413,END3 THICKNESS CF OUTER ARTERY WPAP IF
‘ o c MB2.#T = 2 (FT)
. 632, Ua yREFEATL13,ENNT  £FF RANIUS OF LARGEST ARTERY HOLZ
o c IXCLUBING THE CCNDEHNSER END OF THE ARTERY (FT)
o Ceess ADIABATIC SECTICM
N Blavy 4 JREPEAT 7, IND g K
i 641y O WREFEAY 47 4END s
by 642,y G Sy REPEAT 37,4 ZND !
Ui B43y de sREFEAT 474 END Ly
i 6u4by U W REPEAT,7,END :
A 6“5) Q. g QEFEAT74END
‘} Bybs Je qQCPEQT,?,:.ND
il €47y I yREFEAT 74 END :
zi BL4By ue JyREFEAT 47, ENN B
H B49s de sREFEAT 47 4END 1 :
" 650 Je yREPEAT 47,END
. CeeessNONDENSER
o 5604y s REFPEAT y42,ZND
661y O sREFEATL42,END
662y 0e yREPEAT,L2,END
i 663, O JREPEAT 942 ,END
. 1 BoLy U yREPEAT 442 ,END
| . Vs 665y O s REFEAT y424END
/ ABEs D vREBEZAT 442 ,END
66Ty us JREPEAT ,%2,END %
66&, Jo ,REFEAT,“Z,END E
669y e SyREPZAT 442 ,END §
B735e Te yREPEAT 442 4END '
671y G yREPEAT y+2,END 3
C **¥* RESEPYOIR PARAMETERS E
8G8+ »51269728.216, REPEAT, 6y, 0., ENTT MOLES NCG (LOMOLES) j
809, 33.4717284, REPEATy 6y GCsysENDE RESERVOIR VOLUME (FT*%3) )
822y 6./124, REPEAT, 6, D., ENOS RESERVOIR LENGTH (FT) :
823y 2.932/1244 REPEAT, &y UoyENDT RESERVCIR WICK OD AND RESERVOIR IC ;
824y 248857124, REPEATs &y LeyENNDS RESERVCIR KICK IN (FTY ped
B2Ss 3.30/12.4 RIPEAT, 6y Go,ENDS FESERVOIR CD (FT) R
R2By 24857124, REFEAT, By Goy END3 FEEDTUBE LENGTH (FT) . ;
B27y «381712., REPEATs €, 0.,ENDS FEZEDTURE WICK OD ANGC FEEDTURE IO R
B28, «38uli2., REPEAT, €, 0.yENDS FEENTURE HICK YD (FT) P ;
829, W4377524y REPEAT, By D.,ENDE FEEDTUBE 0D (FT) R
835y 84y REEEAT, &, Qe ENDI FEEDTUARE THEPMAL COND (BTU/HR-FT-F P '
A31e Qus REPEAT, By GoyEND3 INSULATICA GCND (BTU/HR-FT=-F) X
837, 8., REFEAT, By ue ENN3 RESERVOIP THFRMAL GCND  (SANME) Lo
8384 Jus REPEAT, 65 GeyEMD3 INSULATICN TRICKNESS (FT) ; ;

C *** ANGULAR WIDTHS CF EVAPORATOR SPIRAL ANNULI (DEGREES) b
910y Jy REPEAT, 7, ENDS NUMAER OF ANNULI IN EACH PTPE !
911y JdeyREPEAT, 7, ENDE ANGULAR WIDTHS OF ALL ANNULT

C ¥** ANGULAR WIDTHS CF ANIARAYIC SECTION SPIRAL ARTERY ANNULT (DEGREES) (i ;
912y Jy ZEFZAT. 7, ENDE i §

C~45 Lo
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913, d.,REPEAT, 7, ENDZ

C *** ANGULAR WIDTHS CF CONNENSER SPIRAL ARTERY ANNULI (DEGREES)

914, s REPTAT, 7, ZNDS
915, J.ySEPEAT, 7, ENNG
Cees ARTERY CAPACITANCE (3TU/F) (COMFUTEN IN SUB ARTERY)
681,SPACE 915y ENDSEVAF
682,SPACE,7,ENDS ADIA
683, SPACS,42,ENDS COND

Cs oo ARTERY AXIAL GCNBUCTANCE (RTU/HR-F) (COMPUTE?D IN SUR ARTERY)

684y 1.E-12,REPEAT, 1C, ENDI EVAP
6835y 1.E-12,REPEATH7 yENDT ADIA
6B691.E~124REPEATHL2,ENDS COND

GeesEFFECTIVE VAFOR PASSAGE DIAMETER (FT) (COMPUTED IN SUR ARTERY}

6874SPACELL10y ENDZ EVAF
6884SPACE,7,ENDE ADIA
689, SPACEZ,42,ENNE COND

Coos (PERMEABILITYI*(X-SECTIONAL AREA) PRODUCT (FT**4) (COMTLUTEC Th SHR PERMRL)

693ySPACE,1Z,y ENDS EVAF
691,SPACE,7,ENDS ADIA
692,SPACE,42,ENOE COND

CeesWALL AXIAL CCNDUGTANCE (R3TU/HR-F) (GCOMPUYTED IN SUR AXCOND)
69341.E~-12yREFEATS1UENDSE EVAF
69Uy LeE-L12,REFEAT, 79 NBE ANIA
695y)1eE-124yRFFEATHy42,ENDS COND

Cees RICK AXIAL CCNDUCTYANCE (RTU/HR-F) (COMPUTED IN SUR AXCCND)
69691+sE-12,REPEATHy1G,ENDS EVAP
697y1.E-12,REPEAT,7 ,ENDS ADIA
698'105'12|QEPEAT,HZ'ENQE COM}

Coe«EVAP WORKING FLUID LIGUID PROFERTIES (BEVERMINEDN IN SU2 LACKUP)

751ySPACZ412,3NDT LIQUIN DEMSTTY (LRM/FTH**3)
732+SPACE,159ENDE LIQUID SPECIFIC HEAT (8TU/LEBN-F)
7334SPACE,1J,END2 LIQUID VISCOSITY (LAM/FT-HR)

70 4ySPACE ,13,ENDE LIQUID TRERMAL CONDUCTIVITY (ATU/HR=FT-F)

7USySPATE,, L2,ENDT SURFACE TENSION (LSF/FT)
706+SPACZ,10,cN02 HEAT OF VAFORIZATION (9TU/LAM)
737,SPACE,1.,ENDT HEAT OF FUSION (RTU/LRM)

Cees ADIA WORKING FLUID LIGUIG PROPERTIES (DETERMINED IN SUR LOOKUP)

711,SPACE,7,cN02 LIQUID NENSITY (LBM/FT**3)
712ySPACE,7,ENDS LIOUIN SPECIFIC HEAT (RTU/LPM-F)
713,SPACE ,7,ENNS LIQUID VISCOSITY (LBR4/FT~HR)

714,SPACE,7,ENNT LIGUID THERMAL CONDUCTIVITY (RTU/HR=-FT=F)

71E5,SPACE,7TyENDE SURFACE TENSICN (LRF/FT)
71€,SPACE,7,ENOT HEAT CF VAPCRIZATICN (3TUsLPM)
717,SPACE ,7,EMDE HEAT CF FUSION (RTU/LAM)

CeesCOND HORKING FLUID LIGUID PROPERTIES (NETERMINEN TN SUR L OOKUP)

T21,SPAGE, L2y ENPT LIGUIND OINSITY (LRM/FTY*3)
722,SPACE,L2,ENDE LIGCUID SPECIFIC HEAT (RTU/L9M-F)
723,SPACE,L42,END: LIOUIN VISCOSITY (LAM/FT-HR)

7244SPACE 442,ZNNE LIQUID THERMAL CONDQUCTIVITY (BTU/HF-FT-F)

725,5PACE,42,ENDE SURFACE TENSION (LAF/FT)
72E4SPACC,42,EN0E HEAT OF VAFORIZATION (RTU/LEM)
727,SPACE42,EN1¢ HEAT (OF FUSION (3TU/LEM)

Caes HNRKING FLUID VAFOR PROPZRTIES (NETEZRMINED TN SUR Ci10ZGY)
731,SPACFE,7,ENNE VAPCR DFNSITY (LBVM/FT*%1)
732,SPACE,7,ENDOS VAFGR SPEFIFIC HEAT (BTU/LRAM-F)
733.SPACZ,7,ENDE VAPOR VISCOSITY {(LEM/FT-HP) ‘
7344SPACS 3 7,ENDE VAPOR THERMAL CCNOUGTIVITY (2TU/HR-FT=F)

Ces s OPERATING CCADITIANS (CALGULATEC IM SUBR LIMITS)
751,SPACS,",ENCE MASS FLCOWRATE (LBNM/KR)
752+SPACF,7,ENNE LATENY HEAT TRANSFER (RTII/HR)
7534SPACE,,7ycNDE WICKING LIYIT (RTU/HR)
754,SPAGT,7,ENDE SONIC LIMIT (RTU/HR}
7554,SPACE,7,ENNT ENTRAINMENT LIMIT (8TU/HR)
756,SPACE,7,END¢ 3OILING LIMIT (ATU/HR)
757,SPACZ,7,TKNDI OVERALL LIMIT {LOWEST OF A253 THRU A25k}
758,SPACE 4 13,5ENNE EVAPCRATOR VAPQR PRESSURE (PSIN
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759,SPACE,7,ENDY ADIAGATIC SECTION VAPOR PRESSURE (PSTIA)
760G, SPAGE,42,ENDT CONDENSER VAPOR PRESSURE (PSIA)
761,SPACT,7,EN0% RESERVOIR VAPOR PRESSURE (PSIA)
763ySPACE,.7,ENO3 INJECTION REYNOLDS NUMARER (NIMENSTICALESS)
764,SPAGE,7,ENDE SUCTICN REYNCLOS NUMRER (DIMENSICNLESS)

CsesLIQUIN/WICK MATRIX EFFECTIVE RACIAL THERMAL CONOUCTIVITY (QTU/HR=FT=F)
Ceeee (COMPUTED IN SUB EFFKHWK)

7T654SPACEL10,ENDS EVAP
766, SPACE,7,ENO3 ADIA
767+SPACE, 42, ZN0F COND

Cees PANEL ENVIRONMENTAL PARAMETERS (COMPUTED IN SUR RALFIN)

76 8ySPACIH42,ENDE NODAL ENVIRKONMENTAL TEMPERATURE (F)
772+SPACZ,42,EN0S NOBAL HEAT REJECTION (2TU/HR)
771,SPACF,7,ENDS PIPE ENERGY BALANCE (RTU/HR)
811,SPACE,7,ENDI PIPE HEAT REJECTION (RTU/HR)

CeeoFLAGS

7R1,SPACE,7,END3 NC CF ITERATIONS IN SUBRQUTIKRE FOONT
7B3.SPACE,7,ENDE BACKUP SWITCH IN SLARQUTINE FRCNT

Cese VOHP PARAMETERS

B81dyeB9eBypeSyaBralinaliole +ENDE ACTIVE/TOTAL CCNCENSER LENGTH (C-LESS)
8239346934693 033092049244y4¢,ENDS NEW ACTIVE CONDENSER LENGTH (FT)
832,SPACE,y7yENDT CLY ACTIVF CONREZNSFR LENGTH (FT)

83E,SPACZ,7,ENDE RUMRER OF INACTIVE CONDENSER SECTICNS
841,SPACE,74FNNE OSCILLATION TEST

8424 SPACE,7,ENDE OSCILLATICN TEST

BL43,SPACS,7,ENDE OSCILLATION TEST

Bhlbe24)RePEAT,7,ENDI INITIAL DAMPING

CeeoFIN CAPACITANCTE ANT AXIAL CONNUCTAMNGE

8555SPACT,4Z2yENNT CAFACTTANCE (COMPUTED IN SUR CAPFTN)
B51ySPACE 442,2N0F AXIAL CCNOLCTANGE (CCMPUTED IN SUR SANPFIN)

C.es HORKING FLUID THERMOPHYSICAL DATA

1351 LIOUIN DENSITY (LAM/FT**3) VS TEMP (F) - AMNCNTA
‘10709)46.’ ‘9@0"0503’ ‘50- 7[03-5, [;9711103"‘, 5'].,19#1, 15’3-,36."
15E0133561 Z;U|)2§l51 27@.3116.! ENC

13J2T VAPQOR CENSITY (LAM/FT**3) VS TEMP (F) - AMMCNIA
‘1C7.9y-50379 -Eho,03b7’ '550,-G332’ 31301597' 50-;03036
10Le9ye7068y 124ap1e0ly 1500 )Le54y 20849345y 255499,1
27G.341644 END

10033 LIQUID SPECIFIL FEAT (PTU/LANM=F) VS TEMP (F) - AMMONTA
‘iG?O.Q,loJ?Z’ ‘75‘,10‘3‘05, ‘58.11-066, -22.,1.:69, "‘vo,i-ﬂ??
1hesdei9y 22491 elu?y Bueypledl2by H68ayleitBy BE6.31416Fy 1744914194
122.91.222y 150491429, 175.31365) 2Jueslot5y 225,,1:555; 253a91.7
27G.351.865 END

100L3 VAOPCR SPECIFIC HEAT (ATUZLAM-F) VS TEMF (F) - AYMONTIA
-107:+9y34y ENDE UNNFCESSARY

10053 LIGUIND VISCOSITY (LBYW/FT-HR) VS TEMP (F) - AMMCNTA
'lu7o9,1014151 -".2.2,1.1'~mu, -53.,.7668, '4(}-70666' 23-"3833
492503384y Blees2318y 1L0eye2197y 1504941534 200444598
2530940533, 270+35.0338L, EMD

14463 VAPCR VISCCSITY (LBM/FT-HR) VS TEMP (F) - AMMONIA
~157499eul626y ~5i49eL1R63; 3244402221y 68409402376y 12244202642
15045432755, 205Cered3525y 2704344033854, SND

15572 LISUID THERAAL CONCUCTIVITY (BTU/HP=FT=F) V¥S TI4P (F) - AMMONIA
-1L7¢9103259 ‘25.,.317, 32"-3121 53.1.3J7y HCO’QZQ3' 120.,.275
160+ va254y Z2CUe9e205y 225494471y 2530 9e13s 270.34,068, END

10383 VAFOR THERMAL CONDUCTIVITY (BTU/HR-FT=-F)} VS TEMP (F) - AMMONIA
‘1&7.99.ﬁ5929 '?50’&E:955, -k&-,-CiJS, 5:9-0117’ 950’.0129
Baegellt2y 13204030149y 12009451559 4504 4.0173y 2854440223
25CayeU3Ry 2704354268, END

14093 SUPFACE TENSICN (LBF/FTY VS TEMF (F) - AMMCNTA

‘1&7.97-ﬁu345, '6J.,.JGZ7B, —2»-,-ﬁd2%1, 260,033139) 52:,.051576
93l 9eB312yy 13842+4265890y 1504406081y 175044560635y 20009000047
225,9406029y ZEC4y 00013y 27043904, END

13107 HEAT oF VAPORIZATION (BTU/ZLAM) VS TEMP (F) - AMIONTA
‘1:?.9)639-7 ‘5:.,60*-3’ ;.’568-9, 5:.,527.3, 1&5.,&77.8
1244945541y L350 24190s 175, 9365, 20049 312R, 4 225,,240,
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250491534y 270439dey END
13113 HEAT CF FUSICN (EBTU/LBM) VS TEMP (F) - AMMONIA
“1u74993+9 ENBE UNNTCESSARY
13125 SATURATICN PRESSURE (PSIA) VS TEMP (F) - AMMCNIA
“147499485y =7549306y =504y 7467y =25491545y 0ey30s42Zy 254355302
50038941%y 75e9 1430y 10Cee211e9s 1244430304y 1504942509 175,580,
200e 97650y 22509100849 2500913300y 2704391650.y ENO
1313% THERMAL CONDUCTIVITY (BTU/HR=~FT-F) VS TEMF (F) - 6061 ALUMINUM
~2604965¢y 16009760y =BUagBlhay 4Ge9Tley 14049860y 2404910149 END
10213 LIOQUID DENSITY (LBM/FT¥*3) VS TEMP (F) =~ GENETRON 317114
‘1C0.79L.6’ ‘5809 93069 90;86.“9 SB.,Bi.C), 106"77-
15Cay71e5y 23deyEh Ry END
13223 VAPCR DENSITY (LRM/FT**3) VS TEMP (F} - GENETRON 317114
~10069ed122by =5049yadELT7y 04902298y 55e3eb27y 10005144339
o : 1854924938y 230+95.6593, END : .
| 13237 LINUID SFECIFIC HZAT (RTU/LAM-F) VS TEMP (F) - GENETROM 31r114
'155.,.211 '513.9.22’ ﬁo’a237, 530,.2567 1\}0-’.276’ 15&07.303
23lepe3b8, END )
1024% VAPOR SPECIFIC HEAT (BTU/LBM=F) VS TEMP (F) - GENETRON 31/11i4
~1LLe9y0sy ENDI UNRECESSARY
1425% LIAUID VISCOSITY {LB8M/FT=-HR) VS TEMP (F) « GENETRON 31/114
Ueys 9676y 25034 83%6, S:}-,-?ES?, 75-7.614, 10’.;.,-5685, 1250’05 .
15‘.;05.'#32, END |
1y 263 VAPCR VISCCSITY (L3M/FT-HR) VS TEMP (F) - GENETRON 31/114
“1CCepev195y 200sye03459 ENC i
1927% LIQUIN THERMAL CCND (BTU/HR~FT=F) VS TEMP (F) - GENETRON 317114 i
‘15{;0,.5755’ 2\30.,-&389, F.ND !
15288 VABCR THERNMAL COMY (RTL/RR=-FT-¥) VS TEMP (F) =~ GENETRON 317114 :
'1&6.'06C35&, 2&3.,0;123’ END
10293 SURFACE TENSICN (LBF/FT)Y VS TEMP (F) - CENETRCN 31/114
'1\:!,.’.053391, EGJ-,-GGG#]E, END
1030F HEAT CF VAPQRIZAYION (RTU/L2M) V¥S TEMF (F) ~ GENETRON 31/114
-1C0.,112.72, '53.,1[’8.77) 0-,10‘}-, 500198-56’ 100-,90-56
18C.s81.22, ELy.yBRS’4Ey END
1J31% HEAT CF FUSION (BTU/LRM) VS TEMP (F) ~ GENETRON 317114
~10C0e90ey ZND3 UNNECESEARY
i 1332 SATURATICN PRESSURE (PSTA) V& TEMP (F) - GENETRON 317114
: “100492503y =50s93.001y ~20e97eUBBy Jeyplle?3y 204918455
43ey26418, Eueprlle35, 8le358e 4, 100-,81.52, 1283911403 : :
1‘0‘;0,1‘#&02’ 166-,19]-2’ 180.'2“31/‘5, 263.7307.’*, END H *‘1‘_‘
CeesFIN GRADIENT TARLE
6008 LTV OATA- DIMENSICNLESS TEMP GRADIENY FOR FLAT EXTENDED SURFAGES
109125 e 00y e B6UJE9 e 7EJ0y e B00UysG30U92+0091e2100091.200091430030,1.4000,2.5000
el e206urel50s9ellClyed505yelilidy=euS50ly=013005-21580,-22000,-42500
o13’12566,-213370173811129310‘0890’ 00“99, '0120’-082“71‘n°5971'00939
e25403314%94234B4425984.22654.1949, .1649, .1336, »1100, .0849, ,0613
-5‘»:,--‘0369,0"579"3854'035527c331‘l" 03\399! OZE(‘ZB) c2713' 025“21 .2335
e759:5275y45u329s4%0€y 42599, 4411, J4239, 4383, ,394d, .3810, .3692
14009eB074ye58639e56719e5497y 45340y 5498y 5070y <4954y 4849y 44755
lo5{)1-7‘0580.7292'-71‘(3!07011906593’ 06783' 0669"49 06610, -6535, .6‘{68
2.0y e B653948523,48392,.8285,48191, <8169, «803Uy +7969y 7911, .78ED
245596970%5+9533,549491y.9402y 49324, 49255, +9125, 9142, .9095, 9054
BaGC91e067,1035791,04By1,001914034y 1,028y 13523y 14019, 1.015, 1.011
3- 50'1.156!1.147'101399111331101271 1.122' 10.’.180 16111’5‘ 10110) 1'107
Lo00y14239y44231914224914218,4.213, 1.238, 1.205, 1.281, 1.198, 1.196
109125 e535 460039y o780y eB800J9e9000,2,803591,4300,1.200091.303042.4000,1.,5000
.Gﬁ,.ZUOJ,.isiﬁ,.isﬁd,.uSOG,.BDUG,-.GSGB,-.1EOO,-.iSOU,-.ZUGG,-.ZSOU :
.i}'l256%’.2{:75!'1651'.12379 1063“0 004“37 .0065,-.3101.°.D&51,-.13992 -
02550348 4,288 7-42467942139y,1824y 41527+ «124Es <0SR1, 40732+ »G5498 ;
25030413554 784649435789.3733y43d92, 42885, 2687y 2536y 2338, 2184
«?55049535,).4712y 4495, 4295, 44142, «3946y 43793, .3ESHy 3530y «3416 :
1009567005469, ,528599120,+4970y 4834, 4712y +46C1ly 4501y <4411 : %
10505 ¢691Fy «0763440E2€¢ 465049 €395, 462S8,4 46210y +€133s . B0BUy €001 :
20039479909 .7868,,7753,y:7664e+7585y 27585, 7433, 7384, .7228, .7282 i
2e5094894194B88UZ, 875498677y 4860%,) 48550y 8498, +34E2, .B411, ,8374
Selidye9B07ye97239.9649,,958659531y +9482, +9439, .9402y .9369, ,9339
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.SG,*.3716,-.3853,~.3986,-.biii,-.hZZ&.*.u331,-.hu!i,-.hS?i.-.k&E?,-.HE&S
075|-05ﬁ325'05157,‘05227’“.5291,‘053539'05“&“9’.5“5“"055010‘059““,'.?58“
100290613730 €1UB8y=ebiBT9=0BZC29=s 625U e~eb2RUy=sf312¢=s 63374=-46TEL+=4€383
14003y 142208y 14206y L0200y 14423y 1502
-UGGO,-.GSCE,-.1&]0,-.1500,-.2000y‘a?SEG
-16,'-09“19'-l336.“.1726,‘.2105,‘.2#711'-2825,'.31557‘.3493)'.35059‘.“111
025 9= a4l 7Cy=e 4421 4= o 46529~ 4L6By=a 507 2y=2C26U8y~e5UlUD,=0e561E,~457764,-,.5925
-50,‘.7517,-.7616,-.7705,-.7793,-.7869,--7§Q2y'-ﬂ013,--8ﬁ7ﬁ,--8133,-.“18“
1eCdly 14422y 14230, 1,390, 144C3, 1.52°%
.CGGO,—-J50:,—-15&5,-.1500,-.2000,—.ZSGC
-10,-.201E,-.2Q59q-.2787y-.3152.-.35&7,-.38&3,—.%177,-.Qh9b,-:“796.-.508?
o25,‘.6292,'06503y‘|E?c5g‘.6392"-7069,‘-7235y‘07391"-7538,"?6757‘078Q6
1.000, 2.104y 1.200, 1,300, 1.409y 1.5CC
eC0039-e0SG09=e10059~e1500y=e20509y~e25¢C¢C
'107‘057?2;'0607“9‘06*59v‘.67329‘o7ﬁ“3y‘v7341".76281‘979031'0616%9'0““21
22591295921 43089y=143209=1.331y=1.342y~143529=14262,=14771y~1.3B04-1,2R°
.5d,-1-927,-1.931,-1.935,-1.938,-1-9#2,-1.9&5,'1-9QH,-1.951.-1.95%,-1.957
e759=203B4y=243B59=2,3874-2.3889-2¢389,-24¢301y-24391,-24392y-2.3234~2,.7294
«9603y 1.000+ $4100y 1.200y 1.300s 1,460, 1,508
.JGGJ,-.JSJC,-.iGJC,--1536,-.2C30,-.259$
'10’-1l1-2’-1l131,-10158,’1!18“,’1.239"1.233"1.256,‘1'277,'1.2qa,-1lzig
.25,‘2.1“7’“2'154’-hl160,-20166"2.171,‘2.177,-2.182,‘2.1%6’-2l1q1’-u.1q5

«6G70,

e 2300,

'60;}\-"

20035,
63304,

2 2ud4dy

60360,
«204¢,

AT
155G,

704l
«15C3,

7050y

«1530,

7004y
oiEﬁE’

2000+ SPACE,AyEND

ENC

.EUBUt
11503’

«8J08
1338y

-AJEG,

nid\‘éh’,

«BJILL
<1355,

29004y
0501,

Cidiy
.GSJL"

«943J90,
L SCY,

G500,

L R Ry Oy N N S Y ST
8CD FEXECUTICN
MTEST
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;l : ;
& N = M50 {
il DO 14 I=LyN ;
5 IF(ABIR*T oNEW Ga) MTEST = 1 ;
i 1J CONTINUE H
H IF(JTEST JEQ. 1) GO TO 163 Y
b CeesSOLVF STEACY STATE FRCBLEM H
(o VARAL L H
b IF{MTEST .E0. 0) GO T0 76 .
i 20 LTEST = MDUM = § .
¥ INU = JOUH = KDU" = 1 i
i DO 4, ITEST=1,N 4 A
v IF(ABOB+TITEST EG. C.) GO Tr 30 ‘
MDUM = MDUM + 1 gt
. FRCNT
) 2 TFIM7B3+ITEST JEQ, ) LTEST = ¢ ‘
PR 30 IDUM = INUF + (M353+ITEST)
i JOUM = JCUM + (M315+ITEST)
KDuM = KDUM + (M5234ITEST)
H 40 CONTINUE -
o IF(LTEST LEN. &) GO TN 5% , . “
i STOSTL
P GO TO 2.
8 Su  WRITI (b,51) (M78L+JyJ=1,N)
j; F 51 FCRMAT(®) FROKT ITZRATION GCOUNTERS =- %, 20(I3,2X))
g WRITZ {6,52) (ABuwtJdyd=1,N)
s F 52 FORMAT(® FRONT DAMFING FACTCRS == ¥,13(F6,0,2X))
1y DO 6v I=1yN
t M781+41 = 1. :
i 60 Auu+I = 1, .
: G0 TO 31 b
i 79  CONTINUE !
STOSTL
84 CONTINUE
LIMITS(AS S 9ASIusGLuul,T2120, T161,24,P2,P7,R4,R5,A1112,A1332)
Ce-= NMAF(SHNNAHR) :
II=( ' 4
00 110 TTI=1,A _ -
A2 L #IIT=(G318+TII~1) *¥((T4CA+II) ~(T14G+ITI-1)) /1{T119+ITT=1446(.) s
AR Y= (R2.¢46754) %% y)
116 °© II=II+6

Ly

PRINTA(BMHSINCCN, C318,5,1)
PRIMTALTBHFASGMA, A2 5+1y6,1)
RETUPN
CeeeSOLVE TRANSIENT FRCBLEM
160 CONTIAUE

C---  FWORCK v
C-==  NETOME
END

L S R R N I T ey Y Y PP T Y

ACO 3VARIAALES 1

N = M5.¢
Rl = .
i t =Ll =g
| 0 M1 = N2 = N} = 1
: DO 1033 I=1,N
IF(ABSB+T WNEo uW) L=t 44
CeesLIQUID FROPERTIES
Ceo. 0 IF(ILGT, 8) GO TG 108 "
; LOCKUFR(MSGI+T,TL1214M1-4,41001,A7C14N1) 3 LTINUID DEMSITY :
L LOCKUP (M52 4L, T1 24N2-1, AL 51,yA7114h2) :
W o LOCKUP(MSZi+I, T 34N3=1, A1ou14A7214NT)

LOOKUP(MSGG+T»T1014#N1-1,A1003,A732%M1Y 2 LINUTN SPECIFIC HEAT
LOOKUPTMSLIu+T 4 TLL24N2 =1y A13334A7124N2)

LOOKUP (M52 +I,T133+N3-1,A1,03,A7224H3)
LCCKUP(MSLI+T+TAUL¢NL-1,A25L8,A7334N1) 3 LIAUTE VISCPRSITY
LONKUP (S 4T, T1uo24N2~1,ALul5,A7L3+N2)

’
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LOCKUPIM5Z5+T,TA4C3+¢N3 =1y AL0G5,A7234N3)
LOOKUP(MSEI+T +T401+N1=1,AL60 74yA764+N1) § LIQUID THERMAL CONRUCTIVITY
LOOKUP (151541, T1524N2=1,A1007,A7 14 +N2)
LOOKUP(M5234T,T163+N3=1,A1G57,A724¢N3)
LOCKUP(M5G5+T,TAG14N1-1,A100G,A705¢N1) 3 SURFACE TENSIOM
L OOKUPAM5 15+, T4LZ4N2=1yAL3GCyA715+N2)
L OOKUP{M520+T,T103¢N2=1,A13CS,A7254N3)
LOCKUP(M500+I,T1G1¢N1=1,A1010,A7G6+N1)$ HEAT OF VAPOFIZATION
LOOKUP(NS10¢T,T1C24N2=19A101G,A716+N2)
LOOKUPI{M5204T,T153¢N3=1,A1510,A726+N3)
Cees VAPOR PEOPERTIES
DL0EGLC T12J¢I-1,A1052,4731¢I)35 VAPCR DENSITY
v DADEGLE T12u4I-1,A1004,A732+1)% VAPOR SPECIFIC HEAT
) DLDEGLC T1234I-1,A1006,A733¢I)3 VAPOR VISCOSITY
e : DLNEGLL T124I~1,A1u38,A734+1)3 VAPOR THERMAL CCNCUCTIVITY
i G0 TO 101 ;
€ eee HEADER PIPZ FROFERTIZS ki
160 LOOKUP(N543¢I,T454¢N1-1,A2321,A701+N1) 5 LIQUID DENSITY i

- LOOKUP{MSLu+IyT1024N2«1y A10G21,A7T114N2) i
i LOOKURP({M520+I,T1634¢N3-1,A1021,A721%N3) &
: LCCKUP(M5GC+I,T1J1¢N1-1,A1523,A7024N1)3 LIQUID SPECIFIC HEAY i

o

: LOCKUPAMSLO+T,T1u2+¢N2=1,A1J23,A7124¢N2) i
! LOOKUP(M523+T4TLC34N3=1,A2023,A722+N3) I

i LOCKUP(M5GG+T,T101+N1=-1,A1025,A733¢N1) T LIQUIN VISCOSITY '
LDOKUP(MSLU+I,T1324N2=1,A2025,A712¢N2) i
LOOKUP(M520+T,T103¢N3=-19A1025,A723+N3) i
LOOKUP(MSCC+ I TL014N1=1,A1027,A7044N1)$ LINUIO THERMAL CANDUCTIVITY I
LOOKUPIMS L el 4 T1 24N2=1,A2027,A714+N2) : i
LOOKUP(M5Z3+T4T103¢N3-19A1027,A7244+N3) .
LOCKUP(MSCG+ToT1014N1-1,A102CS,A735+N1) § SURFACE TENSION
LOOKUPIMS10+TI,T1024N2=1,A1u2G,A7154N2) i
LOOKUP (M5 25+ T3 T1334¢NI-1,A132G,A7254N3) {
LOOKUP(MS3Q+T9T101¢N1-1,A1030,A7C6+N1) 3 HEAT CF VAPPRIZATICN i
L OCKUP(M513+4T,T1.24¢N2-1,A1330,A716+N2)
LOOKUP (M520+T,T133¢N23-19A103GyA7264+N3) :

Cess VAPOR PROPERTIES f
D1DEGL( T12041-1,A40722,4731+1I)3 VAPOR DENSITY s
DiDEGLC T125¢I-14,A10244A732+417)5 VAPCR SPECIFIC HFAT
DL10EGL( T123+I-1,A1026,A7334+1I)3 VAPOR VISCOSITY ; :
N10EGLC T1234I1-1,A1.28,A734¢T)3 VAPOR THERMAL CCNDUCTIVITY . ¢

151 CONTINUE :
: CeesCOMPUTE ARTZRY CAPACITANGCES AND CONDUCTANGES ;
; ARTERY(MS0U4T, M40+ I, MH620L+¢NL,A6214N1,AB22+N1,A631+N1,A623+N1, :

Sy

W S

. AB244N1yAB254N1,R1, AB26¢N1, AB27 N1, 8628¢N1,A623+ K1, e

* AB33+NLeA70U+NLASI 7+ N1 A7014NL,ATU# N1, AB354NL, i '

* ABAL4NLAEBL N1 ,ABB7+N1) i :
ARTERY(MS1G+I,MI124 T MEL N2,y ABLI+N2 ) ABUZ+ND2,AB51+N2,A6LTEN2, ; i

¥ ABLUENZ , ABHS+N2 yR1yABLUBEN2 ACLETF N2y ABURENZ y ABLGHNZ, 3

» AESG+N2 9 AT144N2 W ASS74 N2 A7114N2,A7124N2,ASE54N2,

* ABB2+N2,R6854N2,A688+N2) - .
ARTERY(M5Z0+1,MC14+T,MEBL+NI JAO61+NI,ACE24N3,AE7L+NIHJA6E34NT, £ =4

* ABB4+NI ABB5+NI)R1,AGEBENI,) AEBTNT ) AGEB+N3, ABEI+N3, i '

¥ ABTC+N3 G AT24 N3 AS77+N34A7214N34AT22+N3sAGT754N3, f

* ABR34N3I L AES64NIJA6BG+N3) ’ P

C.s.COMPUTE CAPACITANGES P
CAPFIN(N521¢N3,AEL2+N3 ,A6114 N3, AS264N3,A6164N3, AEL7+N3, AB50 +N3) ,
CAPHCK(M5Gu+T,AS31+¢N1,A502¥N1,R1,A504+N1,A505+N1,A506¢N1.AS38+N1, P

¥ A7C0L4NL  A702¢NL AS31L+NL4AS32eN1,A534L 4N, AS3I5+NT, AS3T4N1, i i

¥ AERBI+N1y0.yCAPE) ; ‘
CAPWOKIM315+T 3 A5LL4N2,)A5S12+N24R1,A51L+N2,A5154N2,A516¢N2,A558+N2, i

v A711+N2yA7124N29yA551+ N2 AE52+N2,A5544+N2,AE55¢N2, AS57+N2, i

- AEB24¢N24GosCAPA)Y é
CAPHCK(M52,+I,A5214N3, AS22+N3,R1,A524+N3,AS254N3, AS26+N3;AS78 +N3,

* A7214N3,A722+4N3yA5T14N3,AS724+N3,A5744+N3, AS75+N3,A577+N3,

ABBI+N3, A85I4N3,CLU3+NI=1) : i :
T1u3+N3-1 = GL133+N3=1 + GCAPE + GAPA BTy

L
x
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Coese CCMPUTE AXIAL CCNCUCTANCES
15 AXCOND(M5uJs+I,ASI3¢N1,ASUL4+N1,ASL 5+N1,ASI6+N1,R1yA537+N1,
* AS3IB8+N1,)ASII+NL,AS53U+NLHAS354¢N1,A693+ N1, AGIE+NL)
AXCONDIMS1C+T+ASL3+ N2, ASI44NZ ASLI5+N2sA5164N24R14 8557602,
¥ AS58+¢N2,A5534N2,A5564R2, AS554N2,A5G4+N2, A6374+N2)
AXTOND(MS 2341 4A5234 N3y AS2U4NT ADP5¢N2H)A5CO+N3yR1, AS774N3,
* AS73+¢N3,AS73¢N3HA5TLENTASTEHNI WASI5+ NI, ABIBHNI)

50 GO TO (231,2302,203,20492055286649221),y T
201 RADFINIMS2u+T,T103,3T1,39T233,A013+4N3JA612+N3,A6114N34yA526+NT,
* R5yAB.Js 8614 +NI,ADL5+NI)A70B+NSyABLO#NT,)G1I,A8514N3,
* TLCHA770+0N3,0811+T)
GO TO 213
202 RADFIN(M523+41,T203,T133,T353,P613¢N3,AB12+M3,A6114N3,A5264NT,
* . RS59A5. s ABL4+NI,A6154N3,A768+N3,A610+N2,62],AR51 +N3,
* T2C2A7704N3,A8124T)
GO Te 213§
263 RAOFIMINMSZO+T,T303,T2339TUI34A01LZ+N3I,A6124N4AELT1+NF,A526+N3,
x R5,A6uly ABLL44NI,AGL5¢ NI, A70B4N3,ABL0+NT,G2L; AB51+NT,
* T30+4877C4#K35A811+1)
GO TO 214
204 RAOFIN(M32.34T,T4i3,T313,TS503,A0L38NI, A€L2+N3yA611+N3,ASZE+ND,
* R5,)ABL J9 ABL4*NI 4 ABL5+ N3, A7TE 34N AEL0+N3, 641D, AB5.4N3,
* TLlIWA770#N34ARLI+T)
GO To 214§
205 RAOFIN(MB2U+I,T5039THa3yTHU3ABL3+NIJAB12+NIA6114NTHA526+N3,
* " RSOJAECuIABLHENI JABLEHNISATARBENIHZABLL+ NI G5, AR5LENT,
* TSGA7TI+N3 ¢ ARLL+T)
GO TC 213
206 FAOFIN(MEZ2i4T,T803,T5.,3yT682,A013+N3H)A612¢N3,2L611L+4N3,A526+N3T,
* R5)ABL0,sABLa4N3 JAE15+¢ N34 A768+N3,A610¢ N2, G605, A851+N3,
* THEvA77I4N3+A4114+T)
213 CONTINUE
221 CONTINUE
c .
AGCCMA(MS L I+T yMELG+ T4 M¥525+T, 6B4+N1LyA685+4N2y ABBEENT, LEAT+NL,
* ABQLEN24AEIS+NIVABIBHNLIWABT74N2,AC3B+NI,AB1BNE,
* ABS1+N3,6311+4LL)
Ceeoe COMPUTE LINUIN/KWICK EFFECTIVE RADIAL THERMAL CONDUCTIVITIES
EFFKWK{MSEo+T MBI G+ NLy AS3I+N L, A7TCLENL,ASI3¢N1,A5384NY,
* AS3L+NLyAS354N1LRLI4ASU2+NLASLT NI ASLU4NL,,ATESHNTY
EFFKHK(MS1I+1,RE50+N2JASEI#NZYAT14+ N2,y AS13+N2,AG5R4NZ,
e ASE44N2,AS554N2,R1, A5 62+ N2, ASEI+N2 ) AS6L4+N2,ATEE+N2)
EFFKHKIMSZo+ I METQ4 N ASTI+NIHA7244N3,) A523¢N3yA67 84 NT,
b AS74+NIACST5+NIHR1L,ASB24NI 4 ACBI+NTH ASBLENIHWATETHNI)
CoesDOMPUTE RADIAL CONBUCTANCES
RACOND{MS5¢eu+I,R1,A7E5+N1L,AC374NLyASIU+NL,AS5254N1,A5, 3+N1,
* ASCE+NLyASuu+N1gASTS+N1yG10U1+NL-1)
RACONDIM3104T+RAGATEE+N2 4 AS5THN2 4 ASEL4N24,A555¢N2,A5134N2,
* A51b6+N2y AE14¢N2,A515+N2,G1002+N2~1)
RACOND(MS Zu+I4R1,ATE7T4NIyASTT+NIZA57U+N3yAS7E¢NIH) AS224N3,
* AS264N3,A524+N3,A525¥N3,G10.3+N3~-1)
GO TO(322+321+322+32743244325,300)41
320 FAC = 18.%
GO TO 33y
321 FAT = 18.6
GO TC 335
322 FAC = 18.5
0 TO 33¢
323 FAGC = 18.6
GO To 3338
324 FAC = 18.86
GO YO 33y
325 FAG = 18.6
333 G1dlieMi-1 = GiCJ 14N1-1 / FAQ
G10C024N2~1 = GLcg2+NZ~1 / FAG
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00 361 IT=1,6
351 GLUC3+N3+II-2 = GLyG3+N3+II-2 /7 FAC
60 TO 319
360 00 3523 II=1,4
303 GLUSLeNI+II-Z = G1Jul#NL+II-2 / 1h44.2
G10G2¢N2-1 = G1Uu24N2-1 / k4.2
00 304 IT=1,6
304 G1J03¢N3+II-2 = G1003+N3¢II-2 / 14k4.2
310 CONTINUE
CeesCOMPUTE FEEDTURE CGNDULTANCES

JJ o= Ksagel
RSCOND(ARGR+I4R1)AS264Jd)AB23¢JJ,A52L+JJyAC2540dyAR2H+T,
* ABI5¢1,A825+414A82341,AR224¢1,A837+¢T,AB2841,AB27+1,
* AST774UJyASTBHII A7 3+, AS7U*JJHyA5754+JJ, BB20+T,
» AB2L4T,6318+L-1)

Coss ADJUST CONDENSE® COUPLINGS BASED ON LA/LC
ADJGLABSB+I M52+, A526+N3,A825+41,615334N3-1)
CeesCOMPUYTE HEAT LCADS

R11 = R11 ¢+ AB11+41
N1 = N1 ¢ (MEQG4D)
N2 = N2 + (M315+])
N3 = N3 + (N523+])
LL = LL ¢ (M533+I) ¢ (M510+I) ¢ (M520+]) - 1

1030 CONTINUE
N731 = Q733 = G735 = 0737 = €83.21/4.
ENC

[ AL I LR TSI L S e R S RS R AR L T S R A R S RS R R R R KRS

RCD 2VARIARLES 2
IF(JTEST +E0. § «OR. MIZSY LEQ. J) FETURN

N = M3lL

MOUM =]

InuM = JOUM = KOU¥ = 1

DO 54 ITEST=1.N

IFtABGB+ITEST JEC. i) GO TO 40
MOUM = MDUM + 1

FRONT

IF(M7B34ITEST JECG. 0) BACKUP = 1,

Ld TOUM = IOUV '+ (MS500+ITEST)
JOUM = JNUM ¢ (MELIJ+ITEST)
KDUM = KDUM ¢ (MS23#ITEST)
50 CONYTNUE
IF(PACKUF .NE., Ca) RETURN

1C3 NWRITE (5,51) (M781+4J,J=1,N)
F 51 FORMAT(*] FRONT ITERATION COUNTERS == *,20(I3,2%X))
WRITE (6,452 (ABubL+J,yJ=1,4N)
F 52 FORMAT(*®* FRONT BAMPING FACTCRS =-- *¥,13(F6,.3,2X))
DO 1135 I=1,N

M781¢1 =1
1190 ABuheI = 1,

STQREP

ENC

R R R R I I TR PN T Ry

ACH 30UTPUT CALLS
TPRINT
PRIMTA(SHTENVIR, A76841 4768, 1)
PRINTA(EHOUATNT ,A7S2¢1 ,M752, 1)
PRINTATGHGRIC TN AT7 041 M7 75y L)
PRINTA(6HORJICTP, ABL1+1,4811,1)
WRITE(B,10) F1i

F 10 FORMATI*] TCTAL FANEL hZAT REJECTICN =%,F15,3,% BTU/HR¥)
IF(JTEST JEN. 1) GO T0 23
STORZP
RETURN

CeesCOMPUTE HEAT TRANSFEZR LIMITS

20 LIMITS(A5.L2,853C,6140019T125,T431,R1,R2,R3,P4,RE6,A1512,A1)32)

FNN
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8C0 3SURRCUTINES
CoeeIN SEVERAL CF- THE FCLLCWING SURRCUYTINES, MULTIPLE CASFS CAN BE CCNSTIDEREP
Leas s WITH ONE CALL, SINCE ALL VARTAELES ARE SURSNOTPTEOD, THIS QPTINON IS USED
CoueeBY INPUTTING THZ VARTABLES IN ARRAYS WHERE SACH ARRAY TONTAINS MULTIFLE
Ceess VALUES, REPRZSENTING EITHER SEVERAL ©IPES CR SEZVERAL NCNES IN ONZ PIFE.
CeeveIF ONLY ONE CASE IS DESIRED, INPUT N=i IN THE SUBRCOUTINE CALL. IF SEVEPRAL
Ceees CASES ARE NESIRED, ENTER THE INTEGER GOUNT OF CNE CF THE ARRAYS. THE
Casss SURRCUTINES CONTATAING THIS CPTION ARE EFFKWK, ARTERY, RACOND, AXCOND,
CoeeeCAFHCK, CAPFIN, RADFIN, AND LOCKUP,
FSTART
SUARPQUYTINE EFFKWKIN,NWICK,KWICKyKL yKWALL,PCRGS,CN,IN,PI,
GNO,NIDTH,D:¢TH,EFFK)

e MR e n . i A P G AN R WP e W e

THIS SUBROUTINE CCMPUTES THE

- e s e s -

AND WALL TS GCOO,

N

OF THE LIQUIN-SATURATED WIfNK,

WHERE FOCR CCNTACT

*FF:CTIVE RADIAL THERMAL CONDUCTIVITY

IT ASSUMES THE CCNTACT RETWEEN HWICK

HITH THE EXCZPTION OF THE AXIAL SPAGER WIRES

IS ASSUMED.

ZFFK IS USEN IN SURSPCUTINE
RACONDs THUS ;FFKHK 4UST BE CALLED BEFORE RACCND IN VARPLY,

NUMBER OF CASES TC 8E TREATED IN THIS CALL

Cc

c

c

c

c

c

c NRWITK = TYPE OF HWICK

c KWICK = THERMAL CCNDUCTIVITY OF WICK MATEPIAL
C KL = THERMAL CCNOUCTIVITY OF LIGUIN

c KWALL = THERMAL GCNDUCTIVITY CF WALL MAYERIAL
c POROS = WICK PORQOSITY

c 0N, 1IN = WICK CUTER AND INNER DIAMETERS

c GNO = NUMBER 0OF GROOVESy WIRES,y 02 THREADS/FT
C WIDTH = GRNOCVE OF THREAD MEAN WINTHk

C DEPTH = CROCVE OR THREADN DEPTY, OR HWIRE NTAY
c EFFK = EFFECTIVE THERMAL CONNUCTIVITY

c

£ o b ov o an T b Em 0 wm N S e T M e G . A R e L > s W AR M AR WA e B e s Me wE YR N WM W e W s W AR am de e e

REAL KWICK,; KL, KWALL, ID
OIMENSION NWICKI1),KWICK{1),KL(1),KHNALL{1) ,FOROS(1),CD{1),INC1Y
DIMENSION GNC (L) 4 HINTHIL) yDECTHIL)Y JEFFK(L)
NO 2ude I=l,N
IF(NWICK({I) JLE. J
d = NHICK(I)
GO TO (100420 0+430044504560)44J
C... HRAPPED SCRZEN, SINTEREZD FOWDER, FELT,
100 EFFK(I)= KLOI)*{(KL{I) +XWICK(I) -
¥ (KLCI)Y#KHIGKA{T)Y +
IF(NWICK(I) ,2Cfe )
IF(NWICK{I} +EQe &)
GO T0O 2460¢
Cuese OPEN AXIAL GROOVES ON IR OF PIPE =~ APPROXIMATE COD-SHAPED
CeasoGROOVE X-SEGCTICNS WITH SGUIVALENT SAUARE LENGTR ANP NEETH
260 EFFKEIY= GNO(II*HINTHIL) ¥ (KL (I} ~KHALL (DI Z (O T®(CR (T =NEPTH(T) )
x + KWALL (1)
IF(MHICK{I) +EQ. 3?
GO TO 203¢
Css+sSCREEN-COVERED AXIAL GRCOVES ON ID OF PIPE
LG GO TO 1453

«ORe NWICK(I) .GF. &) GO TC 1¢03

CR FCAM CN I OF PIPE
(L.-POROS(INIFIRL(T)I=KHICKIIN))/
(1,-PORCSH{TI)Y ¥ (KL(I)-KWTCK(I¥))

GO TO 3138

GO TO 413

GO TO 320

310 EFFKL = EFFKIIY
GC TC 203
320 EFFKZ2 = EFFK{IY
EFFK(I)= 1./(1./EFFK1 + 1./EFFK2)
GO TN 2¢¢
L eesSCREEN-COVE En AXTAL SFAGIP WIRES
433 GO Tn 1os
415 EFFKW = EFFK(I) * 2,% PT * IN(IV/(OR(I) ~ IO(IY - 2.* NEPTH(TN
EFFKL = KL(I) * (PI * (OO0(TI/NEPTH(IY=-1.,) = GNCC(IV}
EFFKS = KLII) * KWALLU(IYZ(,1738 * KWALL(I) + €282 ¥ KLI(TI))
EFFKIDI= 2, (000D =-I0(INI /7 (PI¥(DOO( D)« I T )* (L Z{EFTKS+EFFKL)
* + 1./EFFKWY)
GO TO 2¢uv

Ces s CIRCUMFERENTIAL

GRCOVYES ON TD OF pIpZ

L

(THREANS)
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SG0 EFFK(I)= CNCCI) ¥ WINTHI(Y) * (KL{I)-KWALL{I)) & KWALL(Y)
GO TO 2033
1G6ud HRITE(69iCCY)
1001 FORMATC*! 443 4+ERROR+++4+ INVALID WICK TYPE,*

by * RATIAL WICK CCNCUCTCRS ERRONEOUS¥)
2065 CONTINUE
RETURN
END

e T LY R R L Yy Ry P T R e T R R R Ly
SUBROUTINE PERMBL(MHICK.0D4,IT,CNOyWIOTH, DEPTH,NART, NOART,

¥ CIART, NT.AART,K,NT,SD T,PEQP,PERMTA PI,DR)
Comeenere v nverccsccsccanancnea LY R P L R R T R P R et camee o=
C THIS SURROUTINE COMPUTES THE PhRHEABILITY * CROSS SECTIONAL AREA
C PRODUCTS CF THE ARTERY (IF ANY) AND WICK. SINCE THE ARTERY AND
c WICK FORM PARALLEL ULIQUID FLCW PATHS, THEIR PERMEABILITIES ARE
L] SUMMED LTINEARLY, PERMTA IS USED 7Y SUBROUTINE LIMITS AND PERMAL
¥ IS CALLED RY LIMITS TINTERNALLY.
c NWICK = TYPE OF WICK
c 00, I0 = RICK OGUTER AND INNER DBIAMETERS
Cc GNC = NUMBER OF GROOVES, WIRES, CR THREADS/FT
c WIOTH = GROOVE OR THREAD MEAN WIDTH
c DERTH = GROGVE OR THRFEAD DEPTH, CR WIRE NIAM
C NART = TYPE OF ARTERY
G D0ARTY = ARTERPY OUTER DIAMETER
c DIARY = ARTERY INNER DIAMETER
Cc WY = THICKNESS OF QUTER ARTERY WRAF
Cc AART = ARRAY OF ANGULAPRP WIDTHS OF SPIRAL ARTERY ANNULI
C K = NUMEER OF SPIRAL ARTERY ANMNULI
C NT = NUMRER OF SPIRAL ARTEPRY TURNS
c S0 = SFIRAL ARTZRY SPACZR WIRE CIAMETER
] T = SPIRAL ARTERY SCREEN THICKNESS
Cc PERM = HOMCGENEOUS WICK PERMEABILITY
c PERMTA = PERFEABILITY * CROSS-SECTICANAL AREA
c DR = DEGREES=RADTANS CCNVERSICM (57.3)
Co~cemesmeccecnmeccnamrcencccennnnes e g S g g -

DIVENSION ARRT (1)
REAL ID, NT, KAC
PERMA = (0.
IFINART LEN. O) GC TO 93
IFINART «LT. & «CR. NART LGE. 3) G6GC TO 19%2
GO TO (13423),NART

CeesPEDESTAL ARTERY

10 PERMA = PI ¥ DIART**4 / 128.

GO To 9g

CeesSPIRAL ARTERY WITH SPACER WIRES SETWEEN SPIRALS

23 DART = DOART =~ 2.% WT
ol = NIARY/2., ¢ T ¢+ (DART-DIART~2.*T) ¥ AART(L) 7/
* (R.* PI * NT * DP)
RO = RI + SO
THETA = AART(1)/(2, 'OR) ~ SO/ (RO#RI}
CALL ANNSPC(RI+RC4THETA,KAC) :
PERMA = KAC
DO 25 I=2,K
RT = RT + (BART~OTART=2,*T) * (AART(I-1) + AART(T)) 7
. (8% FI * NT * DR)
PO = RI + SD
THETA = AART(I)}/(2.*0R) - ST/ (RO+RI)
CALL ANNSPCIRILZRCyTHETA,KAQ)
FERMA = PIRMA + KAC
25 CONTINUE
PERMA = PERNMNA + FI * (DIART/Z.)*%4 / 8§,

98 IFINHWITK +LE. 0 .OR. NWICK .GE. &) GO TO 10C0
GO TO (1C05,203+308+4034500) 4h¥ICK
Ces HRAPPED SCRZEN, SINTZRE=0 POWDER, FELT, OR FQAM ON IC OF PIPE
10 PERMTA = PERYM * FI * (CD*¥2 - ID**2) / 4. + PERMA
RETURN )
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EN AYIAL GRCGVES ON ID CF PIPE == APPROXIMATE COD-SHAFEQ
ROOVE X=SZGTTONS WITH SGUIVALENT SQUARE LENGTH ANC BEPTH
PERMTA = 5,% GNO * WINTH¥¥3Z ¥ DEPTH¥*3/(18.% (WINTH¥*2

+ &.* DEPTH**2)) + PERMA
RETUPN _ .
REEN-CNVERED AXTAL GROOVES ON ID NF PIPE
PERMTA = 5,% GNG * WIBTH®¥I ¥ DEPTH¥¥3/(72.% (WIDTH¥*2

+ DEPTH**2)) + PERMA
RETURN
CoeesSCREEN-COYERED AXTAL SPACER WIRES
RO = 00 /7 2
FI = KO - DBEFTH
THETA = (PI * (R0+PI) - GNQO*DEPTH)Z{(GNO * (RO#RI))

CALL ANNSPO(RIyRCyTHETA,KAC)
PERMTA = GNQO * KAC # PERMA
RETURN

Ceos CIRPUMFERENYIAL GRCCVES ON IO OF PIRZ (THREADS)

PERMTA = 65,% WIDTH*®*2 ¥ DEFTH**¥3 S(GNC * PT * (CD+INY ¥
9¢* (WIDTH¥*2 + 4,* DEOTH**2)) + PERMA

PETUEN

WRITE(B,1uil)

FORMAT(*. +4¢++cRR(Re+ve+s INVALID WIGK TYRE, *,
* PIRMEAETILITY ERPONE CUS¥)

RETUFN

HRITE(6,1833)

FORMAT(*] +++++CAUTION+++++ TAVALID ARTERY TYPE,=*,
* NO ARTERY ASSUMED*)

GO TG Q¢

END

R R R S R I R Y R

SAOOO0O0

x * # x

Cr¥wxyx

OO0 O

SUAROUTINE ANNSFCA(RI,RC, THETA,KAG)

]
[}
]
]
]
]
)
L]
]
]
]
]
]
]
[}
]
]
[]
[]
t
]
]
]
]
1
]
[}
1
]
[}
[
[}
[}
]
]
)
3
]
[}
]
]
]
]
]
]
[}
1
[]
]
1
[}
i
1
]
i
[}
)
]
]
|}
]
i

THIS SUSBROUTINE COMPUTES THE PFRMEARBILITY * CROSS-SECTIONAL AREA

PRCOUCT OF AN ANNULAR SPACZ. IT IS USSD RY SURRCUTINF PERMRL AND

TS CALLED PY FZRMBL TINTERNALLY,

RIWRC = ANNULAR SFACE INNER ANC OQUTER RADII
THETA = HALF-ANGLE WIOTH OF ANNUL AR SPACE
KAC = FFRMEABILITY * CROSS~SECTICAAL AREA
OEAL KAG
KAC = 5% THEZTA¥*3 * (RO¥*4 -~ PI*¥%4 -
2.% (FC¥*2 * RY = RO ¥ RI**3I))*%p /
(18.% C(4,* THETA**¥2 + 5,) * (RO**4 - RI**Y) -~
Be¥ (THETA®YZ + 5,) ¥ (RQ**3 * RI =~ RC ¥ RI¥*3) +
Has® RC¥¥2 * RI¥*2 * Al QG(RO/RIN))
RETURN
ENC

Yy R R Yy Y Y R N N TS EE TR RN T

SUBRNUTINE ARFRTERYI(N,NAL,NART ,00ART,BIART,HT,S0,T,POPCS,PI,NT,

RRCGFA,RHOCFS KA, KS,KL,L,DEMN,CPL,ID,C AP,
COND,EFFVD)

- e = e A Ee e AR G N S e S e e S W an Gn S Sm e e G s W e e S e AP s e G e TP e G Y R e MR S AR M e Ve S e e

THIS SUBZQUTINE COMPUTES THE CASACITANCE ANN AXIAL CCNAUCTANCE
OF AN ARTERY.
ARTERY MATERIAL AND THE LINUID FILLING IT ARE CCNSIDERED. THE
CAPACITANCE AND THE LCONDUCTANCE ARE ANNED TO THCSE OF THE WICK
IN SURROUTINES CGAPKWCK AND AXCCNO, THUS ARTERY MUST 8SE CALLED
BEFOR 2 THOSE ROUTINZIS IM VAFRLL. TFE ZFFECTIVE VAFQF SPACE
DIAMETER RESULTING FRCM THE PRESINCE CF AN ARTERY IS ALSC CCM-
PUTED FOR USE IN SURRQUTINF LIMITS.

RATIAL CONDUGTANCE TS UNMNFCESSARY. ROTH THE

-N = NUMPER OF CASES YC BE TREATED IN THIS DALL
NAZL = NUMEER CF SPIRAL ARTEPY ANNULI

NARY = TYBE OF APTERY

NCOART = ARTIRY NUTER DIAMETER

NIART = ARTIRY TINNER DOTAMEITER

HY =

THICKNESS OF QUTER AKTEFRY HWRAP

c-57

R A

N i




ki, I

Ty - e —— —vw—-l o
v =

- PETDURNITE W WU U T W TA Vo -L N D SR SL A

g

SO0V OOOD

CeeeNO
10

e tnin

SPC N

539

- - -

REPRODUCIBILITY OF THE
ORIGIAL PAGE IS POOR

SPIRAL ARTERY SPACER WIRE DIAMETER
SPIRAL ARTERY SCREEZN THIGKNESS
AOTERY SCREEN PORNSITY
NUNBER OF SPIFAL ARTEPY TURNS
AFTEPY SCREEN NENSITY * SPECIFIC HEAT
SEACER WIRE DENSITY * SPECIFIC HEAT
ARTERY SCREEN THERMAL CONCUCTIVITY
SPATER WIRE THERMAL CONDUGTIVITY
LINUID THERMAL CONDUCTIVITY
NODAL LENGTH ALONG PIPEZ AXIS
LIQUIN DENSITY
LIQUIN SPECIFIC HEAT
WICK INNER DIAMETER
ARTERY CAFACITANCE

CONN ARTERY AXIAL CONDUCTANGE

EFFVD EFFECTIVE VAPOR SPACE DIAMETER IN PIPE
REAL L, LSCRN, IO, XA, KS, KL, NT
DIMENSION NART (1) yDOART(1) ¢OIART(L) 4WT(1),4SN (1) ,T{1),00R0S (1)
DIMENSION NT(1) yRHGCPA (1) 4RHOCPST1),KA (1) ,KS (1) yKL {1941 (1)
DIMENSION DENL (1) ,GPL (1) ,I001) ,CAP (1) ,CONN (1) ,EFFVD(1)
No 2538 I=1,N
IFINART(I) WNE. &) GO TO 5¢
ARTERY
CAP(I) = §.
CONDTIN= 1,E-12
ARTXSA = Q.
EFFVILIN= IDCI)
GO TO 20:3
IF (NARTCI) LTe 0 .02, NART(I) .GE, 3) GO TO 1033
J = NART(I)
GO TO (13G,2C3) 4d

DENL
CPL
ID
GAP

o
w
LI T L T (I (O T (N IO 1 IO 1 Y1

o

CoeesPEDESTAL ARTERY

10

VSCPN PI*(DCARY(I)*¥*2 - DIAPTU(I)**¥2)*L (T)*¥(L,-PORCSUIVNY /4,
VLIO PI ¥ DOART(I)**2 » L(I) / 4. = YSGPN
CAP(I) VSCREN * RHCCPA(T) ¢ VLIQ * DENL(IV * CPLII)
COND(I)= KA(I) * VSCRN / (2.* L(I)**2) +
KL(I) * PI * OIARTUIV**2 / (L.* L{I))
ARTXSA = FI * DCGART(IV**2 / 4,
EFFVD(IYI= C(FI * IC(I)**2/4, =~ ARTYSA) * L,/ FI)*¥,5

GO 70 20C¢

Ceee SPIRAL ARTERY WITH SPACER WIRES BETWEEN SPIRALS

203

C-58

DART
A

DOARTI(I) - 2% WT(I)

NDARYT = DIART(I) = Z.*¥THLI)) / (L. * PI * NTLI))

DIART(I)/2. + TU(I)

(2.,% PL * NY(I) & B/A) * ((2.,* FI * ANT(I) * A + R} ¥=*2 +
A¥¥2) %% ,5 - B/A * (R¥¥2 ¢ AXX2)¥X,5 ¢+ A/2,*
ALCGULC(2,% PT * NT(L) * A + RY¥¥2 4 AX¥D)¥% T &

2.% FT * NTII) ¥ A & 8) / ((B¥*2 + A*#2)*¥ .5 4+ B))
LSCRN * T(I) # L(I) * (1.-PCROS(I)) & €T * (DOART(I)**2
~ DART*#2) = L {I) * (1,-POROS{(I)) 7 4,

FLCAT(NAL+4Y * PI * SD(T)**2 * ((I) / 4,

FI ¥ CCART({I)*¥2 ¥ L(I) / 4., - YSCRN - VSPAC

VSCPN * RHOCFA(T) & VSPAC * RHGCPSAI) + VLIO * NENL(TI)Y
* CPL(D)

COND(I)= C(VSCRN/2.% KA(I) + VSPAC * KS(I) + (PY * DART**2/4, =~

LSCRN * T(I)) ¥ L(I) * XLII))Y / L(I)**2

ARTXSA = PI * DCART{(I)**2 / &,

SFFVO(D)= ((FI * ID(IV**¥2/4, <« AGTXSA) ¥ 4,7 FI)**,5

GO To 2508

WRITZ(6,1001)

FORHMAT(*y +4++++GAUTICN++¢++ INVALIN ARTERY TYPE,*,

* NO ARTERY ASSUMED®*)

GO TC 19

CONTINUE

FETURN

i i

"
L SCFN
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1]

VSFAC
VL Ig
CAP(D)
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SUBROUTINE LOCKUPN Ty Ay P)
Crmemanrcmcccrrncemm e~ ——-———————- memme—m . —————— ceemmemmcmm e —————
THIS SUHROUTINF CRTAINS PROPERTIFS AS A FUNCTION OF TEMPERATIRE
ON AN AUTCMATED RASIS. THZ INDEPENOENT AND DEPENDENT VARTARLES
MUST 8E INPUT SEGUZNTIALLY.
NUMBER CF LCCKUPS IN THIS CALL
INDEPENDENT VARIABLE (TEMPERATURE)
ARRAY OF T3P VALUES
DEPENDENT VARIARLE (PROPERTY)

ONaOO00

[T VI TR ]|

DIMENSION T(1),P{1)
DO 10 I=1,N
.10 CALL Di1DEGLITI(I) 4AL,FP(I))
RETUPN
ENC

R L R R R Yy Yy

SUBROUTINE CAPWCKINyRHCHA,CPHWALFI,00KA,IDHA,LHKA,

* FOROSyRHOL yCPL ,RHCHK yCOWK,00HK s TOWK,
" LHKyCARPA,CAPF,CAP)
g SR U S g g g U S g SR U U
c THIS SURRCUTINE COMPUTES THE CAPACITANCE NF THZ LIQUIN-SATURATED
c HICK AND PIPZ WALL. THEY AFZ SUAMEN ALCNG WITH THE ARTERY CAPA-
C CITANCE FROM SUERQUTINE ARTEFY ANN THE FIN CAFACITANCE FROM SU3-
c ROUTINE CAPFIN (IF ANY) TO OBTAIN THE TOTAL CAPAGCITANCE OF EACH
c PIFE NODE. THE CAPACITANCE CF THE VAROR IS IGNCRED.
c N = NUMBER 0OF CASES TN PE TREATER IN THTS GALL
c RHEWA = PIPE HWALL DENSITY
c FPHA = PIPE WALL SPEFIFIC HEAT
c OPRACINWA = PIPEZ WALL QUTER AND IMNER DIAMETEFS
c LWA = FIPE WALL NODAL LEINGTH
c PCROS = WICK POROSITY
G RHCL = LIQUIN DENSITY
c CcrPL = LIGLID SPECIFIC HRAT
c RHCHK = HICK DENSITY
c CPUK = HWICK SPECIFIC HEAT
c O0DKK, IDWK = WICK QUTER ANO INNZR TIAMEYERS
Cc L WK = WICK NODAL LENGTH
c CAFA = ARTERY CAFACITANCE
c CAPF = FIN CAPACITANCE
c car = TOTAL CAPAGCITANCE
g o g g D

RZAL IOWA,LHA,ICHK,LWK

DIMENSION RHOWA(L1)CPHA(L),0CHA(L) ,INWACLY L WALLY,PCROS (1)
OIMENSION PHCOLU{L) ,,LPL(L) ,PHORK (L)Y ,CFHK (1) ,0NUK(1),INUK(1)
NIMENSION LHK (1) ,CAPA(1YyCARF(LYCAF (1)

N0 13 I=1,N
CAPHA = RHOWA(I) * CPKA{I) ¥ PI * (COWA(I)**¥Z - INWALI)**2)
* ¢ F | WACIN/ Y,
CAPWK = (PCRNS(I) ¥ QHOL(I) ¥ CPL(I) + (1,-RCRCS(I))
¥ ¥ FHGHK(I} * CPWKII)) * PI * (QDWK(I)¥*¥2 - TOWK(I)**2)
+ F LWK(IY/ 4,
15 CAF(IY = CAPKRA + CAFWK + CAPA(I) + CAPF(I)
RETURN
ENE

R L L Ny Y N T PP V=Y
SUARQUTINE GAPFIN(NGXyY,740EN,CP,SARP)
THIS SURRQUTTINE COMPUTES THE CAPAGITANCE OF A SPAQRE AANTATOR
FIN (IF ANY), ATTACHED TO A HEAT PIPE CCNDENSER,

N = NUMBZ? OF CASES TC P TREATED IN THTS CALL
X = FIN LZMGTH (HALF PIPE-TC-PIPE NISTANCE)

Y = FIN THIGKAESS

z = FIN UIDTH (LOMAFNSER LENGTH)

nFEN = FIN NFNSITY '
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c CF = FIN SPECIFIC HZAT

C CAP = FIN CAPACITANCE

o R PR cmnesecencasenm -
DIMENSION X(1),Y (1) ,2€1),DEN(1),CP(1),CAP(L)
DO 10 T=1,4N

10 CAP(I) = 2.,* X(I) * YUI) * 7{I) * DEN(I) * CPI(I)

PETURN
END

c.l’l"‘¥‘¥‘#¥¥"¥‘ll."C!..'ﬁ.‘ll""'#...l!l¥¥.U'U.¥Ul'¥"'.¥"'l¥¥

SUBROUTINE AXCONCUN KWA,NORA yTOWA,)L WA, PI yL WK yPOROS ) KWK,y ONHK,

* IOHK,CONDHA,FONDWK)
THIS SURROUTIANE CO "PUTES THE TOTAL AXIAL CONDUCTANCE OF THE,
WICK AND WALL, NEGLIGIBLE CONTACT CONBUCTANCE IS ASSUMED
RETWEEN CROSSEC MEZMBERS IN HCNOGENECUS WICKS==-THE WICK VOLUME
IS CONSENUENTLY HALVEN. THF CONDUCTANCES ARE CCMRINED WITH
THOSF FRCM SLARCUTINZ ARTERY IN SUBROUTINE AGCC¥R, THUS ARTERY
AND AXCONT MUST BE CALLZD REFORE AGCOMR IN VARBLL.

N = NUMBER OF CASES TO BE TREATED IN THIS CALL
KWA = WALL THERMAL GCONDUCTIVITY

ODWA,IDOWA = WALL OUTER ANDO INNER CIAMETERS

LWA = WALL NODAL LENGTH

LWK = WICK NODAL LENGTH

POROS = WICK PORGSITY

KWK = WICK THERMAL CONDUCTIVITY

ODWK,IDWK = WICK OUTER AND INNER DIAMETERS

CONDRWA = WALL AXIAL CONDUCTANCE

CDNDHK =

NICK/LIQUID AXT AL GOMDUGTANCE

QONOOOHOOOOONONCT00

FEAL KNA,IDHA,LhA,LHK,KHK,IO%K

DIMENSIODN KWA (1) ,0CWAC1) ,IOWAC(L) L WA{L),LWK(1),POROS (1}

DIMENSION KWK{1),00WK(1),IDWK{1),CONDHA(L) ,CONDNWK (1)

DO 13 T=1,N

CONOWA(I) = KWA(I) * PI * [OCWACI}*¥2 - INDWAC(I)**2)/ 4. *LWALLI))
13 CTONDWKALIY = (1.-PORCS(IY) * KWK(I) * PI * (ONWK(I)**2 -

¥ TOWK(TIY *%2)/ (4% LWK(I}) '
RETUPN
END

c'4.'*"‘!l!!##!!!I!'!'U"#"l#"‘¥'¥‘!¥‘§l'l'l"'!"l'l'll‘ll‘#"!'¥

SURROUTINE RSCCNDRINCG,PI,LWAKWA,00WA, IDWA,LFTyKFT,00R,T0R,

* LRyKRy ODFT, INFT,LHK, POROS, KKK, 0OKK, TDHK,
» IDFThey IOPH 4 GFTTOT)

c - R W e W B N SR AR R R AR R VD wm SR AR AR RN - R D am e G DGR D TR AR R AR e N RS R N A WD R e R N R G AR R NS A S S A AN -

c THIS SUBROUTINE COMPUTES THE TOTAL AXIAL GONDUCTANGE FROM THE

c CONDENSER TO THE RESERVOIR OF A VCHP. THE SAME ASSUMPTIONS

c USEND IN SULBRCUTTNE AXCCOND APPLY, THE WICKS USED IN THE CON-

c DENSZIR, FEZRTUHBE, AND RESERVCIR ARE ASSUMED T0 BE IDENTICAL,

c NGG = FLAG FOR VCHP

T LWA = CONCENSER WALL NODAL LENGTH

c KHA = CCNDENSER WALL THERMAL CONDUCTIVITY *

c ODWA,IDWA = CONNENSER WALL OUTER AND INNER DIAMETERS

c LFT = FEED TUBF NODAL LENGTH

c KFY = FEEN TURF THERMAL CONDUCTTVITY

c OGR,INK = RESERYOIR CUTER AND INNER OIAMETEPS

c LR = PESERVOIR LENGTH §

c KR = RESERVOIR THERMAL CONDUCTIVITY

c ONFT,I0FT = FEZD TUBE OUTER AMN) INNER OIAMETEPS

c LHWK = CONDSNSER WICK NCDAL LENGTH

C FCROS = WIGK PCROSITY

c KWK = WICK THERVMAL CONDUCTIVITY

c 0DHK,IDWK = GONBENSER WICK OUTER AND INNER NIAMETERS

c IDFTH = FECO TUBE WICK INNFR OIAMETER (QDFTHW = IDFT)

c INRMW = RESERVOIR WICK INNER DIAMETER (OORM = IDR)

o GFTTOT = TCTAL AXIAL FEED TURE CONNUCTANCE

C-- ............................ R I e . L L L T T X Iy iy -~ -

REAL NCGy LWA, KWAy LFTs KFT, IOWA, TDFT, IDRs LR, KR

C-60
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REAL LHWK, KWK, ICHK, IDFTW, IDRW ,

IF(NGG +ER. us) RETURN i

GRA = PI % KWA * (ODWA*¥2 = IDWA%X2}/(2,% LWA)

GFY = FI ¥ KFY » (QODFT*¥2 - TOFT*%2)/(4,% LFT)

6R = FI * KF ¥ [00F**2 - IDR**Z)/(2,* LF)

G WK = PI ¥ KWK * (1.= POROS)*(OOWK®¥2 = TOWK**¥2)/ (44 % LHK}

GFTW = PI * KHK * (1,- POROS)*(IDFT**¥2 - IDFTW¥*¥2}3/(8,% LFT)

GRH = BT * KWK * (1.~ POPOS)*(IDR**¥2 - IDRHW®*2)/(4.,* LR)

GFTTOT = 14/(1./GHA + 1./GFT + 1./GR) + .

* 1e7(147GHK + 1,/GFTH + 1./GRW)

RETURN '

; ENC /
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SURKOUTINE AGLOMBINE,NA,NC,GAE,GAA,GAC,GWAE, GHAA,GHAC,
* GHKE,GNKA,GHKC,NCTPAP GFIN,GTCT)

C mmmrmmme e a4t e o = e m e e e e ——————

c THIS SURROUTINE ,OMﬂUT-o THE TNTAL AXIAL CONDUCTAONGCE NF THE

Cc ARTERY, LINUIND-SATURATIOD WICK, AND WALL. THE RESULTS OF

c SUBROUTINES ARTFRY, AXCOND, AND FRADFIN ARE REQUIRED, THUS

C THOTE ROUTINES MHST RZ GALLED REFNRE AGTOM® IN VAR3L{. .
C N NUMBER CF NONES IN EAGH PIPE SECTION

c GA = ARTERY CONDUGTANCE IN ZACH SENTICN

G GHA = WALL CONDUCTANGCE IN EACH SECTICN i

Cc GUWK = WICK/LIRUID COMDUCTANCE IN EACH SECTION ]
c NCTRAP = CCLGC TRAP FLAG :

M GFIN = AXIAL FIN CONDUCTANCE

c GTCY = TCTAL AXIAL CONDUCTANGE

c Es8,C = BIPE SECTIOM® EVAR, ACIA, CR TOND

c

DIMENSION GAE (1) ,CAA(L),GAC(1) JGHAE (L} ,GWAA(LY,GHAC (L)
NIMENSICN GRKE(L) yGHKA (L)Y yGHKC L)y NCTRAP (L) y CFINILYLECTOT (L)
DO 1. I=1,N::".

IF(NE JEG. I) GO Tn 20
b 19 GTOT(I) = 2./€1./7GAZ(II+1./GAE(I+1)) + 2./(1./GHAS(T)
1 * P1o/GRAF(I#1)) ¢ Zo/(La/GHKE(T) +1/GWKE(T+1))
i 20 GTOTITY = 2./(L./GAECIV+1,/GAA(L)) + 2.7 (1.7 GHAE(T) , 3
i * FLo/GHAACL) ) & 24 /(40 ZGHKE(T) #1.,/ GHKACLY)
i 11 = NE + 1
4 III = NE + NA 4
b no 3. I=TI,III ; e
} J =1 - NF E
H IF(IIT JER. T) GO TO 4
' 30 GTOT(I) = 2./7(Le/GAMLJI 1. /GAALI+LY) + 2./ (1. /GHAALY) .
L * FLo/GHAACI+1)) + 207 (Lo FGHKALY) +1  /GHKATI+1)) o
¥ 4y GTCTII) = 2./11./GAACII+1.7GACILI) + 2.7 (L./GHAACS) e
3 * FLO/GHATTLY) + 20/7(L./GWKAQJY +1./GHKC (1)) L
L 11 = NE & NA + 1
ITI = NE & NA & NC

DO S5¢ I=II,1II

J = I -~ NE =~ NA ;
IF(ITI +EG. I) RE TURN ‘ o
GTCTUI) = 2./701.7GACIIN L, /GA0(I+4)) + 2.7(L . /7GRAC(I)
it . FLO/GHAD(IEI)) 4+ 2. 701 /GHKE (]I 1. FGHKC I+ ))
fll IF(FCTRAB L) JEG. 1) GTAT(IY = GTOT(I) + 2./
E X {(1./GFINCJI) +1,/CFIN(J#1))
53 GCONTINUE
RETURN ‘ |
END *

iy CFFrr R r N AN RN E NI R TN N N AR NN E A AN RR NN E AR A NSNS RERN RN NS U N TSN RRRRE RN XY
!1 SURKOUTINE RACCNUINBLEFFKHKyLWK, OOWK,INWK,y KWL g LWL,
* COWL ,IDWL,y CCND)

c

C THIS SUBROUTINE CCMPUTES THE TOTAL RADIAL CONDUCTANCE 0F. THE
c LIGUID-SATUSATFA WICK AND THE PTPE HWALL., THE EFFECTTVE

c THIRMAL GCONDUCTIVITY CF THE LIQUIN-SATURATEN KICK FocM SyQ-
c ROUTINE EFFKUX TS REQUIRPED, THUS E£FFKHK MUST BE CALLED RE-
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000000000

FOR: RACOND IN VARBL1. ;
N = NUMBER OF CASES TO 3F TREATEQ IN THTIS CALL B
EFFKHK = LIQUIO/ZWICK EFFECTIVE THE®MAL CONNUCTTIVITY t
LWK = WICK NODAL LENGTH f
O0OKK, IDWK = WICK OUTER AND INNER NIAMETERS !
KWL = WALL THERMAL CONDUGTIVITY it
LWL = WALL NODAL LENGTH :
ONKHLIOKL = WALL OUTER AND INNER DIAMETERS -
COND = TOTAL RADIAL CONDUCTANCE i
REAL LWK, IDWK,KKL,LWL, IOWL cob
DIVMENSION EFFKHKIL) JLWKIL) yOCHK (L) y TNWK( 1) oKWLEL) 4L WL(1) :
DIMENSION OOHWL (1) 4 IDWL (1) ,COND(1) ' J
DO 13 I=1,N N S
CONDHK = 2,% PI * EFFKWK(T) * LWK(T)ZALOGUODWK(I) ZINUK({I)) v

CONDWL = 2,% FI * KWL(I) * LWL(I)/ALCG(ONHL(I)/ZIDNL([Y)

10 CONDI(I)= 1./(L,/CONDHK + 1./CGONDWL) ,
RETURN i
END ;

CrEIVFRENFINFARN USRI NNERENRNERF AN AN FUNEAN BRI E YN AN XYY YN AU NEY S AN BES

SUBROUTINE PSLEAKINCGyKINS,PI,00R,)XINS,LR, GLEAK) E

C-....- ................................................................
c THIS SUSRCUTINE COMPUTES THE RESERVOIR-TC-SINK HEAT LEA¥ CCNPUFTANGES ;
c NCG = FLAG FOP VYCHP ; .
c +#INS = INSULATIGN THER®AL CONDUCTIVITY ¢ E
o 0DR = RESERVOIR CUTER DIAMETER E -
c XINS = INSULATICN THICKNESS . :
c Le = PESERVOIP LENGTH :
c GLEAX = RESERVOIR HEAT LEAK CONCUGTANCE
C ------------------------------- -— - .- - A W e e an e e WS e e - :

REAL NCG, KINS, LR i

IFINCGeERQels «ORs XINS.LZ.T4) RE TURN .

GLEAK = 2.* PT * KINS * LR / ALOGUIGCOR + 2.,%¥ XINS)I/CDR)

KETURN

ENC

R L X Y Ry RIS v

SUBROUTINE RADFIN(NsTRyTRL4TRRGCCND 4 X9Y974STIG2ASLCPEEMTISSTEX,

- TENV y0ABSA 4GSINK, AXFING, TSINK,QANODE,QTOT) i
c_-_-‘ ____________________________________ . S R . e s SR ek D m AP e W N AR D W H
c THIS SURROUTINRE COMPUTES THE EFFECTIVZ STNK TEMEERATURE (RCUNDARY
c NOCE) FOR A SPACE RADIAYOR, ACCOUNTING FNR FTN GECMETRY, ABSORSBED ? i
c EXTERNAL EMERGY, AND GCHTUCTICN TN ADJACENT FADIATOC PANELS, IT ; ’?
c CONSTICERS ENC EFFECTS--FIR RCOT TEMFERATURES MUST Br INPUT SE- . i
c GUENTIALLY. RAQOFIN SHCULD 8€ CALLED FROM VARALYL.
c N = NUMBZR OF CASES TC BE TREATED IN THIS CALL J L
c TR = FIN Q00T TEMPERATURE 7
G TRL = LEFT SIDE ADJAGCENT FIN RCOT TEMPERATURE i
c TRR = RIGHT SINE ADJACENT FIN RCCT TEMPERATURE i
c COND = FIN THERMAL CONDUCTIVITY
c X = FIN LENGTKF (HALF PIPE~TO-PIPE DISTANCE)
C Y = FIN THICKNESS
C Y4 = FIN WIDTH (CCNDEZNSER MOCAL LENGTH)
c SIG = STZPFHAN=-RCLTZMANN CONSTANT (,1713E~-8) :
Cc ASLCP= = ARRAY OF KNCNDIMZASIOMAL FIN TEMPEFATURE !
c GRABIENTS AS A FUNCTION CF ENVIRONMENT, ADJA- .
c CENT PANEL TEMPERATURE, AND FIN GENMETRY .
c EMISS = PANEL EMISSIVITY
o TEX = EXTERNAL SURRCUNDINGS TEMPERATURZ g
c TENV = ENVIRCNMENT TEMPERATURE i 3
N QABSA = AFSORRED EXTEOMAL FLU) = ]
c GSINK = RADIATION CONBUCTOR FPOM RCOT TN EFFECTIVE STINK
c AXFING = AXIAL FIN CONNUGTANGE i
. TSINK = EFFECTIVE SINK TEMPERATURE o .
C aM0nz = HZAT REJECTZN FROM ZAGH HEAT STPZ NODE = S
C -nrvey = YOTAL HEAT REJECGTED FRCM ALL NCBES IM THIS GALL
C‘!;.n-—----—-———.n»« -----------------------------------------------------

S ENTS P N

RS




NIFENSION
DIMENSTON
BIMENSION
6TOT =
DO 1v I=1
IF(X(I) o
Cee s CONVERT TEMP
TEXT =
TROOT
TROOTL
TROCTR
Cees COMPUTE FIN
PRCFNO =

nn

. TF (PROFNO

1 FORMAT(*]

CoeeeCOVPUTE ADJA
THEVAL =
IF(THETAL

2 FORMAT(®g
THETAR =

IF(THETAR

3 FORMATI(*S

TRCL) , TRL (1) yTRR{LY 4COND (1), X (1) ,Y (1) ,7(4),ENISS (1)
TEX(1) ,TENV(1) yQABSA{L1) yGSINKIL) yAXFING(1),TSINK(1)
ANGDE (1)

Go

W N

EQe Jo) Go TO 1

ERATURES TO RANKINE
TEX(I) # 460G,
TR(I) % LBG.
TRL{TI) + 46€93.
TRR{I) + 4€3J.
PROFILE NUMREG
SIG ¥ EMISS(I) * X(IY**2 * TROCT**3 / (COND(I) * Y(I))
2LTo 7 +CR,., PPOFNG +GTela) WRITE(641) PRCFNO
+E+H4ERROR+ 444+ PROFNQO (*E12.5%) ESXCEEOS RCUNNSH)
CENT RCCT TEMPERATURE RATICS
TRCCTL/TRCOT
LTe o6 «0Rs THETAL .GT,. 1.5)
+++++ERROR+++4% THETAL
TROOTR/TROOT
olTs o6 o«0QRs THETAR +GTe 145}
++++ FERPOR+++4+ THETAR (*E12.5%)

WRITZ(€,2) THETAL
(*£412.5%) EXCEEDS BOUNDS*)

WHRITE(Ey3) THETAR
EXCEECS QNUNDS*)

CeoosCOMPUTE EFFECTIVE ENVIPCAMENT TEMPERATURE AND TENVIR RATIOQ .
TENVIR = ((.B28 * TEXT¥¥4 + ,322 * TROOQT*%y4 L
* + QARSA(I)/SIG)/EMISS(IY)**,25 '
THETAE = TENVIR/TROOT
IF(THETAE oLTe G +OR. THETAZ oGT. 2,3) WRITE(B,4Y THETAE
4 FORMAT(*I#+++++¢FRROF++¢24 THETAE (*F12.5%*) EXCEEDS ROUNDS®)
Cae.lLOOK UP FIN GRADIENT AT ROOT
CALL P3NSGLITHETALsFROFNO,THETAE ,ASLORS,NTOXL) L
CALL D3DFGLITHETARs PROENC, THETAE,ASLOPZ, DTOXR) 3
C...COMPUTE HEAT REJECTICN FRCM EACH SINE GF ROCT, AND TOTAL ST
oL = -COND{I} # Z{(I) * Y(I) * TROOT * QTOXL /7 X{(I) Ci
nR = =CCNDCI) ® 7(I) * Y(I) ¥ TROQY * NTAXR 7/ X{(I) L
@NODE(I) = OL + AR ;
, : CvasCOMPUTE SINK TEMFERATURE REQUIRED TO GIVE ONADE i
: TSINK(I)= QNODE{IV/GSINK(I) + TR(I) i
C...CONVERT ENVIRCNFMZNT TEMFERATURE TO FAHRENHEIT
TENVII)= TENVIR - 463,
CoeaSUM HEAT REJEGTICN FOR EACH NODE INTO TCTAL PIFE HEAT RFYECTICN
: QTOT = QTQT + GNCOILI) :
. CessCCMPUTE FIN AXIAL GCNBUCTAMCE !
AXFINGII) = CCNO{LI) ¥ 2.,% X{I}) * Y(I) / 7(I)
13 TCONTINUE

v
VRt oy

T 'i:;.,,;w.‘.x._;,.,.,:if

RETURN
END i
CHFXXRYRRYIRNNF RN L AR YU RN RUR A BRA ¥ FFEXF X F NI AT FIX PR IN DA R XX LY ?
SURFOUTINE DIEDEGL {Xy Yy 7y -0, W) L
DIMENSIOA ALY y VI(5) &
NT = AL1Y.CR.G R
N1 = A(2Y.0R.G Loy
% N2 = AC2)WeCRau T
| 5 Vi) = 4.OR.2 !
: : vi2) = Afw) £
©i M1 = 2 ;
IF(Z.GT ALY} GO TO 2:8 i
103 X1 = A(M1+1) i
A(ML+1) = (NL*N23N14M2+#1),0R.3 '
X2 = A(MLE2) Y
A(ML+2) = NL.OF.. _ 5
CALL D2DEGL (X, Y, A{M1+1), W) i
A{ML+1) = X1 1
; AlMI+2) = X2
" BETURN
" ¥ ‘ 206 M2 = MIINL*NZENLEN2+3
s IF(N2.6T.NT) GO TO 13
'
E C-63
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N3 A(N2Y.0RLO

N4 = A(M2+1) 4 0R, (0
Vs = AlM2+2)
IF(Z.NELA(H242)) GO TO 40
N1 = N2
N2 = N4
M1 = M2
GO TO 143

400 IF(Z.GT A(M242)) GO TO 539 .
X1 = A(M1+1) | .
AtMi+1) = (NL¥N2EN1¢N241) NP, D 5o
X2 = AtM1+2) i J
A1+ 2) = N1.0R.D Eo
X3 = A(M2+1) ' s
A(M2+1) = (N3*N4tNI+N4+1),0R.0 y
X &4 = A{M2+2) -7
A(M2+2) = N2JORE
CALL O2DEGL (X, Y, A(ML1#1), VI3)) i

CALL D2DEG1 (X ¥y A(HZF1), V(5))
CALL D1D0EG1 (2, V1), W)

AEMi+1) = X1 - b

A(ML#2Y = X2 i

ALNMZ+L) = X3 -

ACH242) = Xu h 4

FETURN o
5.0 M1 = {12 j

N1 = N3

N2 = N4

vVe2) = V(4)

GO TO 2u¢3

END

CHERFURF E X R EFEL R RN U SR FERRRR SRR RN L LR AR IR F L NN RN EL RN R R IR RREER
SUBROUTIME FLFRNT(PVA, PVR,R,TR,VF,VC,N,K,pVS,TS,hN,LALC)

THIS SUBRCUTINE COMPUTES THE LOCATICHh OF YHE INTcQFACE BETREEN

WORKING VAPNR AND NCNCCNOENSIALE GAS IN A VARIAALE CCNDUGTANCE ;
HEAT PIPZ. THE PRINCIPLES OF CONSERVATION OF MASS AND THE PER- i
FECT GAS LAWS ARE EMPLOYED. PRESSURES ARE DERIVED FROM TEMPERA- i
TURES ACCORDING TO THE CLAPEYRON EQUATION, OIFFUSION EFFECTS

ARE IGNORED, WHILE AXIAL GONCUCTION EFFECTS ARE CONSTOERED. THE

RATIC QOF ACTIVE GONDINSER LENGTH TO TOTAL CONDENSER LENGTH IS

USED TO MCDIFY THE VAPCR-TO-CONDENSER COUPLINGS TO SIMULAYF THE

SHUT-OFF PORTION OF THE CONDENSER. FLFRNT IS CALLED RY FRONT

P

INTERNALLY.
PVA = VAPOR PRESSURE IN THE ACTIVE PORTION OF THE PIPE
PVR = YAPOR PARTIAL PRESSURE IN THE RESERVOIR S
P = UNIVERSAL GAS CONSTANT (1545) >
™ = PESERVOTR TEMPEZRATURE .
ve = RESERVOIR VOLUME
ve = TOTAL CONDENSER VOLUME
N = NUMRER OF MOLES OF NONCONDENSIRLE GAS IN FIPE
K = NUMRER OF INAGTIVE NODES (KOT NECESSAPILY AN INTEGER)
PVS = VAPOR PARTIAL PRESSURE IN EACH INACTIVE GCNDENSER NODE
TS = TEMPFRATURE TN EAGH INACTIVE CONDENSER NODE DA
NN = TOTAL NUMFER OF CONDENSER NODES g
LALC = RATIO OF ACTIVE 7O TOTAL CONDENSER LENGTHS - |

DOIOGHOHOONINOOONDOOHONOOOO0

REAL N, Ky LALC, KNEW - AR
DIMENSION PVS{1),TS(i) s,

IF{N LE0, ) GO TO 3G i
C--- KNENW = K 4+ .02 i
Ceee ITERATE ON FRONT LCCATION A
Ce==~ DO 25 J=1,15 : 7
C-==  IF(ARS(K=KNEW) LT+ «31) RETURN : : e ;
C==- K = KNEW :
Ce== K = K 4 1.E<1]
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I e A AT\ N LR
LM T s e g SEATES £2S e et B = Rt - .
I8
k
¥
|
TRR = TR + 4€3. i
KK = INT(K) [ ]
Cse.SUM GAS DENSITY CVER ALL INACTIVE NODES i 2
sSu~ = 3, .
IFIKK &R, ) GO 70 2¢C i
' D0 1. I=1i,KK
TSR = TS(NN#1~I} + 463,
o CeeesNODE TOTALLY BLANKETED S
SUM = SUM + (PVA - PVSINN+1-=I)) /(R * TSR) ce b
13 TONTINUE L
. Ceee s NORZ PARTIALLY RLANKETED
o 20  SUM = SUM + (K=FLOAT(KK)) ¥(PVA = PYSI{NM=KK)})/(R ¥ E i
o ‘ * (TSUAN=KK) +463.)) ’ ]
; IF(ABS{SUM) +LT. 1.E-5u) GO TO 32 Y
a CeaeCOMPUTE FRONT LOGCATION ¥
i LALC = 1.+ (({(PVA = DYRIZ(R * TRRI) * (VR/VD) -~ NZ{LUL,*VYC)) P
gﬁ * * K/ SUM)
. ‘ Coso ADJUST TC BETWEEN  AND 1 g
3 IF(LALC .GT. 1) LALC = 1. 2
L IF(LALG JLT. 04) LALG = G, B E
b fom- KNeW = (L.-LALC) * FLOATINN)
b C==<=25 GCNTIMUE
Geas WRITE MESSAGE IF GCNVERGENGE IS NOT SATISFIZD
b C=--- DELTA = K - KNEW
o Ce==- WRITE(&;40) DELTA
J Cm=efy FCPMAT(*5+++4+ CGAUTICN #+44% NO LA/LC CONVERGENGCE, DELTA =%,
% Coam= * FBa4,% ACTIVE NODES*) : ? q
i RETUPN o i
I 35 LALGC = 1. o I
RETURN i
‘ ENQ 4 :
i 222X R R RS R R R e s R A S A RS L AR R L LS ¥
s SUPRNUTINE ADJGUINCG,NC,LC,LACT,GCOND) . {é
iF C ____________________________________________________________________
c THIS SURRCUTINF AGJUSTS THF GONDENSER CGURLINGS CF A VCHP i |
c T0 SIMULATE THE LCCATICN CF THE VAPCR/GAS INTERFAGE. - 1
c NCG = FLAG FOR VCHP o :
e NG = NC CF CONCENSER NODES O
c Lc = CCNDENSEF NODAL LENGTH -
G LACT = ACTIVE CONDINSER LENRTH >
c GG END = FTIRST CONNENSER WALL-TC-VAFOR COUPLING
C ................................................................ - -
REAL NCG, LG,y LACT
DIMENSION LCI1),GCONDCY)
IFINCG «EGs Ua) RETURN
ctL = .
DO 37 I=1,NC
cL = CL 4 LOAD)
» IF(CL +L&. LACTY _ Ga T& 30
K 19 IFICL-LC{I) .GE. LACT) GO To 20
L GCOND(I} = ({LACT = (CL=LC(I))Y / LCIIY) * GCOND(I)
GO T9 33
2C GOONCIIY = ¢, i
3J CONTINUE 3
RETURN ’
END
C.Hl'&&#-l¥¥#¥4¥¥4¥~4~¥¥#¥¥¥¢4¥547¥¥‘,¥¥1~!~¥4!~¥¥4¥¥¥¥!¥4‘¥V¥¥¥¥¥¥N¥¥-l¥~¥'¥-¥ { %
SURRCUTINE LIMITS(AM CyTV,TE,PT G0 HyDR,SHy APRESL,; APRSS2)
C --------------------------------------------------------------------
T c THTS SUARCUTINE COMPUTES THE MAXI:UM HEAT LCAD CAPAWTILITY
G OF A HEAT PIFE. THIS MAXINMUM LOAD IS LIMITED RY THE CAPIL- j
c LARY RETURN MECHANISM {WICKING LIMIT), CHOKED VAPOR FUNH P
c (SCNIC LIMITY, THE IMTERACTICN BETHEEN VAPOR AND LIQUID AT :
c THE WICK SURFAGE (ENTRAINMENT LIMIT), AND THE TENDENCY TO ‘
9 c FOoM AURALES IN THEZ ZVAPORATCR WICK (®nILING LINIT), A !
? c FIFTH LIMIT GGGURS WHEN AN ARTERY IS INTROCUCED, SINGE THE
4 .
! : C-65 h
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A R ARTIRS

SOJOGOAOONANOOONCONOOO00000

b R AR R L e

ABILITY OF CAPILLARY FCRCES TO FILL THE ARTERY IS A FUNCTION

OF APPLIEN HEAT LOAD (ARTERY SELF-PRIMING LIMIT)., SUBRQUTINE

LIMITS CALLS CN SURRQUTINE PERMBL. IF THE PIPE HEAT LOAD

EXCEENS THE LCWEST LIMIT, THEZ PERCFNT OVERLOAD IS PRINTEN,

IF NO LIMITS ARE EXCEZDEZ0, THE PZRCENT UNDERLOAD TS PRINTED,

ALSO CQUYTFUT ARZ VAPOR AND LICUIN PPESSURE DRQPS, ARSPLUTE PRES-

SURESy AND MASS FLOWRATE. LIMITS SHOULD RE CALLED FROM VARAL2

FOR TRANSIENT ANALYSES, EXECUTION FOR STFANY-STATE.

A = INTEGER CCUNT LOCATION OF FIRST HEAT PIPE ARPAY,

HZAT PIPE ARRAYS MUST 8E INPUT AS A AL6CK
IN THE ORDEP SHCWN IN THE ARRAY NATA,.

M = SAME AS A. USED TO ALLOW ACCESS TO INTEGER
COUNTS AND INTEGER ARRAY DATA VALUES,

G = FIRST HEAT PIPE EVAFORATOR~TO-VAPCR COUPLING,
HEAT PIPE GCONDUCTORS 4MUST BE INPUT AS A 8LOCK
IN THE ORDER SHOWN IN THE CCONOUNTOR DATA,

TV = FIRST HEAY PIPE VAPQOR TFMPERATURE.,

T = FTRST HEAT PIPT EVAFORAYOR WALL TIMPZIRATHPRE,
HEAT PIPE NODES MUST BE INPUT AS A BLOCK
IN THE DRCER SHOWN IN THEZ NCDE DATA.

GC = CONSTAMNT RFLATING MASS AND FCRCE (GSURG)

H = MICHANICAL ZQUIVALENT OF HEAT

DR = DEGREES/RAQIAN

SH = NO OF SECCNDS*¥2 PER HOQUR¥¥2

APRESS = SATURATION PRESSURE VS TEMPERATUPF ARRAY

e e W . =R " B D A e W W G - W AS = A T AR G > - e Y " WP S e " s W A . A e M m SO

DIMENSICN AC1)4Mi1),G(1),TYCL),TECL)
PEAL MUL, MUV, KL, KV, 4DOT

N = M(1)

M1 = N2 = N3 = NN = 1

I1 = 12 = I3 = 1

D0 1000 I=1,N

Iz = M(1) + 1

J = M(II+i) + 4

v = MI3¥ITI4E*J+1) + 1

L = M(S*II*c*J+p¥K+l) + 1

JJ = M(ZE*I1I434%J+33%Ke42*%L+1) + 1

KK = MI27*TI+34%J+33%K+42¥L+JJ+1) + 1

1L = M(28*¥TI+34* J+33¥K+LZ¥L+JJ+KK+1Y + 1

EVAPL = A(IT+6¥J+1+41)

ADIAL = B(2X¥II4C*J+o¥K+1+41)

CONDL = A(S*TT+0¥J+6*Keb*L414T)

QLAT = A(3I*TI+LT*I+L06%K+55¥L+JJ+KKELL+1+T) = G{NN) ¥
(TENLY - TVIINY

ACTL = A(4D*TI+48*)+48%K+S ¥ +JJ+KKaLL#14T) * CONCL

DENL = A(2B%TI+G7°J+39¥KA4B8%L +JJ4KK+LL+15N2)

DENV = A(2R¥IT+47¥I+4LO*K45S¥ L+ JJ+KK+LL4L+T)

CcPL = AL2B¥IT4LG7 044 "K+L8¥L ¢ JUHKKELL+1+N2)

cpv = B(2G*¥TT44T7%J44B¥KAGEXL FJJ4KKALL +1+T1)

MUL = A(28*TY+4T=Je4l *K+L4B8¥L+ IS +KK+LL #1+N2)

MUV = AQIONTI44TYJ+LO¥KASEF 4 4+ KKeLL+14T)

KL = ALRR¥II447¥S+uZ¥ K44 8% L +JJ+KK+LL#1L4ND)

KV = AGS1*TI+447%J+40%K+55*L +J)4+KK4LL +141)

SURFT = A(2RB*¥LI+u7¥J¢43%K+L48¥ L +JJ+KKELL414N2)

HFG = A(2B¥II+47%0+4L¥K+LB¥ L +JJ+KKeLLA14N2)

HFS = A(2B¥LII#L47 ¥4 5K 8¥L 4 JJ+KK+LL+14N2)

IF(I.LE. B) CALL D1iDEGLI(TE(NN),APRSS1,PEVAP)

IF(T.GT. &) CALL D1DEGLITE (NN),APRSS?2,PFVAD)

A3 TT+47¥J4uE K eSo¥ L+ JJ+KK+LL+14+NL1) = FEVAP

Coaes e WICKING LIMIT

C-66

IFLAG = ¢

DPCAP = 2,% SURFT * COC(A(E®TII«Z21%¥J+21¥K+21¥L+1«¢T)/0R) 7/
ALEXTITH+LC U+ERK4B L+L+NL)

NOCAPI = DPCAP /7 ia4,

0PA0D = DERNL * A(B*TI+21%J+Z1*K+21L414T) * (A(LI*TIT+21%Y

s
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F2L¥K+ CI¥LAL I ¥ (EVAPL+ASTAL+AGTL)Y * CCS(A(I*T]

+21%J# 21 Ke21%L +1+1)/DF) + (A{IT+L*¥Jr14N1) +AL(3*]I]T

FEFUFLFKELHNZ) #A(SHIT#E6*J4+6 Ke 4 L+ 14N3I )7 3.0

¥ SINCAUG¥TT#21%¥J¥21¥K+21%L+1+I)/70R)) ¥ GC
0P3S0DI = DPBCO /7 14y,

x Kk # x

CALL PERFBLIM{B*¥II+B*J+E¥K4O¥L+1+N1) ,A(B¥IT+10%J+6FK6¥L+14M1), 1B
ACO*TII#11*¥J+6*K+b*L+#1+N1) ,AUG¥ITI+1B*Jep¥*K+p*L+14¢NL), i
A(E*II+1Q¥J+EYK+E*L +1+N1) JA(EFITH20¥J+HEXKEE¥L+14NL), 3
MU11%TT+21%J+ 21 %K +35%L +#1¢N1) JA(L1XTT+22% J#21 *K# 30 *¥L ¢1+N1), f
AC11%IT+23%J420FK+3 F U +16N1) L A(LL*¥IT#32%J+21*¥Ke30¥L+1L+ND), ! A
]

AC2B* TI#34*J+33¥KHu2¥L+14T1) (MI25¥TT+346%J433¥Ke42%L 4141, ;
ACI1*II#27%J+21%KE3U¥L+1+N1) A(LL*TIT424%J¥ 21 %Ke30%L+14N1), f
ACL1*TT+25%0+21¥K+30%¥L+1+N1) ,A(BF¥IT+16%¥J+6¥K+6*¥L s14N1), :
A(2B8¥IT+37%J+36K+45¥L #JJ+KK+LL#16N1),PI,OR)

CALL PERPFILIM(S¥TII+21%JtE¥K+E¥L4+1NZ2), A{6¥IT+21¥J+10%KeEXL+14N2),
A{B¥TI+21%¥J+11*K+E6*L#14N2) A (C¥TT+C1¥J+LR¥KEEYL +14N2),
A(B*ITI+21%J+10%K+6¥L+1+N2) ,A(EXIT+21%J+20¥K+E¥L ¢14N2), i
MOL1*¥IT+34%J+24 ¥K+3LFL+L1#N2) JALLL¥TI+34% Je22¥K+ 3G *L+14N2), :
ACL11*IT+36%J423%K+3CHLHLHN2) JALLLISTTI4+34%J+32%K4352L+1L#ND)Y '
AC27*II#34%F3+33%K+42%L + )01+ T2) s MUZE¥IT+367J+3I*K+42%¥L+U1+1+T), s
ACLL*IT+34%J+27¥Ke3T¥L 41 4N2) JALLL*TI43L%J+24¥K+30XL+14N2),
ACL1*¥II+34%J425%¥KeII¥L #L4N2) ,ATEYIT424%J+1EXK4E*L+24N2),
A(28*TII+38%J+3T0*K+4SFL ¢JJ+KK+LL+1¢N2) 4 PIHOR) i
CALL PERMPAL (M(B¥TII+21%J+21%K+EPL+L4N3Y,A(AYTIT4+21% )+ 21 K+10" L +14

N3 A(BFII+21%J+21¥ K4 11¥L+14N3) JA(O¥IT+21¥J+21¥K+13¥L+14N3),
A(SFIT+21%J+Z2L¥Ke1G*¥L +14N3),ALORTI#21%J+21¥K+Z22*L +1+N3),

MOL1*TI434% J#IT¥KEITOFL+LENTY JACLL*¥TT#34% )3T ¥RAZ1ALEL4NT),
ACLIYTTI#34*%J+33YK+ICFL+L+N3) JALLL¥TT4H34%J+ 33¥K4ULFL+14M3),
A(28%II+34%J+33¥K+L2FLAJJHKK+L+T3) jML27¥TI+3 4% J+2T¥ K425 +

JUtKK#14+T) A (21 %IT+345% JH33¥KHTOFL +14N3) y A CLL*¥TT+ 3L J43T¥K+II7L +

1#N3P G ACLL¥TT#34*J+33FK+IL¥L+1+NT) JA(OXIT+21*J+ 21 *K+1A¥ L+ 14N,
A(2R¥TII+38%Y+379K+4E¥L+JIJ+KK+LL+14N3),PT,0R)

SDPLIN = 5% AUL ¥ ZVAPL 7 (SF * GC * DENUL ¥ HFG ¥ A(2B%TI+

€ h K e N o4t X K X K x ® K

L3R S B AR B IE B

* 37%¥J436PK 4540 +JIEKKELL #L4NLD) +

* MUL * ABIAL # (SP * GC * DENL * HFG * A(28*IT+

x 38FJ+36KELSFL+JIJHKKELLELIEN2)) »

= L5% MUL ® ACTL /7 (SH ® 66 * DENL * KFG * A(2A*II+ .

* 3B¥JHITFK 4L 5FL +JIHKKHLL + 14N3)) i
DPLINTI = SOFLIG * QLAT 7 1u4, P
SOFEVPA = 128,% MUV * ADIAL / (PI ®* SH ¥ 60 ¥ HFG *® DENY :

* * A(2B*TIT+37%¥JH35¥KEUL*L+JJeKK+LL F14NE) *¥4) ;
NPVYPAT = SOBRVPA * QLAT 7 144, ;

150 IF(NPBON «GE. ORCAP) GC TO 23¢

ONWL = 0 B
REI = 40, i
RES = 4G, :
DO 225 MMM = 1,54
SDPVPE = B.* MUV * EVAPL / (FI * SH * GO * HFG * OFNV i

* * A(2RFTI+ZO6%IHISHREUL¥L+JJ+KKALL+14NT) ¥%4 !

. O JUBLF LT/ (L THRET)**,8)) :
DPVPEI = SDPVPE * QLAT / 1i4b. f
TFLASSIRES) LY. 4.5975) GD TO 207 f
SOPUPC = 32.7(F1*%¥2 * SH = £C * DENY ¥ HFG*¥Z * A(2R*TI+ .

¥ I77Je36%KeLuT +JIEKKHLLF1+NT) ®¥4) i
DPVRGL = SNPVEG * CLAT**2 /7 {4y, i
WL = (~({SOPLTQ+SNPVYPA+SOFVBE) & SQRTI(SNFLIC %

* +SOPYPA+SOPVFEI **2 - 4, *SNPYPEX(DFRCN- e

* NBCAP) I3/ {2, *SDPVPL) :
GO TG 213 i
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2C3 SOFVPC = 8,% MUV * ACTL 7/ IPI * SH * GC * HFG * NENY

e A o s T

* * A(28*IT+37%J+36FKeLL L +JJ+KKHLLE14NT) ¥*y
* ¥ (W34B14.04SL/ L, 7T-ARS(RES))I**,B))
DPVFGI = SDPVURGC * GLAT 7/ 144,
H 4
. QWL = (DPCAP-CPROD)/(SOPL IQ+SNPYPEL+SDPYPA+SNPVPC)
i c .
ji 218 DQWL = AAS(GHL-CQWL)
; IF(DOHL LT, .05 G0 TO 268
& DQWL = Qul
; RET = A(4UCTI44B JELTHKEE L+ JI+KKeLLEL+T) = NWL 7
* (F1 * HFG * EVAPL * MUV
: RES = A(UI¥IT+48%J447¥K+S 6L +JJ+KKeLL#L+I) = QWL /
- » (PI * HFG * ACTL * MUV)
: 220 CONTINUE
GO TO 24
23) QWL = g
GO TO 263

2. WRITE(6y250) I, DOWL, IFLAG
250 FORMAT(®24++++CAUTION+4++++ MCRE THAN 58 ITERATICNS REQUIRED *

i * ¥TC CCMPUTE GWL FOR FIPE®,I12,% === DOWL = *,F1).3,
i . * 8TU/HR, IFLAG =*,I¢2)
i 260 TIF(IFLAG &0, 1) GO T0 2€1
! QALIM = A(3L¥II4GTH¥I+46¥K+ES¥LEJJ4KKLL +141) = QWL
& GO TO 262
3! 261 QPRIM = QWL
4 GO TO 266

262 WRITE(6,285) I, DPCAPI, DPBOTI, DPLIQY, DPVPAI, DPVPEI, OPVPCI
265 FORMAT(*( PRESSURE NRCFS FOP FIPE¥ ,I2,% «-=%/% OPCAP =¥,

i ' * El2e4y* PSID¥/* DPBOD =%¥,E12.4y"% PSIC*/* OPLTN =%,
¥ E12.44% FSID®/* DPVFA =X¥,E12.44% PSTIO¥/* 0PVPE =¥,
» E12.%,% PSIO¥/¥* DPVPC =%, E12.,4,* PSIC*)

Ceso ARTERY SELF-PRIMING LIMIT
TEMUL1*TT421%J+21%Ke3 %L1+ 01) .S5Q. 3 L AND,

S e i SR 1 L

e MOL1*TTI+34*J+21¥Ke3L L +#1402) LEQse 0 «AND,
: ¥ MOLL*TII+34%J¢3T*K+30*L +1+N3) EQe J) GO TO 2€€
i DPCAP = 2.% SURFT ¥ CCS{A{B*IT+21%J+Z21*K+21*L+4+T1)/NRY 7
g - ACL1*TTI+33%J#21¥K+30*%L+14+N1)
IFLAG = 1
GO TO 154
Ceas s SONIC LIMIT
266 OSLIM = A(SC*¥IIHLT*J#4H¥KESE¥L4JI4+KK4LL+14T) = DENV * HFG *
* PT * A(28*IT¢36%J+35%K+44%L 4JI+KKELL+L+#N1)**2 * SORTIA
* (711421 % Jw21%K421%L+141) * A(ZO*IT4LT7*JI+LEXK 55 *L
* +JJEKK+LL +1¢N1Y * SH ¥ GT * 1444/7(2.% NENV * (A
* (7*TI421%J321%K+21¥L+1+Ti+1,9))¥/74,
Cone s ENTRAINMENT LINMIT
: QELEV = PT * A(Z28¥IT+36*J¢35FK4LL¥L ¢ JJ+KK+LL#1N1) *¥2
E * * EFG ¥ SUART(SURFTY*SH*GC*CENV/A(6*II+17%J46%K
b * +o*L+14N1YV /G,
QELAD = PI * A(28FTI+37%J+3E¥K4LL L4 JeKK+LL#L+N2) *¥2
b * HFG * SQRT(SURFT*SH*GC*DENV/A(R¥TI+Z1¥J417 %K
* +HELELIENZED) /4,
QELGO = PT * A(Z8*IT+37¥J4+30* K444 %L+ JJ+KK+LL#1#N3)Y**2
* * HFG * SOQRT(SURFT*SH¥*GC¥DENV/ZA(6YII+21%.)+21%K
- +17*L+14N3) ) /4,
QELIM = A(IO*II+L47*¥I+ub%¥KeS5¥L+JI+KKELL+14T) = AMINA(QELEV,
* NELAD,CELCCY
CesseAOTLING LIMIT
QBLIM = A(I7*II+LT7¥J+un"PK+55% +JJ+KKELL#1+T) = 2.% PY ¥
* {TEIN1Y+460.) * SURFT * EVAPL * (A{B*II+i0*J+
* BY¥KAB L +14N1IFA(B*IT+L11*J4EXKFEFL+L4NL)) * A(U42%T]
* HUBRIHLTRLASHA L4 JI+KKELLHI4NLY /7 (H * HFG * DENV *
* AUE*TT+12¥J+E*K+H6¥L4L4NLY * (A(B*TI+10*J+6*K+6%L +1
E'S

tN1Y-A(S*IT+11*J4H¥Ke6*L+14N1LIY)
WRITE(G4270) I, CGHUIMy OSLIM, NELIM, NALIM
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274

275

c..‘c

284
293

3490

10646

FSTOP

S g T Ty e S T T v Y Y T Y ST ey, T e s e T

FORMAT(¥G LIMITS FCR PIPE®,IZ2,¥ =-=-%/*
¥ F1543,% BTU/HR*/* SCNIC LIMIT

¥
PR, l

HICKING LIMIT =¥,
=*,F15.3,*% RBTU/HR*/

AN SR NI L Mk e i b

. * " ENTRAINMENT LIMIT =%*,F15.3,% RTU/HR¥/¥  BOTLING * 3 J

¥ *LIMIT =¥4F1543+% ATU/HR¥)
IF(IFLAG .2C, 1)

WRITE(64275)

’ i

GPRIM

FORMAT (* ARTERY SELF-*/7X,*FRIMING LIMIT =¥,F1%.3,

* * RTU/HR¥)

CMFUTE MIN LIMIT AND OPERATING POINT CF PIPE

QMLIM = A(3B¥IIHLT*J+LE¥KHSE¥L+JJ+KKELL+14]) =

* OSLIM,QELIN,NBLIMN

IF(NMLIM JEQ. ) O4LIM = 1,E-4C

PCTLIM = QLAT / GMLTI¥ * 103.
IF(OMLIN GE. QLEAT)
IF(QMLIM LT, GLAT)

WRTITE(6y280) I,
WRITE(6,4290) I,

AMINLCQWL IM,

OCTLIM S
PCTLIM

FORMAT(*_ PIPE*,I2,* OPERATING AT¥,F12.3,* PERCENT OF LIMIT¥)
FORMAT(®] FIFPI*,12,* LCAD ARCVZ CAPACITY AY¥F1S,3¥ PERCENT*)
CasaeCONPUTE MASS FLOMWRATE
MDOoT = A(32*ITeu7RI+U0 K55 L+ JJ+KK+LL ¢1+T) =

WRITE (6,3¢8) I, MDOT

SLAT /7 HFG

FORMAT (> PIPE*,12,% MASS FLCHWCPATE =%¥,Ei1Z.4+% LEM/HRY*)

+ MUG*IT+R*¥J+ERK+1+1)

N1 = N1 + M(1+41I)

N2 = N2 + M(2*IT¢b¥j+¢1+1)

N3 = N3 + M{4¥IT+674+6¥K¢1+])

NN = NM ¢ MUL4T) & MAI2¥TT+56% )+1+1)

I1 = I1 + M(25*1T+3uFJ+33¥KeH2¥L+1+1)

I2 = I2 ¢+ MH{26%II+36*J+33%K+42¥L +Ju+1+1D)

I3 = I3 + M(27*TI+34%J+33¥K+4U2% L +JI1KK+14T)
CONTINUE

RZTURN

ENC
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FCALL

F 98

SURFQUTINE FRONT

B e R o e e e et ettt el

THIS SUSRCUTINE PRCVINES THE LOGIC REQUIREN TC CCKNTROL THE
ITERATIVE FRCNY LGCATICN SOLUTYICN. QUE TO THE VARIATTONS

GEOMETRY COMRINATICKNS, THIS ROUTIME WILL FPROBABLY REGUIRE

:
i
IN SENSITIVITY CF WORKING FLUID, NOMCONDZINSIALE GAS, AND . %
]
§

MOEIFICATION TC ACHIEVE PROPER DAMPING AND CONTROL. FRONT
CALLS FLFRNT INTEZRNALLY, AND REQUIRES FLACEMENT TN EYECTN

FOR STEACY-STATE CASES, AND IN VARBLZ FC°® TRANSIENT CASES, .

-t G n e e YR G YR s e e M AN B B e e T My e AR e e fe e M e T M e W S A G G RS SR ML AR Gm e e e e e R e

CCMMON

I = ITEST
N = KB25+1
M1 = IDUM
N2 = Jouv
N3 = KDU¥

L = MDUH

LOCKUP(M5G60+1 ,TA0L4N1-1,A1012,A7583+N1)
LOOKUPIMSLG¢T,T102¢NZ~1,A1012,A759+4N2)
LOOKUP(MS23+I,T1L24N3~1,AL312,A763+N3)
D1DEGLITL19+L -1, £1512,AT61+1)

AR32+T A2+l

a.

o
@]
Ul
[l
e
IO I I T}
-
=z

e

Ve VC + ASZH#N3+II-1 * RL * ABBG+NI+IT~4%*2 7 4,
AR3B+T (A527+7 =~ A82(¢+I) / AB26+N3

IF(AB36+I +GT. FLOATIND) AR3E+I = FLOATI(N)
IF(ARZB+I A T. Z24) ARZB+I = J.

FLFRNT(A7594¢N2,A7€1+T1,R7,T1194¢L~1,AB0C+T,VC,yARUE+I,
AB3B+I s APED+ NI+ TLO3+NI~1,M520¢L4A810¢T1)

WRITZ (6,98) I, AB1j4I

FOPMAT(®*> RIPE *,I2,* LA/LC (PPELIN} =
AB2L+T AS274T ¥ ARLG+I

DELTA AB25+T -~ AR3Z2+1

i on

*yFlid.4)
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IF (ARSIDELTA) JLT, .35 * A526+N3) GO TO 130 !
IF (MOD(M78141,2) LEN. Q) AB41/ Y = NELTA ;
IF(MOD(M78141,2) +EQ. 1) A842+! = DELTA ; !
C---  IF(NODI(M7B14T,3) «EQ. 2) AB43+I = CELTA ; -

IF((A841+T.GT+04sAND. AB42+4I,LT404) JOR,

¥ (Aa%i*I-LTIG.IANDIAH%Z*IIGTIGQ’)

" ABLLAT = AB44+I * 2,
IF(DELYA «GT. A526¢N3) AB2y+T = AB32+¢I + AS26¢N3/ABLL+T
IF(DELTA +LT. =AS2E+N3) AB20+I = A832+1 = ASZ54N3I/ABLL+T :
IF(DELTA.GT.3. «ANT. DELTALL T.AS264N3) A

» AB20+I = AB32+I + AS264N3 / ABLL+T / 4.
IF(DELTALLT. 0. oAND. DELTALGT.-AS2E+N3)

* AB20+I = A832+I =~ AS264N3 / AR4LL4T / 4.
AB10¢I = AB25+1 / A527+I
WRITE (6,929) I, AB10+I

o

F 9§ FORMAT(®* FIPE ¥,12,* LA/ZLC (FINALY = *,FiCs4)
IF(ABS(ABZ5+I-A82241) LTs «d1 * AS26+4N3) GC TO 617
IF(M781+I GT. 4y} GO TO 539
M78141 = (M781+¢1) & 1
M783+1 = 0
RETURN

50 KRITE (6,21)
F 51 FORMAT(*, #+4++CAUTTON#¢++% FRONT LCCAYION NOT SOLVEN IN 40O *
F * *ITESATICMS*)
GO TO 1063
60 WRITE (6,61)

T, T

F 64 FORMAT(*G424++NCTE+++++ FRONT LOCATION CHANGING LESS THAN*
F * + 1 PERGCENT CF NODE LENGYH EACH ITERATICN, ACTEFTING*®) » ;
100 M7E3+1 = 1 ‘
‘ RETURN |
F ENC
ENC

ACO 3IEMD OF DATA

FRREREITENE GJCJICJS //7/ END OF LIST 777/
FERFEERIE R Y CJCJITJ //7/7/ END CF LIST /777
| 43
j
i
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2. HEAT PIPE MODELING

. A, GOVERNING EQUATIONS FOR FIXED-CONDUCTANCE NON-ARTERIAL PIPES

R

The heat pipe is a device which transfers heat nearly isothermally g 3
through the vaporization and condensation of a working fluid within /3
a closed container, Referring to Figure 2-1, the processes occur-
: ring within the heat pipe are: 1) vaporization of the working
= | fluid in the evaporator due to heat input, 2) flow of the result-

' ing vapor toward the condenser due to the pressure difference
created by the evaporator/condenser temperature difference,
3) condensation of the vapor in the condenser due to heat re-
moval, and 4) flow of the condensate toward the evaporator due
to the capillary pumping action of the wick material,

S T

EVAPORATOR CONDENSER '
N N
N N - "
Qin Liquid
ST G, Ay
==l
1%

Vapor \%

L A -
L'_—’ z P wall

Figure 2-1 Heat Pipe Geometry

pedie b bdd o d codi Siaaen aoun e p o

Section AA

r Each of these processes, as well as the more conventional heat :
transfer by axial and radial conduction, will be treated in this !
section, The limitations on heat pipe performance will also be :
briefly discussed,
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1. Capacitance

The capacitances (mass x specific heat) of the basic part of
the heat pipe are computed in subroutines CAPWCK and CAPFIN.

The capacitance of the vapor is assumed to be negligible due
to its low density and heat capacity.

where the porosity § or void fraction of the wick is used to

i separate the liquid and wick material components of the liquid/
! wick matrix,

The inputs required for subroutine CAPWCK are Pps CPp’ 7, Do_,

Di > Lps Pis Pp s Cpl’ Pws Cpy» Dow’ Diw’ and Ly, and the

: The pipe wall capacitance,
[ 3 s 1is .
i p
: 2 2
¢ = pC. (P - D)L /4 (2-1)
t PP o i *
) e % P
|
E% The capacitance of the liquid/wick combination matrix € is
: equal to the sum of the liquid capacitance and the wick Agterial
i capacitance:
Co/w = Criquia * Cuick
i 2 2
= |P pCc +(@L~-P)p_C =(@- -D;) L /4, (2-2)
[w 1 p‘ wow pw:] oW lW W

CAPFIN and ARTERY capacitances, from subroutines CAPFIN and ARTERY

respectively if applicable.
output,

The capacitance of each pipe section is
There are no restrictions to the use of CAPWCK, The sub-

routine has sufficient flexibility to allow various wick structures

and dissimilar wick and wall materials.

The radiator fin capacitance is obtained by calling subroutine
CAPFIN.

fin node capacitances in a "DO'" loop by the equation
¢ = Vefe Cpg-
The calling sequence is

CAPFIN (N, X, Y, Z, DEN, CP, CAP)

This routine provides an automated means of updating the
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number of fin nodes

1

where N

X = fin length (% distance between tubes)
Y = fin thickness

7Z = fin width (condenser length) P

L
DEN = fin density , }
, CP = fin specific heat
) CAP .= fin capacitance of node
2. Axial Conductance

The conductances (thermal conductivity x cross-sectional area/

heat flow path length) of the heat pipe in the axial direction

are computed in subroutines AXCPND and AGCPMB., The conductance

of the vapor is assumed very small due to its low thermal con~-

ductivity. The pipe wall axial conductance G in any node '
is given by p,ax ;

G = l ]
p,ax L/2 L/2

2p - + ) . .
kpvr(DO - D] Y/ 4 k w(Di - Dy )/4 ' o
p p "1 P % P T2 |
or
c _ 1 .
P,ax 2L 2L <2—3) :
kpw(ni - D? ) k W(Di - D"iZ ) |
P p L P % P2 '
k
i
E
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The axial conductance of the liquid/wick matrix G4/, ax 1s equal
to the sum of the liquid conductance and the wick material con-
ductance., However, the liquid conductance is small compared with
the wick when the axial distance is large compared with the wick
thickness, Therefore

G = G = 1
“L/w,ax w,ax LW/Z LW/Z
_l.
k_w b2 - D?\ 1-p km b2 - p? (14)\
OW lW w OW lW W
4 7/ \2 1 4 N2 /d2
or
C = L ' 4 ;
W, ax AL AT (2-4)
k (D> - D> )(1-0.) e (> - D> )(1-0 )
W (o} i W cW o) i w
2 W 1 W W 2

Again the porosity P, is used to isolate the wick material, For
symmetrical (screen-type) wicks, contact resistance between axial
and cdrcumferential wick components effectively removes the cir-
cumferential components' contribution to axial heat transfer.
Therefore, the wick cross-sectional area

DZ 2

-D_
T tw (1pw)
4
is halved to isolate the axial wick components' contribution.

For unsymmetrical wicks (grooves, axial wires, etc.), the
appropriate effective porosity is used. Subroutine AXCPND is

used to compute the axial conduction of each node; subroutine AGCOMB
is used to combine the axial conductances of each node in a node center
to node center nverall conductance.

The inputs to subroutine AXCPND are , ¥ , D , D, , L, k ,D ,
P9 tp P w
Di , LW and Qw. The wall and wick conductances are output. The
w
only restriction to the use of AXCPND is its assumption: small liquid
conductance compared with the wick material. This subroutine is flexible
enough to accommodate various wick structures and dissimilar wall and

wick materials.
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The total axial conductance of the pipe section is then evaluated ;
by subroutine AGCOMB. This routine will treat all pipes including b

those containing arteries. The routine must be called after calls
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to ARTERY, AXCOND, and RADFIN in Variables 1.

The results of the above calls yield the following conductances
which must be combined reducing to a single axial conductance

between node centers.

The calling sequence is

. %
AGCOMB (NE , NA, NC , GAE , GAA , GAC , GWAE , GWAA , GWAC , GWKE , GWKA , GWKC , NCTRAP,

GFIN,GTOT)
where

N
GA

GWA
GWK
NCTRAP
GFIN
GTOT
E,A,C,
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Radial Conductance

The conductances of the heat pipe in the radial direction are
computed in subroutine RACPND. The radial conductance of the
pipe wall, Gp,r> is computed as

. ZWkap :
G = (2-5)
P, 1n (Do /Di )
) P P

The radial conductance of the liquid/wick matrix, Gl/w,r: is
computed by

21rk£/WLW ,

G!/W,I' = 1o Do /Di\> . ’ (2"6)
- .

where the effective thermal conductivity of the liquid/wick
matrix k g/, is computed in subroutine EFFKWK, using the methods
of Gorring and Churchill for screen wicks (Ref, 1) as discussed
in Section” 2-A-6. Gp,r and G [/W . are combined into

3

1

>
r 1 + 1

Gp,r GIZ/W,r

the total radial conductance.,

The inputs to subroutine RACHND are w, kp, LP’ Dop, Dip’ kf/w’
Tngs Dow’ and Diw. The conductance is output., No restrictions

exist for this subroutine, and it can handle dissimilar wall and
wick materials,

Flow Effects

The enthalry change in the flowing liquid in the heat pipe

Genth is cumputed by

Centh = ®Cp» (2-7)
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where the mass flow rate m = Q. (2-8)
hfg

The processes of evaporation and condensation occurring within the
pipe are associated with small pressure drops. Since the vapor
and liquid are in equilibrium with each other within the closed
system, the Clausius~Clapeyron equation relating temperature and

S pressure at saturation conditions is applicable: : b

it | |

i T : i
| i dT v ,

I @ 29 |
. ’ Pv hfg H

qooe Consequently, once a vapor pressure drop in the pipe is determined,
a corresponding temperature drop can be computed. This temper-
ature drop can, in turn, be translated into a '"conductance" if

the heat transfer rate is known., Derivations of the vapor pres-
sure drops in a heat pipe, and the corresponding '"conductances," : )
follow. f |

e
LI

For evaporation, conservation of axial momentum requires that

DV/Z :
8 d 2
- — dr, (2-10) |
2 2, 2 dz J Pyly TOEs v
D (3600)" g D "(3600)" g :

i 2
v . 2
L dPevap - . Cf Py U

dz

. d .
or the axial pressure gradient Pevag is equal to the sum of the
dz
friction loss and the momentum gradient (Ref. 2). Since uy, =0
at z = 0 and z = L (there is no velocity at the ends of the pipe),
the momentum gradient term is zero. Therefore,

(N

2 : :
Pevap _ “2% Py ! ) | (2-11) o
dz 2 : : ;
D_(3600)" g , é
or _ :
L 2cf P UZ 20f P UZL : E

Pevap = f 7T s (2-12)

b D, (3600)" g D_(3600)" g_

The skin friction coefficient cg can be computed from the follow~- ; ;
ing relation derived from Navier-Stokes with wall suction or . :
injection, assuming laminar fully-developed flow (Ref. 3): :
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T Ref.ou8y 4 — 089 o
4.7 + IReWI)'

which reduces to the Hagen-Poiseuille solution cp = %%'at ReW =0
(no suetion or injection). The Reynolds numbers Re and Rey can

be expressed as

UD »p ’
Re = —Y ¥, (2-14)
v
and
I SR Q : -
ReW - 7r;LVL 7rp.vL hfg , (2-15)

Substituting equations 2-13, 2-14, and 2-15 into 2-12 and
using the result in equation 2-9, the temperature drop ATeyap
associated with the evaporation process can be determined:

8 'I'V Py, LQ

(3600) g, H hig’ pvz DV4 [.0481 +

evap

A T (2718
(4.7 + | Re_] )'8]

Converting this AT into a "conductance'" using G = Q/ AT,

1
Gevap = 8 TV pVL (2-17)
(3600) > g, Hhig’ p ° DV4 [.0481 + 0434 8}
(4.7 + [Rewl )

This conductance value is valid in the evaporator for all positive
values of Rey. It is also valid in the condenser when Rey > -4,5975.
At larger negative values of Rey (higher suction rates), cf drops

to zero, and the following derivation is used,

Again, conservation of momentum requires that equation 2-10 be

satisfied. 1In the case of zero cg, however, the friction term is

neglected, Therefore,
D /2
v

chond _ 8 d / . 2 rdr

= - ) , s
dz D 2 (3600)2 2 dz v v
v c s)
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or v
2 p /
v 2
AP = u_~ rdr, (2-18)
cond R 2 (3600)2 - v
v c 0
The velocity profile u, can be expressed as
2
R
1 dp v r 2 2
=S Y]~ (X -
ol Pl [ (RV)J (3600)* g_, (2-19)

from Navier-Stokes for laminar flow in a circular tube of con-
stant cross-section (Poiseuille flow) (Ref. 4). Substituting
equation 2-19 into 2-18 and integrating,

P /R
v dP.2{ ¥ 2 . , _
APond © 2 (dz) (_4 > (3600) & (2-20)
8 .
For Poiseuille flow,
8m pn
dp _ v
i = ’ (2-21)

4 2
R ' (3600)" g_p_x

from Appendix A, Substituting equations 2-21 and 2-8 into
2-20 and the result into 2-9.

32 Tv Q2
AT = ’ (2-22)
cond 2 2 3 2 _ 4
T (3600) g, H hfg Py DV :
or, again converting to a ''conductance,"
¢ .= 1 : (2-23)
cond 32 TV Q

2 2 3 2 _ 4
T~ (3600) g, H hfg Py, Dv

This conductance is valid for the condenser when the wall Reynolds
number Rey £ -4,5975, Since the adiabatic section can act as a
condenser during transients (especially startup), the relation-
ships derived for the condenser are applicable to the adiabatic
section as well., When the vapor temperature exactly equals the
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%ﬁ adiabatic section liquid/wick temperature, condensation will

§§ cease and the conductances will transfer no heat.

|

v The remaining vapor pressure drop, and corresponding temperature
14

drop, is due to the friction loss of the vapor flowing axially
in the tube., Thus, ’

2 S

dp -2 i
Y = (2-24) R ﬂ

dz

- Cf Py
2
(3600) g, D,

For this case, the skin friction coefficient cgy = l6/Re. Sub~-
stituting cf and equation 2-14 and integrating equation 2-24
over the pipe length gives

Sty o e T T ORI A

128 Q yVL
AP = 5 Z " . (2-25)
| 7 (3600) 8, hfg P, D,
?i From equation 2-9, )
! .
A 128 Q p LT :
AT, = 5 — T * (2-26)
= (3600) g, H hfg Py Dy '
’ or
¢ = L - (2-27)
v 128 p LT ‘ 4
v v ,r mi
2 . 2 2 4‘ V A:
= (3600) 8, H hfg Py DV : ,
The resultant network is shown in Figure 2-2..
1~ ' The typically very large vaporization, condengation 'Bmd vapor 3
l flow conductances Geyaps Geonds 20d Gy (= 103 to 10° Btu/hx-°R), : ¥ :
in combination with the typically very small axial conduction S
conductances Gp a and Gy g (:=10'2 to 10-3 Btu/hx=°R), result in
slow MITAS thermal analyzer solutions. Fortran logle to alleviate £ d
the problem in steady-state has been developed, but the transient VN
case presents more difficulty because of the additional heat |
c-81 .
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SECTION

VAPOR

\ i ADIABATIC

ORATOR

A
4
) CONDENSER

PIPE WALL

Figure 2-2 Network Schematic

storage term and the lack of an energy balance criterion, The
more logical solution to the problem is to eliminate the large
conductances, making the vapor and liquid in the pipe isothermal.
This results in a loss in the capability to conveniently handle
internal phenomena, such as liquid freezing or wick dryout. How-
ever, since these cases can be treated with suitable Fortran logic,
the loss is minimal in most instances. When this compromise is
made, the resultant simplified network becomes that shown in

Figure 2-3.

Cc-82

i

B T LEPSE O SIS P

R

R



l‘(, ey

O T e IR b Tt At 7 R A !

-~

Lt Ll T e R A I LD R R T E E L ib Lad d a T TT  rm LEEE  SL e e o e iR R B NAs

ADTIABATIC
ECTION

VAPOR, LIQUID &
WICK

EVAPORATOR
CONDENSER

PIPE WALL

Figure 2~3 Simplified Network Schematic

5. Heat Pipe Limitations

Limitations on the heat transfer capability of heat pipes occur
due to effects that inhibit vapor or liquid flow. The deriva-
tions of the relations governing these limits are covered ade-
quately in the literature (Ref. 2,5) and will only be briefly
summarized here. The effects to be dealt with include the hydro-
dynamic, sonic, entraimment and nucleation limits., The limita-
tions discussed below are computed in subroutine LIMITS. The
inputs to subroutine LIMITS consist of the first data array number,
evaporation conductance and temperature required for the boiling
limit calculation, physical constants, and working fluid pressure vs time
array number. Several limitations are placed upon the use of MITAS
constants and arrays, primarily that' The arrays are

input in a specific order in a block., This routine will be
generalized in the future to remove the current limitations.

a. Hydrodynamic Limit

The hydrodynamiec or "wicking'" limit is a result of the pres-
sure variations due to moving fluids within the heat pipe,

A circulation is established in the pipe fluids due to the
capillary pumping capability of the wick, When the pres-
sure drops due to viscous and momentum effects become large
enough to overcome the capillary pumping pressure rise plus
the effects of body forces, the hydrodynamic limit has been
reached. The liquid being vaporized cannot be replaced
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through capillary action at a high enough rate, resulting
in evaporator dryout (burnout) and a corresponding evapor=-
ator temperature increase, Thus

AP, + &P, ® 4P, yiae - 2
Capillary + Body | _ | Liquid ~ Vapor

Head —| Force Pressure Pressure (2-28)
Head Drop Drop

Each of these contributions will be discussed in the follow-
ing paragraphs.

The capillary pumping pressure rise is due to the difference
in meniscus radius of curvature in the evaporator and con=-
denser wicks, Vaporization in the evaporator results in a
concave meniscus tending to recede into the wick, Conden=-
sation in the condenser results in a nearly flat meniscus

at the wick surface, The surface tension forces attempt to
flatten the evaporator meniscus, creating a pressure dif-
ference which pumps liquid toward the evaporator, The
maximum AP which can be generated due to capillary action
is

20 cos ¥ ' [
APc o Erre (2-29) ;
i pore

where Roore is a minimum effective pore radius which cor- F
responds to a minimum evaporator meniscus radius, and is
usually experimentally determined., ¢ is the wetting angle g
as defined in Figure 2-4. ;

Meniscus Wick Material

Liquid
Pigure 2-4 Definition of Wetting Angle ¥
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The body force contribution is a result of acceleration

fields in the pipe environment, such as gravity, thrust,

or rotation., These fields may either augment or diminish

the performance of the pipe, depending on its orientation

with respect to the field, The body force pressure drop

APy can be expressed as

APb = pl-z—‘ (+ Lecos g + Di sin ), (2-30)
c P

where a is the body force acceleration and 8 is the angle
between the body force vector and the pipe axis, as defined
in Figure 2-5.

Figure 2-5 Definition of Pipe Orientation Angle B

Equation 2-30 indicates that the body force pressure drop

is made up of two components, that of the pipe length paral-
lel to the body force vector, and that of the internal pipe
diameter parallel to the body force vector. That is, the
capillary action must raise the fluid a height equivalent

to the diameter of the pipe if the pipe is horizontal in a
vertical acceleration field, the height of the pipe if it

is vertical (and the evaporator is at the top), or some
intermediate distance if the orientation is other than
horizontal or vertical. The (+) in equation 2-30 indicates
that the length component can be positive or negative de-
pending on whether the evaporator or the condenser is raised.
A positive length component indicates a pressure drop;
negative indicates a pressure rise aiding the capillary action.
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The third contribution to the pressure balance is the pres~
sure drop due to liquid viscous flow losses, AP,. From
Navier-Stokes for steady, incompressible, fully-developed
laminar flow in a rectangular cross-section passage, the
axial pressure gradient dP,/dz is

dp, 32 u, 32 u, )
= Uy + s (2-31
dz sz ayz

or, in cylindrical coordinates,

DP£ _ 1 D AUE 1 C>2u
Eral ] el (232)
3 r r 3 ]

These equations must be solved individually for each geo-
metry involved. The solutions for five cases -~ open grooves,
closed grooves, closed cylinders, full annuli, and partial
annuli = have been derived for the model. The solutions of

equations 2-31 and 2-32 are all of the following form:

iy m L
(3600) gc leZ K AXS

which, after substituting equation 2-8, becomes

H e 1Q
AP,= 5 . (2-34)
(3600)" g_ p, hfg K A__

where KAxg is the (permeability x cross-sectional area) product
obtained from the solution of Navier-Stokes

for the appropriate geometry. These KAyg relations have

been programmed into subroutine PERMBL, which computes

KA,g for the input geometry. PERMBL is discussed in

Section 2-A-6.

The fourth contribution to the pressure balance in equation
2-28 is the vapor pressure drop due to evaporation, con-
densation and flow losses detailed in the conductor deriva-
tions of Section 2-4. The evaporation AP, and the con-—
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densation AP at low suction rates, is given by equation
2-12 with 2-13 used to eliminate cf. The condensation
AP at high suction rates is given by 2-20 with 2-21 used
to eliminate dP/dz., The vapor pressure drop due to flow
losses is given by equation 2-25.

These four contributions to the heat pipe pressure balance
are inserted into equation 2-28, which is then solved for
Qn, the maximum hydrodynamic latent heat transfer capability.
Since the suction or injection Reynolds number, Rey, is
dependent upon Q (equation 2-15), an iterative soldtion

is the most convenient method of solving 2-28.,

Sonic Limit

The second limitation on heat transfer capability in a heat
pipe is the sonic limit, This limit arises since constant-
area flow with suction and injection is analogous to con-
stant mass flow in a converging-diverging nozzle (Ref, 5),
The end of the injection (evaporator) section of a heat pipe
is analogous to the throat of the nozzle, and consequently,
there is a flow velocity limit at the evaporator exit ana-
logous to choked flow (Mach 1) in the nozzle throat. As
the heat input is increased above the sonic limit, an
evaporator temperature increase results since no more axial
heat transfer can occur. The definition of the Mach number
gives

U (2—35)‘

= 3

- .
{ YR (3600)7 g, (144)/ p

olc

M=

where U is the bulk vapor velocity and ¢ is the sonic vapor
velocity, Using

P A
v Xs
and equation 2-8, and solving for Q, equation 2-35 becomes

- .
Q= p, hig A M ‘l/Pv (3600)° g_ (144)/ p_ (2-37)

where the cross-sectional vapor flow area A,o is equal to

———— ¢ The maximum velocity through the "throat," or
4 y 3
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evaporator exit, occurs at M = 1, Therefore the maximum
sonic latent heat transfer capability Qg is

'n'Di 2
hfg — - B, (3600)% g (144)/ p_ . 1(2-38)

Q =

Py

Entrainment Limit

The third heat transfer limit is the entrainment limit and
results from a high velocity vapor stream entraining the
liquid in the wick, preventing it from returning to the
evaporator, resulting in evaporator dryout and a temperature
increase. The capability of the vapor to entrain liquid is
a function of the wick geometry, e.g., open axial grooves
are far more subject to entrainment than a tight mesh screen.

The force Fe required to tear a particle of liquid from the

‘wick is proportional to the product of the dynamic pressure

and a characteristic length X (representing wick geometry)
squared:
2
Py U 2
FeOC —— X", _ (2-39)
(3600) g,

The restoring force FR required to retain that particle is
proportional to the surface tension and the characteristic
length: ‘ :

FRoC aX . (2-40)

The ratio of these two forces is the Weber number

p U° X
(3600) 8.7

When the Weber number exceeds unity, entrainment will occur
and pipe performance degradation will begin. Although’ the
entrainment limit has not actually been reached at Wb = 1,
the true limit is difficult to compute, Therefore, the con~
servative approach is to assume it has and to set Wb =1 in
equation 2-41. Using 2-8 and 2-36 to eliminate U and
solving for Q, equation 2-41 becomes
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2 ,
7rDiw Tp, (3600)2 g,
Q, = hig —7— X . (2-42)

d. Nucleation Limit

The fourth heat transfer limit is the nucleation or boiling
limit and is caused by superheating of the liquid at the

pipe wall, Since the liquid and vapor are at equilibrium

at the wick surface, a temperature drop must exist across

the wick if any heat is to be transferred, and this AT
increases with increasing load. At some critical AT,
nucleation will occur near the point of highest superheat,

the pipe wall, This bubble inhibits replacement of the
evaporating liquid, causing dryout and a temperature increase,

For a bubble of radius R, at equilibrium, the expansion
force must equal the restoring force, i,e.,

, .
TR (Pv ~ B = 2.7ar0 , (2-43)

where Py is the saturation pressure at the wall temperature,
Pyall, and P; is the saturation pressure at the wick surface
temperature; Pyicke

Solving equation 2-43 for P .11 - Pyick,

N

o

Pwall - Pwick = E; ’ (2-44)
For small Pwall - Pwick’
Pwall " Pwick __ dp hfg PV,H

P A e e T | (2"‘45)
T - T, dT T
wall wick v

from equation 2-9. Substituting 2-45 into 2-44,
ZUTV
Twa1l ™ Twick = hfg by RE (2-46)

If this critical AT is reached, the bubble will grow and
nucleation failure will result. The corresponding maximum
nucleation latent heat transfer capability Q  is

C-89

—




o T UTUNGEE . e e e . T

e A ST T I L L

Q = .74 A (T (2-47).

- T . )a
n Ax wall: wick
where
W(Di + Diw) L -
A= R 5 s (2~-48)
and
D, =-D,
i i
AX = ~—1l75—~—— . (2-49)
Substituting equations 2-46, 2-48 and 2-49 into 2-47.
2TTTVUL (Di + Diw) kﬁ/w
Q, = . : (2-50)
H hfg . Rn (Di - Di )
P W

These four limits are computed in IIMITS, and a message is
printed if any one of the limits is reached,

6. Auxiliary Subroutines

Several auxiliary subroutines are used to supplement that above.
The liquid/wick conductivity kZ/W-iS calculated in subroutine

EFFKWK for the following five wick geometries, shown in Figure 2-6.

Homogeneous Open Screen Screen Circumferential
(screen, felt, Axial Covered Covered Grooves
foam, sintered Grooves Axial Spacer (threads)
powder, beads) Grooves Wires

7

a b c d e

Figure 2-6 Available Wick Geometries
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For homogenous wicks, Figure IV-6a,
k, =k li’ZJrkW-(l-ﬂw)(kL—kW), (2-51)
= k, - - -
2w k, +k_+ (1 fbw) (ky = k)

from Reference 1, For open axial grooves, Figure 2-6b, kg /v

is computed assuming two parallel heat flow paths, one through
the liquid and one through the lands between grooves, The lands
are assumed to be composed of wall material.

. - kA)wall + kA>£

= ’ (2-52)
£l Bra1r T2

where

Awall = (w (DOW - d) - Ngw> L, (2—-53)

or the total mean circumference less the total width of the
grooves multiplied by the pipe length, and

Ay = NWL. (2-54)
Substituting equaticns 2-53 and 2-54 into 2-52,

- Ng¥ (kg = kyaq1) + ok (2-55)
Llw w (D, = d) “wall®
W

k

Screen-covered axial grooves are treated as a homogenous wick
(equation 2-51) and open grooves (equation 2-55) in series,
see Figure 2-6c¢c:

1

= : 2-56
Pl - (2-56)
k T
£fw homogenous Al open

wick grooves

k

The fourth wick type is screen-covered axial spacer wires as
shown in Figure 2-6d. This type is treated similarly to screen-

covered axial grooves, except the path corresponding to the wall
equation 2-52 must be handled differently to account for the

e | el
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poor contacts between wire and pipe wall and between wire and
screen, The method chosen to simulate this poor contact is to -
treat the wire as three materials in series: a layer of liquid,
one of wire and another of liquid as shown in Figure 2-7.

Screen

Figure 2-7 Simulation of Spacer Wire Contact Conductance

The liquid layer thicknesses are analytically determined as a
first approximation, but test data is probably necessary for an
accurate ky/y,. The assumption made in computing the liquid
layer thickness is that the volume of liquid under the spacer

wire to the left of line C-C is equal to that to the right of
C=C in Figure 2-8.

Area A = Area B

A g
'Area Spacer

B - Wire
Liqiid

Cc

YL

RADIAL DISTANCE

Pigure 2-8 Liquid Layer Equivalent Thicknese
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This is analogous to assuming that the same amount of heat that
has a less difficult path through the thin portions of the liquid
layer, has a more difficult path through the thicker portions of
the liquid layer. The liquid layer thickness is obtained in

Appendix B and is equal to ,1738 Rspacers where R

] : spacer 1S the
spacer wire radius, The conductance through the spacer wire is

then
e = 1 ,
spacer 21738 + (.8262) n .1738
2 kzL k L 2 k,L
spacer
ki kspacer
- T L1738 K + .8262 k, . (2-57)
spacer :

The conductance through the liquid between spacer wires is

€ = D 7T(Do h Dspacer) ) (Nspacer Dspacer) L. (2-58)
spacer w

The conductance through the screen covering is

screen W-Di L stcreen 7TDi L
G - A _ W s (2-59)
screen D D, D =~-D,6 =~ 2D v
0 i o i spacer
W W w W
X .Y _0p
2 2 spacer

where kgeoreepn 18 the homogeneous wick effective thermal conduc-
tivity from equation 2-51.

The three contributions are combined
as follows:

1
= 3 2"‘60
Crotal 1 L1 (2-60)

Gspacer + Gﬂ Gscreen

and the corresponding k[/w is computed from

kﬁ/w = Gtotal

Ax — \ W
A total D + D,

or -
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k = . (2-61)
£/ (O +D, ) L +—1L
™Yo i G + G G
W w - spacer L screen

The fifth wick type is the circumferential groove (or threaded
pipe) as shown in Figure 2-6e. This case is treated as one con-
tinuous groove and equation 2-52 is used with the following
values for A.

A = (L= NgW) ™ (DOW - d), (2-62)
A£= NgW w(DO - d), (2-63)
W .
Thus
{kwall ¥ - NgW) +k, NgW} (D _—q)"
k = - w ]
2] w LM
o
w
or
NW (k, -k )
_ wall
kE/w - L + Ka11e (2-64)

The inputs to subroutine EFFKWK are the type of wick, kg, kya11,
ks Pys Do» Di» ™5 Ng, Ngpacer> Ws 45 Dgpacer, and L. Its
use is restricted by the assumptions made above for each wick,

The second auxiliary subroutine is called PERMBL and is used to
compute the product of permeability and cross-sectional area for
liquid flow for the five wick types in Figure 2-6. These KA,g
values are obtained from Appendix A by comparing the specific
liquid pressure drop solutions contained there to the general
form of the pressure drop :

dPZ - 'y QL (2_65)
dz KAXS Py hfg
The values needed to satisfy equation 2-65 for each wick

type are as follows. For homogeneous wicks (Figure 2-6a):
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2 2
W(Do - D )
KA__ =K —~—217;——Jl- , (2-66)

since the permeability of a homogeneous wick is generally known.
For open axial grooves (Figure 2-6b),

3 .3
KA =N W d . (2-67)

XS Bl 18 W + 4dd)

For screen-covered axial grooves (Figure 2-6c),

—

5we d>

KA =N . (2-68)

|72 @+ dP)

SYcreen-covered axial spacer wires (Figure 2-6d), are treated
as annular spaces:

5 558

Khs =718 7 (2-69)

for each annular space, where

« 2
{RZ*-R.Z*-Z(RBR.-R R.B)}
[¢] L [o] L (o] 1

a a a a a a

B = -
2 A 4 3 3 3
438 +5)(Ro -Ri ) - 8(5s +5)(Ro Ri -Ro Ri )
a a a a a a
> 2 R (70
+ 60{% R 1n aJ
o _a
a a R.
1
a

Utility subroutine ANNSPC is used to compute B,

The values of the outer annulus radius Roa’ the inner annulus

radius Ria’ and the half-angle between spacer wires are computed

as follows:
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it
SR,

Ro = Do /2,
a w
R, =R =D
i °, spacer,
and > ) (2-71)
#(R. +R, ) =-N D
o, i, spacer spacer
5 = R + R, )
°a *a
Nspacer ( 2 ) _J

The half angle between spacer wires § is derived from %[EEEEE%%§§££5/

number of spaces| as expressed in equation 2-71. The total KAy o
is then the number of annular spaces Ny multiplied by the KAyg
in equation 2-69.

Circumferential grooves are treated as one long open groove and
equation 2-67 applies with the number of grooves N, = 1. How-

ever, the pipe length L in equation 2-65 must now %e replaced
by the actual length of the groove

D + D, -
o, i
Lgroove =T _——~§f_~—;> Ng (2-72)

such that KA, is expressed as

5W3d3 L
Ks = 7 2. \IL ’
8 18 (W™ + 4d7) groove

or

3,3
KAxs = 2 52 L ' (2-73)
9 W +4d™) = (D + D, )N
) i g

w w

1

+ Zhe inputs to subroutine PERMBL are the type of wick, Do s Dy,

N,, W, d, K, 7, Dgpacer and Ngpacer. Its restrictions correspond
to the assumptions made for each wick type,
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ﬂ Another utility routine was written to automate the evaluation : {
! - A
ﬁ of specific properties which are mono~-variant. Subroutine : ;
ﬁ LOOKUP provides a ""DO" loop table lookup using the library
b routine DIDEGIL.
¥ The calling sequence is
i ! 5
LOOKUP (N,T,A,P) 4
i
\ i where
U

L N = number of lookups in this call
T = 1independent variable
A = Array of T, P values ”

P = Dependent variable (property)

iy

RN
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GOVERNING EQUATIONS FOR FIXED-CONDUCTANCE ARTERTAL PIPES

An artery is inserted in the vapor flow passage of a heat pipe
to provide an auxiliary flow passage for the liquid returning to
the evaporator. By removing most of the liquid £low from the
pipe wall vicinity, large radial conductances can be achieved,
minimizing the temperature drops across the wick. At the same
time, the artery can be designed for minimum pressure drop,
maximizing the hydrodynamic limit. The result is a decoupling
of hydrodynamics and heat transfer in the pipe, with correspond-
ing performance increases. Typical geometries are the pedestal
artery and its high performance derivative, the spiral artery,
shown in Figure 2-9.

Spiral
Pedestal (Tunnel)

Spacer
Wires

Tunnel

a

Figure 2-9 Available Artery Geometries

Capacitance

Artery capacitance is computed in subroutine ARTERY and is added
to the liquid/wick capacitance calculated in equation 2-2.
Artery supports are ignored, The pedestal artery shown in
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Figure 2-9a has a capacitance equal to the sum of the screen
capacitance and the liquid capacitance:

D2 - Dg
@ = 7 oart lau:t L (1 - ) ) c (2-74)
screen 4 art’ Part p :
art
Di Di - Di
5 art _ art art -
Ce = ”<4>L 7 L=y
p,C. - (2-75)
£ Py

The liquid volume is the total artery volume less the screen
volume, Summing equations 2-74 and 2-75, the total artexr
capacitance C .. is given by

e . =¢C +C, - (2-76)

art screen

The second artery configuration is the spiral type, shown in
Figure 2-9b. Its capacitance is the sum of the screen, spacer
wires, and liquid capacitances, The screen length is obtained
from an integration of the equation of a spiral over the total
angular displacement of the spiral, see Appendix C. The screen
length is thus

_ w, , 2 2.5 w2 2%
LScreen = (27rNt + V)(v + (27rNtv +w)7)*® - - v +w)
2 2. %
T+ 2NV FW) A+ 27NV Fw
+2| In & £ s (2-77)
2 2 2. %
(v +w )t +w
where
D - D, - 2t
art 1
_ art
v 4‘"Nt L]
and (2-78)
Di
art
2 Tt
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The screen capacitance Cgupeen 15 then the sum of the spiral screen
volume and the wrapping screen volume, all multiplied by the
density and specific heat:

D2 -D 2
oart art
screen {Lscreen L @ - ﬂart) + 4 L@ - part)}
P G : ;
art "p_ .. (2-79) j
| ) The spacer wire capacitance is
D2 |
- . _spacer _
Cspacer (Na 1) 4 spacer Cp > (2-80)
spacer

since there is one more spacer wire than there are annular spaces.,
The liquid capacitance is

2 2

. D D - D
} e (—ee) g |y tL (L =P )+ Cart = )
] B 4 art ( 4

Tk E

screen

2 - ]

D S

) spacer k

Lo ) - +1) w<~—?——>4 Li pp Gy s (258D) o

, : since the liquid volume is the total artery volume less the screen
and spacer volumes. The total spiral artery capacitance €.y is
then

é;rt = C%creen +'Cspacer +'C%' (2-82) %;
2. Axial Conductance

The artery contributes to the total axial heat ¢ransfer capability
of the pipe. TIts axial conductance is calculated in subroutine
ARTERY and is added to the liquid/wick conductance from equation
2-4, The pedestal artery conductance is equal to the sum of the
screen conductance and the liquid conductance., The screen con-
ductance is '

2

DR Di 1 ¢
k 7 art art < ar%) ’ '
ar Z ] ' :

screen L ’ (2-83) . .
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where the screen volume fraction (1 - P,,¢) is halved since con-
tact resistance between axial and circumferential results in
only the axial members of the screen conducting heat,

The liquid
conductance is
b2 ]
i
art
k£ T 5
Gﬂ L e (2"‘84)

The total conductance of the pedestal artery is then

2

D2 - Di 1 -9 Di
Kk - c’art art ( art) + ko art
G _ _art 4 2 £ 4
. L

art

(2-85)

The spiral artery conductance is equal to the sum of the screen,

spacer wire, and liquid conductances, The screen conductance is

2 2
k [_ 1 -9 Do h Dart
art art art
Gscreen - Lfscreen t 2 o 4
' /
<1 - ﬂart s (2-86)
2

where the screen volume fraction (1 ~ Part) is again halved since.
only the axial screen members carry heat,

The spacer wire con-
ductance is

2
k D
_ _spacer spacer\ _
spacer L (Na + 1) 7"< A > (2-87)

and the liquid conductance is

2
G —If-‘—w Dart - L t - (N +1)7r?ﬂ'i“—‘?£ +  (2~88)
£ T L 4 screen a ' 4

The total conductance is thus

Cart ™ Cscreen * Gspacer tCy (2-89)

for the spiral artery configuration. These artery conductances
are computed for each pipe section.- When they are combined with
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the liquid/wick axial conductance, they are converted to a node
center-to-center conductance by

Gart - 1 1 ’ : (2-90)

and then added to the liquid/wick axial conductance linearly,

Radial Conductance

The arterial radial conductance is not considered since no radial
heat transfer occurs across an artery,

Arterial Effects on Hydrodynamics

Since the purpose of an artery is to improve the hydrodynamic
limit of the heat pipe, the liquid pressure drop computation of

Section 2-A-5 must be revised. The (permeability x cross-sectional

area) KAyg must be computed for the artery and added to that of
the wick. This calculation is performed in subroutine PERMBL,
using KAy relations derived in Appendix A and summarized here.

The pedestal artery contains simple Poiseuille flow and ti per-
meability cross-sectional flow area product is thus

wRi &
destal
KA = pRiestas . (2-91)

The spiral artery is extremely complex and must be treated as
multiple annular spaces with varying internal and external radii
(Ria and Roa) and differing angular widths (§)., The basic re-

lations for the KAxg of an annular space are equations IV-69 and
v-70, The values of Ro,s Ris and §, however, require modi-

fication for use in a spiraling configuration. The method used
is a '"DO" loop with initialized values of Ro_» Ria’ and § cor-
regponding to the innermost annular passage. The radii are in-
cremented using the equation of a spiral to the values correspond-
ing to the next outward space, and § is adjusted if the wire
spacing changes, KA,  values are computed for each space and

summed,
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The general equation of a spiral in polar coordinates is
r s IIlO + b. D (2-92)
i
Referring to Figure 2-10, at 6 = 0, r = —35= + ¢, and at @ = 2 »N_,
% Dart
2 .
R
o
i 3 — [N
NV P N
| A N\ 2
% Dspacer
i
i
;
:
:
-2t ,
i t D Cart wrapping
¢ wrapping O rt
Figure 2-10 Detailed Spiral Artery Geometry
Zj Therefore, the equation of the spiral artery is
Dart i Diart S : art
T AN, O+—— +t. (2-93)

The initial values of Ro . Ri , and § are
a a
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? D¢ =Dy -2t 5 D, ) L
R = art i=1 art . ' L
1 4N 2 2 ’
a . t i
R = D L
o, i spacer, } (2-94) ;}
. and ; |
5 = Bi=1 _ __spacer ] f
=72 (R. +R,) .
a a *) o
, The subtracted term in the 8§ computation of equation 2-94 gé :
. accounts for the angular contribution of the spacer wire. I
e The "DO" loop iterates on j from 2 to N, where N, is the number ﬁ :
3 of annular spaces., The general relations for Rba’ Ria, and 8 ‘ &
P in the '"DO" loop are b
| ~ -
D - D, - 2t {
' art 1re 8:1 T 81 D %
Ry =&+ 4N 2 ’ ' P
a a t w g
R =R D , > (2-95) T
o i spacer p
a a s f ;
§. D T
§ = — _Spacer s b
| TR+ R ) 3
| (o) 1
}; a a J B
‘l ' E
{ where Ri is the Ri from the previous iteration and the additive -
i a a . s
term in the Ri computation of equation 2-95 represents the ARi S
o a e oo
to convert Ri to the new Ri . Utility subroutine ANNSPC is , i
a a IE I
L called in each iteration of the loop, and the resulting KA,/ .
§ values for each space are summed into a total KA .. SRR
f
4 There is an additional passage in the center of the spiral which
H is treated as Poiseuille flow:
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xs 8 2

This contribution is added to the summed annular KA,. values for
a total spiral artery KAyg, which in turn is added to the wick
KAyg to compute the total liquid pressure drop. The additional
inputs to PERMBL to account for arteries are artery type, Do

g

art?
Dijpp» twrappings an array of & values, Na, Nt, Dgpacer> t, and L.

! The second major effect of the artery on the hydrodynamic limit
o is a reduction in the vapor flow cross-sectional area, A re-

i vised effective vapor flow passage diameter DVeff is computed
t in subroutine ARTERY as:’

D. 2 2 %

w]
<
0]
Hh
Hh
]
3
VR
p}UH
\./
1
3
/_\
15
ctr
S~——
EREY

3 2 2\%
D, = (Db, -0, * (2-97)
g eff P art

and this value is used in place of Dy in the vapor pressure drop
equations 2-12, 2-20 and 2-25 when an artery is present.
Subroutine ARTERY requires the artery type, N, Doart’ Diart’
twrapping’ Dspacer’ t’ Q)artv Ts Nt’ PCpart’ Pcpspacer’ art?

kspacers Kgs Ly Py CPL’ and Dj

S

pedestal’®

The third effect on heat pipe hydrodynamics concerns the fact
that the largest pore in the wick/artery system determines the : |
capillary pumping capability. If the artery contains a pore I
with a radius larger than Rpore in equation 2-29, the artery

Rhore must be substituted. A decrease in the hydrodynamic limit
results,

.

5 Artery Self-Priming Limit

A new pipe heat transfer limit arises when an artery is intro=
duced. Since an artery can be depleted of liquid by forces
arising from acceleration fields, its design must allow repriming,
The artery will reprime if the capillary head generated by the

C-105

Y




i
i
3
j

s

Cc-106 I

1 o T T B e

. ) :
BEDP R (XY YT TE % Kot XU SN PII

largest gap in the artery exceeds the body force head, under zero
load, The existence of a load, however, introduces the additional
head losses due to flow which must be accounted for, The maximum
load under which the artery will reprime can be computed using
equation 2-28, where AP, is calculated using the maximum artery
gap width (excluding the end of the condenser since no liquid/
vapor pressure difference exists there) instead of the wick pore
size Rpgre in equation 2-29. This is accomplished by repeating
the hydrodynamic limit logic in subroutine LIMITS with the

artery gap size replacing the wick pore size,

GOVERNING EQUATIONS FOR VARIABLE-CONDUCTANCE PIPES

The variable~conductance heat pipe (VCHP) utilizes a charge of
non~condensible gas added to the working fluid to achieve a
relatively constant heat pipe temperature regardless of heat load.
This gas is swept to the condenser end of the heat pipe and forms
a plug which blocks the flow of vapor. (Note the distinction
between non-condensible gas and working fluid vapor.) As the
pipe temperature drops;, the vapor pressure of the working fluid
drops, causing an expansion of the non-condensible gas plug.

This expanded plug effectively shuts off a portion of the con-
denser to vapor flow, decreasing the area available for condenser
heat rejection. This, in turn, increases the pipe temperature.
In a properly designed VCHP, the pipe temperature can thus be
made nearly independent of heat load, A reservoir for the non-
condensible gas at the condenser end of the heat pipe provides
closer temperature control since a greacer vapor/gas interface
movement can be achieved for a given tempsrature (and pressure)
change, Temperature control of the reservoir through a heater
can be used to actively control pipe temperatures by a feedback
loop. A schematic of the variable-conductance heat pipe is given

in Figure 2-11.

The simulation of non-condensible gas control of the operating
temperature of a heat pipe regardless of load requires more
sophisticated modeling techniques. The location of the vapor/gas
interface ("front") in a variable~conductance heat pipe must be
computed based on ideal gas relations. The presence of a gas
reservoir to provide improved control adds complexity to the
problem, as does the popular use of a reservoir heater to
achieve even more precise control,

The basic assumption in the following analysis is that the effect
of the diffusion of vapor into the gas plug on the temperature
gradient is negligible compared to the effect of axial conduction
in the pipe wall on the temperature gradient, This is generally

R T
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Figure 2-11 Variable Conductance Heat Pipe Geometry
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¢ a good assumption for.high thermal conductivity pipe walls. The ﬁ
{ number of moles of non-condensible gas is a constant n: %
* ; : N j
i Poas'i i

n = £, (2-98)

R T

i gas

;f summed over the volume elements of the reservoir and inactive

ég condenser, There 1s no gas in the active section of the condenser,

N . (] ) -

N the adiabatic section, or the evaporator due to the tendency of

gi the moving vapor to sweep it towards the condenser, In the i
i reservoir, ' §
‘ T =T,

! gas res ;
;t and (2-99)
P =P -P_
{ g act res i
:
) since PVact is the total pipe pressure, and the sum of the vapor I
i
i and gas partial pressures in the reservoir must equal the total i
i pressure. i
i :
EE Equation 2-99 assumes a negligible pressure gradient in the :

X pipe. It also assumes the reservoir vapor temperature is equal :

;Z to the reservoir temperature, and that the vapor partial pressure :

i is that of saturated vapor at the reservoir temperature., In the - ;
fd jth element of the inactive condenser, ‘ i g
i Tgas, wall,’ ”
and ( 2-100) . :

# . v v

g gaSJ act wall,

E j

f The assumptions for equation 2-99 are used in 2-100 also, sub-

1 stituting the condenser wall temperature for the reservoir temp-

: ) erature, Inserting equations 2-99 and 2-100 into 2-98,

;

!
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act Vres E wall 3
n = — +
R Tres j=1 RT wall
\Y -V
condJ act R . (2-101)

where the volume of the jth element of inactive condenser is the
total condenser volume less the active condenser volume, divided
by the number of inactive elements J. Dividing by Vcond’ using

the fact that V,,¢/V.onq 18 equal to L,ay/Logng for a constant-
diameter condenser, and solving for Lgct/L

cond?
PV - P
act 'r <; \>
. RT
Lact =1 + Jres cond cond (2-102)
Lcond 1 z: <;Vact wall
J j=1 =
R Twall

Multiple vapor-wall couplings are need2d to simulate a variable-
conductance heat pipe, The couplings in the inactive region are
zeroed according to the vapor/gas interface position determined

in equation 2-102, to simulate no heat pipe action in that
region,

This is accomplished by a call to subroutine ADJG. Condenser nodes .
which are within the active length are left alone while the con-
ductances are set to zero for those nodes which are totally beyond
the active length, The conductance of the node in which the front

is located is adjusted based upon the proportion of active length
calculated.

The calling sequence is

ADJG (NCG,NC,LC,LACT,GCOND)

where

NCG = number of moles of control gas for a VCHP.
0.0 for a fixed conduction pipe

NC = pumber of condenser nodes

1C = condenser nodal length

LACT = active condenser length

GCOND = first condenser wall-to-vapor coupling
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Since Lact/Lcond

and since the temperatures and pressures are dependent on the front,

an iterative solution is necessary to achieve a satisfactory result. i
In steady-state problems, the iterative solution is handled by multiple i
calls to STDSTL from EXECTN since VARBLL is called each iteration of ;
the network solution. In transient problems, VARBLl is entered only _
once for each time step; comsequently, the BACKUP option is used in s

VARBL2 to force a recomputation of temperatures if the L /L
act’ cond

based on the most recent network solution does not match the L _ /L
act’ “cond

is computed in subroutine FLFRNT,

is dependent on pipe temperatures and pressures

from the previous solution. L__ /L

act’ cond
act? Pvres’ R, Tre s V , V n, J, vaa

and . T as
res cond,

using Pv 11’ wall

s

inputs.

Subroutine FRONT controls and dampens the movement of the vapor/control

gas interface location resulting from subroutine FLFRNT. The results

of FLFRNT predict the new front location based upon temperatures re-

sulting from the present time step and the previous front location.

The maximum front movement allowed is one condenser node length,

Since the new front location will result in new temperatures, id

since FLFRNT will predict a new front location based on these new

temperatures, an iterative process is required. This iterative

process is repeated until the front location change is reduced to

1% of the condenser node length or less. At that point the iteration

is completed and the time step is advanced. Additional logic is

required in the execution block for steady state runs and in the :
variables 2 block for transient rums to support subroutine FRONT. iy
Refer to the program listing for the supporting logic. 5

" The calling sequence is

FRONT
No argument list is included for ths subroutine. .

Computation of the last condenser node axial conductance to the
reservoir is obtained by calling subroutine RSCOND for a VCHE.
The same assumptions used in subroutine AXCOND also apply. The
wicks used in the condenser, feedtube and reservoir are assumed
to be identical. The following network is reduced to a single
conductor.
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Each of the three parallel combinations are summed and are then

add by the series combination rule.

The artery is not considered

in this calculation since it does not extend beyond the condenser,

The calling sequence is

RSCOND (NCG, PI, LWA, KWA, ODWA, IDWA, LFT, KFT, ODR, IDR, LR,
KR, ODFT, LWK, POROS, KWK, ODWK, IDWK, IDFTW, IDRW, GFTTOT)

NCG

LWA

KWA
ODWA , IDWA
LET

KFT

ODR, IDR
IR

KR

ODFT, IDFT
LWK

POROS

KWK
ODWK , IDWK
IDFTW
IDRW
GFTTOT

nnwan

LI VI B it

It

nn

o

I

FLAG FOR VCHP .

CONDENSER WALL NODAL LENGTH

CONDENSER WALL THERMAL CONDUCTIVITY
CONDENSER WALL OUIER AND INNER DIAMETERS
FEED TUBE NODAL LENGTH

FEED TUBE THERMAL CONDUCTIVITY

RESERVOIR OUTER AND INNER DIAMETERS
RESERVOIR LENGTH

RESERVOIR THERMAL CONDUCTIVITY

FEED TUBE OUTER AND INNER DIAMETERS
CONDENSER WICK NODAL LENGTH

WICK POROSITY

WICK THERMAL CONDUCTIVITY

CONDENSER WICK OUTER AND INNER DIAMETERS
FEED TUBE WICK INNER DIAMETER (ODFIW = IDFT)
RESERVOIR WICK INNER DIAMETER (ODRW = IDR)
TOTAL AXTAL FEED TUBE CONDUCTANCE
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GLOSSARY |
A area [ftzj
B defined by equation IV-70 [ftlj L, ]
C capacitance (mass x specific heat) [Btu/on]
Cp specific heat [Btu/lbm-oF]
D diameter [ft] {
F force [1bf]
G conductance [Btu/hr-oFJ : i
H mechanical equivalent of heat [ft-lbf/Btu] ’
J number of inactive condenser sections [dimensionless] l
K wick permeability [ftzj '
L pipe length [ft:l
M Mach number [dimensionless]
N number of grooves, turns,_spacers, etc., (depending on
subscript) [dimensionless ;
P absolute pressure [lbf/ftz_]k K
Q latent heat transfer rate EStu/hr] . |
R radius [%t]
R universal gas constant [1545 ft-lbf/lbmole-oR:l
Re "Reynolds number along tube [dimensionless]
Re Reynolds number for suction_(-) or injection (+) at
v wick surface {:dimensionles;j
T temperature |:°R:|
U bulk average vapor ielocity E?t/hr:l k
c-112
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R ‘E \Y volume [%t%]
| W groove width [?é]
i
: Wb Weber number [?imensionlesé]
1% X entrainment characteristic length [fé] ’
| a body force acceleration [%t/sec%]
- c sonic velocity [%t/h%]
ce skin friction coefficient [ﬁimensionlesé]
.4, groove depth [%{] 3
8o conversion constant relating force and mass [?2.2 1bm-
} ft/lbf~sec%]
% hfg heat of vaporization of working fluid [Btu/lb@]
! k thermal conductivity [ﬁtu/hr-ft-oé]
1 distance along fin length EEt]
m mass flow rate [ibm/h%}
n number of moles of non-condensible gas [}bmolé]
r, 8 polar coordinates e
t spiral artery screen thickness [%é]
u local velocity [%t/h%] :
:
v, W defined by equation IV-78 [%é] 4
X, ¥ rectangular coordinates f
. - s
z axial distance along pipe [%é] ) : - ‘%
B pipe orientation angle [ﬁegree{] o 3
Y specific heats ratio (Cp/Cv) [ﬁimensionles%] j
%
A difference j

TRy
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‘ 3 half-angle width of annular space [}adian{] '
I dynamic viscosity [ibm/ft-hé] E
L 3.14159 .
p density [ibm/ft%] % i
o surface tension [ibf/fé] ; i
o ¢ wick porosity (void fraction) [;imensionless] ;
% ¥ wetting angle [ﬁegree%] %
j Subseripts Sé‘ <
é a annular spaces i
? act active ?
% art artery g
E ax axial ;
g b body force |
; c capillary
2 cond condenser i
i e entrainment limit i .
: eff effective %
enth enthalpy ‘ ;; ;
evap evaporator »
£ fin ; ;
g grooves |
h hydrodynamic limit 3
i inner ? vf
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REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

1
o

As 1llustrated in Figure 3-1,-there are essentially three types of gradients
which are’ p0851ble in a space radiator. These are:

a)

b)

c)

The classical condition where the adjacent fin root temperatures
are equal giving a symmetrical temperature distribution between
nodes. The point where the temperature gradient, dT/dX, is equal
to zero exists at the midpoint. This condition could have been
analyzed by the fin effectiveness technique which is commonly used.
(Ref. 3-1)

The condition where adjacent fin root temperatures are not equal
giving a nonsymmetrical temperature distribution and the point where
the temperature gradient dT/dX is equal to zero exists at some point
other than the midpoint.

The condition where the difference between the adjaceint fin root
temperatures is so large that no point exists between nodes where
the temperature gradient dT/dX is equal to zero,

The fin gradient technique used in the MMC radiator program has the capa-
bility to evaluate all three types of gradients.

Referring to Figure D-2, the heat which is radiated from an element of the
fin surface is as follows:

d = €0WdX (T4-Te4) (1)

and the heat which is transferred in the fin by conduction is:

= - 4t
qcond Ka dX . (2)

Differentiating equation (2) with respect to X,

dqcond = -Ka d CQI
dx

dx ax ) d&X 3

and since the heat lost by radiation represents the difference in heat
passing across the two internal faces of the element, then equations (1)
and (2) can be equated as follows:

d = -dq

~dpAD cond

Performing the required substitutions and differentiating yields the follow-
ing differential equation:

2
L8 -y, 6" -0 )
dz
with the boundary conditions 8 = 1 @Z =0
B = GR @z=2
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Figure 3-1 Martin Morietta Radiator Program Fin Gradient Technique
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B % where 3 9

ii e‘rTr L
4 NR = TRy (sometimes referred to as the fin profile
A y
a number)
%‘ QR = Tr+l/Tr Ratio of adjacent fin root temperature to
?I the root temperature
éi \ 6, = Te/Tr Ratio of equivalent temperature of surrounding
v T space to root temperature

. 4 %
i T = Environmental temperature
5 - e Ea AR
b -

. § 8 = '1'/2[3r
i
ig z = X/L
it
%i de/dz = d(T/T_)/d(X/L)
!
ﬂ a = Fin cross sectional area
¥ T = Fin Temperature

"."”‘9‘{

é 4 0 = Stephan Boltzmann constant,

f 3 € = Radiator surface node emissivity
%% ’l‘r = Fin root temperature
il
Y Tr+1 = Root temperature of adjacent fin
i *
% X = Fin length to right side of fin
? XL = Fin léngth on left side of fin
i
i K = Fin thermal conductivity
%; ‘ y = Fin thickness
y L = Half the distance between tubes
7
Y Ay = Area of radiator surface node
?E Fn = Gray Body view factor from other external surface to the radiator
- skin node
H An = Area of other external surface
f Tn = Temperature of other external surface .

Qabs = Absorbed flux from solar, albedo, and earth IR sources
W = Fin width
Cc-121
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A set of tables was available (Ref. D-2) which expressed the dimensionless
temperature gradient d8/dZ as a function of the three variables Np, Oy, and 8,.
These tables were expanded by MMC to also include the condition where the
equivalent temperature of surrounding space was hotter than the root temper=-
ature (8g 1). This was required for the AM radiator since the segments of
the radiator which were exposed to the sun actually reheated the coolant as

it flowed through the radiator.

v e Thae et heat-loss from the skin node was determined in the radiator model

for each time step by a table look-up for the dB/dZ on the right side and the
left side of the fin root. Then by multiplying these dimensionless gradients
by Tp/L, the temperature gradients dTg/dXR and dTy/dXj; were then determined for
the right and left side. The net heat loss from the root of the radiator fin
taken at the stringer was then determined by performing the following energy
balance on the fin root,.

dT dT
= -Ka, —= - KA =2 ()

dXL dXR

qnet

This technique was included in the subroutine RADFIN which calculated the
total heat loss for each radiator skin node. The heat loss was first calculated
on both sides of the tube by using the node temperature at the stringer attach
points as the root temperatures, The heat loss was then calculated for both
ends of the node by assuming that the temperature gradient at the edge was nearly
adiabatic with 8g =~ 1,0 and the root temperature was the node temperature at
the stringer attach point. The subroutine also computed the environmental
temperature which was printed later for reference.

To determine the significance of the circumferential conduction, a com-
parison was made between the two cases, with and without circumferential con-
duction. As a result, neglecting circumferential conduction gave approximately
10% better performance than the more accurate method. A side conclusion would
be that the radiator performance could be improved if the hot side of the radiator
were isolated from the cold side. Because of the nonlinear nature of radiant
interchange, this would result in a higher heat rejection from the surface.
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