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SUMMARY

The study of Brayton pnwer systems for nuclear electric space-
craft was performed to provide a basis for comparison between this
system and others that have been under study for som- time. Most sig-
nificantly, this initial study has yielded performance parameters for
the Brayton system that are very competitive with the alternative
systems and envelope dimensions that are compatible with the Space
Shuttle payload bay.

The primary performance parameters of system mass and radiator
area were determined for systems from 100 to 1000 kwe. Math~matical
models of all system components were used to determine masses and
volumes. Two completely independent systems provide propulsion power
so that no single-point failure can jeopardize a mission. The waste
heat radiators utilize armored heat pipes to limit meteorite puncture.
The armor thickness was statistically determined to achieve the
required probability of survival.

A 400-kwe reference system received primary attention as required
by the contract. The components of this system were defined and a con-
ceptual layout was developed with encouraging results. An arrangement
with redundant 400-kwe Brayton power systems lLeving a 1500°K (2240°F)
turbine inlet temperature (TIT) was shown to be compatible with the
dimensions of the Space Shuttle orbiter payload bay. The spacecraft
is deployed from within the cylirdrical primary radiator in a manner
similar t-» the present Jet Propulsion Laboratory (JPL) thermionic
system design. The preliminary mass determination for the complete
power sys‘=2m is close to the desired 20 kg/kwe for the specified
Jovian environment. With further refinement, that the current Brayton
conceptual design can better this goal. Study results have also shown
that use of more advanced technology (higher TIT) will substantially
improve system performance charactecistics.

31-3321
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Because certain near-term missions with nuclear electric power
systems are of present interest, a preliminary design concept of a
100~kwe Brayton system was also developed. This system was designed
with esrentially current Brayton technology ({.e., TIT = 1325°K) for
operation in the geostationary orbital environment. A flight version
of this system could be available by the late 1980s.

Further studies and analyses of refined nuclear reactor Brayton
space puwer systems are recommended for continued attention. Brayton
system technology efforts should be undertaken in the near future to
assure a proper base for development of flight systema in the lat.
1980s and 1990s.

31-3321
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STUDY OF REACTOR BRAYTON FOWER SYSTEMS
FOR NUCLEAR ELECTRIC SPACECRAFT

1.0 INTRODUCTION

Studies are currently underway at the Jet Propulsion Laboratory
(JPL) and at the Los Alamos Scientific Laboratory (LASL) to demon-
strate the technical f2asibility of nuclear reactor-powered spacecraft
propelled by electric rocket th-usters. Such vchicles would be
capable of performing detailed explorations of the solar system
including rapid trips to the outer planets with massive payloads dur-
ing the 1990s and into the 21lst century. Particular emphasis has been
placed on the definition of and on technology development for the
power conversion cubsystem with thermionics currently receiving pri-
mary attention.

The purpose of this study is to provide conparative information
on an alternative conversion system, the Closed Brayton power system,
to allow meaningful comparisons.

As a result of the large technological data base available from
the development of numerous gas turbines as well as the significant
R&D funding on Closed Brayton Cycle (CBC) engines over the past ten
years, =uch engines should be considered an available technology with
excellent potential for future development. Major questions to be
resolved include definition of optimum operating parameters and effec-
tive integration with spacecraft elements including the launch
vehicle, the nuclear subsystem (reactor and shield), the waste heat
rejection system, and the space science payload. These topics are
addressed in the three tasks that have been defined for this study, as
described in Section 2.0. Estimation of system reliability and life-
time characteristics is of great interest, but could only be addressed

31-3321
4



&

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

ADIVISION OF THE SARALTIT COAPORATION
PHOENIX, ARIZONA

in a very preliminary way within the confines of this study. The
remainder of this introduction provides additional definition of the
requirements for the Nuclear Electric Spacecraft.

1.1 Study Background

Since the 1950s, the limitations of chemical rockets for exten-
sive exploration of the solar system and other high-energy missions
have been well understood. Electric-rocket propulsion was given con-
siderable analytical and development attention during the past two
decadecs and space fliyht tests were conducted. In comparison studies,
nuclear electric rocket propulsion was repeatedly shown to be perfor-
mance and economically effective for the more demanding missions when
they would be flown.

In the early 1970s, the post-Apollo emphasis on Earth applica-
tions and, especially, the development of the Space Shuttle ranspor-
tation system caused space program planners to terminate alil work on
nuclear systems except for radioisotope thermoelectric generators
(RTGs) , some advanced reactor concepts, and compatible power conver-
sion research.

During the past several years, projections of future space mis-
sion requirements, both military and civil, have resulted in a renewed
interest in advanced nuclear systems. The Department of Energy (DOE)
has technology development programs in advanced nuclear energy sources
for space at LASL. The NASA Office of Aeronautics and Space Technol-
ogy (OAST) Space Power and Electric Propulsion Division is funding
power conversion technology developments, primarily in thermionics and
thermoelectrics. Although Brayton power conversion in space has a
history of over 20 years, the present study represents the first
effort in recent years to ast :ss the component and system aspects in
some detail using both available and obtainable technology. 1In par-
ticular, this study addresses the critical issue of space environment

31-3321
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compatible radiator design which has been recognized for some time as
the major drawback to application of CBC technolocy.

1.2 Missions for Nuclear Electric Rocket Propelled Spacecraft

The primary missions identified by JPL for this study are solar
system exploration of the outer planets with massive payloads.
Figure 1 shows the net* 400-—kwe nuclear electric, rccket propelled
spacecraft mass versus time of flight for various thruster exhaust
velocities. Two cases are shown with different masses of shielding
for the nuclear reactor. The required shielding mass is probably
between these cases. Performance is also shown for a 60—kwe solar-
electric rocket-propelled spacecraft. As can be seen, substantial
masses can be placed in Jupiter orbit(l)** which would represent a
“ikely first use for the nuclear electric spacecraft. Reference 1
also contains data on flights to other outer planets and on a solar
escape mission with high net mass and reasonable trip times. Further
trajectory optimization of these and other high-energy missions are
expected to result in a strong recommendation for the development of
nuclear electric rocket propulsion capability.

In a more recent paper (2), Phillips and Pawlik discuss the design
of a nuclear electric propulsion system, including the selection of
thrusters and propellant for outer planet (Saturn, Uranus and Neptune)
exploration. A power level between 200 and 250 kwe is recommended
with current technology for the early missions and growth potential
for more difficult later missions. These missions could be accommo-
dated without significant changes in the basic nuclear reactor heat
source and heat rejection system.

*Total spacecraft mass less the following term for Cases A and B--(1.03
propulsion system mass plus shielding mass).
**Numbers in parenthesis refer to the list of references in Section 6.0.

31-3321
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Figure 1. Net Spacecraft Mass in Jupiter
Orbit Vs Time of Flight.
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Other high-energy missions in the 1990s and beyond will include
such candidates as orbital transfer vehicles, both in geocentric
orbits and throughout cislunar space, highly maneuverable military
spacecraft, and the initial versions of solar system cruisers,

1.3 Overall Study Approach

The study of CBC systems depends on the use of computer-based
analytical methods. Only with such methods can thousands of candidate
systems be designed and evaluated parametrically. A computer model
based on appropriate guidelines and constraints has been created show-
ing the variables intrinsic to CBC systems to be studied. The guide-
lines for the model are discussed in Section 1.4. The computer study
method is described in Section 2.1.1.

A reference system design at 400 kwe was evaluated in substantial
detail and is discussed at some length in Section 2.1.2. Because of
prospective interest in lower power systems, a preliminary layout of a
loo—kwe system was prepared and is shown in Section 2.1.3. Analytical
results for systems from 100 to 1000 kwe using near-term and obtain-
able Brayton technologies are given in Section 2.1.4.

The major technical challenge of this study was the identifica-
tion of a credible heat-pipe radiator. Early in the study, the
Brayton power conversion system design parameters were selected from
computer results which did not include all system components and which
included a ligquid-cooled radiator. A heat-pipe radiator was then
designed using a separate radiator computer program and the mass
adjusted accordingly. In the latter phase of the study, these com-
puter models were merged and analytical representations of all system
components were included. Achievement of this overall design tool is
a major accomplishment of this study. Throughout this investigation,
layouts of radiators were made and evaluated against two constraints--
reasonable mass and ability to fit into the Space Shuttle bay.

31-3321
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Specific heat-pipe designs were evaluated by Thermacore, Inc. under a
JPL contract. The study results are discussed in Section 2.2.4 and
presented in toto in Appendix A. The radiator geometry is discussed
in greater detail in Section 2.3.

1.4 Study Guidelines

There were two primary goals of this study--first, to study
nuclear electric propulsion (NEP) power systems from 100 to 1000 kwe.
and second, to create a r ference design including a system layout at
400 kwe. The following constraints and guidelines were given in the
JPL contract (3) o. were expressed as highly desirable by JPL repre-
sentatives:

(a) The system should be designed for technology attainable in
the 1985 to 1990 time frame.

(b) The system must proiuce the voltage level desired by the ion
thrusters.

(c) System components must be placed within the shadow of the
reactor shield.

(d) The 400-kwe system and payload should fit within the Space
Shuttle bay.

(e) These systems should be designed to operate in a .ecently
defined Jovian micrometeoroid environment throughout the
mission life.

(f) System lifetime is 120,000 hours.

(g) The system specific mass at 400 kwe should be less than
20 kg/kwe.

31-3321
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The fnllowing additional gquidelines were assumed by AiResearch:

(a)

(b)

(c)

(4)

No single-point failures are allowed; hence, all systems
include the mass of a redundant system.

The loo-kwe system would use essentially state of the art
technology.

The 400- and lOOO-kWe systems can utilize longer term tech-
nology.

Turbomachinery design is current state of the art.

31-3321
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2.0 TECHNICAL DISCUSSION

2.1 Task 1 - Power System Conceptual Design Studies

The method and the results of the study of power systems between
100 and 200 kwe are described in the following sections. Conceptual
designs at 400 and 100 kwe are presented in greater detail.

2.1.1 Study Method

The CBC computer design program was used to design thousands of
candidate systems. This program requires input of key thermodynamic
parameters to begin the cycle design. The output is complete prelim-
inary design of the resultant systems, including masses of all compo-
nents in both tabular and plotted forms. These systems are examined
in detail and a reference system is selected. From the geometry of the
components, a layout of the selected design can be made.

Table 1 lists the array of parameters that were studied. The
most significant parameter is power level because system mass is a
strong function of power level. The TIT and cycle temperature ratio*
are the next most important parameters. The cycle temperature ratio
dictates the cycle efficiency (from the Carnot efficiency equation)
depending upon the other parameters selected. TIT coupled with the
cycle temperature ratio affects radiator size. The compressor speci-
fic speed, rotor speed, and power level determine the performance
level of the turbomachinery and system pressure level. Rotor speed
also determines the mass of the turbomachinery. Recuperator effec-
tiveness affects thermal input, the mass of the recuperator, and radi-
ator size. The pressure loss parameter has a strong effect on the

*Ratio of compressor inlet temperature (CIT) to TIT.

31-3321
8



.61
—
Ie,_:,") AIRESEARCH MANUFACTURING COMPARMNY OF ARIZONA

S OIVISION 89 1NE SARAITIT CONPORATYION
PHOECNIX, ARIZONA

TABLE 1
INITIAL BRAYTON POWER SYSTEM STUDY PARAMETERS

Units Values
Net Output Power Level kwe 100 400 1000
Turbine Inlet Temperature °K 1150 1325 1500
Cycle Temperature Ratio 0.25 to 0.40

(CIT/TIT)

Compressor Specific Speed 0.07 to 0.15
Rotating Speed krpm 12 to 48
Recuperator Effectiveness 0.88 to 0.97
Pressure Loss Parameter 0.92

31 3321
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mass of the heat exchangers and system performance. The value that
was selected (0.92) allows good system performance and rcasonable heat
exchanger mass,

Other variables that affect system mass include compressor pres-~
sure ratio, heat exchanger pressure drop, radiator sink temperature,
and meteoroid flux. Compressor pressure ratio is seclected to yield
maximum system performance. Heat exchanger pressure drops are split
between the heat exchangers for minimum system mass. Reactor thermal
power affects both reactor and shield mass. The meteoroid flux can
drastically affect radiator mass. All of these paramecers are modeled
in the computer corie,

The compute: program is a series of overlay programs, i.e., all
of the thermodynamic cycles are defined first; then, the recuperator
for each cycle is designed, next the radiator for each cycle is
designed, etc. Finally, these results are matched, listed, and
plotted. Figure 2 shows the manner in which information is trans-
ferred between these programs.

The first and most important step is the cycle analysis. This
program uses the input parameters shown in Table 1. Some other sec-
ondary inputs, such as alternator design characteristics, are also
used. This program, based on empirical performance maps of the com-
pressor and turbine, will design a thermodynamic cycle for a given
combination of the above parameters. Among the information defined is
compressor and turbine efficiencies and sizes, alternator windage and
size, cycle efficiency, and the thermodynamic state points. From the
thermodynamic state point and rotor size, the rotating unit mass is
calculated. This design point information is stored on the computer
disk. The prcgram continues to design cveles until all combinations
of parameters are exhausted.

31-3321
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The next step is the design of the recuperator. The recuperator
core matrix and other minor inputs are read in. Next, the cycle state
point data are read from the computer disk. The recuperator is
designed, and its mass and geometry are stored on the computer disk.
After all of the recuperators are designed, the radiator design
begins.

The heat-pipe radiator design program was added as a program
option during this study. The calculation method is discussed in
Section 2.3.6 (Radiator Conceptual Design). Like the recuperator pro-
gram, it requires some basic input such as heat-pipe diameter, spac-
ing, and length; gas heat exchanger data; micrometeoroid model; etc.
It also uses the cycle state point data to design a heat-pipe radi-
ator. The dimensions and mass of each radiator are stored on the com-
puter disk., After a heat pipe radiator has been designed for each
cycle, the calculation proceeds to thz j;umming program,

In the summing program, the information stored on the computer
disk is merged to form a complete system description. The mass of the
remaining system components is calculated as a function of the appro-
priate cycle variables. Examples are duct mass, reactor mass, shield
mass, and insulation mass. After the mass of every component is
defined, the total system mass, system specific mass, and specific
radiator ..ea are calculated. An abbreviated cycle description is
printed, and the specific mass and area are plotted. The plots are
shown and discussed in Section 2.1.4. When a candidate system is
selected, an option that prints the geometry and performance of all of
the components is used. From this geometry, a system layout can be
made.

2.1.2 Reference System Design at 400 kW,

The 400-kwe system is illustrated in Figure 3. This configura-
tion uses technology expected to be available at least by 1990 and is

31-3321
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designed for operation near Jupiter. The lacgest and most noticeable
cumponent is the primary heat rejection radiator. Because this entire
system must fit into the Space Chuttle bay, the radiator length was
selected with care,

The spacecraft is located forward of all other components. To
fit the payload bay envelope, several components are deployed after
the unit {s released from the Shuttle, The spacecraf’ and power-
conditioning radiator both telescope from inside the primary heat
reiection radiator (this is also a feature of the b.seline thermionic
system). The ion thruster panels are rotated to a position normal to
the axis of the spacecraft.

At the aft end of the spacecraft are the reactor and closed cycle
power conversion systems, The reactor is the rearmost component.
Inside the sputter shield and alternator radiator are the dual rotat-
ing groups, recuperators, and heat source heat exchangers. This con-
figuration is simple and very compact.

Figure 3 shows that the specific mass is 20.7 kg/kwe with fur-
ther refinement, the system specific mass could be decreased to meet
or be less than the 20 kg/kwe design goal. For example, relaxation of
the micrometeoroid environment to reflect the relatively low fraction
of the mission duration spent close to Jupiter would result in the
goal being surpassed without further refinement. More complete detail
on this system is given in Section 2.3,

2.1.3 Preliminary Conceptual Design at 100 kwe

The loo-kwe ronceptual design was studied in a very cursory
fashion near the end of the study because of indications of early
mission interest in this power level. Figure 4 shows the power sycstem
applied to a large telescoping and deploying space antenna. This

31-3321
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power system configuration will fit =asily into the Space Shuttle pay-
load bay. The component arrangement is generally similar to the
400-—kwe system described previously. The mass summary given in
Figure 4 reflects a conservative desi gn based essentially on currently
available technology. Two completely independent systems provide pro-
pulsion power s8o that no single-point failure can jeopardize a
mission. Although the radiator is "Y" shaped, a cylindrical radiator
could also be used which would be more compact but more massive.

The specific mass of 30.4 kg/kwe could quite clearly be signifi-
cantly reduced by the use of more advanced technology (higher TIT).
Even at the lower TIT, appreciable reduction could be achieved with
further refinement. Unfortunately, such refinement was not possible
within the resources available for this study.

2.1.4 Analytical Results from 100- to 1000-kW, Studies with Near-Term
and Obtainable Brayton Technologies

Figures 5 through 12 are "shotgun" plots generated by the pre-
viously described method (Section 2.1.1). Representative plots are
.ncluded for three output powers (100, 400, and 1000 kwe). These
plots are presented as representative examples of the analytical
approach but do not reflect a significant improvement (use of dual
diameter or necked heat pipes), which was made relatively late in the
study. The effects of this improvement are described later in this
section. Each point on these plots represents a specific system
design according to the parameters of Table 1. Each set of results
consists of separate plots of specific mass and specific radiator
area, The specific mass includes the heat source, two completely
redundant loops for all the power conversion components, the waste
heat radiator, and required power conditioning components.

Flots of the 400-kwe system, designed for a 1995 flight with a
1500°K (2240°F) TIT are shown in Figures 5 through 8. A five-year

31-3321
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Figure 5. Specific Mass vs Overall System Efficiency of
400-kWo System at a Turbine Inlet Temperature of
1500°K (2240°F) in a Jovian Environment
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flight system development is assumed with the result that this TIT,
which can be attained with high-strength refractory materials, should
be state-of-the-art by 1990. The inferences of this technology devel-
opment schedule are discussed subsequently. The waste heat radiators
for these systems employ the fixed cylindrical geometry shown in
Figure 3. Previously, a hinged, three-panel design had been consid-
ered that was somewhat less massive but required in-space assembly
operations (automated welding or brazing at the 400-kwe power level,
Comparison of the specific mass data for the Jovian (Figure 5) and
near-Earth (Figure 7) environments shows the substantial effect of the
meteoroid armor requirement. These systems have masses that are well
within the capability of a single Shuttle launch and dimensions that
fit within the payload bay.

Figures 9 and 10 show the specific mass and specific radiator
area for 1oo-kwe systems designed for the near-Earth micrometeoroid
environment and for a TIT of 1325°K (1925°F). These systems would be
based on essentially existing technology (mostly superalloy with some
well-characterized refractory hot section components) which results in
relatively large masses and radiator areas. The system configuration
with a three-panel radiator is shown previously in Figure 4 and fits
easily within the Shuttle payload envelope.

The specific mass and radiator areas characteristic for 1000-kwe
systems are shown in Figures 11 and 12. The TIT for these systems,
1650°K (2510°F), is commensurate with ceramic technology which should
be available by 1995 (yielding a projected operational date of 2000).
Specific mass and radiator area are the lowest of all the systems
analyzed, illustrating most significantly the payoff of advanced tech-
nology. As a result of a number of on-going programs (four to six),
AiResearch concludes that the ceramic technology will be available as
outlined above. Indeed, these time frame projections may be conserva-
tive rather than optimistic.
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Table 2 shows the effect of environment, power level, and turbine
inlet temperature on specific mass and radiator area. The table lists
the specific radiator area of the system that has minimum specific
mass, The table shows that both specific mass and radiator area
decrease as power level and/or turbine inlet temperature increase.
The requirement to operate in the Jovian environment has an adverse
effect on system mass,

In Table 2, the values in the column labeled "Specific System
Mass" were determined directly from the "shotgun" plots., As noted
previously, the radiator is by far the most massive component in the
pcwer system. As described in Section 2.2.5, a modification to use
"dual-diameter" heat pipes was Jdefined late in the study. In this
approach, a large diameter is used in the evaporator section to yield
adequate heat transfer from the cycle working fluid and a smaller
diameter is used for the condenser, This modificaticn allowed the
radiator to be redesigned for a much lower mass. Estimates were made
of the reductions possible, and the resultant modifications to the
specific mass are listed in the column labled "Specific System Mass
with Refined Radiator". The plots may still be used to determine the
relative merits of alternative csystem design points.

The most important parameter in Table 2 is the specific mass of
the 400-kwe system. For the Jovian environment, the specific mass is
21 kg/kwe which is within 5 percent of the design goal. With further
refinement, this value could procbably be made less massive than the
goal. 400 kwe systems designed for the near-Earth environment are
lighter than the design goal of 20 kg/kwe. The advanced 1000-kwe
system for Jovian environment has the highest performance of all with
a specific mass of 15 kg/kwe.

31-3321
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SUMMARY OF SELECTED BRAYTON SYSTEM DESIGNS

Specific
System
Mass

kg/kwe

28

23

46

34

29

26

21

v’
"} 0 BivISION OF THE GARBETY QOBPIRAYION
&
- PHOENIX, ARIZONA
Turbine
Power Inlet
Level Temperature
kW °K Environment
400 1500 Jovian
400 1500 Near-Earth
100 1325 Jovian
100 1325 Near-Earth
100 1500 Near-Earth
1000 1500 Jovian
1000 1650 Jovian
1000 1800 Jovian
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Specific
System Mass
With Refined

Radiator

kg/kwe

21
19
41
30
26
20
17

15

Specific
Radiator
Area
mz/kwe

1.0

0.72
0.38
0.30

0.25
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2.2 Task 2 - Primary Radiator Conceptual Design

In this task, primary waste heat radiator layout studies were
undertaken. An analytical model of the radiator was defined and used
in Task 1 to create the designs. Finally, the radiator design was
checked against the Thermacore heat-pipe data. The geometry of the
radiator selected for the 400-kwe system is discussed in Section 2.3.5
below.

2.2.1 Configquration Studies

The radiator configurations derived during the layout study are
shown in Figure 13, There are four designs labeled (A) through (D).

All of these configurations are similar in their design approach.
Fach has a gas-to-heat-pipe heat exchanger where the heat is trans-
ferred to the evaporator section of the heat pipe. Each has a condens-
ing section and fin from which the waste heat is radiated. Each has
armor protection Jor the condenser section. Some radiate from only
one side of the panel.

Confic''-ation (A) is based on a LASL design approach. It has
four heat-pipe panels with a cruciform gas to heat pipe heat
exchanger. Inside the heat exchanner are small diameter tubes which
are joined to the evaporator. These tubes carry the working fluid and
provide additional hoeat transfer surface,

Configuration (B) has eight slightly curved panels which together
make a right circular cylinder. Each panel has two gas-to-heat-pipe
heat exchangers because these are two power conversion systems. Eac.
gas heat exchanger is protected from meteoroid ‘mpac by the adjacent
heat-pipe panels that overlap the heat exchangers.
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Configuration (C) is a three-panel design with axial heat pipes.
There is a double heat exchanger located midway the axial length of
the panel. This heat exchanger has heat pipes that exit from both the
top and bottom.

The last radiator concept configuration (D), has a number of
telescoping panels. The heat pipes are parallel to the axis of the
radiator. The gas heat exchanger is located at the top of each panel.
The wmajor problem with this design is the flexible joints that must
seal the working fluid loop.

For this study, configuration (B) was selected for the 400-kwe
system. A combination of the features of (A) and (C) were used for the
100-kwe layout.

2.2.2 Meteoroid Protection

The armor thickness is based on the equation shown on Figure 14.
This information was supplied by JPL and includes the effect of opera-
tion in the Jovian environment. The number oS failures is based upon
the binomial distribution. For this study, it was found advantageous
to design for a high probability of non-puncture. Table 3 lists shows
the effect of non-puncture probability on armor thickness.

TABLE 3

THE EFFECT OF NON-PUNCTURE PROBABILITY ON
ARMOR THICKNESS

Probability of Percentage of Armor
Non-puncture of Tubes Not Thickness

An Individual Tube Punctured* Ratio

0.85 83.5 1.000

0.90 88.8 1.134

0.95 94.1 1,397

0.99 98.6 2,242

*99 percent probability that no more than this percentage of
tubes will be punctured. The specific design for the 400-kWe
system was based on 95 percent non-piuncture.
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e BASED ON PROTECTION FOR A SINGLE HEAT PIPE

= AT 0.2902
t=¢ [-1,1 (P)}

WHERE t IS ARMOR THICKNESS, cm
C IS 0.00110 FOR LOCKALLOY
A IS VULNERABLE AREA, cm?

T IS MISSION TIME, HOURS

T€E
T2ee-T¢

P IS NO PENETRATION PROBABILITY

e NUMBER OF HEAT PIPE FAILURES BASED ON BINOMIAL CISTRIBUTION
i

. PM(1-P)" ™ !
PLi ) m! (n-m)!

m=0
P(i) 1S PROBABILITY OF i OR FEWER PUNCTURES (i < n)

n IS TOTAL NUMBER OF HEAT PIPES
m IS NUMBER OF FAILED HEAT PIPES

Figure 14. Meteoroid Protection Criteria
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It can be seen that increasing the non-puncture probability from
0.85 to 0.95 increases the armor thickness (and mass) by 40 percent.
This is a worthwhile tradeoff when the maior mass is the heat
exchanger and heat pipes. If a low probability is selected, more heat
pipes and heat exchanger mass must be added to compensate for the
failed heat pipes. Excess heat transfer area on both the gas convec-
tion surface and the radiating surface will ensure that this radiator
will function as designed when 6 percent of the tubes have failed.

2.2.3 Analytical Design

Analysis of the radiator utilizes a computer program. This
program has been integrated irto the cycle design program so that
radiators can be designed at the same time the thermodynamic cycle is
derived. Figure 15 summarizes the design method. Input from the
cycle design program constitutes the major variables, such as:

Heat rejection rate
Flow

Temperature

Fluid properties

0O 0 0 0 O

Pressure drop

Other input, which applies to the particular configuration to be
studied, is read by the radiator program. This input includes:

Heat pipe diameter and wall thickness
Condenser length

Gas heat exchanger width

Heat transfer data

0O 0 0 O ©°

Armor model

with this input, the gas heat exchanger size and radiating area
are calculated. The frontal area of the heat exchanger (and therefore
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the evaporator length) is a function of the pressure drop. The heat
transfer conductance has a strong effect on radiator size. The com-
puter program calculates the length of the heat exchanger based on the
conductance and radiating temperature. Evaporator length is changed
as necessary to satisfy pressure drop. The program jiterates until
both heat transfer and pressure drop requirements are satisfied simul-
taneously.

When the calculation has converged, the mass of the radiator is
calculated. This mass includes heat pipes, fin, armor, two gas-to-
heat-pipe heat exchangers, and associated heat exchanger components
(wrapup, headers, duct extension, and flanges).

The last step is to compare the computer heat pipe results with
data on specific designs supplied by Thermacore. If the result is
favorable, the conceptual design is accepted. If not, iteration is
required.

2.2.4 Heat-Pipe Data

Appendix A includes the results of the Thermacore radiator heat
pipe study (7). The important conclusions are:

o Rubidium is the preferred working fluid for 1 in. OD heat
pipes when the temperature is above 650°K (710°F).

o Mercury 1is acceptable for temperatures as low as 550°K
(530°F) if the heat-pipe diameter is less than 1 in. In
fact, the power transferring capability of the heat pipe
increased as the diameter decreased.

o Dowtherm A is the preferred fluid below 550°K (530°F) [mini-
mum radiating surface temperature is 492°K (426°F)].

o Other advanced designs might offer increased performance and
lower mass.
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2.2.5 Advanced Heat-Pipe Concep'.s

A comparison of the performance characteristics of the evaporator
and consenser sections of constant diameter heat pipes led Lo the con-
clusion that this type of heat pipe was not the optimum design. Therm-
acore agreed that it was possible to design and build heat pipes in
which the evaporator diameter is greater than the condenser diameter.
This results in a heat-pipe radiator in which the evaporation area is
sufficient for convective heat transfer from the gas working fluid,
and the condenser section is operated somewhat closer to the maximum
heat transfer capability. The smaller heat-pipe condenser section
minimizes vulnerable area and heat-pipe mass; consequently, armor mass
is also minimized. This design concept reduced the radiator mass of
the 400-kwe reference system by 45 percent. Use of alternative
advanced heat-pipe geometries may provide further substantial mass
savings.

2.3 Task 3, Reference System Configuration and Component Conceptual
Design

The overall reference system design concept is described in Sec-
tion 2.1.3 above. The 400-—kwe spacecraft design that will fit in the
Space Shuttle orbiter payload bay is shown in Figure 3 with major ele-
ments identified. The mass summary discloses the radiator to be, by
far, the major mass element of the 8270-kg total mass. Further
refinement of this heat-pipe radiator design and of the other compo-
nents will permit appreciable reduction in the specific mass of
20.7 kg/kwe.

2.3,1 Reference System Configuration

The configuration of the 400-kwe Brayton power system is shown in
Figure 16* with the nuclear subsystem farthest aft, away from the

*Approximate dimensions for the power conversion components may
be scaled from the figure.
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spacecraft, and the compactly clustered components of the two power
conversion systems next to the panel-mounted ion engines. The cylin-
drical radiator encloses the spacecraft during lavnch and, thus, is
between the spacecraft and the power system in the deployed configur-
ation,

A schematic of the dual Brayton power systems used to eliminate
the single-point failure mode in the nuclear electric spacecraft is
given in Figure 17, Both completely independent systems, each of
which is capable of producing 400 kwe, are operated at half power
under normal conditions. In the unlikely event that one of the
systems becomes inoperable, the failed system is turned off and the
pressure level doubled in the remaining system to restore full power
output. Other means of assuring the required reliability for 1long
durations are conceivable but the above method is preferred, at least
until quantitative reliability and mass trade-off studies are accom-
plished.

Brayton cycle state points for the 400-kwe reference system are
given in Fiqure 18. The reactor with an outlet temperature of 1600°K
provides the thermal energy to the heat source heat exchanger that
provides the temperature rise from 1114 to 1500°K. The primary radi-
ator provides the compressor inlet temperature of 500°K. The mass
flow is 7.5 kg/sec.

2.3.2 Nuclear Subsystem

The nuclear subsystem configuration is delineated in Figure 19.
The two major components are the reactor and its lithium hydride neu-~
tron shield. Controls, insulation, shield cooling heat pipes and
radiator, and the mercury propellant tank, which serves as a gamma
shield, are also shown in the figure.
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Figure 17. Nuclear Electric Spacecraft Dual Brayton Power
Systems Schematic
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TURBINE
COMPRESSOR
ALTERNATOR X X
N4 /
M = 7.5 kg/sec
(16.4 1bm/sec)
Tq = 500K
(440°F)
Py = 1.18 MPa Ty = 713K
(171 psia) (824°F)
P> = 258 MPa
(374 psia)
PRIMARY ‘./
RADIATOR
(1641°F)
Pg = 1.25 MPa
(180 psia)
769K
(924°F) Eg=088} _ |
RECUPERATOR
Figure 18.

M = 7.4 kg/sec
(16.4 Ibm/sec)

Ts = 1500K
(2240°F)

Pg = 2.51 MPa
(362 psia)

E‘ NUCLEAR

HSHX REACTOR
1600K
114K
(1545°F)

400 kW, Reference Power System Brayton Cycle State Points
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Pigure 19.
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Space Nuclear Subsystem Reference Configuration
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The relation of heat-pipe cooled reactor characteristics to the
characteristics of the nuclear subsystem are diagrammed in PFigure 20.
Preliminary determinations have been made of reactor and subsystem
specific mass; the other characteristics remain for future analysis.

Reactors

LASL has provided parametric data on heat-pipe cooled reactors
with uranium oxide (uoz) and u-anium carbide (Uc) fuels. These data
(8,9) are included in Appendix B. Data were also provided on gas
cooled reactors (10) but they have not been used in this study. Char-
acteristics of the nominal 1650-kwt reactor selected for the 400-kwe
reference power system are shown in Table 4. The hexagonal fuel
elements are made from a 60% UO,-40% molybdenum mixture and have a
central heat pipe for removing the thermal power. This reactor is a
0.6 m "square" cylinder with a total mass of 875 kg. The reactor
specific mass is 0,53 kg/kwt. The design concept for this LASL refer-
ence reactor is shown in Figure 21.

Another reference reactor with 400-kwt nominal thermal power was
identified for the preliminary conceptual design of the loo-kwe power
system with the characteristics listed in Table 5. This reactor has
Uranium carbide-Zirconium carbide fue) elements. It has a 0.24-m
diameter and a 0.24-m length, and a mass of 346 kg so that the specific
mass is 0.87 kg/kwt. The configuration of the 400--kwt reactor can be
seen in Figure 22 to be similar to the 1650-kwt reuactor.

LASL has recently published data on a new layered core heat-pipe
cooled reactor design concept (1l1l). The 1200-kwt thermal power ver-
sion is shown in Figure 23, Data on these new reactors have been made
available too recently to be incorporated in this study although the
layered core offers many improved chacacteristics. The reactor mass
at 1200 kwt is currently given as 470 kg for a specific mass of
0.39 kg/kwt which should result in considerabl)y improved system param-
eters.

31-3321
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NUCLEAR SUBSYSTEM

REACTOR CHARACTERISTICS DESIGN CHARACTERISTICS CHARACTERISTICS
SAFETY

THERMA! OESIGN CONCEPT
MATERIn.S TEMPERATURES

STRUCTURAL INTEGRITY

MATERIALS CHARACTERISTICS
OPERATING STRESSES RELIABILITY
CONTROLS DESIGN

FUEL BURNUP LIFETIME

FUEL AND OTHER CORE MATERIALS

FUEL TEMPERATURES
AEAT PIPE TEMPERATURE

THERMAL EFFICIENCY

REACTOR SPECIFIC

HEAT PIPE CHARACTERISTICS
REACTOR THERMAL POWER MASS
CORE DIMENSIONS REACTOR MASS SUBSYSTEM
CORE VOID FRACTION X SPECIFIC MASS
CORE POWER DENSITY XA FUEL INVENTORY
REACTOR DIMENSIONS “/a\

> SHIELDING MASS COSTS

REACTOR POWER DENSITY
SHIELDING DESIGN
THERMAL LOSSES

S

Relation of Heat Pipe Cooled Reactor Characteristics

Figure 20.
to Nuclear Subsystem Characteristics
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TABLE 4

LASL REFERENCE REACTOR CHARACTERISTICS - 1650 XW¢ (nom.)

REACTOR TYPE
THERMAL POWER

LIFETIME

FUEL TYPE

FUEL ELEMENT CLAD

HEAT PIPE WALLWORKING FLUID

NO. OF FUEL ELEMENTS (AND HEAT PIPES)
FUEL ELEMENT WIDTH (ACROSS HEX. FLATS)
FUEL ELEMENT LENGTH

MAXIMUM FUEL TEMPERATURE

AVERAGE POWER IN FUEL SPACE

FISSION DENSITY

FUEL SWELLING

FUEL (BSy) BURNUP

CORE DIAMETER

CORE LENGTH

CORE VOLUME

CORE VOID FRACTION

CORE POWER DENSITY

REFLECTOR MATERIAL

STRUCTURAL MATERIAL

REACTOR DIAMETER

REACTOR HEICHT

REACTOR VOLUME

REAZTOR POWER DENSITY

REACTOR OUTLET (HEAT PIPE) TEMPERATURE
REACTOR MASS SUMMARY, kg

FUEL (Z5y MASS = 150.6 kg)
REFLECTOR

HEAT PIPES (112.24 kg/m)
CONTROL SYSTEM

SUPPORT STRUCTURE

TCTAL MASS
REACTOR SPECIFIC MASS

FAST SPECTRUM, HEAT PIPE COOLED

1650 kW,
876 X 103 n

- Mo (60%)
Mo’

Mo/Li
210
0.0246 m

2756 m

1696 K
53 thlms
4.968 X 1020 FISSIONS/cm3
1.11 VOLUME %
456 ATOM %
0.3756 m
03756
0.042 m
0328
39.3 MW/m3
Be, BeO
Mo
0.6056 m
0.5856 rg
0.169 m
9.76 MWy/m3
1600 K

275
322
166

33
57

875
0530 kg/kW,

e T ol EERELS 5% v ¢ an et ook 1ot o oM . oo
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Figure 21. LASI. Reference Reactor Design Concept - 1650 kW, (nom.)
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TABLE 5
LASL REFERENCE REACTOR CHARACTERISTICS -~ 400 kWg (nomn.)

Sh
TZee-T¢

REACTOR TYPE
THERMAL POWER

FAST SPECTRUM, HEAY PIPE COOLED

400 kW,

19RO

nO u00d 30

v
s9vyd WN

A
ol 3

LIFETIME 87.6 X 103 h
FUEL TYPE uc - zrc
FUEL ELEMENT CLAD Mo
HEAT PIPE WALL/WORKING FLUID Mo/Li
NO. OF FUEL ELEMENTS (AND HEAT PIPES) 84
FUEL ELEMENT WIDTH (ACROSS HEX FLATS) 0.0246 m
FUEL ELEMENT LENGTH 0.2381 m
MAXIMUM FUEL TEMPERATURE 1554.2 K
AVERAGE POWER IN FUEL SPACE 47.63 MW /m3
FISSION DENSITY 4474 X 1020 FiSSIONS/cm3
FUEL SWELLING 6.44 VOLUME %
FUEL BURNU®P 215 ATOM %
CORE DIAMETER 0.2381 m
CORE LENGTH 0.2381 m
CORE VOLUME 0.0106 m
CORE VOID FRACTION 03295
CORE POWER DENSITY 37.74 MW /3
REFLECTOR MATERIAL Be, BeD
STRUCTURAL MATERIAL Mo
REACTOR DIAMETER 04681 m
REACTOR LENGTH 0.4481 m
REACTOR VOLUME 0.0771 m
REACTOR POWER DENSITY 5.188 MW,/m3
REACTOR OUTLET (HEAT PIPE) TEMPERATURE 1425 K
REACTOR MASS SUMMARY, kg
FUEL (2% mass = 78.2) 920
REFLECTOR 162.1
HEAT PIPES 365
CONTROLS 330
SUPPORT STRUCTURE 27
TOTAL MASS 3463

REACTOR SPECIFIC MASS

0.66 kgAW,
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\ DRUM BEARING
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THERMAL INSULATION
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REFLECTOR (Be)

Figure 23. LASL Layered Core Heat Pipe Cooled Space Power
Reactor Design Concept - 1200 kW
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Radiation Shields

The nuclear radiation shielding has not been given detailed
attention since the requirement is similar to the design used for the
thermionic systems. Tailoring of the lithium hydride neutron shield
to reduce its mass is shown in Figure 19, The propellant tank is
located so that it can be used as a gamma radiation shield and is sized
to hold an additional quantity of mercury for this purpose.

2.3.3 Heat Source Heat Exchanger

The heat source heat exchanger (HSHX) is the highest temperature
component of the closed cycle system(s). This component looks like a
typical tube fin heat exchanger and is illustrated in Figure 24. The
geometry and performance are also summarized on this chart. The oper-
ation differs from a normal heat exchange because this design has
equal heat flux from each tube. This occurs because each tube is
actually the condensing end of a heat pipe. The heat pipe receives its
heat in the nuclear reactor and gives it up in the heat exchanger. The
heat is transferred to the working fluid by convection from the heat
pipes and fins. In the reference system, the HSHX receives working
fl1uid from the recuperator at 1114°K and provides it to the turbine at
1500°K.

There is a heat scurce heat exchanger for each power system.
Because of the nature of heat pipes, when each evaporator section is
operated at half power (the nominal operation), the maximum metal tem-
perature is reduced from the 1583°K (the value when only one section
is in use). This heat exchanger is all-molybdenum construction. This
material is also used in the heat pipes.

31-3321
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GEOMETRY:
FINNED TUSBE
TUBE OD = 25 cm (1 in.)
NO. FIN/cm = 10 (25 fins/inch)
FIN LENGTH =05 cm (0.2 in.)
FIN THICKNESS = 0.25 mm (0.010 in.)
NO. FINNED TUBES = 162
CONDENSING LENGTH = 412 cm (16.2 in.)
GAS FLOW LENGTH = 67.8 cm (26.7 in.)
HEAT EXCHANGER WIDTH =330 cm (13 in.)

PERFORMANCE
MAX WALL TEMPERATURE = 1583°K (2390°F)

CONDUCTANCE = 21 kW,/°K (11Btu/sec-°F)
FIN EFFECTIVENESS = 67 PERCENT

EQUAL HEAT FLUX PER TUBE
ALL MOLYBDENUM CONSTRUCTION
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Heat Source Heat Exchanger Concept and Characteristics
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2.3.4 Combined Rotating Unit

The combined rotating unit (CRU) is a highly efficient, single
shaft, closed Brayton cycle design that has resulted from many years
of develcpment and test in industry and government, especially under
NASA sponsorship. Figure 25 is a rendering of the engine. The three
primary components are the compressor, turbine, and alternator.

The compressor is a state of the art design. It is radial outflow
type with backward curved blades for maximum efficiency. The turbine
is the radial inflow type with straight radial blades. It is also
state of the art aerodynamic design.

Both the compressor and turbine are relatively small wheels,
Moderate specific speed and relatively high Reynolds number result in
high component efficiency. The actual degign parameters are shown in
Table 6.

Prior experience indicates that the CRU bearings are one of the
most critical components for a long life space power system. The
alternator is mounted on one pair of foil journal bearings. The com-
pressor and turbine are mounted on a larger pair of similar bearings.
Two sets of foil thrust bearings absorb the aerodynamic thrust of the
compressor and turbine. Foil-type gas-lubricated bearings are
desivoned such that all excursions are absorbed by a film of gas, which
together with the foil, has a definable spring constant. With proper
design, the rotor does not contact any bearing surface after it
achieves a small fraction of the normal rotational speed during start.
Because nothing rubs, there is no wear-out mode.

The alternator has a high performance samarium cobalt rotor.
This rotor is smaller and lighter than a Rice alternator. Because it
is smaller, the windage loss is much smaller. The alternator has the
following performance:

31-3321
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TABLE 6

TUGRBINE AND COMPRESSOR WHEEL CHARACTERISTICS

Pressure Ratio

Tip Speed

Mean Specific Speed
Tip Diameter
Reynolds Number

Mass

Efficiency

Comments

Turbine

2.01

440 m/sec (1440 ft/sec)
62.0 rpm-ft3/4/sec1/2
23.4 cm (9.2 in.)
380,000

11.4 kg {25 1b) Refractory
or Advanced Superalloy

91 Percent

o State of the art aero
dynamic desian

o Relatively small wheel
with low tip speed

Compressor

2.18

400 m/sec (1300 ft/sec)

3/4 172

58.5 rpm-ft /sec

21 cm (8.3 in.)

24 x 10°

2.7 kg (6 1b) Titanium

86 Percent

o High efficiency because
cf low pressure ratio,
moderate specific speed
and Reynolds number

o Low risk asrodyramic
design
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Efficiency 968 without windage
Output 408 kwe
Frequency 3000 Hz
Voltage 500 Line-to-Neutral

The alternator is mounted adjacent to the compressor rather than the
turbine so that it has a lower temperature environment. The alter-
nator is cooled by heat pipes. The heat is dumped by the alternator
heat pipe radiator.

2.3.5 Recuperator

The recuperator is the component which enables the high effic-
iency of closed Brayton cycle engines. It exchanges the heat from the
turbine discharge gas to the colder gas leaving the compressor,
Extensive recuperation leads to relatively low-pressure ratios in the
turbomachinery. Low-pressure ratio yields simple, highly efficient
compressors and turbines. The mass of the turbomachinery is also
reduced. All of these beneficial results require increased recuper-
ator mass. Shotgun plots such as Figures 5 through 12 illustrate this
effect, revealing the best combination of components to be selected
for each application.

The recuperator is shown in Figure 26, It is a pure counter flow
design to minimize mass. Each flow is split and moves through alter-
nate tinned passages. The heat from the turbine discharge gas is
exchanged by convection to the fin and wall and thence to the other gas
stream. Each stream is completely sealed from the other.

The selected recuperator uses a conventional fin design of
8 fins/cm (20 fins/in.). The heat transfer data were derived from
AiResearch development testing. Similar finning is used in present
production units. The computer code uses this data to¢. “her with the
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CH.ARACTERISTICS

EFFECTIVENESS = 88%
WELL WITHIN STATE-OF-THE-ART

TOTAL PRESSURE DROP (AP/P) 1.6%
OVERALL LENGTH 48 cm (19 INCHES)

HEIGHT = 79 cm (31 INCHES)
WIDTH = 41 cm (18 INCHES)
MASS = 386 kg (806 Ib)

HEAT TRANSFER RATE - 1562 kW, (1471 BTU/SEC)
MATERIAL - HOT END MUST BE REFRACTORY (Ch)

- COLD END COULD BE SUPERALLOY (HAST-X)
OTHER ASSEMBLY OPTIONS
- REFRACTORY HEAT PIPE HOT END, HAST-X
USED AT TEMPERATURES BELOW 1033°K (1400°F)

L

Figure 26. Recuperator Design Concept and Characteristics
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gas properties, state point, and desired effectiveness and pressure
drop to calculate the geometry and mass of this heat exchanger.

Each recuperator has a mass of 365 kg (805 1lb). The effective-
ness of 88 percent is easily within the state of the art. (Effective-
ness defines the percentage of heat avajilable from the turbine exhaust
gas which is transferred to the compressor discharge gas.) The design
is compact, with dimensions shown on Figure 26. The only area nee¢ding
development is manufacturing technology. Analytical study .s needed
to define the assembly method. The refractory materials are well-
characterized, but some work is needed to demonstrate joining tech-
niques., Other heat exchange/manufacturing options are available and
should be explored.

2.3.6 Heat-Pipe Radiator Design

The heat-pipe radiatcr is the largest and most massive component
in the power system. This radiator rejects the fraction of the input
heat that is not converted to electricity to the sink of space. ¥ig-
ure 27 illustrates the heat balance for the entire system. The geom-
etry of the radiator is defined by the closed cycle engin# design
program. This geometry is a function of heat rejection rate, com-
pressor inlet temperature, pressure drop, and flow rate. This radi-
ator was designed to fit into the Space Shuttle bay.

The cylindrical radiator is composed of eight identical panels.
The amount of bending of the heat pipes required to yield the cylin-
drical geomet.y has no deleterious effect on the heat-pipe perfor-
mance, according to Thermacore. The manner in which these panels
overlap is shown in Figure 28, The gas heat exchanger of each radi-
ator is protected from micrometeoroid penetration by the overlapping
heat pipes from the adjacent panel. A multifoil insulation blanket is
also sandwiched between the gas heat exchanger and heat rejection
panel to provide thermal isolation and additional micrometeoroid pro-
tection.
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Figure 27. Heat Balanc: for 400-—kwe Brayton Power Systenm.
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Figure 28. Cylindrical Heat Pipe Radiator Conceptual Design
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Figure 29 is an illustration of the heat-pipe radiator that shows
the gas heat exchanger, heat pipes, and fin. There are two gas heat
exchangers, either of which can carry the entire thermal load to the
heat pipes. When both redundant power systems are operated at half
power, each heat exchanger carries half of the thermal rejection load.
In any event, the radiator panel always carries the entire thermal
load.

Figure 29 also lists the performance of the hot-end and cold-end
heat pipes as well as the geometry of the gas heat exchanger. Diameter
of the evaporator heat pipes is 2.5 cm (1 in.) to achieve adequate gas~
side heat transfer area. The diameter of condenser heat pipes varies
from 0.6 to 1.3 cm. This use of dual diameters greatly reducen the
mass of armor from that which ontherwise would have been required. The
mass of the heat ~ipes is also reduced.

As the data in Appendix A show, the smaller diameter heat pipes
have adequate heat-transfer capacity with reasonable temperature drop
down the pipe. Clearly, a larger diameter heat pipe would have a
greater heat transfer capacity. While analytical methods have not
been fully characterized for a tapered pipe (e.g., a large diameter
evaporator coupled to a smaller diameter condenser with a short
tapered transition), such pipes have been fabricated and tested.
Thermacore ha® concurred that this approach is basically sound and
that there should be very little uncertainty of the feasibility of
such a pipe.

A mass summary for the radiator is given in Table 7. The two
largest contributors are the gas heat ex—hanger and heat pipes. Some
mass reduction in the heat pipes is possible if thinner walls are used
(the present design has a wall thickness of 3 to 6 percent of diam-
eter). Mass reduction is also possible with the new armor design
being investigated by Thermacore. Furthermore, tr- .."ss of the gas
heat exchanger could be reduced by use of composite materials. Some
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WORKING FLUID MANIFOLDS
HOT_END COLD END
GAS TEMPERATURE 770K 500K
EVAPORATOR RADIAT.NG TEMPERATURE 691K 484K
WORKING FLUID RUBIDIUM OR  DOWTHERM A
MERCURY
HEAT REJECTION/HEAT PIPE 1.0 kW, 0.23 kW,
EVAPORATOR FLUX 5 W/cm? 1 Wyan?
NUMBER OF HEAT PIPES
PER PANEL ) 170 105
w HEAT PIPE DIAMETER 0.6 cm 13 em
H
i
oL E’:,i':%:g?g; NUMBER OF PANELS 8
N (THIS SECTION GAS REYNOLDS NUMBER 85700 e
" ASSUMED RADIATOR FIN EFFECTIVENESS 0.98 - i
ADIABATIC RADIATOR SURFACE EMISSIVITY 0.90 2 L
IN HEAT PIPE FIN THICKNESS 0.25 cm w7
ANALYSIS) FIN LENGTH 7 cm P
— EVAPORATOR LENGTH 27 5 em Z
CONDENSER LENGTH /6.0 cm al
HEAT EXCHANGE WIDTH 5.6 cm 3
EVAPORATOR HEAT PIPE DIAMETER 25 cm -
CONDENSER CONDUCTANCE 3.8 kW, /K
CONDUCTANCE MARGIN 20%
Figure 29.

Heat Pipe Radiator Heat Exchanger Design Concept and Characteristics.
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MASS SUMMARY FOR RADIATOR WITH DUAL~DIAMETER HEAT PIPES

Component

Evaporator Heat Pipes
Heat Exchanger Wrap Up
Condenser Heat Pipes
Armor

Fins

Total

TABLE 7

31-3321
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Mass, kg
766

1433
650
439
752
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slight reduction in fin mass is also possible. Summing these contri-
butions would result in a total radiator mass of less than 3800 kg.
This would reduce the system specific mass (Jovian environment) to
20 kg/kW,.

Stainless steel was selected “or the heat pipes because of its
compatibility with the heat pipe working fluids. Steel was also
selected for the gas heat exchanger because of its strength to weight
ratio. Beryllium or Lockalloy (Be38Al) was selected for the armor
because of its low density, high modulus of elasticity and high ther-
mal conductivity. Either of these materials could also be used for
the fin because of low densitv and high conductivity.

2.3.7 Power Conditioning and Associated Yeat Rejection

The power conditioning is accomplished by a solid state device
which converts 500 VAC line to neutral to 1100 VDC. This device is
basically a bridge rectifier. Efficiency is 98 percent.

The waste heat from this device must be rejected to space. A
separate heat-pipe radiator is used. The evaporati,r is thermally
attached to the appropriate electronics. The condenser is attached to
2 fin and radiates the waste heat to space. For the 400-kwe NEP, this
radiator is a right circular cylinder 0.6 m high and 4 m in diameter.
During launch, this radiator is stored insice main radiator with
the payload. After launch, the radiator and p., .oad are deployed,
allowing the closed cycle engines and thrusters to be activated.

2.3.8 Alternator Radiator

As shown ir. Figure 27, the alternator radiator must remove
2C kwt‘ This radiator comprises the aft 2 m of the 3.2 m diameter
cylindrical enclosure of the power system which is sufficient to main-
tain the alternator temperature at 390°K (240°F). Contact with ion
engine designers indicates that there will be minimal interaction with
ion beam and that thin graphite coatings (€ = 0.85) will provide sat-
is factory erosion resistance.
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3.0 CONCLUSIONS

Current results clearly show that a nuclear electric spacecraft
with a 400-kwe reactor Brayton power system can be placed in orbit by a
single Shuttle launch. The 400-kwe reference system identified by
this study employs a 1990 technology turbine inlet temperature of
1500°k (2240°F) using available refractory alloys and other conserva-
tive design parameters. Practical systems over the power range from
100 to 1000 kwe have been identified with TITs from 1325 to 1650°K, and
possibly 1800°K. Essentially current (1985) to projected (1995) tech-
nologies are represented, utilizing materials from superalloys to
high-temperature refractory alloys and, ultimately, to ceramics. Use
of a heac-pipe-cooled reactor, independent redundent power conversion
loops, and heat-pipe radiators eliminates the single-point failure
modes The specific mass performance parameter for the 400-kwe power
level is within 5 percent of the goal of 20 kg/kwe which compares
favorably with power systems based on other conversion means. Further
refinement of the 400-kwe system design with the new LASL layered core
reactor, specifi~ally tailored Brayton components, and more detailed
design of the primary radiator based on new heat-pipe concepts will
provide specific system masses below 20 kg/kwe.

The heat-pipe cooled reactors now beinag defined by LASL utilize a
relatively new concept that employs advanced technology. These
reactors have great promise for broad applicability. Substantial
research and technology work as well as subsequent development and
testing are needed and should be strongly supported.

While closed Brayton cycle technology 1is receiving support
because of its breadth of recognized applications, the special
requirements for space service (e.g., performance parameters such as
low specific mass, high efficiency, and reasonable specific radiator
area; very high reliability with long life; and low comparative costs)
need to be evaluated by parametric systems analysis and subsequent
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research and technology work. Typical topics that need to be
addressed include high-temperature materials, advanced heat
exchangers, rotating machine elements including bearings, heat-pipe
space radiator concepts, power processing elements, etc. Broad
research and technology efforts in applicable types of advanced heat
pipes are especially needed.

Future space missions are currently not well enough defined to
permit proper focusing of technology and development efforts. More
detailed optimizations of various classes of advanced missions are
needed combining spaceflight trajectory analysis and parametric sys-
tems analysis with programmatic factors in the 1990 to 2010 time frame
and beyond. This work is needed to help identify the kinds of techno-
logy that will be most useful and its timing.

Based on the study results, space power systems that use closed
Brayton cycles may well find application in future nuclear electric
spacecraft when definitive comparisons with other systems that include
all pertinent factors are completed. Clearly, further work is needed
to ascertain the degree and extent of the promise of CBC system vis-a-
vis the competing power conversion systems.
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4.0 RECOMMENDED FURTHER STUDIES AND ANALYSES

Based on results of the work accomplished in this study as well
as previous efforts over many years on space power system development,
the following recommendations are made for further studies and analyses
of reactor Brayton power systems for nuclear electric spacecraft. 1In
order to keep a technology viable, some continuity of effort is needed
that keeps a minimum level of effort active. This is especially true
at present when the new capabilities of the Space Shuttle transporta-
tion system are beginning to be understood and exploited. The Shuttle
will have an increasing influence on the course of solar system
exploration in the late 1980s, 1990s, and beyond, especially as the
contribution of nuclear electric rocket propulsion is realized.
Closed Brayton cycle power conversion, in Loth its established and
advanced forms, has a role to play in the space power systems that are
needed for solar system exploration, as well as a wide variety of
other missions.

4.1 Refined System Designs, Including Reliability-Life Characteristics

The conceptual design of the 400-kwe reference system should be
refined to include LASL's new layered core reactors, specifically
designed Brayton components, and detailed design of space radiators
based on well-developed heat-pipe data. It may be desirable to
investigate other specific power levels; for example, the currently
identified 1200-kwt LASL layered core reactor would provide between
250 and 350 kwe using a Brayton power conversion system. In addition
to determination of performance parameters in greater detail, it is
timely to undertake the introduction of reliability and life factors
in the analysis. The conversion cf the present system design code
into a parametric systems analysis code with modular elements should
also be investigated.
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4.2 Advanced Component Design

Current analytical techniques do not allow tailoring each Brayton
component in detail for specific mission as well as system require-
ments. AiResearch recommends that the e¢ffect of novel heat transfer
concepts, materials, configurations, and other requirements be investi-
gated for the major Brayton components. A typical system design, such
as the current 400-kwe approach, would form the basis for this effort.
Such important considerations as reliability, life, and cost need to
be included as well as performance tradeoffs.

4.3 Space Radiator Designs with Advanced Heat Pipes

The primary heat rejection radiator is the dominant element in
Brayton power systems for space applications. Special attention
should be given to further conceptual design and analysis of space
radiators with advanced heat pipes configured especially for this use.
Many neoteric heat pipe designs, with wall materials and working
fluids matched to the specific requirements of tenperature, shape,
meteoroid protection, and other pertinent requirements, should be
evaluated.

4.4 System Operations and Safety

A study is recommended of the operational requirements of Brayton
systems in space power service. The various operational phases such
as system assembly, ground checkout, launch operations, orbital trans-
fer, automated start-up, and power system regulation in space need to
be studied and analyzed, especially with respect to their effect on
overall system safety. Interactions of the Brayton components with
the nuclear subsystem, spacecraft, and space transportation systems
should be evaluated in, at least, an introductory manner. Preliminary
outlines of the required system safety documents should be generated
for interactive discussions with cognizant agencies.
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4.5 Probability of Mission Success

The influence of the power system on the probability of mission
success and the design and operational characteristics of the Brayton
components are recommended for study in detail. This will require
definition of typical missions in terms of mission goals and opera-
tional sequences. Since nuclear electric spacecraft will be used for
complex missions throughout the solar system for durations of ten or
more years, these reliability/availability studies are required
to maximize the probability of performing a wide variety of missions
successtully.

4.6 Economic Analyses Including Risks

Although non-recurring and recurring costs of Brayton power sys-
tems for space cannot be determined now with satisfactory accuracy
(since only conceptual system designs and sketchy mission application
information are available), it is not too soon to begin to develop the
methodology for economic analysis. At the least, this will result in
the necessary data being identified. Economic analyses of advanced
systems, especially if they are to deal with risk, must be conducted
on a probabilistic basis. Since it is necessary to keep such analyses
as simple and clearly defined as possible, as appropriate to the
available data and sophistication of the results, it is strongly rec-
ommended that the methodology for such analyses be formulated rela-
tively early in the development program.

4.7 Space Shuttle Compatibility

An understanding of the Space Shuttle transportation system in
some detail is necessary to be sure the Brayton-powered, nuclear elec-
tric spacecraft will be compatible with ground, launch, and space
operations. Farly attention to the detailed interfacing of the
Brayton power system with the nuclear electric spacecraft and the
Space Shuttle orbiter in all regimes is recommended.
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5.0 RECOMMENDED TECHNOLOGY EFFORTS

In general, the closed Brayton power conversion system can be
characterized as a mature technology ready for application (e.g.,
flight system development). The rather unusual operating conditions*
required for the optimal systems defined in this study engendcrs a
requirement for technology dévelopment in certain areas, Also, it
must be recognized that there i{s currently very little suppourting
research or advanced technology either underway or being proposed
which is aimed specifically at the requirements of space Brayton
systens, Therefore, this section addresses these supporting tech-
nology needs and defines a preliminary schedule. This program would
result in the required technology being demonstrated by target dates
that are commensurate with current projections of flight system appli-
cations,

As summarized in Figure 30, a scenario of projected technology
utilization for prospective flight applications has essentially been
developed in Section 2.0 of this report. This figure indicates that
the power requirements will increase exponentially with time. As
described previously, a five-year flight system development and quali-
fication program is assumed; therefore, technology readiness** needs
to have been demonstrated five years before the proposed launch date.

*In terms of past space studies as well as more contemporary analyses
of terrestrial power systems, the results of this study are charac-
terized by lower efficiencirs, higher ratios of CIT to TIT and lower
recuperator effectivenesses to minimize the radiator mass and, there-
by, the system mass.

**Technology readiness is that stage of system, subsystem, or component
development where all major problems associated with achieving the
specified on performance goals have been solved and where the solu-
tions to problems have been successfully demonstrated through actual
hardware design, fabrication, and test programs. At this stage, there
remain no major risks for an agency or contractor in scaling up the
technology (if full-scale demonstration has not been performed) and in
proceeding with mission/commercial development of the system, sub-
system, or component.

31-3321
67



AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

A BIVISISN BF THE CORAITY SORNBRRION
PHOENIX, ARIZONA

10,000 (e

MAXIMUM
1000 MATERIAL 1650K &,
TEMPERATURES CERAMICS
(APPROX)
400 | 1500K & {OVANCED REFRACTORY

METAL ALLOYS

100 ADVANCED SUPERALLOYS GR -

IMPROVED REFRACTORY
METAL ALLOYS

PROSPECTIVE NUCLEAR SPACECRAFT POWER REQUIREMENTS, kW,

1980 1985 1990 1996 2000
TECHNOLOGY READINESS TARGET, CY

Figure 30. Prospective Nuclear Spacecraft FPower Requirements
Versus Technology Readiness.
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Figure 30 shows three increasingly stringent levels of nuclear
reactor powered system applications:

o loo-kwe power systems in the early 1990s
o 400-kwe power systems in the mid 1990s
o 1000-kwe power systems at the turn of the century

A schedule which lists the technology development areas required
for increasingly sophisticated missions is shown in Figure 31, and
discussed in some detail subsequently. It is important to note that
approaches to the required technology can be defined at this time,
e.g., no fundamentally new technology or "technical breakthrough”" is
required.

In projecting the techr: ogy requirements, the reactor heat
source is not included. 1t was assumed that the current LASL develop-
ment program will continue under independent sponsorship and that this
program will yield the reactor technology as it becomes required.

5.1 100 kwe System Technology

The current application forecast for this system is geocentric
orbital power. Because of the large Shuttle lift capability for this
class of missions, it is not necessary to achieve minimum system mass
or volume to have a viable approach. This resulted in the choice of
the 1325°K TIT, as noted previously.

The most necessary technology for this class of missions is in
the area of materials. Current superalloys are limited to 1144 to
1172°K (1600 to 1650°F). Late developments in alloy modification
using rapid solidification with powder metallurgy have currently
resulted in allowable TIT increases of 56 to 83°K (100 to 150°F) with
further improvement possible.
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CALENDAR YEAR
TECHNOLOGY 1980] 19811982 1983|1984 | 1985|1986 1987 |1 1989

100 kW, SYSTEM
MATERIALS DEVELOPMENT —‘t—‘
HEAT SOURCE DEVELOPMENT  |=— --_.E—-J
FOIL BEARING DEVELO®MENT
SPACE RADIATOR

HEAT PIPE LIFE DEMO

WORKING FLUID CHARACTER.
DUAL DIA H.P. DEMO

TECHNOLOGY READINESS

400 kW_ SYSTEM

MATERIALS DEVELOPMENT

HEAT SOURCE DEVELOPMENT

SPACE RADIATOR
REQUIREMENTS DEFINITION
ADVANCED ARMOR DEV. r—b-—
ADVANCED GEOMETRY DEV.

TECHNOLOGY READINESS

ALITYND ¥00d 40
Gl 35Vd TYNIORIO

1000 kW, SYSTEM
MATERIALS DEVELOPMENT
ONGOING PROGRAMS o e s
APPLICATION STUDIES

CERAMIC TURBINE DEV.

HEAT SOUKCE DEVELOPMENT

RECUPERATOR DEVELOPMENT

TECHNOLOGY READINESS

Figqure 31. Schedule of Key Power Conversion Technology Eleaenﬁs
Required for Reactor/Brayton Space Power Systems.
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The relatively well characterized refractory metals such as
niobium have adequate stress carrying capabilities but questions
regarding potential degradation due to even the low oxygen partial
pressure which exists in near-Earth space must be resolved. For
example, the durability of existing anti-oxidation coatings in the
hard vacuum of space must be established.

A substantiated bank of standardized design data needs to be
assembled, including definition of design nominals and minimums as
well as an accepted methodc »gy for life projection. Thus, a fairly
comprehensive materialis characterization effort will be required.

The reactor heat pipes are exposed to the highest temperatures in
the closed loop and, as previously noted, will be made from refractory
metals such as molybdznum or niobium. Methods of efficiently inte-
grating these heat pipes into the heat source heat exchanger need to
be studied, analytically and empirically. Potential approaches
include an all-refractory metal design as well as one in which the
heat exchanger wall could be made from metal, using internal insula-
tion to limit hot spot exposure. In the latter case, either a ther-
m'lly :iesilient seal between the refractory and superalloy or a
weldment/brazement into a diaphragm-type thermal stress relief might
be used.

In recent years, foil type gas bearings have come into increas-
ingly wide-spread use in various commercial turbomachinery. For exam-
ple, the b.arings on the DC-10 air-conditioning air cycle units have
accumulated over 53 X 106 bearing operating hours of operation and
currently exhibit a mean time between bearing failure of 249,060
hours. Concurrently with these applications, dramatic strides
advanced this technology from an empirical base to a discipline
solidly supported by analysis and field operation. However, this
analytical characterization effort has recently stagnated. To provide
a proper technology base, this effort needs to be re-instituted to
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establish a uniform methodology (including analytical, fabrication,
inspection, and performance verification) for a variety of applica-
tions including space power systems. An important element is the
development of a hydrodynamic/elastic computer model. The derivation
and empirical verification of the predictions of such a model will be
extremely significant in the avoidance and/or timely correction of
problems during future applications.

The heat-pipe radiator for the lOO-kwe system (Figure 4) requires
very little extension to existing technology. A ground-based, hori-
zontal, extended life test of heat pipes using Dowtherm A and either
mercury or rubidium working fluids shoculd be instituted as early
practical to demonstrate that no unanticipated life-limiting mecha::-
isms will be encountered. The data base for rubidium, especially, and
mercury, to a certain extent, is insufficient for the heat-pipe
designer's needs and should be expanded. The thermal decomposition or
other life-limiting behavior of Dowtherm A should be investigated
thoroughly as a function of temperature. To cut down the radiator
mass, a statistically significant number of dual diameter (large
evaporator, small condenser) heat pipes should be fabricated and sub-
jected to thermal performance limit testing. Space testing of repre-
sentative heat pipe designs should be undertaken at the earliest
practical opportunity.

5.2 400-kw__System Technology

Since the interplanetary spacecraft propulsion system uses the
full Shuttle lauvnch capability both in terms of injected mass and pay-
load bay volume, power system performance is critical. Therefore, a
hicher TIT was selected for this system. 1In discussing the technology
development implications for support of this system, it has been
assumed that the items described in the preceding paragraph will have
been completed, either in support of the 100-kwe system development or
under other program sponsorship in the intervening period.
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The biggest payoff for the 400-kwe system is in the area of heat-
pipe space radiator technology development. A comprehensive effort
should be completed to evolve the most realistic set of environmental
design reguirements, particularly in the definition of micrometeoroid
flux levels. The variations in such exposure over the candidate mis-
sions should be defined so that the armor is designed realistically.

Armor geometries, materials, and manufacturing and application
techniques should be investigated to minimize the penalty due this
factor. The results of the current Thermacore study suggest that this
topic has only recently begun to be pursued in the required depth.
However, it may well have been completed prior to 1985, as the dashed
line in Fiqure 31 indicates.

A concomitant effort on the investigation of the performance
improvements possible by using advanced geometry heat pipes should
also be completed, if not accomplished in the intervening years. Con-
figuration-pumped and mechanically-pumped heat pipes are examples of
the advanced types that need to be considered.

Additional materials development will be required to enable the
1500°K TIT (Figure 18) to be attained. Molybdenum and tantalum alloys
are the leading candidates. The data base on these materials is
sketchy and quite dated; thus, a significant effort in this area is
indicated. Machinability, manufacturability, joinirng, and space
environment tolerance ‘inder operating conditions are additional topics
that will need to be addressed.

It will also be necessary to integrate the more advanced refrac-
tory materials into the heat source heat exchanger. It is believed
that techniques which will have been developed for the lOO-kwe heat
source will be applicable, but this needs to be confirmed.
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5.3 1000-kW, System Technology

The projected missions and launch vehicles for this class of
power systems are in the very early definition phase. Thus, it cannot
be stated urequivocally that the higher performance selected for this
system will absolutely be required. In the eventuality that lower
performance is acceptable, the lOOO-kWe missions could be accomplished
by ganging three of the 400-kwe systems with a fourth as the redundant
spare to yield an overall system with fairly respectable performance
specifics.

However, it must be recognized that the historical trend in aero-
space is to use the available technological capability to the fullest.
Few rocket-powered vehicles have been launched that used only a frac-
tion of theic lifting capability, And there is little reason to sus-
pect that this trend will change in the future (early projections
regarding the usage of the space transportation system not
withstanding). Therefore, this section will address technology devel-
opment required to support the CBC systems operating at a TIT of
1650°K (2510°F) as listed in Figure 20.

In common with the systems described previously, the largest
implication is on the materials needed for the high temperature com-
ponents. As noted in Section 2.1.4 and indicated by the dashed line
in Figure 31, the ceramic technology reeded for this system is cur-
rently under active development for a number of programs. The differ-
ing requirements of the space power system will necessitate that a
thorough a.alytical study, with possibly some supporting empirical
effort, be undertaken to define how this technology may best be
applied.

Following this effort, three fabrication/demonstration efforts
associated with materiale integration into critical components should
be pursued. The ceramic turbine and associated static components
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should be fabricated and assembled unless prior efforts have shown
that components of the appropriate scale and materials have already
been achieved. Most probably, ceramics will have to be used exten-
sively in the reactor and ceramic heat pipes will be used between the
reactor and heat source heat exchanger. The approach for providing
extended surface on the condenser end in the heat source heat
exchanger and the methods for seali~~ and integrating the heat pipes
through the wall (ceramic or metallic; of the heat exchanger must be
developed and demonstrated. Higher temperature capability materials
are also reeded for the recuperator. However, this should be within
the range of the advanced refractories that will have been demon-
strated at that point. Therefore, a fabrication/assembly technology
demonstration program with these materials should be accomplished.
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HEAT PIPE DESIGN FOR CBC RADIATOR

The 400 kwe Closed Brayton Cyci ower system for the Nuclear
Electric Propulsion Spacecraft has been designed by Garrett AiResearch2
to use heat pipes to achieve a thermally effective radiator which has a
high survival probability. It is also anticipated that the heat pipe
design will lead to a low specific mass. The heat pipe design evaluated
in this work is for use in a cylindrical array as seen in Figure 3.1.
This design has eight dual gas-to-radiator heat pipe heat exchangers fed
from a dual central duct. The heat pipes are attached to both gas ducts
over a length of 43 cm on each duct. Thus, the heat pipes prov.de armor
protection for the gas ducts.

In normal operation, the total 86 cm length attachment over the heat
pipes to the gas ducts will be used as heat pipe evaporators. The
condenser is 176 cm long. If either gas duct or engine fail, then
the whole power load will be transferred to the heat pipes through only
one of the 43 cm attachments. Accordingly, for design consideratin, the
heat pipe must be sized as though it had a 43 cm cvaporator, 43 cm adiaba-
tic and 176 cm condenser.

Four different sets of heat pipe designs were analyzed with respect
to mass and performance. However, no contideration was given to the
required heat pipe armor and tradeoffs in the heat pipe diameter versus
T-bar fins for total mass. The overall heat pipe cell dimension as
designed by GAR is 3.175 em (1.25") and includes heat pipe and fins. All
hecat pipes discussed in the Sections 3.1 and 3.2 have computer printouts

of their performance tabulated in Appendix 1.
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3.1

Baseline Des{gﬂ

The total power to be dissipated is 1.1 x 106 watts. From the gas

side of the radiator heat exchanger, heat pipe temperatures were calculated
by Garrett AiResearch to range from 707°K down to 492°K. The power levels

are 720 watts per heat pipe at 707°K and 169 watts per heat pipe at 492°K.

12

Thus, oAc can be computed to be 2882 x 10~ % watts/°k* froa:

P= oAc r“ Equation 3.1

where

P = power radiated - watts

~-12 watts

cm2-°K4

o = Stefan Boltzman Constant = 5.67 x 10
T = heat pipe temperature - °k
A

individual heat pipe radiating area - cm2

e’fective thermal emissivity

Table 3.1 shows the required heat pipe power for each of the end
temperatures and cvach temperature d.visible by 25°K.

Garrcelt AiResearch's baseline design is a 2.54 cm (1) 0.D. heat
pipe with a 0.0762 cm (.03") wall. The optimum heat pipe designs under
these conditions are seen in Table 3.2. Rubidium is the preferred leat
pipe fluid from v07°K down to 650°K., Below 650°K Dowtherm A (DTA) is the
preferred fluid. 1In both cases, a screen covered groove design is found
to be the lowest mass system. The rubidium heat pipes have a 1.75 Kg
mass. The DTA heat pipes have a 1.74 Kg mass.

Table S.3 shows the same heat pipes, which have been, for the most
part, optimized with respect to the number of grooves and their aspect
ratio. The rubidiuw heat pipes have a 1.48 Kg mass. 7The DTA heat pipes

have a 1.55 Kg mass,
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TABLE 3.1
Req.
Temperature Power
“K °c Wat*s
i
707 434 720
| 700 427 692
| 675 402 598
650 377 514
625 352 1 440
600 | 327 [ 373
575 302 315
530 277 264
525 | 252 | 219 7
500 . 227 180
492 219 ' 169

REQUIRED POWER PER HEAT PIPE AT ELEVEN
DIFFERENT TEMIFERATURES
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HEAT PIPE MASS

TABLE 3.2

£ PERFORMANCE FOR BASELINE DESIGNS

Evapurator - 43 cm Fluid: Rb Vessel: 304 SS Fluid: DTA  Vessel: 304 S%
Adiabatic - 43 cm 0.D.: 2.54 cm Wall: 0.0762 cm 0.D.: 2.54 cm wall: 0.0762
Cundenser - 176 cm # Grooves: 25 Groove Width: 0.2 cm # Groove: 27 Groove Width:0.2 ¢
S = sonic Limt
¢ = Capillary Limit
Req. AT @ Req. | Power Groove AT @ Req. Power Mass Groo* ¢
Temperature Power Power Limit Mass Depth Power Limit Depth
0 )
%k c Wat ts °c Watts K3 Cm c Watts Kg Cm
707 434 720 2.56 1750-S 1.75 0.05
700 427 692
675 402 598
650 377 514 6.44 608-S 1.75 0.05
625 352 440 3.89 545-C 1,74 0.065
]
600 327 373 i
575 302 315 !
1
550 277 264 :
525 252 219 ‘
4
500 227 180 !
492 219 169 1.73 710-C i.74 0.065

ALITYNO HOOd 40
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TABLE 3.3

OPTIMIZED HEAT PIPE MASS & PERFORMANCE - BASELINE DESIGN

-

oo
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Evaporator - 43 cm Fluid: Rb Vessel: 304 sS Fluid: DTA  Vessel: 304 ss
Adiabatic - 43 cm 0.D.: 2.54 cm Wall: 0.0762 cm 0.D.: 2.54 cm Wall: 0.0762 cm
Condenser - 176 cm # Grooves: 25 Groove Width: 0.2&?l # Groove: 25 Groove Width: O.ZZg
S = Sonic Limit
C = Capillary Limit
Req. AT € Req. Power Groove AT @ Reqg. Power Mass Groove
Temperature Power Power Limit Mass Depth Powver Limit Depth
0
%k c Watts °c Watts Kg Cm °c Watts Kg Ca
707 434 720 2.43 815-C 1.48 0.02
700 427 692 |
675 | 402 598 ,
[
650 377 514 5.83 } 640-S 1.48 0.02
625 | 352 440 | 9.32 507-C 1.55 | .055
600 327 373 '
575 302 315
550 277 264
i
525 252 219
500 227 180
492 219 169 3.55 555-C 1.55 .055
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The average mass reduction is 14%. Further optimization may result
in ar additional 1 or 2% mass reduction. However, far greater mass reduc-
tion can be realized by 0.D. and/or wall thickness reduction.

Table 3.4 shows the 2.54 cm (1') heat pipe with a 0.025 cm (.01")
wall, This wall thickness is 0.01times the diameter and has been show.1
to be acceptable for use as a heat pipe containment vessel where external
buckling is the ultimate constraint, i.e., the internal pressure of the
heat pipe was less than 4.7 psi, thus long term creep due to hoop stress
was low,

The use of a wall thickness 0.01 times the diameter was developed
for Niobium, which has a modulus of elasticity of 15 x 106 psi. This
includes a safety factor of 2. Stainless steels have modili of about
28 x 106 psi which reduces the thickness/diameter ratio to about 0.008
with a safety factor of 2. However, the use of 0.01 as a thickness to
diameter ratio will be used to assure success.

Examination of DTA at 625°K shows a fluid pressure of 85 psi which
develops a hoop stress of 4250 psi. This stresc is acceptable, since
316 SS will only creep 0.1% in 10° hours at 1100°F under a stress of
6000 psi.

The rubidium heat pipes have a mass of 0.69 Kg and the DTA heat

pipes have a mass of 0.78 Kg.

Design Optimization

Examination of Tables 3.2, 3.3 and 3.4 reveals that a reduction in
diameter of the rubidium heat pipes would soon result in the heat pipe
going sonic. However, the DTA pipes are capillary limited, thus a reduc-

tion in 0.D. is possible. Accordingly, a higher pressure fluid, mercury,



OPTIMIZED HEAT PIPE MASS & PERFORMANCE FOR THIN WALLED BASELINE DESiGN

TABLE ..4

Fvaporator - 43 cm Fluid: Rb Vessel: 304 SS Fluid: DT+ Vessel: 204 Sq
Adiabatic - 43 cm 0.D.: 2.54 cm Wall: 0.0254 ca 0.D.:2.54 om Wall: 0.0254 cn
Condenser - 176 cm # Grooves: 25 Groove Width: 0.222 # Groove: 25 Groove Width: 0.2%3
S = Sonic Limit
C = Capillary Limit
Req. AT @ Req. Power Groove AT @ Regq. Power Mass Groove]

Temperature Power Power Limit Mass Depth Power Limit Depth
[o} &) o o}

K C Watts c Watts Kg Cm c Wztcts Kg Cm
707 434 720 , 1.55 820-C 0.69 0.02

o
700 427 692
675 402 598
650 377 514 4.56 705-C 0.69 0.02
625 352 440 5.72 555=-C 0.78 0.055
600 327 373
.

575 302 315 !
550 277 264 I n
525 252 219 : !
500 227 180
492 219 169 2.49 710-C 0.78 0.055

ALYND ¥cOd 40
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was used in small diameter pipes in place of rubidium. These results are
seen in Table 3.%.

The mercury heat pipes are 0.635 cm (.250") in diameter with a wall
to diameter ratio of 0.0i1. The mass of the mercury heat pipes are 0.45 Kg
and have a hoop stress of 625 psi at 707°K.

The DTA heat pipes are 0.9525 cm (.37") in diameter with a wall to
diameter ratio of 0.01. They have 12 grooves 0.275 cm wide by a depth that
varies from 0.075 cm down to 0.05 cm. Accordingly, their mass varies from
0.31 Kg down to 0.27 Kg. The DTA heat pipes at 625K will have a hoop
stress of 1600 psi.

The mercury heat pipes of Table 3.5 have eight grooves 0.2 cm wide
by 0.02 cm deep. Optimizing the number of 0.275 cm wide by .02 ¢m deep
grooves for different power levels results in a reduction in mass. At
707°K, a five-groove heat pipe has a mass of 0.29 Kg. At 675°K. four
grooves have a mass of 0.28 Kg and at 550°K, three grooves have a mass of
0.27 Kg. These results are seen in Table 3.6. Also shown in Table 3.6 is
the thermal performance of two of thie mercury heat pipes with 86 cm evapor-
ators, which shows an increase in maximum power capability and a reduction
in total AT,

Both the DTA heat pipes .f Table 3.5 and the mercury heat pipes of
Table 3.6 have a performance AT. Accordingly, one asks what does a AT
in the heat pipe mean in increased mass (length of condenser) to be able
to radiate the required power? Appendix 2 develops Equation 3.2 which is

the increase in mass of heat pipe due to its AT,

1
dm = m ﬁ[('ro/'r)4 - 1] Equation 3.2
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TABLE 3.5

OPTIMIZED HEAT PIPE MASS & PERFORMANCE - ALTERNATE DESIGN

01
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Evaporator - 43 cm Fluid: g Vessel: 304 SS Fluid: DTA Vessel: 304 SS
Adiabatic -~ 43 cm 0.D.:0.2952cm Wall: .01 cm 0.D.: 1.27cm Wall: 0.0127 ca
Condenser - 176 cm # Grooves: 8 Groove Width: 0.222 # Groove: 12 Groove Nidth:o.zgg
S = Sonic Limit
C = Capillary Limit
Req. AT @ Req. | Power Groove AT @ Req. Power Mass Groovg
Temperature Power Power Limit Mass Depth Power Limit Depth
%)
°k c Watts °c : Watts Kg Cm °c HWatts Kg Cm
: 1
707 434 720 2.69 930-S 0.45 0.02
700 427 692
675 402 598
650 | 377 514 !
625 352 440 1.98 i 900-C 0.45 0.0z 15.04 515-C 0.31 0.075
600 327 373 10.73 420-C 0.29 0.065
575 302 215 8.38 370-C 0.29 0.06
',{T
550 277 264 2.08 805-C 0.45 0.02 6.49 3o5-C . 0.28 ¥ 0.055
] ¥
525 252 219 4.98 240-C ! 0.27 ! 0.05
] -
500 | 227 180 {
v
492 219 169 ; 4.05 21s-c | 0.27 ! 0.05




TABLE )

OPTIMIZED HEAT PIPE MASS & PERFORMANCE - ALTERNATE DESIGN

Evaporator - 43 cm Fluid: Hg Vessel: 304 SS Fluid: Hg Vessel: 304 SS
: Adiabatic - 43 cm 0.D.: 0.635 cm Wall: 0.00635 cm G.D.:0.635 cm ¥all: 0.00635 ca
tondenser - 176 cm # Grooves: 3-5 Groove Width: 0.2 cm # Groov-~: Groove Width: Oég
; S = Sonic Limit Evaporatcr: 86 ca
i ¢ = capillary Limit Condenser: 176 cm
Req. AT @ Req. | Power Groove AT @ Req. Power Mass Groove
Temperature Power Power Limit Mass Depth Power Limit Depth
A (o]
°k c Watts °c Watts Kg Ca °c Wetts Kg Ca
707 434 720 4.13 770-C 0.24 (s) .02 2.5 1625~C 0.29 (5) .02
- 700 | 427 692
!
| 675 402 598 3.62 610-C C.28 (4) .02
v 650 377 514
! 625 352 440 3.30 445-C 0.27 | (3) .02
" 600 | 327 373
575 302 315
: 550 277 264 8.35 350-C 0.27 | (3} .02 4.79 560-S 0.27 [ (3) .02
' 525 252 219
500 227 18C
432 | 219 169

400d 40
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where dm = increase in mass
= initial mass of heat pipe

= length of heat pipe condenser

n

1

lt = total length of heat pipes

T = desired operating temperature
T

= actual operating temperature

T =T = AT down heat pipe

From Table 3.5 and 3.6, using the lowest mass leat pipes, the
increase in mass was calculated using Equation 3.2 and is tabulated
in Table 3.7. Therefore, to a first approximation, one can say that
the heat pipes for the CBC radiator will have a mass of 0.3 Kg each.

The performance of the mercury heat pipes is based on perfect wet-
ting, that is, the wetting angle is zero (0). Ffor long term stability,
this may not be the case. Wetting angles from 0-60 degrees have been
observed, with 30-60 degree angles, the most common., Since the capillary
force is a function of the cosine of the wetting angle, the mercury heat
pipes may have a reduction of capillary force of up to 50% (cos 60 = .5),
This reduction in performance will then require a reoptimization of the

heat pipes with a small increase in mass.
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TABLE 3.7
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INCREASE IN MASS DUE TO PERFORMANCE AT ;é
k
3
TEMPERATURE POWER FLUID MASS AT du NEW MASS
(°k) (W) (Kg) (°c) (xg) (xg)
707 720 lig 0.291 4.13 4.6 x 107 0.296
700 692
675 598 Hg 0.280 3.63 4.5 x 10 0.284
650 514
625 440 Hg 0.273 3.30 3.9 x 1070 0.277
600 373
575 315 Hg 0.273 5.81 7.5 x 10> C.280
550 264 DTA 0.280 6.49 1 x10°° 0.290
525 219 DTA 0.273 4.98 7.1 x 1075 0.280
500 180
492 159 DTA 0.273 4.05 6.2 x 1073 0.279
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The groove heat pipe designs of Sections 3.1 and 3.2 optimized to an

Advanced Heat Pipe Concept

approximate mass of 0.3 Kg per heat pipe, exclusive of fins and armor,

This mass is quite low and may be acceptable in the overall system. How-
ever, there ars several heat pipe design concepts which may offer further
reduced mass with increased performance. These include but are not limited

to arterial wick heat pipes and configuration pumped heat pipes.

Arvery/Wick Hest Pipes

There is a natural division in heat pipe fluids which takes place at
approximately 600°K. Above 600°K, the liquid metals are useful working
fluids. Below 600°K, one generally deals with ncn-metallic fluids and
devises structures which compensate for their inferior physical properties.
The low temperature fluids, taken as a class, have relatively low latent
heats of vaporization, low surface tension, and low thermal conductivity.
The consequences are that for a given heat transfer rate, heat pipes using
these fluids must move relatively large quantities of liquid with unusually
low pressure losses, yet must maintain very thin liquid films in the heat
flow path. The arterial wick structures of Figure 3.2 have been used to
offset these property limitations. The artery provides the primary liquid
return to the evaporatcr. This puassage has a large hydraulic radius and
provides a very low drag path. In the evaporator and condenser, a thin
film of liquid is distributed circumferentially. The distribution wick is
often a thin layer of screen or circumferential grooves,

The artery is removed from the evaporator and condenser heat flow

paths. The thin films preovided by the circumferential wick prevent the

14
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development of excessive temperature gradients. Arterial wicks provide
very high performance, sometimes even approaching that obtainable with
liquid metals in more conventional wicks. Lengthe in exc:ss of ten meters
have been reported. The primary limitations of arterial wicks lie in

their difficulty of fabrication and their consequent lack of reproducible
performance. The wick structures are quite jifficult to form and to insert
into the heat pipe vessel sc as to maintain uniform close fit to the wall.
There has been repeated difficulty with the priming of arteries, that is,
the ability tc fill an artery with fluid and keep it filled.

Two methods of priming are in use. Capillary priming, as the name
implies, depends on capillary forces to maintain the fluid within the
artery. Uthe basic condition f.r cavillary priming is that the largest
single pore at the artery sur{ace in the evaporator must provide sufficient
capillary pressure to offset all counter forces including accelerations.
Consequently, the evaporator ends of the arteries must be closed and there
must be no single inadvertently large pore on the entire periphery of the
enclosing surface. Due to tie adverse effect of accelerations, capillary
primed arteries can be more fractious during ground testing than in sub-
sequent zero g operation. Yet ground testing is e:sential to establish
the operability of the heat pipe.

If the artery is so located in the heat pipe temperature gradient that
it always is the coldest spot, it will operate at a lower vapor pressure than
the balance of the heat pipe. If the magnitude of the vapor pressure dif-
ference is sufficient, it will cause priming to take place. This is known
as vapor pressure or Clapeyron priming. The process is highly temperature
dependent. The pressure difference caused by a given temperature difference

varies enormously with temperature. Thus, a heat pipe which primes reliably
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and quickly at high temperature (i.e. high pressure) may fail to prime at
all at low temperature. It han also been reported that vibration has
caused arteries to 1 e their prime and that subsegient re-priming can

be unreliable.

In spite of their apparent dra.jacks, the performance of arteriszl heat
pipes is sufficiently high to justify further work to improve their relia-
bility and reproducibility. In general, arterial wicks require less total
mass of wicking material, and may also require less fluid inventory than

conventional heat pipes. They are, therefore, serious candidates [lor use

in space radiator.

Wickless (Confi‘uration Pumped) Heat Pipes

A crevice has capillary properties. Therefore, if the wall of a non-
round heat pipe is formed so as to produce longitudinal crevices, these may
serve the purpose of wicks. That is, the configuration of the wall provides
the capillary pumping force. Several potential configuration pumped heat
pipe geometries are shown in Figure 3.3. Configuration pumped heat pipes
have been tuilt (Figure 3.4) and have been shown to operate. However, there
has bsen very little work in the field, and the mathematicel prediction of
performance is incomplete.

The driving pressure difference which causes liquid flow in a heat
pipe is determined by the surface tension and the difference in the radius
of the liquid meniscus in the condenser and evaporator. Evaporation in the
heat input section tends to depress the liquid level while condensation at
the heat output end tends to increase the level. Thus, during operation,
the liquid level in the evaporator of a configuration pumped heat pipe

recedes into the crevice, increasing the pumping pressure but decreasing

17
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Photograph of a Configuration Pumped Heat Pipe

(Courtesy of U.S. Air Force)

3.4

FIGURE
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the flow area. The inverse occurs in the condenser. This makes for a
delicate tradeoff of liquid fill versus power handling capability. The
problem is somewhat alleviated in the coufiguration/artery geometry of
Figures 3.3d and 3.3f,

Configuration pumped heat pipes tend by their nature tuo have relatively
low capillary pumping forces and low liquid drag. They therefore lend them-
selves well to consideration as elements in low temperature space radiators
where large radiating areas require long heat pipes. The liquid inventory
requirement of configuration pumped heat pipes appears to be comparable to
that of the arterial structures discussed previously. The complete absence
of conventional wicks is a substantial mass reduction. However, the non-
round shapes are relatively poor pressure vessels so that the gain in me
due to elimination of the wick may be at least partially offset by a thicker
wall requirement unless fluid vapor pressures are kept relatively low. Thus
the operating temperature range for a configuration pumped heat pipe of low
mass may be narrower than that for other geometries.

The ability of configuration pumped heat pipes to hold their shape is
a function of the creep strength of the heat pipe envelope. Thermacore2
previously identified the iron alloy, A-286, which exhibits an exceptionally
high creep strength, and may well serve as a containment for configuration

pumped heat pipes. (A-286 has a 0.1% creep at 1100°F in 105 hours under a

38,000 psi stress load).

Hybrid Wick/Pumped Heat Pipes

Since the dissipating capacity of a space radiator declines as the

fourth power of any temperature loss, there is a strong incentive to minimize

20
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losses. One of the principal advartages of the heat pipe is the low
temperature loss it incurs while moving large amounts of heat. This low

AT operation is characteristic of vapor heat transfer. There m.y, therefore,
be reason to maké use of vapor heat transfer even at power )-vels which
cannot be sustained by capillary pumping alcne. Alternative or hybrid pump-
ing means are possible and deserve consideration. This may be true not only
for the radiators themselves, but also for the primary loops feeding them.

A practical hybrid system may use an alternative puming means for liquid
transport over appreciable distances with capillary pumping for local distri-
bution and collection.

The heat transfer capability of a conventional heat pipe can be limited
by entrainment of liquid from the walls by the high velocity, counterflowing
vapor. Seperation of the liquid and vapor passages will permit greater heat
flow under these conditions. Figure 3.5 is a hybrid sy:tem where the liquid
and vapor flow are in the same direction. Therefore, the vapor shear forces
may aid rather than inhibit liquid flow.

Hybrid heat pipes are directly analagous to two-pipe steam heating
systems for buildings which use condensate pumps for liquid return. The
principle has been extended to liquid metals by Philips Laboratories for
use in Stirling erngines.

The main disadvanges of the hybrid system are the increased probability
of a leak at pump seals and joints and the dependence of operation on an
external power source. For maximum redundancy, there should be a pump for
each heat pipe, a serious penalty in complexity for a space radiator, making
the approach seem more applicable to primary loops.

It may be possible to make use of the '"heat of the raidator' to pump

the liquid, much the same wa’ that a capillary pump makes use of the '"heat

21
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of the radiator."

Thermacore has recently begun the exploration of a "liquid piston pump"
as part of its internal RED effort. This pump uses a localized high heat
flux, into the fluid, to develop a vapor bubble of sufficient pressure to
push the liquid forward. Backward flow is prevented by the use of a check
valve. A forward spring loaded valve allows the pressure at which the pump
activates to be regulated.

Initial work to date has concentrated on gravicy feed liquid systems
with encouraging results. The extension of this concept to two phase sys-

tems with freedom from gravity will pose challenging work but may be worth

a cursory investigation.

Other Concepts

There are numerous concepts which have been suggested as possible fluid
pumping mechanisms for heat pipes and includes electro-magnetic, electrolytic,
electrohydrodynamic and electrophoretic pumping. All of these are not suited
for individual spacecraft radiator heat pipes. However, osmotic pumped heat
pipes and artificial gravity are two possible mechanisms which are suited
for spacecraft use,

If a spinning spacecraft can be so arranged that its centrifugal force
will aid liquid return in heat pipes, it may be possible to eliminate pump-
inz and depend entirely or predominantly on artificial gravity for this
function, The result may be mass reduction (by wick elimination and,
possibly, reduced fluid inventory) and an added degree of freedom in fluid
selection (fluid need not have high surface tension).

Osmotic pressures can exceed capillary pressures by a tactor of 100 to



1,000. An osmotically pumped heat pipe is feasible in principle. Several
designs have been proposed, but no hardware tests have been reported. The
proposed designs all make use of gravity in one way or another: to keep
liquid in place, to redistribute salt by natural convection, etc. It may
be possible to devise a geometry which will function in gravity-free space.
If so, osmotic heat pipes may avoid entirely the capillary limitations on
available pumping pressure.

Flow rates through semi-per eable membranes are low; i.e., large areas
are required to permit useful heat flow. There is, however, an interesting
factor which may favor further consideration for low temperature space
radiators. These radiators also require large areas because of the low
radiant power densities. The osmotic process is such that the membrane
must be located at the condenser (heat dissipating) end of the system, which
is the radiating surface of a radiat-or. At temperatures below about 900°k,
the power density from a black body radiator is less than the power density
sustainable by flow of the best fluids (e.g. water) through membranes. That
is, below this temperatu}e the unit liquid flow rate through a membrane is
more than sufficient tc support the unit radiant heat load from a radiator
of equal area, and a basic condition of successful operation has been satis-
fied.

The geometries considered to date are relatively massive, having twe
walls and a large liquid inventory. Membranes do not exist for operation
above about 400°K. However, since an osmotic heat pipe would need no auxil-
iary power (comparable to a capillary heat pipe), it deserves further

consideration.,
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APPENDIX 1

This appendix has complete performance printouts of all the heat pipes
tabulated in Section 3.1 and 3.2. The heat pipe program used is Thermacore's
GROOVE27. Figure A.1 depicts the placement and definitions of many of the

symbols in the printout.

Evaporator Adiabatic Condenser
TE T%—A TA=C TC
® (vapor) ? Y
PE PE=-A PA-C PC
XXXXXXXXXX XX &—LIQUID—> X3XOOXXXXXXXOTEX XX XXX XXX XXXXXXX]

Evaporator Temp. é————(Outside Wall)———% Condenser Temp.

DPVE = Pressure drop in vapor in evaporator

DPLEG = Pressure drop in liquid in evaporator grooves

DPUA = Pressure drop in vapor in adiabatic

DPLAG = Pressure drop in liquid in adiabatic grooves

DPVC = Pressure drop in vapor in condenser - (+) means drop, (-~) means
recovery or increase

DPLGG = Pressure drop in liquid in condenser grooves

25
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This appendix develops Equation 3.2 which shows how the mass of a

radiator heat pipe increases with the performance T of the heat pipe.

T0 = desired heat pipe temperature

AT = temperature drop down heat pipe

T =T, - AT, actual heat pipe radiating temperature

A, = radiating area of heat pipe at T0

A = A+ da, actual heat pipe radiator arca required at T
Q = power to be radiated from heat pipe

da increase in surface area

dt decrease in temperature
da A - A
———— == L] .
dt = T,-T Eq. A.l
but A= Q and A = _—Q—Z
eode-Tiz o eaTo

da A 4
2 29y1(r -
Ir - AT[(TU/T) 1] Eq. A.2

Now, since area 1s a function of length, we have

dl =1 <'r0/‘T)4 - 1) Eq. A.3

A

C

. 4 dl  dm . .

winere | = condenser lenth, but T == where 1, = total heat pipe length,
t

m = mass, we obtain with sdbstitution and rearrangement -

dm = ElQ[T ST

P

4o Eq. A.4

which is Equation 3...

o0
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RUB CONDITIONS:

JLUID = RUBIDIUM

3159 Polke
VALL MATL=30488

EVAP TEMP = 43¢ YAPOR DELTA-T = 80 DN C
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EVAP=

AVAP
2

B A RiYIw
3244

BOT FLULD CHARGE

ROOM TSMP. VOLOME OF HOT FLUID CHARGE 84.5019 CM3
COLD FLUID CHARGH 151.635 OJRAMS

98,9783 CU3
SEAD PIPEZ, (MESH) & 2 BIDCAPS 1539€.3 GRAMS
DELTA-T VALUESS
VAP WALL VAP L& EVAP Masd EYAPORATION
+323831 +120E5438-01 +808936i-02 + 300283
YAPOR (B) VAPOR (A) VAPOR (C)
1e3042 + 545898 =-1.2172y
COUDENSATION  COMD MESH CCIUD L COND WALL
Q73367 «147544E-02 +2921013~02 + 20233
POIER OF 17785 4ATTS CAUSES e-eccecce- -= ADD SONIC LIMIT

LAST JOK~LiMITID POYER CALCULATION WAS AT

720 WATTS
2,86 DI C
L 1.7489 KO
PA-C PC
29984.9 30641.8
TA=C ™
430.502 421.72
DRLTA-?
2056104

DPC+DFGw 18214 DTiZS/CH2

DPYA DPLAG
308 1118
2197  ADP= 2487  WATTS
Conp AXIAL
0 142
LI RETw C A REY»
109 3247
129. 61 GRANS

----- Swmoaee ’!‘GTAL LLLT}..P -
TITAL H4ASS =

7.1¢ D& C
1.743 K5

cosevomssnona

&/ o779

ORIGINAL PAGE IS
OF POOR QUALITY

DIULS/CU2

]

WATTS/CM2

C R RLY#
]

bUiG ¢

DG C

1780 ZATTS



0N CORDITIONSS Q% ke 22/

FLUID = RUBIDIUN VALL MATL=30483

VAP IDNP = 3TV YAPOR DELTA-T = 50 DX ©

ORAY ARG =  0.00 VI ANG = 0,00 DRO

EVAP LERGTE 16,0301 IX 43,0000 O URIGINAL PAGE IS
ADD LENOTE 16:020% 1N 430000 O OF POOR QUALITY
COID LEMGTE 092013 IN 176:0000 <N

TOTAL LINGTE 103:1800 IN 262:0000 CM

0eDs 100000 IX  2.0400 ON

J4LL TEEKNSS 040300 I8 0.0762 CN

GROOYS WIDTE  0.0787 IR 0¢2000 CK

OROOYE HEIGET 0.0197 IS 040800 CK

LARD ¥IDTH 0:0344 IN  0.0878 CM

25  GROOVES (CLOSED) COVARED VITE 200 NBSE

%0 LIKIT ENCOUNTERED A?

- 514 YA3TS

TOTAL WSS = 1740 DB

WAST PERFORMANCE DETAILS (Y or ) *Y

21 A PA~G ” DIRNS/CH2
0908.93 8292.16 T174e8 883c.82
3 T=A TA=C 1" B ¢
FN06.772 Sev.761 364,907 370.888
EVAP IENP CORD TINY DILTA-T
k(44 F0.887 o 44312
DPC= 19141 PG~ O DPC+DPG= 19141 DYAZS/CM2
oPYE LPLE0 DPVA DPLAG
1013 132 817 821
DPVC DPLCG "
=-1113 543
S0HIC LIHITS VA= 749  ADBw 703 WATIS
(/A S VAP COXD AXIAL €LTT8/0M2
1 0 101
E 1 REY# AN LIQ RET# G A Rils ¢ R REI#
16 2443 -] 2406 3
0T FLUID CHARGS 1320019  314MT

ROOM TEXP« 7JOLUME O 20T FLUID CHARGE 3601741  CN3

COLD FLUID CHARGE 151,638 GRAKS
98.9753 CH3

HIL! PIPEs (MESd) & 2 ZDMDCAPS 1596+9  GRANS

DELTA-T VALUZSS

E"iP VALL 574P Lo EVAP {ZSk SYAPORATION

- 513004 «7123162-02  «30376E~02 40600536 DS C
TAPOR (2} TAFOR tA) VATOR (€}

3,01123 2.35352 ~£+9602

COIDTISATION  COKT 4RsH COND LG 50D WALL

< 146734 +362923E=03  +17(B39I-02  .181194 56 ¢

P04ER 0¥ 609 WATIS CAUSZIS wewwewwweew- AD3 SONIC LINIT
LAUT J04-LIMITED 2042 CALCTLATICY 43 AT eomecercacmeee o3 MaT7e

— - - ICTLYL DELVael = ?.3¢ D& C

coneamsesees TOT.L HASS - 1e74¢9 13

]



U 0ONDITIONSS

FJLUID = DOVTEERM A
BYAP TRMP = 302

VALL HATL=30458

4118 Pello

VAPOR DELTA~T » 80 DB C

y2z/re

LAY ABS = 0,00 VI AMG = 0,00 DI

A R Rk -
AD} LN . .

coED LEGTE 00,3013 I 176.0000 0K ORIGINAL PAﬁuﬂ
TOTAL LEMTE 103.1000 IN 202.0000 O OF POOR QU

0eDe 100000 18 2.0400 O

GALL TEEESS 00300 IS  0.OTER GX

0300VE VIDIE 00787 IN 052000 ON

OROOYE EBION? 00206 IX 050680 OX

LASD VIDER 00347 13 0.0GF? ON

n G00VES (CLOSED) COVERRD VITE 300 MESE

KO LINI? MECOUETERED A? 0 AT
T7AL DELTA-T » 3,80 DN G
TITAL WSS ° 1744 O

VAK? PXRIOAAKCS DETAILS (T OR M) ?¥

n ”-i A~ » DYEM/CIR
+5461125407  (O4C100B407T  .B4B106L07 .+ OAGI00B40?

7 18-A -9 . o ¢
348.376 36070 348878 348.870

P tan? COKD TRMP DEL2A-?

382 3e11 3.00009

DPC= 3160 D= 0 DRCDRG= 3160  DYRXS/Ld2

DPYVR DK orva DPLAD

19 233 ? 1339

DPYC DPLCO

8 986

SORIC LINITS! EVAP= 186826 ADDe 183977  WATTS

/Atsm EVAP CoKD AXIAL VATTS/CN2

1 0 a8

B R IETA L A RITN L10 258 C 4 RET# ¢ R RITW
b 308 348 308 1

COT FLUID CHAIGZ 1140087  GRAMS

A0OM TEMPs VOLUAE OF 307 FLUID CHAXGZ 107,837  CM3

CULD YLUID CHAIGE 133.301 GRANS

126:001 CH3

42T PIPEy (MESH) % 2 LSZUAPS 1610.42 GRAMS

DELTA-T VALUESS

ETAP 4ALL ETAP L EVA? MISH EVAPORATION

« 535983 1.3:221 « 34413 «100084 X ¢
LPOR (2) a0 (a) 74202 (C)

« 438291203 + 438281203 02449141 5~03

COMDEISATION  CouD MZ%E COlD LS COlld WALL

2244507101 e 1E74L3 «480Ju2 «131583 o C
PNIET OF 830 4ATIS CAJSLS evemcecemcees GADILLARY LIHMITy DPL » DPV

SAST JON-LIMITED P0VZIR CALCLLAJICH UAS AT ~ceccccecees J30 “AITE
cocmecsmnnee 0TAL JILTA] = 4073 26 €
1e744 W0

crvmemeanase (GTLY 405 -



SUR CONDITIONS! 0141 Aele 29

JLOIL = DOVTHERN A VALL HATL=30483
EVAP TRN2? = 229 YAPMOR DELTA-T? » 80 DB C
JAUY M3 = 0.00 d% A0 =  0.00 DB

BYAP LJOTE 16,9200 1 43.0000 CH
ADS LBNOTU 16.9201 IR 43.0000 CM
CoED LINOTE 60.2003 I8 176.0000 CM
TOTAL LENOTE 103.1800 IM 202.0000 CK

Qe Do 10000 I8 2.5400 CN
(ALL THENSS 0.0300 I3 0.07062 CH
GROOVE ¥WIDW 0.Q747 12 0:2000 CN
IROOVE AR ""  0.0208 1X 0.08050 CM
LAND YLD2X 0.02¢7 I3 0.0027 CM

X G200VE” (CLOSED) COVIXNED VITH 200 NESE

B0 LINI? BUCUITERED AT socccccccses 160 YATTS

ssvescosases fo"L Dn"-, - x.va D. [+
ssesoessseee ’o,u u" - ‘."“ n

4¢AN? PERJORMANCE DATAILS (T OR H) 7Y

ORIGINAL PAGE IS
OF POOR QUALITY

PE 4 2T | (T rc DYRES/CM2
402817 403492 402462 402432
2} 78=-A TA-C TC Dig C
217.818 217.616 217.012 217,600
LVAP TEMP COXD TENP DELTA~?
219 217.273 1.72006
DIC= 7263 D= 0 JPC+DIGe 7261  DYNES/ON2
DPYR 1148 o YA DILAG
24 184 2l ) [ [. ]
DPYC DPLCO
20 6165
SOMIC LIMI?S: VAP= 15070 ADDs 17120 VATIS
Q/A' S= BVAP CoND AXIAL VATTS/CN2
0 0 bl
B R REYs E A REYs LIQ REIw C A ARY# C R REY»
2 325 42 328 0
HOT FLUID CHARGZ 112,977 GRAMS
00N TEMP. VOLOUME OF 0T rLUID CHARGE 100.784 CM3
COLD FLOUID CHARGE 133.501 GRAMNS
125.001 CM3
SEAT PIPEs (MESH) « 2 EMDCAPS 1610.42 GAAMS
DELTA-T VALULS:
EVAP 4ALL VAP LG BVAP MESH EYAPORATION
+ 228554 + 780453 ° 272907 « 100088 B0 C
YAPOR (E) TAPOR (4) VADGR ()
03213650 e 2YLP63R-0E 0 292960.u-02
CONDXISATION  COND NESH COXD L&b COND WALL
«244657E-04 « 660662 =01 + 130864 « 0866916 DG C

POCER 0F 715 4ATTS CaUSES ewwweccweeme CAPILLALRY LINITs DPL » [PV

LaST NON=LIMITZD POWER CALCULATION €AS AT ecccocccawes

ceesccenevees TOTAL JELTAT = 537 D& C
ceenecewenas TQOTAL 4455 - 1.744 KG

710 dADTS



UK CONDITIONS! 10007 Acle  3/28/79
LULD = RUDIDION VALL NATLw30488
BVAP TENP « o3¢ VAPOR DELTA-? = 80 DB C
GRAY ANG =  0.00 VI A0 o 0,00 DO
ETAP LENGTH  16.9201 1B ¢3.0000 O AQE !8
AD  LENGTE  13.9201 1K 43.0000 CX ORIGINAL P“ £ TTY
CoND LENOTE 60.2013 IR 76,0000 CM OF POOR O
0TAL LANOTE 103.1600 I8 262.0000 CX
0.De 1.0000 I8 2.5600 CN
ALL THENSS  0.0300 1N 0.0762 CN
0P00VB WIDTR  0.1083 I8 0.2760 CM
0ROOYE BEIGN? 0.0070 Il 0.0200 CX
LAKD VID?Z 0.0079 IK  0,0200 CN
25 GROOVES (GLOSED) COVBARD VWITH 200 KBSR
NO LINI? ENCOUETERED 47 e—meveceeces 720 VATTS
ceomecmonn=e 1074l DRLTAS? @ 2,43 DD €
enmncoveccass N,“ HASS - Y 1Y [ 1}
VANT PERFORMANCE DETAILS (Y OR §) %
" P-4 PA-C rc DYMES/CH2
31206.9 3037044 301003 30718.1
1 -4 4-C 2 B ¢
32,001 31,242 30,762 631,800
BVAP TENP COND TENP DELTA-?
3¢ 1.9 2042093
DPCe 18216 DN O DPCDNG= 18214 DYARS/CNZ
DPYE 1128 DPYA DPLAO
926 1198 209 9338
DPYC DPLCO
-618 4900
SOMIC L1luI?Ss sVaPpm 234 ADB» 2631 VARTS
/4= 7% cosp ATIAL 14798/CN2
2 0 142
L R REYw § A RRY? LIQ RET# C A REY# C R REY»
21 3161 92 3163 [-]
HOT FLUID CHARGA 92,1796  GRAXS
ROOM TEMP. VOLUMEI OF HOT FLUID CHARGZ ©6C.1€24 CN3
COLD FLUID CHAROE 107.82¢ ORANS
7003816 CH3
HEAT PIPEL, (MBSB) & 2 QUDCAPS 1378.82 URANS
DELTA~-T VALUASS
VAP WALL EVAP Lad BVAF NESB AVAPORATION
33431 « 352" =02 «8333735-02 « 300293 Dig C
VAPOR (2} VAPOR (A} VAPOR (C)
1.6191¢ 479736 ~-1.08667
COADBNSAIION  COND MESH COND L&l CoxD wall
?3367 « 143345~02 +3547335-03 »202311 IS C
PUALR OF 320 YATTIS CAUSL] s==mewwmcece CAPILLARY LIMNIT. DPL » 1PV
LAST 40N~LIMIVED POWER CALCULATION WAS AT ~wecececcccs 3815 dAL1S

----------- = TOTAL DilLTa-l =
------ wesees TOTLL MASS -

287 DG C
Leddd X3



RUN CONDITIONSS 8526 Aels /30779

YLUID = RUDIDIUM VALL MATL=30488
BYA? TEMP « 7 VAPOR DELTA-. = 080 DEO C
QLAY ANO = 0,00 Vi A0 =«  0.00 DO

IVP LRIOTU 16,9201 IN 43,0000 CM
AD) LRNGTE 16,9201 IN 43,0000 CM
COND LRIOTE  60.2013 I 17€.0000 CK ORIGINAL PAGE |
TOTAL LENGTE 103.1800 IN 262.0000 CH OF POOR QuALITY

0+De 1.0000 I 2.8400 CM

VALL THENS®S 00300 X 0.0762 CM
GR00VR VIDTH 0.1083 I 02780 Cx
3R00VE BXICG’ 0.0079 I8 040200 CM

LAXD ¥1D2Z 0.0079 1N 040200 CM

2B GROOVES (CLOSED) COVERED VITE 200 HESE

HO LINIT BMCOUKTERED AT wwwcoweecee= 014 VATTS ’

Torecvsassas TOTAL DELTA-T = 5.83 DB
ccveencecces TOTAL NASS - 1.484 K0

¢ANT PERFORMAMCE DBTAILS (Y OR K) 7Y

P3 PE-A PA=C (] DIRES/CN2
9628.78 849964 8061.89 9003.7

£ 1 3= TA=C ¢ 6 ¢
Je.07 363.863 + 386486 371.448

VAP TENP CORD TEMP DELTA-T .
n 373.47 8.82983

DPC= 19139 D= 0 DPC+DPG= 19138 DYNES/CM2

beve DPLES DPVA DPLAG
1429 a”m 47 (-1

OPYC DPLCG

-982 3899

SOHIC LIMIZSs EVAP= 790  ADB= 7686 NATTS

Q/A' 5= EVAP cond ALIAL YATTS/CH2

b 0 10

B R REY» E A REY» Lid REY» C A RET# C R REYS
ic 2381 8 2382 3

HOT FLUID CHARGE 93,8783  GRAN’

ROOM TEKP. VOLOME OF BOT FLULD CEARGE 61.2782 CM3

COLD FLUID CHARGZ 107.824¢ OQRAMS
70.3814¢ CN3

BEAT PIPE, (MESE) & 2 ENDCAPS 1373.82 GRAMS

DELTA-T 7YALUXS:

SVAP WALL LVAP LG LVAP MES3 LVAPORATION

-6518994 +203109E~02 «350868E~02 + 300438 Va6 C
TLEQR (E) VAPOR (4&) YAPQR (C)

7.01i439 2.40698 -~4¢ 3393

COMDEXSATION  COID MHESiE COND LdG COND WALL

+122273 «542339E=03 «500006E-03 «151117 DG C

PO4ER OF 645 YATTS CAUSLS ==eeewwewees ADS SOHIC LINIT
LAS? 0Y-LIMITED POWER CALCULALIOL dAS 4T =em=evecce-w 640 WAITS

.......... we TQTAL DELTA-[ = 7.13 D& C
.......... == TOPAL MaSS - le234 G



RUN COBDITIONSS 125 2 Pulle J/W/79
FLUID = DOVTIRRA A WALL HATL=304SS

BVAP TENP = 382 VAPOR DALTA-T = 50 DB C

GRAY ANG ® 0,00 VIO ANG = 0,00 DN

EVAP LENGTL 16,9201 [N 43.0000 Cd ORIGINAL PAGE 13
ADD LRIOTE 16,9201 IN 43,0000 CN OFf POOR QUALITY
COND LENOT?  60.2013 IN 176,0000 ON

TOTAL LENGTE 103.1500 IN 262.0000 ON

Qe De 10000 N 245400 CN

VALL THINSS 040300 Ik 0.0762 CH

GROOYE WIDTE  0.1083 IN  0.2760 CM

GROOYE UBIGHT 0.0217 IN  0.0880 CK

LAKD ¥IDTH 0,0044 IX  0.0812 CN

28 JROOYSS (CLOSID) COVERKD VITE 200 NESH

O LIKIT RICOURTERED AT wow- 440 VATTS

ceveeneemees T0PAL DELTA-T = 923 b ¢
cnemcoesenecee T0PAL KASS - 1.548 [0

dART PEIYOOKANCE DETAILS (Y OR ¥) T

PR Ph=a PA=C PC DYHXS/CH2
+ 511061 5+07 +5110805¢07 «£110003+07 + 811084 8+07
z T8-a Ta=C ¢ B ¢
364801 344. 201 344861 36489
EVAP TEMP COND TENP DELTA-T
382 342,773 9.22729
DPCe 3204 DiG= 0 DPC+DRG= 3294 DYNES/CH2
DPYR DPLIG DPVA DPLAD
13 2y ? 1430
DPVe DPLGG
? 896
SORIC LINITS? EVAP= 150076  ADBe 101288  WATTS
QA S= BvaP COND AXIAL JATTS/CNZ
1 0 a6
b RET# | S Q) ¢ LI1C REY» C A REl¥ C R RAY#
S (4’ 31 797 b}
HOT FLUID CHARCE 120208  GRAMS

ROON TENP. YOLUMB OF HOT FLUID CHARGE 112.851 CM3

COLD TLUID CHARGE 141.404 ORANS
132.401 CN3

HEAT PIPEs (NESH) & 2 ENDCAPS 1406.22 ORANS

DELTA-T VALUES:

ETAP Vall VA Lab SVAD HESH HVAPORATION

NNV R Ge 13104 « G40 63 «100508 08 ¢
VAPOR () YAPIR (A) TAFOR (0}

+244141E-03 0 2421 4135-03 +2441915=03

CONDENSATION 0D MLSH CudD LG C2iD WALL

+ 2340507 8=01 1308 %7 1.504Co » 132076 DEG C
DSk QF S?5 TATTR CAUSES seemesmmccwne CL7ILLARY LINMITe OTL » 2TV

Ga37 dUG=LIALTED 20 B Call LATLI( WAl L] wweecncecens 870 uwArTS

cocemcncenas TOTAL DILTA-D lievd 23 ¢

cvcvmmesanes (0TAL Y409 - Leba3 L2



B AS t AL o

S T T e

ROX CONDITIONSS 11180 AeMe 3/38/79

JLUID = DOVTHERN A YALL MATL=3C43S
EVAP TENP » 219 VAPOR DRLTA-T = 50 DI C
JRAY AMG « 0,00 V0 A0 = 0.00 DR

EVAP LENGTH  16.0291 IN  43.0000 CN ORIGIN. ... 3

ADD LEROTN 16,9201 IX  43.0000 CH OF POOR -
COND LODTR 69.2013 1IN 176.0000 CN
TOTAL LENGTE 103.1800 IN 262.0000 CN

OeDe 1.0000 1% 200400 CM
VALL TRKESS 0.0300 IN 0.0742 C4
GROOYE VIDTH 041083 ¥ 02780 CH
GROOYA HEIGAT 0.0197 X 00800 CM

LARD VIDTR 040049 IX 0.0128 CN

28 GROOVES (CLOSED) COVERKN +ITE 200 N¥sH

NO LINIT XMCOURTERED AT - 108 VATTS

weeveecesces TOTAL MASS - 1538 kG

VANT PERFORMANCE DETAILS (T O1 N) ?Y

PE PB=A PA=C PC DINES/CN2
3g7562 387538 387803 337479

s T5-A TA=C ¢ b ¢
2164182 216.140 21C. 148 216.163
EYAP TENP COND TEXP DELTA-T

219 215.446 J3.58383

DPCe 2307 IRg= 0 DPC+DFO= 7307 DYRES/CN2

DPVL DPLEG DPYA DPLAG

24 179 20 1200

DPYC DPLOS

29 736

SONIC LINITSS SVAP 14043 ADbe 106962 HAT?S

Q/A' 5w EVAP CoND ALIAL VATT3/CN2

0 0 33

3 1 R3e E A REY# LIQ REY» C A REY® C R REY»
2 a2 Je 321 0
HOT FLUID CHaROBR 111.8239  GRAMS

ROOM TEMPe TOLUNE OF HOT FLUID CHARGE 104.708  CN3

COLL FLUID CHARGE 131.942 GRANS
123.841 O3

HEAT PIPSe (MBSH) & 2 KIDCAPS 1402.33 CRANS

DELTA-T VALUESS

SVADR JALLL EVAP LG EVAP NasH EVAPOTATION

« 22034 224923 « 6940 «100088 1)+ Y
VAPOR (E) VAPOR (A} VAPOR (C)

+3220048=02 + 2929095-02 «d929€9E-02
CONOENSATION  COND NESH CodD L& CoND WALL

+ 440507 E-02 E839721-01 550474 «5599925~01 DG C

PCILR OF BEY JATTS CALUSLS =seeewececce CAPILLAY LINIT)» DPL » DPV
LAST HoN«LIMITED PuslR CALCULATION W45 AT eemccccccaw= 883 JAITS

cerannmcesss JTAL DELTAT =  1ledd 230 ¢
......... mee TOTAL {45S - 1,038 5G



R COMDITIONSS

FLUID » ROBIDIUM

EVAP THUP = 434

QLAY AXC = 0.00

BYAP LEMOTH 16.929)
ADD  LRNGTH 16.9291
COMD LaNOTE  69.2013
TOTAL LINGTH 103.1500
Q¢ D 1,0000
dALL THENSS 040300
GROOVE ¥1DTH 0.1083

JROOYE UBIGHT 0.0079
LAND ¥IDTH 0.0079
29

30 LINIT RICOUNTERED AT ~evccccceces

ennancac=me- POTAL DELY
ccmccacssacs TOTAL HASS

VANT PERTORMANCE DATAIL
Py PE=A
31296.8 303 0.4
s ¢ 2
432.861 431.242
EVAP TENP COXD TEM
34 431.57
pPC= 18214 DiG= O
DFVE OPLEG
926 1196
DPYC DPLCG
-618 4500
SONIC LIMITSS 144
3/A° S EVAP
2
a R IZY b A REYT»
21 3161

HOT FLUID CHARGE
ROON TENP. VOLUME OF HO

RN VY.

VALL KATLm304SS

VAPOR DALTA-? u 80 DIG C

VI AG = 0,00 DD

Il 43.0000 CM

Ii 43.0000 CH

I8 176.0000 CN 1E I

IX 262.0000 CK ORIGINAL PA Ak 15
OF POOR QU+

I 2.6400 CN

I 0.07€2 CN

IN 0.2780 CN

W 0.0200 CM

IE  0.0200 CM

GROOVES (CLOSED) COYRRED VITH 200 MisSE

720 VATTS
A-T » 2:43 DB C
- 1.48¢ K0
S (Y OR M) ?Y
PA-C PC
301003 30718.4
TA-C TC
430.762 431.849
4 DELTA-T
2+ 42993
DPC+DiG= 18.14 DYNES/CN2Z
DPYA DPLAG
269 9336
APs 2314  ADDw= 2631 YATTS
COND AXIAL
0 142
LIQ REY# C A RiI#
92 3163
92.1796 GRAMS
T FLUID CHARGE 60.1634 CM3

COLD FLUID CHARGE 107.324¢ GRAMS
70.381¢ CKN3

HEAT PIPEs (N®°H)

DELTA~-T VALUKS:

<VAP dALL LVAP L6 3VAP NESd
»323831 « 36261 3-02 «893373k-02
\FOR (L) VAPOR (A} VaFOR (C)
1.61314 47 I?36 ~1.08667
LONOBISATION CCHD Musd COMD Lud
73307 « 14034500 «35473E~C3
POWER OF 320 wATTS CAUSES eweccccecen-

LAST 4ON-LIAITED DPOWER

OB e weweeo.

TOTAL MASS

[OTAL JELTA-T =

CALCULATION dald AT

re
o)
e
fa

<ea?

- Seiod

& 2 ENDCAPS 1375.82 GRAMS

EVAFORATION
« 300293

SAND dullL
« 202811

CAPILLARY LINI

- o - -

D
o

DINES/CM2

e ¢

WATTS/CN2

C R REI#
)

DEG

Dai C

Te DPL > OPYV

313 WAPTS



RUE COMDITIONS:

JLUID = RUBIDIUM
BVAP TINP = 77

118 3 AvNe  3/28/79 "

VALL MATL=30488
VAPOR DELTA-T = 30 DB C

ORAY M0 =»  0.00 V%0 AllG = 0.00 DEG

BVAP LENGTAE  16.9201
ADB  LEMOTR  16.929)
COND LINGTE  60.2013
TO?AL LRMGTE 103.1500

Oe Do 1.0000
YALL TREYSS 0.0100
OROOYR VIDTR 001083
GROOVE HBIGHT 0.0079
LAND VIDTHR 0.VAZO
28 GROOVES (CLOSRD)

1§ 43,0000 CM
I8 43.0000 CM
1B 176.0000 CM
I8 262.0000 CM

ORIGINAL PAGE IS
OF POOR QUALITY

IR 2.0400 CM
n 0.0258¢ CN
¢ | 0.2780 CM
¥ ) 000200 CM
m 000328 CM

COVERED VWITE 200 MKSH

%0 LINIT DNCOUNTIRED AT e=coveccacce 814 VATTS

cvnsocnsenses TOTAL DELTA-T = 486 DB C
covosassmsee POTAL MASS - 0.601 10

VANT PERFORMAECE DETAILS (Y OR %) 7Y

P2 PR=-A PA-C PC DYNES/CM2
10019.8 8848. 97 8490. 41 9239. 81

13 1%5-A TA=C 0 DB ¢
3766203 F0.666 368.84 372.611

EVAP TEWP COXD TEMP DBLTA-T
a7 J72.438 456226

DPC=s 13133 M= O

DPVR wLe .
1170 876
DPVC DPLOGG
748 3897
SONIC LIMITSS 14}
Q/A'Sm EVAP
1

E R A5 3 A REI»
R 2281

BOT FLULID CRAGE

DPC+DPG= 193133 DYNES/CM2

DPVA DPLAG
383 a8e60

AP= 867  ADB= 874G  WATTS
COKD AXIAL dATTS/CNZ
0 101 ‘
LI3 REY» C A BREY# C R R2Y»
58 2290 3
9835 ORANS

fOON TEMP. VOLUME OF 80T FLUID CHARGE 62,5963 CND

COLD FLUID CHARGEZ 1104102 GRAMS
71.8683 CM3

dEAT PIPE, (MBSH) & 2 EMDCAPS 580.457 GRAMS

DELTA=T VALUESt

EVAP dALL VAP L& ITAP MESH EYAPORATION
201125 .2079815-02  +3360228-02 500449
TAPOR (E) VaPOR (A) VAPOR (C)

5462699 1.32544 =3.77081

CONDENSATION  COND 4ZSH COND LG COND VALL
.122278 3102068-03  .501449k-03  .49L989E-01
POSER OF 710 VATTS CAUSES -=eee- emewee AD5 SONIC LINIT
LAS? MON-LIMITAD POWER CALCULATION ¥AS Al emeecccceeas
R — TOTAL DELTA-T =  6.12 Di6 ©

cmeceemmaees [CTAL MASS  w  0ec91 G

Li6 ¢

D6 C

705 WATTS




. COXDITIONSs 4116 Pelle &/ O/79
'ID » DOVTHARN A VALL HATL=30488
P TENP = 332 YANOR DEL?A-7 = 50 DO C
Y ANG = 0,00 VIO AKG = 0.00 DNO
P . .18 16,9291 1d 43.0000 CM
| LEIGTH 16,9201 I8 43.0000 CN -
D LKIGCTH €0.2913 IN 17€.0000 CH ORIGIF . ¥ H“‘ITY
‘AL LIMOTH 103.15800 1N 262.0000 CM OF POOR QUAL
‘o 1.0000 I8 2.5400 CN
L TEKESS 0.0100 18 0.0284 CM
OVE WIDTE  0.1083 I8  0.2780 CK
OVE HBIGHT  0.0217 IN  0.0880 CM
D VIDTH 0.0094 IN  0.0240 CX
GROOVES (CLOSED) COVERED W1TR 200 M3sH
LINIT DICOUNTERED A? cemecescoces 440 WATTS
wewew=-ce TOTAL DELTA-? =  8.72 DI C
~es === TOTAL MASS =  0.777 K8
T PERFORMAXCE DETAILS (Y OR i) ?¥
PE-A PA-C PC DYNRS/CN2
336745407  JB33872B+07 833875407 833860407
T5-4 TA=C 1 DI ¢
74403 347.402 347. 402 347.402
P TENP COND TEMP DELTA-T
2 346,275 Be72485
= 3206 DPRG= O DPC+DPG= 3206  DYNES/CH2
B DPLIG DPVA DPLAG
218 6 1426
b DPLCG
894
IC LINITS: ETAP= 170527  ADB= 208679  WATTS
'S EVAP CoKD AXlAL VATTS/CH2
1 0 a6
REY® K A RETe L1Q E3Te C A BEI C B REWY
764 207 764 X
FLOID CBARG B 123.66  ORANS
¢ TENP. VOLUXE OF 40T FLUID CEARGE 1156.787  CNJ
) 7LUID CHARGE 1424692 JRANS
133.383 CM3
! P! (MESH) & 2 INDCAPS 634,002 GRAMS
fA-T VALULS:
* TALL IVAP Lud BVAP AdsSH EVAPORATION
'5328 3.70969 «511378 « 100093 iz C
NUAE) VAPOR (4) VAPOR (C)
13281 E-03 ¢ 2441415-03 0
JENSATION  CU4D NESH COND Lub COND WALL
SS? 2=0L « L4956 « 303027 +2501513-01 )t
R OF 560 dATTS (AUSES ==esesececee CAPILLALY LINITy DPL > DBV

' X04=LIAITZD POVZIP CALCULATION 4AS AT =wevecccecwes

565 «ATIS

L e



L

RUM COXDITIONSS

FLUID = DOVTHERN A
BYAP TRNP = 219

ORAY ANO = 0.00 ¥ie
BVAP LEGTH 16.9201 1N
AD} LEEOTH 16.9201 18
COED LIEmOTE 60.2013 Ii
TOTAL LEXGSE 1031500 IX
OeDe 1.0000 1M
WALL TRENSS 0.0100 I
GROOYE VDT 0.1083 I
GROOVE HBIGET 0.0217 INX
LAND w1D?T3 0.0004 1X

VALL MATL=3048S
VANR DELTA-T » 60 DD C

8149 Ao Ne

A = 0.00 DB

43.0000 CM
43,0000 CM
176.00C0 CM
262,0000 CH

25400 CM
0.0254 CX
0:2780 CM
0.0880 Cx
000240 C

] GROOVES (CLOSED) COVERRD ¥ITE 200 NESK

30 LINIT BMCOURTERID A? 160 vATYS
cone T0TAL DALTA~T = 2490 DB C
VANT PRRFORMANCE DETAILS (Y OR M) Y
P2 PE-A PA=C PC
396240 396219 J96194 396170
Tt Ti~A 2A=C 7c
217.008 217.0006 217.003 217.001
ETAP TRNP CORD TENP DELTA-T
218 £16.514 2.48647
DC= 7280 DW= 0 DPC+DF0= 7280 DY ES/CM2
DPYE DPLE DPVA DPLAG
20 141 17 926
DPVC DPLCG
2¢ 880
SONIC LINITS: BVAP= 16500 ADB= 18738  JATTS
A/ A’ Sm EVAP CoNd AXIAL
0 0 33
B R IET» R A RET# LIQ REY» C A RRY#
2 308 36 308

BOT FLUID CHARGZ

COLD FLUID CBARGR 142,992
133.888

121.123  GHANS
ROONM 73MP. VOLUME OF HOT FLUID CHARCE 113.411 ON3

G 2AMS
N3

4SAT PIPEy (MESH) « 2 QUICAPS 634.002 GRANS

DELTA-T VALUES:

4VA2 WALL EVAP L&
+7462413-01 1.35778
VAPOR (Z) VAPOR (Ai
LT?M1Z2-02 +2441410-02
CONDENSATION  COMD MESH
«2448578-01 « 83317€5-01
PO¥ER OF

EVAP d3sd
«259083

VAPOR (C)

+Cd4141:~02

Codd LiG
«281132

ZTAPORATION
«100088

COND 'WALL
+132087Ek~-01

LAST J(0U=LIAITED POWLR CALCULATION Wis AT weeccecmceces

cescoacaccce TO[AL DELTA=T =
SO — TOTAL MASS =

Ce?77? LG

1006 D& C

3/30/79 =

ORIGINAC r.v,. 15
OF POCR QuaLny

DTARS/CM2

b ¢

VATTS/CN2

C R REYI#
0

DG ¢

DG C

715 dATTS CAUSES ~=ecawcwcw-es CAPTLLARY LIMITs OPL » D2V

710 4AT?S



RUK CORDITIONSS 12608 2o e

FLUID = NEXCURY VALL NATLa3045S

EVAP TENP = 43¢ VAPOR DELTA-? ® 50 DNG G

GRAY ANO = 0400 V10 ANG = 0,00 DR

BYAP LENOYE 16,9291 IE  43.0000 CN ORIGINAL PAGE 13
ADD  LENGTE 16.9201 LN  €3.0000 CK OF POOR QUALITY
CoED LESGTE  60.2013 {§ 176.0000 OX

T07AL LIMGYE 103.1800 I 262.0000 N

0.Ds 0.3780 I8 0.9824 CX

VALL TEKNSS  0.0039 i  0.0300 CX

GROOYE WIDTE  0.0707 I8 0.2000 CX

GROOVE ZBIGHT 0.0079 I 0.0200 CN

LAXD VIDTE 040882 18 0.1804 CK

8 OROOYES 1CLOSED) COVERED WITE 200 MBSH

B0 LIMIT EECOURZERED A? eowemcwenece 720 YA?TS

VAET PERFORMANCE DBTAILS (T OR K) 7Y

PE PB=A PA=~C P DYRES/CN2
+ 3868068 5+07 + 380703E4+07 * 3866015407 « 386475407
by tE~-A Td=C 2 . dag ¢
431.868 431,839 431.82 431.833
E7AP TENP COND TENP DELTA-T
é 431,318 24088372
DPC= 114106 DR= 0 DPC+DPG= 114106 DYdRS/CA2
DPVE PLiD DPYA DPLAG
1547 G854 1007 51200
DPYC DPLCG
-682 28087
SOMIC LIMITSS EVAP= 20097 ADB= 24089 YarTs
/A 3= BVAP COND AXIAL VATTS/CH2
3 1 1010
E R REYs i A RSYa L13 REI» C A RET¥ C 3 3EYn
13 5074 330 5074 3
80T FLUID CHARGE 281.89% ORAMS

ROOM TEWP. VOLUME OF 40T SLUID CHARGE 20,8099  CN3

COLD FLUID CBARGE 200.48 QRANS
2le444 CMD

H3A? PIPEs (MESH) & 2 RIDCAPS 153.506 GRANS

DELTA-T VALUES:

ETAP #ALL E7AP LW LVAP ukcH SVAPORATION

+ 84232 +732296 1.01444 + 100058 2 ¢
VAPOR () 7APCR (A) TA2QR (C)

¢ 250527 E-01 #192871E-01 =« 1293Y52Z-01
CCUDINSATION  COXD HESH COND LG C04D WALL

+ 244567301 «243105 «179159 +6983142~01 DS C

POYEY 0F 938 VaTTS CAUSIS -mevweaceca- CAPILLARY LIAITy IFL » DPY
LAST GQON-LIHITID OWIN CALCULATION YAS Al weecvecmcecae 930 4ATTS

------------ 70TAL DCLTA=T = So44 DG C
S w== TOTAL MASS =  Ouusd 0



RUN COKDITIONS: 10041 AcMe /3070

YLUID = NERCURY VALL MATLm3048S

EYAP TENP = 382 TAPOR DELTA-P « 80 DN C

GRAY A3 = 0.00 VIO AN3 = 0.00 DBG ORIGINAL PAGE IS
' EVAP LENOTE 16,9201 I8 4300000 CN OF POOR QUALITY

AD) LENOTE 169291 IN  43.0000 CM
COED LMGTE 00.2013 1B 178.0000 CM
TOTAL LINOTE 103.1500 I8 262.0000 CM

OeDe 0.3760 1A 0.9020 CM
VALL TEKNSS 0.0039 I8 040100 Cu
GROOVE VIDTS 0.0707 1 043000 OM
OROOYE NBIGET 0.0079 1N 0¢0200 CM
LARD ¥1DTH 000002 I 041500 CN

8 OROOVES (CLOSED) COVERED VITH 200 uRsE

RO LINI? INCOUNTERED AT weecwee seeom 440 VATTS

T0TAY ELTA-T ® 1.80 IR ¢
TOTAL NASS - 0s449 KC

VARET? PEATORMAXCS DETAILS (Y OR X) 7Y

PB P-4 PA=C " DTRES/CX2
1169023607  o110760B+07 1168380407 1168315407

] 754 24-C 2 om ¢
380,888 350,437 350.338 380,368

ETAP TENP COUD TEMP DRLEAST
3s2 380.023 1.97729

DPCe 120072  DFG= 0 DPC+DIG= 120072  DYERS/CN2

PYS DPLD oPTA BPLAG
1926 o4 1313 32473

DPYC DPLCO

34 17796

SOHIC LINITSs SVAPm 6206 ADD=s 7012 WATTS

Q/4A* VAP CoND ALIAL WATTS/CH2

3 0 e?

E n1EW E A REI# LIQ RETs C 4 REI¥ C R RRX»
9 3479 187 3480 2

407 ILULD CRARGE 282-335  GRANS

200N TEMP. YOLUME OF HOT FLUID CEARGE 20.8796 CMD

COLD 7LUID CHARGE 290.8 G RANS
21.44%4¢ CM3

HIAT PIPEe (MESH) 4 2 RMDCAPS 158.621 OPANS

DKL ra-T VALUESS

EVA? JALL A LG EVAP MBSO AV4P0RATION

«184104 472939 + 5348 «100098 DG €
Tal0: LE) VAPOR (A} VA20R (U

e L00BSS + 102539 =« 33631401
CCiog&icarionl  COLD MESI COLd LG COND WALL

IPLTEL 9L D) » 150C589 «1156a2 «4505368~-C1 )7 - IR

PCIZR OF 305 YATDS CAUSE mewemewmcwwees \PILLARY LINIT, DPL » IOV
LA LON~LIMIYED ACVDT CALCULATION HAS Al ewmcocecccan- 300 4ATTS

mreesnsmewee [QTLL L3LIL-T = desd 15 C
menemmeeees MTLL 1ASS = Qe 249 %6




RUN CONDIZTIONSS
JLUID » MEMCURY

1113 Pele e

VALL AATLm30455

VAP TDNP » 77 TATOR DALTA-T » 80 DI ¢

GRAY ANG = 000 410 AKG = 0.00 DI

BVAP LDDITE  16.9291 IN  43.0000 CM o

ADD LEGT™ 16.920% Li 43,0000 CM ORIGINAL PAGE S
COND LNGTE 69,2013 IK 176,0000 CH OF |

TOTAL LRIGTE 103.1800 IX 262.0000 CM POOR QUALITY
0eDe 0.3780 11 0.952¢ CM

VALL TEENSS 0.0039 DX 0.0200 CH

GROOYE WIDTS  0.0787 IE 042000 CN

GE00YE KEIGET 040070 IE 040200 CX

LAKD ¥1DTH 0.0802 I8 0.1506 CM

8 GROOVES (CLOSED) COVERED WITH 200 WS

%0 LINI? DICOUMTERED AT = 204 YATTS
T0TAL DEL2A-T » 2,00 DA C

cocconseacee T0TAL MASS - 0.449 £0
YAXT? PERTORMANCE DETAILS (Y OR K) ?Y

PR PR=A PA=C ”© DYRXS/CH2
208510 258701 253728 263630

kY 1= TA~C 2 ¢
276.066 270542 278.168 76. 18

BVAP TEMP COND TRMP DELTA-T

7 2740921 2,7’91

DPCm 127000 DiG= 0 DPC+DIG= 127000 DYaES/Ci2

DPVE DPLED DPYA DPLAG

2808 2708 1971 20211

DPVC DPLCG

98 110™

SOMIC LINITSS EVAP= 1500 ADD= 1693  vAlS

Q/A' Se ETAP Ccodd AXIAL Val?T8/CH2

2 ¢ 370

E R RFI¥ 5 A REYa LIC RBYw C 4 REY” C R REY»
(-] 2438 108 2441 1

80T FLUID CHARGE 284.166 GRAMS

ROOM Tm?f YOLUME OF HOT FLUJD CHABRGE 20.8779  Cid
COLD FLUID CHARGE 290.48 GRANS

21¢444 CHJ

HEAT PIPEy (KESH) & 2 BHDCAPS 1568.396 QRAUS

DRLTA~-T VALUES:

EVAP AALL ZTAP LG VAP WUESH AVAPORATION

«116344 « 300687 «415008 + 100098 DIG C
VAPOE (&) VADPOR (A) JAPOR (C)

«32332¢ 373779 «135547 =01

CONDENSATION  COMD {ESE COXD L. 6 CO4D JALL

«Ca4EE7E-0L «101701 «735424E-01 e CBULTLL=0) o+ 3
POJER OF 310 fATTS CAUSES eewewwmecowee CAZILLARY LIMITy D2L » D2°
LAST Q0M=LIMITED ZOdLil CLLCULATIO! Had al meeeesmcovose 303 YATTS
mmeemceeneee 0TAL LALTA-T = 3,33 245 C

crnacnnana o= TGTal ALlS = Jeasd G



BUN COXDITIONSS 257 'o“-_

YLUID = DOVTREIN 4 VALL HATIm3045$
BYAP TSNF @ 382 TAROR DELTA-T = 50 DO C

GRAY AMO =  0.00 W10 AIC = 0.00 DHD

BTA? LEIGTE 10.9201 I 430000 CM ORIGINAL PAGE IS
ADD  LRDIGTE  16.0201 1B 43.0000 OM OF POCR QUALITY
COND LENGTE 09.2013 IN 176.0000 CN

TOTAL LBMOTH 103+1000 13 262.0000 CM

OeDe 0.8000 I 12700 CM

¥ALL THKESS 040080 IX  0.0327 OK

QROOVZ WIDTE  0,1083 IR 0.2730 CM

GROOYE RBIGET 0.0298 13  0.0780 CN

LAND VIDTH 00046 I8 0e0116 CM

12 OMOVES (CLOSED) COYERXD VITR 200 MESH

20 LIAIT BACOGUTIRED AT

WS VATTS

cmeenomvawss T0TAL DELTA=T » 18,04 DD ©
ceneenaseems T0TAL MASS - 0.306

VAT PERFORMARCE DETAILS (Y OR X) 7Y

4 3 Ph=A PA=C rc
t_““lw fﬂ.’.w g‘?"'nw o“ﬂm
k1 ] 3-A A0 %
339,935 3390‘ 931 mo 930 3390_9'
BYAP TRMP COXD TEMP DALTA~
382 336.980 150. 0408
DPC= 3430 D= O DPC+DNm 3439 DYNES/CM2
prYe LG JPVA DPLAG
318 220 146 1330
DPYC DPLCG

) 903

SOMIC LINITSs

VAP 32064 ADDe 39214  4ATTS

QA Sm 13784 COND AIIAL

2 0 347
B R RLT# X A REY# LIC RFY» C A uSYs
L) 18356 852 1656

HOT FLOID CEAME

ROON TXKP. VOLUME OF 30T FLOID CHARGR

66,0229 GRAMS

61,3192 CH3

COLD FLUID CHARGE NG.3823 GRAMS
30.8641 CHI

HEAT PIPSe (M3SH) & 2 EMDCAPS 218.7Cl ORANS

DEL1A-T VALUESS

WVAD ULLL ITNP LD SVAP Nisd N FVDLT IR
178328 10902 133681 100083

TAPOR (3) V420 (A} TAPOR (C)
<2l I403E-02 2127 I=02 « 732482 5=03

CONDIIS...1Cd COYD .i.Sd CoiD b C03D VALL
2l 57201 «Jaa322 7037382 ¢ 4331235-01

e

DTEES/CN2

VATTS/CH2

C h REI#
i

DE: ¢

2% ¢

20'5R OF 515 1ATT CAUSES cemmweceweees CAPILLAXY LINITy DL » 0TV

LAST SCASLTHITLY PN Caldll

- W 0w -

YTAL DULTA-( =
JOTAL Mase

ALLON AR AT

17.42 25

A e e
e300 &

510 9ATC



ln
-

ROR COMDIT.ONSY 2363 2 Mo
JLOID = DOMTREBIM A YALL HATL=30483

VAP TRNP = X7 YAPOR DELTA-T = 00 DB C

JRAY ANG =~ °f°° Vil A0 = 0.00 DEG

3TAP LENOIN 16.9391 1Y 43.0000 Ck
AD) LEMOTE 16,9201 1§ 43,0000 CM
CoND LR 60.2013 [X 176.0000 CM
TOTAL LDIGTR 10341800 IS 262.0000 CM

OeDe 0.8000 I 13700 CM
WALL 7THEMSS 0+0080 IX 040127 CM
GROOVE ¥IDIX 03083 I8 0. 2780 Cit
OROOYE NBIONT 0.0286 L 000880 CM

LAND VIDTE 0400608 I 00108 CK

12 GROOYES (CLOSZID) COYERED W1TD 200 MESR

N0 LINI? IMCOUNTERED A? 373 vATES

-- $074L DELTA-? = 10,73 D O
— T0TAL NASE =  0s30¢ D

VANT PERJORMANGCE DETAILS (Y OR N) 7Y

” r2-A P=C r
(3320013407 o332063E407  o3320473407 43320373407
] -4 2™-0 20

318304 318.308 310.388 310,304
EVAP TEXP COED TEAP DRLTA-?

32 316.27 10,7302
DrCe 4112 D= 0 DPCeDe 1112  DIRES/CN2
DPYS DPLYD DPYA DPLAS

283 274 180 1722
DPIC DPLCS

103 1128

SOZIC LINITS: EVAP= 24880 ADDs 29826 4ATTS
/4" 3m 3TAP cond AXT4L

2 0 204

L 3 W5Te 5 A RETS L1G RST# ¢ 4 2EYW

4 e 408 72
BO¥ FLUID GRAIGE €0.2462  GRAAS

ROON "EHP. VOLUNE 0F HOT 7LUID CHANGE 88,4103 Cid

COLD FLUID CSARGZ 77.4415 GRAYS
72:5108 K3

H2A? PIPEs (MBSI) & 2 EROCAPS 216,763 GRANS

DELTA-T VALUESS

EVAP HALL VA2 LG EVAP MESE EVAPORATION
«101407 7.22392 1e12047 «100083

FAPOR {£) V.FPOx (A) 7.P0R (C)
«3I7109E~02 » 292968 E=C2 #1J80103=02

COIDASATION COdD ‘(33 TWD L Coul waLL
2uab7 201 0 27 3341 177523 s J72EH6E=01

Mo 1]

ORIGINAL PFE 5
OF POOR QUAL'TT

DYERS/CN2

VATPS/CH2

C R REYs
1

DEG C

6 C

POVER Q4 121 YAVTS CAUSES eewwe-emcwwe JAPILLART LINIT. DPL » DPY

LAST dCH=LILITID PQ¢ il CALCULALIOY WAS AT sweesssccwes

suscncemeces OTAL ZOLTA-T @« 12406 20 O
3}

wremenseemes [OUAL 4SS - i3t ab

420 1.277S



e

BUE COXDITIONSY 2131 Pele

TLULID = DOVTRERK A VALL MATL=30433
BYAP TMP » 302 VAPOR DELTA-T =« 80 DB C
GPAT A3 =  0.00 VIS A0 = 0.00 DB

EVAP LEGTR 16.0201 IN 43,0000 CM
ADD LENOTE  16.0201 IE  43.0000 CN
CO¥D LINGTE 99.2013 17:4:0000 CM
TOTAL LERIGTE 103.1820 202.0000 CM

4 |
b |
OeDe 068000 I8 1.23700 Cn
VALL TEEESS 0.0000 In 00127 CM
300VR ¥IDTR 001083 IR 0.2780 Cx
JROOVE KBIGET 0.0236 (X 0:0300 CM

LAXD VIDTR 0.0076 12 0.0184 O

12 GROOVES (CLOSED) COVERED WITE 200 M3SH

40 LIMIT EXCOUXTERED AT

310 VAT?S

TOTAL KASS - 0.288 OO

VAET PERFCRHANCE DEBTAILS (Y OR M) 7Y

2 3 PE=A PA~C ]

« 2229754+07 52225423«7’ QMZSW o_azww
™ 15=-4 TA=C 1C
206.287 298.279 ”ao'ﬂ‘ m.'?’l
BYAP TRNP CO%D TEMY JELTA-Y

302 m-_m Q. J7000

DPC= 4834 D¥C= O DPC+DI= 4834 DYNES/CM2
DPYS DL DPYA DPLAG

280 3¢ Y. 1) 1908
OPYe DPLCG .
160 1282
SONIC LINITSS EYAPm 17710 ADD» 20631 WARYS
J/A* Sm EVAP coxd AXIAL
i 0 24

E R REYa ~ A REY» LId REYS C A REI»

3 1101 233 1152
30T FLOID CRANME 87.6718 GQRAMS

ROON TIMPe VOLUNZ 07 JOT FLUID CHANGE 83.3083 CM3

COLD FLUID CEAROE 72,8808 ORAXS
3341 O

JEAT PIPEZs (MESE) & 2 RMDCAPS 214,816 ORANS
DELTA=-T VALUESS

E7AF VALL STAP LG EVA? 358 SVAPOATION
«130299 8.52068 «362260 flOLO%
YAFOR (&) Ta20 (A} V4PCR (C)
«7568365=-02 -"ﬂdzslz"oz «J66211E=02
COADIISAI0N CON AESH COlUD LG Co4D 1ALL
0 234537 5-0 e 235248 1.35502 + 032033

P04ZR OF 378 JATTS CAUSES ewweeewee=es CAPILLARY LIMIT
LAST JON-LINITED LOWER CALCULATION YAS AQ ewweevewowes

creccecvenee TOTAL DELTAT = 9.32 DI ©
TOT.L 4ASS - 0.238 %G

w11

F POOR i yiom

ITEES/CN2

O ¢

VATTS/CH2

C 2 AEI¥
0

6 ¢

G ¢

s DPL » 0PV

370 JADYS

g



S

R0% COUDITIONSS

YT R, ¥, 1)

JLUID = DOWISERN A VALL MATL=30438

EVAP TRNP =
GRAY AND =

EVAP LENOTE
ADD LERTS
coND LENOTH
T0TAL LENOTR

OeDe
VALL TRENSS
GR00VE VIDTR

m TANOR DELTA=T ® 80 DN O
000 VR MG = 000 DN

16,0201 i  43.0000 CM
16.0201 I¥  43.0000 CN
9.2913 1 176.0000 CM
10301800 I8 2423.0000 CM

ORIGINAL PAGE IS
OF POOR OUALITY

02000 IR 12700 Ch
040080 1B 040137 OM
0+3088 IR 0.3760 CH

GROOVE BBIGAT 000217 IN 0.,0880 G

LAND ¥IDTR

0.0087 18 0.0220 Cx

L] GROOVES (CLOSRD) COVARID VITH 200 MisE

KO LINIT BMCOUNTERED 47

366 vATES

TOTAL DELTA-T = 640 DI O
TOTAL KASS = 0,281 DO

VAT PFRFORMARCS DETAILS (Y OR ¥) ?Y

78
*130013 3407

I3
Z71.61

BYAP TRNP
r?

DPC= 5568
i) A4

a9
DPYC

208

S0HIC LIXl?S.

2-A PA~C rc TUB/CNR
(1306808407  1308G7BK7 .« 1308468407
TE-A 2%-0 ¢ M ¢
21700 271,701 271.78¢
COND TRA? DEL?A-T

270.811 6e 40877

De 0 DPC+DR0= 8568  DYNIS/CK2

LIS oM DPLAG

361 193 2298

DPLOG

1433

B7APm 11518 ADD= 13770 WATTS

W4'Ss EVAP Cotv AXIAL 4ATTS/CM2
1 0 208

3 R RIYe B i REYY Lig rw C A 22 C R REY#

) 9€6 19¢ 1) 0

T0T YLUID CUARGZ 851152 GRANS

400 TZHP. VOLUME OF HOT FLUID CHANGE 81.606 CH3

COLD FLUID CAANGS 6B8.5201 ORAMS

94,1078 CN3

HEAT PIPEs (MESH) & 2 ZUDCAPS 212.837 CGRAMS

DZLTA~T VALUZ3:

LTAP 1ALL
231323

TLPOR (E)
+2058632-01

vOUDAL3ATION
BIRE % T JORTID

LYAP LS 2VLP MESH IVAPORATION

£016833 310 W7 «100008 I 4
vAFO (a) TA20R (C)

»'?2883C2-02 ¢ 1O2428E~02
04D 41538 <ONd LG COND 1ALL

«10857 1.07143 « 273TE3E-01 das ¢

TIWIR 0 210 VATIS CAUSES mwemesemeee= §, OLLLASRY LIMITy DPL » UPY

Vao” LAQUE-LINITIZL POVIR VALIULATIl A8 Al ceemcemccces 308 WATTS

cemmsesemena TOVAL DilTA-T = 743 DS C

- s o e

Ty.al HALS “ veadl £G

19

oan e i e B B X e Ao £ Ve R




RON COXDITIONS: 2112 oMo /27479
TLUID = DOVTHRRX A dALL HATIm304SS

IVAP TDNP = 282 VAPOR DEL™A-T = 50 DS ©

GRAY AMG =  0.00 VI AIG = 0,00 DI

EVAP LINOTE 16,9201 II  43.0000 ON ORIGINAL PAGE I3
ADD LEIGTR  16.9201 Wi 43:0000 ON 0

COND LEMOTH 69.2913 IN 17640000 CX F POOR QUALITY
T0TAL LRAGTD 10351500 I3 2620000 CN

0eDs 008000 1N 1.2700 CN

VALL TAKESS 040080 IN 000127 CH
GROOVE 41DTH 001083 IR 0e2750 CM
GROOVE UBIGHT 0,097 LN 040800 Cx

LARD VID%H 0.0097 I¥ 040247 CN

12 0J00VE5 (CLOSED) COVERED ¥ITH 200 XESE

30 LINIT BRCOUNTERED A? weveowmncsene 219 VARTS

— TOTAL MASS - 0.:2?6 o

WAIT PEEFORMAHNCE DRTAILS (Y OR X) 7Y

P PE=A PA=C PO DYRES/CXK2
aymes 8 48s aj7238 a36e52
13 TE~A T4-C 70 B ¢
Mo'ou 200‘ 037 wo_ 00e 367_0_ sue '
A
EVAP TENP COND TIXP DELTA-?
262 247,018 4 96198
DPC= 6311 DiG= 0 DPC+DPG= 6311 DIRZ8/CH2
DPV3 dPLID DPYA DPLAG
3 413 ) 2761
DPYVE DPLCO
233 1693
SONIC LIMITS: SVAP=s 7617 ADDe 8733 WATTS
W A'Se L7AP COXD AXIAL VATTS/CM2
1 "] 2
E R REY# 3 A RSY# LIQ REY# C A RBY# C R RFY#
2 806 131 896 0
HOT FLUID CEARGE 8205281 GRAMS

ROON TENPe VOLUME OF HOT TLUID CHAMGE 49.1836 CN3

COLD FLUID CHAIGE 640880 GRUANS
30.9808 CiW

BIAT PIPEy (MESH) & 2 EXDCAPS 209,831 CTANS
DELTA=T TALUES:

ZVAP 4ALL E7AP LU0 ZVA? MEsH ZVAPORATION
«94..75335-01 309006 0331114 +100080 DG C
1APOR (E) VAPOR (A) TAZ0R (<)

«1721139E~01 «131836.5-01 «1433265=01

COMDARSATION  COMD “EFH oD L.& COld WALL

0 2440075-02 « 166508 28715 «2303963=01 DiG C

PC4IN OF 245 TATTS CAUSEID emeeeewmcees JAFILLAST LIMIT, DFL > DPV
DAST HOM=uLHIT3D TQUER Callllallll JHAS LD emecvecmccewe 240 WALTS

cewnmacacmeve TOTAL JELT4A-Y = Sesl LUV 6

cmmemacsanss )AL A3 - Qe274 G



»
e
*
y:

E0X COXDITLIONS)

FLUID = DOYTEERN &
LVAP TENP = 219
GPAY AZG = 0400

EVAP LEDTE 16,9201
ADD  LEKIOTE  16.9291
COuD LEGTI 692913
T0TAL LEMGTE 1031500

Qe Do 0+8000
44ALL THERSS 0+0080
GROOVE w1DTH 041083
GROOYE HERIGHT 000197
LAND VIDTH 0.0007
12 GROOVES (CLOSED)

40 LINIT RECOUNTERED A?

21 ¢ Polo.
TALL MATLm30438 '
YAPGE DELTA-T @ 50 DG O
Y70 AMG = 0,00 DRO

IX 43,0000 CM
IE 43+C000 CM
IX 17640000 CN

26240000 oM

00127 CH
043760 CM
n 040800 CN
n 0¢0247 CM
COVERED VWITH 200 KESE

u
Ix 1.2700 CN
n
4 §

160 VATTS

e—eeee—eewe 0TAL DELTA-T =  4:08 DI C
cme—eweeee—s TOTAL HASS = 0:274 KO

VAT PERFORMAKCE DETAILS (Y OR R) 7Y

P5 PE=A PA=C PC
384484 334098 383751 323206
% 7%-4 2A=C re
215,848 218.008 218,771 218.72¢
EVAP TEMP COND TEMP DELTA-?
219 214.962 404829
DPC= 7317 DEG= 0 DPC+DRGe 7317  DYN3S/CH2
DPVE DPLEG DPYA DFLAG
388 s 334 2308
DPYC DPLC
465 1536
SONIC LIMITSS EVAP= 3713 ADB= 4207  WATTS
QO/A'Sm BVAP COXD AXIAL

0 0 133
I R RET# B A RET# L1Q REY# C A RETe
2 643 76 43

307 FLUID CHARGE
ROOM TEHPe VOLUME OF HO

83.9219 GRAMS
T FLUID CHARGE 50.4837 CN3

COLD FLUID CHARGE 64.0805 GIANS
55:9308 43

BEAT PIPEs (MISE) & 2 REDCAPS 2090931 GRAMS

DELTA-T TALJESS

3VA? YALL EVAP L&G 3VAP NESH BVAPORATION
«7462415-01 2.44127 «835393 «100093

vA2OR (3) 7AP03 (4) YAPOR (C)
»3807125-01 « 344238 E-01 *46E3098=01

COIUENSATION  COND MESE COND LG COND ALL
241557501 +131746 » 397897 « 018292

18

ORIGINAL PAGE IS
OF POOR QUALITY

DYRES/CHe

DG ¢

VATTS/CN2

C B RET#
0

2B ¢

PCIER OF 220 JATTS CAUSSS ~ewm—weewees CAPILLAXY LIMITy IPL » DPV

LAST Q0d-LIAITID POYIR

CALOILATIOL VWAL ADl ewessecaceces

cemevensance [0TAL DILTA=] = vel2 DX C

mmwmennasmee T L {ASS

BT L)
= Veaoia s

215 JAITS



R 5% At

RUE COXDITIONS: 08306 Aeile

FLUID « NERCURY YALL NATL3045S
EVAP TEND = 434 YAFOR DALTA-T = 3 DX C
QRAY AlG = (VIY) ] V10 AlNQ = 0.00 DG

E7AP LDOTH  30.0201 [N  43.0000 CM
ADM LENOID  16.920% IN 43,0000 CM
COND LEIGTE  €U.201) 1IN 176.0000 CX
TOTAL LEXGTH 103.1500 IX Q202.0000 CM

OeDe 0.2800 IR 0.6380 CM
WALL THEXNSS 0.0025 I 0.0004 CH
GROOYE 4IDTH 01083 IX 0.27%0 CM
GROOVE REIGHT 0.00?9 LI 0.02v0 CH
LAND VIDTH 0.0358 1X 0.0000 CN

8 OROOVES (CLOSED) COVERKD WITM 200 MESH

MO LIMIT EECOTRITERED AT wemoceenccen 720 VATTS

- T0TAL DALTA-T ® 413 DM
mmemcmcmeee— TOTAL NASS = 00200 KO

VAKT PERFORMANCE DETAILS (Y OR M) ?Y

PE PB4 PA=C M

« 30150 507 « 3507038607 + STO024L+07 +3803083+07
23 Ti=A TA=C °

430.378 30.,712 30 06e €300 837
EVAP TENP COXD T™RNP = DELTA-T

+34 429.872 4012042

DPC= 114169 DRe 0 DPC+DIG= 114189 DYRES/CN2

DPYR OPLRG DPYA DPLAG
9680 72 ™ee 56688
DPYG DPLCO
-3844 s
SO{1C LIMITS: EVAP= 8446 ADD= 10060 HATTS
A/A! §= EVAD SOND AKIAL
8 2 2373
S 1 REMWY 5\ LEv LI3 RET» C A RiY#
13 7788 393 7787
HOT FLUID CHARGE 206e003  GRAMS

TOON TRMPs TOLUNE OF HOT FLUID CSARGE 18542117 (X3

COLD FLUID CUARDE 213.035 GRANS
18.7268 CM3

BEAT ’IP3e (NESH) & 2 RMDCAPS 76.433 uRAMS

DELTA-T VALULSS

KVAP YALL SVAP LG 3742 AZsH LYATORATION
+ 70618 1413874 183407 +100098
TAPOR (3} 7407 (M) TAROR (O
» 163318 14717 «s720ugc S=C)
CONDIASATION SCRD WeSH CND Lo COXD wALL
s cad8TE-0L 8089 233439 « UE30333-01

b VBRI TP HATTS CAUSES wweecemeweae CAPILLAGY LIMIYY
LAST HON=LIMITED PONIR CALCULATIOG YAS Al -we-cecccwes

wwweveneven~ [JTAL VILT\-T = 4edl Dl ©

————en wesww TOMAL ASS - CelJ0 3G

/30/70

ORIGINAL PAGE IS
OF POOR QUALITY

DYNES/0N2

B ¢

YATTS/CN2

C R REY»
3

DEG ¢

03

OPL > 20V

O UATS



0K CORDITIONSS

FLUID = MERCURY
EVAP TEMP = 402

D146 Aoide

VALL MATL=304S3
TAPOR DELTA-T = 60 DG C

'
w

/30779

GRAY ANG = C.00 V0 ANO = 0,00 DES
SVAP LENGTE 16,9291 IN  43.0000 CN GE IS
iD} LRGTE 16:9291 IX  43.0000 CN ORIGINAL PG ALITY
COXD LIXOTR 69,2913 I 176+0000 CK OF POOR Q
TOTAL LINOTE 1031800 I 2520000 CX
De 02500 IX  0.6380 ON
.ALL THKNSS  0.0028 DI  0.0064 CK
GROOVE VIDYE  0.1063 IE  0s2780 CM
GroovE BEIGHT 0.0079 IX 040200 CN
LAKD VIDTE 040718 IN  0.1823 CN

4 OROOVES (CLOSRD) COVERED VITE 200 MESH

HO LIKIT EXCOUNTERRD AT 588 VATTS
woecccecweee $0TAL DELTA-T = 3.82 DIB C
- TOTAL MNASS - 00:&1 | (]
WANT PERFORMANCE DETAILS (Y OR X) ?¥
PR PE=A PA=C Pe DIRES/CN2
39480 54007 owmm . 2378 CE+07 -moz‘? M’?
T -4 TA=C ¢ DI C
3990“01 3981583 3“0‘92‘ 309.016
RVAP TEMP COND TEMP DELTA-T
402 3981379 3-.&001
DPCm 116291 DIg= 0 DPC+DPG= 116291 DTERS/CM2
DPVE DPLEG DPYA DPLAG
9242 7858 8462 50687
DPYC OPLCG
-3408 31338
SOKIC LIMITSS EVAP= 5424 ADBm 6418 WATTS
AL 5= BVAP CoND AZIAL WATTS/CM2
6 1 1883
B R DTYI# E A REI# LIQ REY# C 4 REY# C & BREYI#
11 araeé 397 arie 2
BOT 7LUID CHARGE 187. 61 GRANS
ROON TmP-_ YOLUME OF BOT FLUID CHARGS 13,5599 CN3
CGLD FLULID CRARGE 193.815 GRAMS
I‘Qaw CH3
REAT PIPE, (MESH) & 2 EXDCAPS 87.8608 GRAMS
DELTA-T VALU&SS
IVa2 WALL EVAP Lo EVAP MzsH EVAPORATION
229854 9805625 130770 » 100038 D C
TARQR (3} VAPOR (A} TAPOR (3)
524.8291 -‘223004 = 517969E-01
GCOJDENSATICN 0MD VESE C'8) LG €LaD JALL
557 5-01 «322469 232703 « 5G209438-01 DG ¢

20482 OF 6815 HAUTS JATSES ~meccscsccea (APILLALNT LIMITy DFL » DPY

LAST HON=LIMITID POVER GALCULA.ICH YAS Al ==veecemeccewe 61D dATTS

ceommoewemmne TOTAL DELPA-i =

cmmmmmnnnene 'OTAL

3e68 DL o
0233 26

o
Yot =



RUX CONDITIONSS

JLOID = NEROWIX

STA2 BRI » 32

MY 4B = 0.00
AVA LEGTE 106.8291
AD3 LEGTE 16.9291
00N LEMTE 60.201)
W0%AL LMOTE 103.1800
00'- 002600
YALL TREN3S 040028
S200VE VIDTR Q1083
SR00YE SEIGH? 0.0079
LAKD ¥VIDTH 0.1318

3 GROOVES (CLOSED) 00

9182 Acuo_ /30779
VALL UATI=B0483
VAMOR DMLTA-T » 00 DI C
VR ANS = 0.00 BB
3 gmes
IX 176:0000 CX ORIGINAL PAGE IS
5 262,0000 O OF POOR QUALITY
o 0.6380 O
i | 040084 ON
u 0.2780 CM
n 040200 CM
¢ ) 0:3343 CM

YERRD VITE 200 NESE

20 LINIT EXCOUXTERED A? - 0 VATTS
20TAL DELTA-T » 3.30 2 ¢
— WL WSS . 02T DO
VAN? PERIORKANCE DSTAILS (Y OR B) 9%
P PE=A %4 ” DYRBS/0M2
*1162625+07 3301040000 o 4344733007 * 1144285007
£ 1 ] -4 O 10 M C
380004 368,883 349,046 340,199
EVAP TENP COND TRMP DELTA~T
3s2 3480609 3.30103
DPC= 120118 DFGm» 0 DPC+DFG= 120118  DYAES/CMZ
DFVD DPLEG DPYA DPLAG
10774 7684 10121 68918
DPYV( DPLCG
-2508 31464
SOKIC LIMITSS BYAP» 2622 ADB=s 2921 VAITS
Q/A* Gm EVA? COXD AXIAL YATTS/CM2
8 1 1389
E R IKI» B A RET LIQ REY» C A RETH C R REY#
9 5337 372 5346 2
BOT FLUID CRARGS 169,292 GRAMS
ROOM TmPo' YOLUNE OF 30T FLUID CHARGE 12-_4976 CM3
COLD FJLUID CHARGE 173.9986 GRAMS
12,3048 CN3
EZAT PIPEy (HESH) & 2 RNDCAPS 990'2507 GIAMS
DEL ?A-T VALUKES:
SVA? WALL IVAD LG . IYAP LESH SVAPORATION
3175328 « 6308505 1.00319 »100058 mw ¢
VAPOR (2) TA0R (A} JAPOR (C)
« 237031 « 537354 -e 13357
COMDINSATION Co4D 1388 Cl8d Lo COND JALL
fZ".éﬁWE‘Cl +« 215836 «16E003 0_4293343"01 DEG G
PO¥ IR OF ‘50 YAITS CAUSDS e—oweccesaws CAPILLARY LIAIT, DPL » DPBY

T
-

cmconenseces T()'AL DELTAT =

‘e

PRV Y

A33

T MCH-LIAITED P0ULR CALSULATICA Uil Al

B 449 FATDY
J.34 DL
0273 13

(o av

¢



Ji CONDITIONS:
LUID = MENCURY

VALL MATL=30485

9138 A« « /78

ORIGINAL PAGE IS
JF POOR QUALITY

VAP TENP = 302 VAPOR DELTA-2? = 030 DI C
RAV MiG = 0.00 Y10 A =  0.00 DM
VAP LRNOTH 16.9201 IE  43.0000 CX

DB LIMGTE  16.9201 IN  43.0000 CK

OMD "NIGTE 69.2013 Ik 176.0000 CH

0TAL JGTH 103.1800 IN 262.0000 CM

Yo Do 0.2500 I 0.6380 CM

(ALL THENSS 0.0025 1% 0.0064 CX
+ROQVE VIDTH 0.1088 11 0.2750 CM
»BOOVE HRICHT 0.007% IN 040200 CM

LAND ¥IDTH 0.13i8 1 0.3348 CM

3 GROOVES (CLOSED) COVERED VITHE 200 MESH

NO LIMIT? DNCOUNTERED A% ~reccccccnce
cccnsvevesw= TOTAL DALTA-T »

ececcconsane 10

TAL MASS

4ANT PERFORMANCE DETAILS (Y OR ¥) 7Y

PE
44567

T8
300.818

SVAP TEMP
302

DPCe 124873
" DPVE
13616
DPYC
~102?
S0¥ "7 LIMITSS
3/A'S=

E R REY»
K

PE-A
432020

Th=A
209.12¢

COND TEMP
297 .493

D= 0

DPLEG
5634

DPLCG
23093

EVAP»

EVAP
3

E A REI#
4203

40T FLULD CHARG3

ROOK TZMP.

COLD FLUID CHARGE 173.985

VOLUME OF BOT FLUID CEASGE 12.5417

12.3445 Cu3

JIAT PIPE, (MESd) x 2 KIDCAPS 932507 GRANS

DELTA=T TALUZS:

LVAP 4ALL
«13023%

VAFOR (k)
1.394583

COXDaidSATION
«2440597 3-01

PO4ER OF

SA53T H0W=LIAITED POMZi CALOULALIOU

------------

VAP Lobr
« 808764

YAPOR (4)
1.37646

COdD 4a5d
162?23

390 JATTS CalSES

TOTAL Dilli-T =
TOPAL AASS

316 vaTeS
48 DB C
- 0.23 0
PA-C " DTUES/CN2
418026 419902
2A-C ¢ B ¢
anae 297,486
DELTA-T
4250708
DPC+DFG= 124573  DYNES/CNM2
DPYA DPLAG
13092 43983
1062 ADB= 1146 WATTS
CoND AXIAL VATTS/CH2
0 ove
LIQ REY# ¢ A RETW C R REY#
254 4232 3
169.39  GRAMS
CN3
3 RAMS
LVAP M1S4 STAPORATION
«745609 « 100093 DiG C
VAPOR (C)
~e 103375
COllD LuG Coul wall
0123371 «2194332-41 LDy ¢©

............
143 Al

d.31

Jud
ol Lel?73 &6

CaPlllanY LINITy OPL > OPV

O 4RITS

>

v



A A i

:
?
\
|

04 CoRDITIONS

FLUID = MERCURY
BVAP TRUP = 277
GRAY ANG = 0.00

EVA? LEMOTE 1d.029)
AD} LROT 16.9201
COdD LEATR  60.2013
TOTAL LICTH 103.1800

OeDe 0420600
VALL THXNSS 043028
GROOVE NIDTH 001083
JROOVE BEIOHY 0.0079
LAND ¥IDTR 0e1318

3 OROOVIS (CLUSED) €0

3O LINIT MMCOUNTENED AT =

12120 PeHe  3/30/79

VALL MATL=30483

TAPOR DXLTA-: :0 Ogmbﬂ c
VI% AIQ = .

ORIGINAL PAGE.IS

I 43,0000 O OF POOR QUALITY

I 43,0000 CH
4 176.0000 CH
IR 262.0000 CN
4} 0. 6350 CM
¢ | 040064 CH
n 042780 CK
I 0.0200 CN
m 03348 CH

YRB2D WITE 200 MNESH

264 VATTS

OTAL DRLTA=( = 8.3 Db ¢

TOTAL NASS - 00:m | (]

WANT PERFORMANCE DETAILS (Y OR E) Y

P PE=A 2A=0 | DYNES/CAR
206642 260003 2240004 224008

13 TE=A TA=C 1] )
278.749 ﬂztw 2”0'961 2“19&

RYAP TEN? COND TENP DELTA~-T

2re ZQQ“O 030382
DFCs 127030 DRG= © DPC+DIG= 127035 DYN ES/CN2

DPYE PPLID DPVA DPLAG

16048 4701 18896 ITI34

DPYC DPLCO

-4 10636

SQ{IC LINITSS EVAP= &4  ADDe 630  VWATTS

Q/A! Se BVAP coud AXIAL YATTS/CH2

3 0 833
2 R BAY. B A RKYS LIQ REY» ¢ A REY# C B RXY»
8 37 208 343031 1
ROT FLUID CHARCS 170187 GRANS
ROON TmP-. VOLUME OF BOT FLUID CHARGE 12,8638 CM3S
COLD YLUID CHARGE 173.998 GRANS
120_3“3 oM

HEAT PIPEy (MESH) & 2 RIDCAPS 99.2807 OQRANS

DELTA-T VALUES:

AYAP YALL EVAP LG LVAP MEiSB EVAPORATION

«111323 t'u.\'sml'? o &I7879 «100098 dl ¢
VADPOR (3} VAPOR (A) 7aPOR (C)

317383 3.88325 =o' 732422 8=03
COXDRMSATIOR  COND NBSH COX Y LuG COND VWALL

« 264857 5-01 «130789 106314 « 73781201 B C

POYSR OT 360 WATIS CATSSS eweweeewawe~ CAPILLAXRY LIMIYs» DPL » DPY

LaST WOU=LINI12D 2040%

- e=eecese "CTAL ORELT
wmweeaneeses TOTAL 4453

JALCULATION Jag A7 emeemewcena- 38 VATTS

A=l = 1283 OO
b e 73 B



==X 7

RUE CONDITIONSS 12148 Poe  3/30/77

YLUID = KERCORY VALL NATL=30438

BVA? TINP » 434 YAROR DELTA-? = 60 DIO ¢

J4AY AKG = 0400 VI ANG = 0,00 MO

TVAP LENGTD  33.8883 Wi 30-0000 OM . T
ADS  LEGOTR 040000 IX  0s0000 CN Vb e URTY

COMD LENGTE @9.2913 IX 176,0000 CM
TOTAL LREGTH 103.1800 IN 202.0000 CM

QeDe 0.2804 IX 08360 CM

YALL [EKN33 00028 IX 00064 CM

GROOVE ¥WIDZH 01083 In 042780 CM

37.00YL YBIGE? 0.0079 IX 060200 CK

LAND ¥IDTR 040360 X 0.0018 CM '
8 OROOYES (CLOSED) COVERLD VITE 200 KESH

MO LIMIT XECOURTERED A? ==

720 YATYS

T0TAL DILYA-T = 2,80 DIO C
10TAL MASS  « 05290 KO

VART PERFORMANCE DETAILS (Y OR ¥) ?°¥

124 Pl=A PA-C ] DYRRS/CHS
faeomm o.w 2M . 388731 8+07 . 3890048407

14 B 3-A TA=C {4 Plg C
32:39 1.32:216 mtzla 432.380

EYAD TENP colD TRIP DELTA-T
434 431 . 408 2: 50244

DPCs 114073 e O DPC+LiG= 114073 DIRES/CM2

DPVE DPLEG DPYA DPLAG
9361 14532 0 0

pPYveC DPLCG

-3725 2942

SONIC LINITSs LM7APm 8646 ADB= 1033« VATTS

/A 5= EVAP COND ALIAL YATTI3/CN2

4 2 226¢

2 R RIY# B A REY# L1Q REY» ¢ A REY# C R REYe
8 ™88 J84 7759 3

BOT FLUID CHARGE 2064234 GRAMS

ROOM TENP. VOLUME OF 20T FLUID CHARGE 15.2247 CH3

COLD FLUID CHARGZ 213,233 GRANS
18,7414 CH3

HEAT PIFZ,y (MBSI) & 2 IXDCAPS 76,7047 GRANS

JELTA~-T VALUZSS

aVA? VALL ETLp LéG IVA? MECE IVAPORATION
+125096 + 5388018 775944 +100Co8

TAP0R (2} TAXR (4) TaPOR (C)
173072 ¢43328132=05  =e 693359E~01

COMDRYSATION  COND MNBSE COSD LG CGUD YALL
+4591138-01 + 375433 + 292541 «6612435-02

TO4IT 0T 4550 4ATTS CAUSES e=eceecessne CLDPILLALY LIAITe DPL » D27

LAST NOU-LTLINID TOUIR CALCULANIUT 145 Al ew<eweseeane 1628 YATIT

—emencmaean (3PAL DILTA=D = 3e47 DG
oy -
~—

Lo N R TT
AV ve o) A



B St

RUN CORDITION

JLUID = WERCURY

12154 Pelle

VALL MATL~30438

W3 Te

EVAP TBNP = 277 YAPOR DELZA=? « 80 DN ©
ORAY 280 = 0,00 VIO AKG = 0.00 DI
EVAP LINGTE  33.8085 IN 86,0000 CM
ADD LEEGTE  0.0000 IX  0.0000 CM e
COMD LRNOTE 942013 IN 1760000 Cit cn
TOTAL LRMOTE 103.1600 IN 2620000 CK “
0eDe 002800 I 0.6380 Gk
VALL TRENSS 0.0028 I 040066 CN
GROOVE VIDTM 041083 IN 042750 Cd
GROOVE EEIOHT 0.0079 I  0.0200 CH
LARD VIDTH 0¢1318 I 0.3348 CM
3 OROOVES (CLOSED) COVEDXD VITH 200 KisE
¥O LINIT BMCOUNTERED AT — 264 VATTS
emmeeecameme T0TAL DELTA=F » 479 DB C
TOTAL WASS = 0273 DO
VALT PERFORMANCE DEPAILS (Y OR N) ?Y
8 P-A PA-C 0 DYNBS/CN2
280631 240821 260817 260617
'3 ’5-A L Yo 10 B ©
276,309 22,892 272802 22.88
EVAP TENP COXD THRMP DELTA-?
P lad 22,21 475985
DPCw 126075  DMG= 0 DPC+DFO= 120975  DTNES/CM2
DPYE DPLIG DPVA DPLAG
19010 9889 0 0
DPYC DPLCO
199 19603
SOYIC LINITSt EVAP= 641 ADbs @32 VATES
a/A'Se EVAP COND ACTAL VATTS/Ci2
1 0 833
£ % RETY E A REYN LI3 RET® ¢ A REY# C R REY#
3 w31 208 3766 1
307 FLUID CHARGE 170.18  GRANS
RCON TENPs VOLU'S OF HOT ILUID CHARGE 12,3631  CA3
COLD FLUID CILLRGE 173.998 GRANS
12,3448 CX5
AZAT PIPEs (MIST) & 2 KADCAVS 99.2507 GHANS
DELTA-T TALOES:
aTA2 WALL VAP LG EYal WESZ2 SVAPORATION
+356614a8~01 . 2161382 « 313761 « 100038 ho)> 3
TADOR (B) JAPGR (A) 74204 (¢}
347108 o 73242285=(3 o 4185 Z28=0)
COUDEXSATION COND Masid CoND Lew COID '1ALL
PRSI PO BV 500 JAITY JALLLl emmccmweeees 1D3 0 00410 LIinIT
wal® NCA=LDNITED 20070 Sancliallid TAS A ~emecceccvaess 495 {3T*3

LCDAL JELTA- = Je.4 20 ¢

cnceanmenemes M) 4L (400 8 De275 5%



PR

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA

B BIVISINN B2 THE SARAETT CORNSORATISN
PHOENIX, ARIZONA

APPENDIX B

HEAT PIPE COOLED NUCLEAR
REACTOR DESIGN INFORMATION
FROM
LOS ALAMOS SCIENTIFIC LABORATORY

(34 Pages)

31-3321
Appendix B



HEAT=-PIPE COOLED NUCLEAR
REACTOR DESIGN INFORMATION
FROM
LOS ALAMOS SCIENTIFIC LABORATORY

This appendix contains the parametric information concerning
heat-pipe-cooled reactor weights and sizes for use in the NASA Brayton
power plant studies which was supplied by LASL. Data on gas cooled
reactors was also furnished but not included herewith since such reac-
tors received only very cursory attention in this study. The mass
summary in Figure B-1 indicates that 90%UC-1082rC fueled reactors are
lighter but more limited in temperature than 600002-40!Mo fueled reac-
tors, Gas cooled reactors tend to be heavier below 1 th for
90%UC-1082rC and 4 th for 600002-40\Mo.

For heat-pipe reactors, an allowance of 100°K was made for the
temperature drop from the reactor heat pipes to the Brayton loop gas.
This resulted in analyzing heat pipe reactors 100 degrees higher than
the desired turbine inlet temperature. The turbine inlet temperatures
AiResearch specified were 1150, 1325, 1500 and 1650°K. The accompa-
nying tabulations provides information at various operating levels,
It should be noted that the reactor mass includes one meter of heat
pipes beyond the core for use in the heat exchanger but does not
include the remainder of the heat exchanger. This mass can be
adjusted as needed using the heat pipe mass/unit length values.

Both 908UC-10%2rC and 60%002-400Mo fueled reactors with lifetimes
of 10 years at full power were investigated. For the 908UC-10%2rC,
excessive fuel swelling becomes a problem at 1425°K above 1 th. For
lower temperatures and power levels, reactor sizes are limited by cri-
ticality and heat transfer considerations. For the region where
excess swelling limitations govern, the power density in the fuel must
be reduced. A number of means were examined including changing the
void fraction in the fuel, reducing the 2350 enrichment, adjusting the
heat pipe size and modifying the cladding matrix. Adjusting the void

fraction will lead to the lowest weight core but at present it is only




RS A

an engineering estimate as to how much void can be accepted in a given
design. It was concluded that the uncertainties and difficulties in
design would not warrant designing a 90%UC-10%2rC core i{f the power
level and temperature exceeded 2 th and 1425°K since the weight was
approaching that of 60!002-40\Mo at these conditions and would prob-
ably exceeded it by 4 th.

The 60%U0-408Mo reactor is criticality and heat transfer limited
for the 1425, 1600, and 1750°K outlet temeprature cases except that
above 2 th for 1750°K it becomes fuel-swelling limited. Based on our
curent best information on fuel swelling, a 4 th reactor operating at
1750°K will have about 14 percent dense fuel swelling.
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TLADD T FUEL mESION HEAT pIRE (WY TIIR VR L1 varom
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TEMBRERATLIRE ZLMMARY s DESIRFE FELIVIM
PR TMIIM FLUIEL DELTYT™ T = 29,7
RE DELTS T RCCPOET HEAT FIPE waLL = 11,4
ALERAYE FLEL TEMERERRTLURE =148k, 3
M TN FLIEL TEMsEmaT Mg =151, 9

EUSn FRACTION OF 23T =, N519

FISTION DEMNEITY ‘FISTTONT Creed) = 7, 850g+20)

FUEL THTLLIMILOLUME ¥ =110, 548
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1. DI'ERALLL RERCTOS+HMEAT PIPE LEMITH
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1.00 C(FLp? COWE L/D WMATIO Crirasomy (1o 2/ MM 12AROM mpm
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seETH=]), S5 xrvOoe
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vrae = 0,100 0,200 0,300 0,400 0,500 0,00 0,700 0,800 0,200 §, 000
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30, .. ALJIET 2ETA rFam 10X EHELLING

EmTa =0, D500 vur =0, 741% ve =, 2%2% px =0,.10400 DT =), 43873
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MAWIMUM FUEL TELTA T = 98,0
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FUEL SWMZLLINGOLUME % =10, 05
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1.0 "ORYL) R7IML MY FLIXeRW/=ME (1OPTMNY (1 3) orPTION s
SON, (OTEMAY) Hk< FUFL DELTA TIDES
1.00 s y) FIeE EXTENTIONIH
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824 (NmIPE) NO. DF HEAT PIPET

EETA O VED  ALFA BKALF BMIN  DYMIN CORBAP ENDIAS
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0
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MUMEES OF HEAT RIPEE = 31.933&
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NN, CDTEMAYY MEx FURL DELTA TeDEG W
1.0 (upiL 1) mIpE EXTEMNTION'M
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s = N, 100 G,.200 0,300 0,400 0,500 0.400 0,700 0,200 0,900 1,000
pe o= 0,293 N,228 0,352 0,412 0,479 0,%42 0,694 0,981 1,794 e,
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BLUSN FRACTION OF u23% =0, 0147
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0. 2533 cOME HNET ST 2. 9d EDITY., FUEL ELENENT DIM
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FLD INDEX =

vpe = 0,100 0,200 0,300 0,400 0,500 0,800 0,700 0,800 0,900 1,000
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S 4 0 0 0 0O e TYPE 0 OF ETART DIVER & ¢ & & & ¢ ¢ ¢ ¢ ¢ o0
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N.9722 AEMTOP DIAMETES E7.27 EDUIV. FLUEL REIION O.D.
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HEYRFONSL “OPNER CORRECTION FR-TOR =1,0231%
MLUMEES O HEAT FIFES = 71,2213

MINIMIM ERACTICAL (ORF SPECIFIED) MUMEBER DOF HEAT FIFES = 182

TEMRERRTLIBE FTULIMMSR YT+ DESREE KELWVIM

Py TMLINM FIIEL DELTSR T = R
FIS DELTS T ACCROSE HEAT FIPE WaLL = .5

RILERRIE FUIEL TEMPERMTURE =1837,1
MS T MLIM FUEL TEMRERSTURE =193, 7

BLURN FRATTION OF &3S =0, 0313

FIZTION DENTITY CFISSIOMT TMOeR) = 2,447e+20

Os  an

FUEL FHELLINSeOLLIMNE X = ().

REACTOR DIMEMZIONSY METERS FUEL ELEMENT DIMEMSIONS MM
0,2422 COmEe DIAMETER E9.97 MIDTH ACTROSE HEX FLATS
N, 2432 cORE WHEIGHWT E7.87 EDUIV, FLEL ELEMENY DIS
0.57V38 PERTTOR DIAMETER EV.&7 EDUIV, FLEL BEIIOM O.D.
1. 9522 PERACTOR HETSNT 11.45 wERT PIPE O.D.

0. 1000 PEFLECTOR THICKNESS : 2.87 wvReOP DIAMETER
1.0000 FIFE LEMETH QUTIIDE PEAITAR &1.74 0LarpOR ABESs MMESD
1.45922 TOTAL HERT PIPE LENSTH

1,95922 DwrersLL PERCTORHHEAT FIRE LEMNSTH

RERITOR WEIGHTSe HILOZPRME

T
253.4 FuELs LTS mass = 131.9
gE%.9 REFLEICTOR
W2.E HERT PIPETY HTAUNIT LENITH NME/MY = &2,02
TR0 CONTROL SYSTEM (RTSUME COMSTANT = 23 K3
47.4 sUempORT STRUCTURE (V% OF REACTOP WT)
T24.1 TOTAL RERTTOR + HEAT FPIFES
T S MU MO RLAE FPOWP IMN FUSLEPACE » 17 HMHePOWER PER HESRT FIPE
WU DR MU MES I TR IRE Ry TAL HT FLUXY ﬁ ﬁﬁ? MUHMPOZ I HMTRIFE P&D MTEL Y

221 2222 222 R XL 222X L T3
rTVEE IM A TTAR

e mas e



rm03 MO, 2 2 5-2-78 Tvag NEW INPUTY =vel, kuen2 .. .zvoe ORIGINAL PAGE IS

srar’ OF POOR QUALITY
1.850 (rm) MEACTOM POWERS MW (ecomg) (1r2-/ucrus2) =omE =moslua
1200, (THP) HENT PIPE TEMP:DES K (rREPS) ((H»2/BEyBPEO) REFPLECTONS sSPREU
3090, (TIME) LIFETIMEIDAYF CwmP) CLp29)2/MNRIMOYW) HEAT PIPE =MD
1.00 vVzLp) cOoO™E LD RATIO (nuapam) (1HS/LIINA) VAPOM L 198
10.0 "DRAxXL) AxIsL HT PLUXIKW/CME C1asTM) (1220 oPTION =2

200, (nTEMmx) A2 FUEL DELTA THDETF K

1,00 VepLl) PIPE EXTEMNSIOMNM
MNOTEs OFTIONS ~AZ § 1~Z0ODE PT DESIGM» S—~FPECIFIED DESIGN

TYAE IM ANY 3F FOLLOWING ! DZOPEM) ¥REF(M) VNFT FRIETA NPIPE ..3TOP
HeIPESLISE TTOM

182 <(umIPE) NO. OF HEAT PIPES
EETA (Rl veD AL APHAG  BMIM DXMIN CORJAP ENDIAP
n.100 0, 0.09%50 0N.,/500 1,%00 O0.0%0 0.080 0,019 0.009

TYyPE:! ZTOPr O MEWN CONFTANTS IE. VIsl, PRKAVISS, ETS ...5TOP
rxTe=l, 1 wve=), 00 vcps=l), TTOP

ELD IMDEx = 2

vae = 0,100 0,200 0,300 6,400 0.3500 0,800 0,700 0.800 0.900 1,000
pc = (.2%3 0,325 0.3283 0,412 0,973 0,562 D.5%4 0.961 1.754 o,
pcH = 1, 1,77 0,402 0,327 0.283 0,852 0.230 0,213 0.199 0,133

e b e e s TYRE O OF PESTART & ¢ ¢ & ¢ & 6 & 6 6 ¢ 0

50...FT DESIFN FOP EFRES LATYTOMN AND HARSEM
BET™ =0, 10030 vnE =0, 3238 vre =),5714 px =0,1000 pc =0,37%3
PEMCTIVITY CHAMZESY DELTA K
EuRM = 0, 027SE Exe = 0, 014%55 zasg = 0,02000 rora. = 0, 082312
FUBL ELEMENT OLLME FRACTIOMZ
CLADDIMNG FUEL MEZION HEMT PIFE WARLL*THWICK vAapOm

0, 0, 7S50% 0.24%% 0, 0592 0.1437
HEXAGIMAL COMNER COPRECTION FAacCTam =1, 0542
MUMPER 0OF HERT FIPES = 28,1720
' MIMIMI PRPACTICAL YOF SFPECIFIED? NUMEKER DF HERT PIPEF = (62

TEMPERATURE SUMMARY s DEFPEE HELVINM
MHEIMUM FUEL DELTA T = 105, 4
4% DELTA T ATCROSE HEAT PIPE MAaLL = 12.0
AUERAHIE FIUEL TEMRERATLRE =1847,4
MAYIMUM FUEL TEMRERSTURE =1724
EURM FRACTIOM OF W3S =0, 1453
TIEZTIOM DEMEITY CFIZSIONS- - Cree3) = 3,395 g+20
TUEL FHELLIMGY LOLUME % = 1, 3$3¢3 = (.09

REACTOR DIMENTIONISY METEPRS FUEL EBELEMEMT DIMENSIGAMNSY - MM
D.2759 COME DIAMETER 22,03 HIDTH ACCAOSRT MEX FLOHTE
J.379S ZORE HTIGHT 29.484 EQUIV. FUEL ELEMENT DIn
N. 5053 pPeACTDR DIAMETER 29.44 gEpUIv. FUEL RESION 0.D.
1, 5393 REMRCTOS HEIGHT 14.71 wWEAT PIPE QO.D.

B, 1010 SEFLECTOR THICKMESS 11.3% vAPOR DIAMETER

1.0000 pPieE LENGTH QUTSIDE Rem=TOR 101,90 vaAPparR AREAY MMee?
T TOTRL HEAT PIPE LEMSTH
OVERAILL REACTER+HEAT PIPE LEMGTH

AERTTOR HEISHTIY KILOERAMS
237.2 FuELy 0235 Mmsz = 190,32
F22.4 REFLECTOR
195,38 HERT FIPESY WT-UNMIT LEMGTHM ‘RE/ /M) = 112.295
23,0 conNTRaL SYSTEM CASIUME COMETAMT = 33 mi3E)
SV.3  zusRORT ITRUCTURE (7Y OF PEAITOS WT)

——— o ——— -

BYE.3 TAOTAL FPERCTOR + HEART FIPES

ST U4 MAMeels AE POWMP INM FUELEPARCE LU. 13 FU'POWER PER HEAT PIPE
W, FE MLUSMPOZ I TR IRFE AYIAL HT FLUX G, 797 MU/ MOOSIMTPIRE BAD MTRLX

3
(22 222 2 1 222222 22 et dd

a(' TS B T ST

P e e —— ——



ep0p NO, 3 S-2-78 TYPE NEW INPUTS pRB]l, KMPSZ ,,,STDP

sTOP
1.650 (rm) mEASTO® POWER? MW (vcame) (1ry2/7ucHund? come =mOsduo
1600, ‘THP) HEAT PIPE TEMPIDES K (KkREpr? (192/B3€»2E0) REFLECTD® =320
3850, (TIME) LIFETIME»DAYE (pp) (192937 MEIMOYW) HEAT PIPE =MD
1.00 (3LD) COPE L-/D RATIO (eampm) (12701 rMNAD VvAPOR =3
10,0 ‘EAXL) AXIAL HT FLULWHO KW /CME v10rTH) (19 3) arTION =2

200, CDTEMMX) mMAr FUEL DELTA TeDES K
1.00 CumiLl) FIPE EXTENSIOMNIM
MNOTE» OFTIONE APE ¢ 1=CODE PT DESIGNs C—SPECIFIED DEFIGN
TYPE INM ANY OF SOLLOWING ! DZORECM? XPEF{M? UNET FRETA MNPIPE ..ITOP
e reEs2lD. N, N FTOP
210 (ueIPE) NO. OF HEAT PIPEF
BETA 7T veD aLEm Pr AL BMIN DXMIN COSGAP EMDIAP
0,100 0,008 O, 0,600 1,500 0,990 0,030 0.01% 0,009
TYPE: TTOPs O MNEW CONSTANTE IE. Vi=(l, pxAV3ISZ, ETC ...ETOP
vesl), 0% sToe
ZLD INDEX = 3

v = 0,100 0,200 0,300 0.400 0.3500 0.£00 0,700 0,300 0,900 1.000
ps = 0,29% 0,325 0,363 0.412 0.473 0,952 0.6%4 0,961 1.754 o,

pcH = 0, 0.574 0.401 0,327 0.232 0,852 Q.230 0,813 0.19% 0,138

® 6 6 0 & 6 60 6 S 0O TYPE FOOM MESTART & 6 6 6 & 6 6 6 ¢ ¢ ¢ o

30...FT DESIGN FOM PRES LAYTON AMD HARPERsMNPIPERS] ()
reTa =0, 10040 e 30,3220 e =), 8720 px =0,1000 pc =(),37%8
AEACTIVITY CHAMZESY DELTA K
pumn = D, 027450 gxe = 0,014%6 sarx = 0, 02000 raraL = 0, 05218
FUEL ELEMENT VOLUME FRASTIONS

CLADDING FUZL RESIOM HEAT FIFE HELL*HICK varam
0. 0,.7504 0., 2495 0, %3 0.1497
HEXMIQHSL CORMES CORRECTION FACTOR =1, 06473
MHUMEER OF HEAT FIPEX ® 26,2171
MINIMUM FRACTICAL (O8 ZPECIFIED) NUMEER OF HEST PIPEX = 210

TEMEERATLURE SUMMARYIDESREE HELVIN .
A IMUM FUEL DELTA T = 22.1
AL DELTA T ACCROSS HERT PIPE WALL = Q9,2

AYERMGE FUSL TEMPERATURE =1836,6 ORIGINAL PAGE IS
MEBXIMUM FUEL TEMPERRTURE =18%5, [ OF POOR QUALITY

EUSM FRARZTION OF 239 =0, 0351
F1z310M DEMSITY (CISSIOME/CMe®3d = 4, F52E+20)
FULUEL SHELLINGs L OLUME % = 0,37 x2 = |,

REACTOA DIMEYNZIONSs METERS FUEL ELEMENT DIMEMSIONEZY MM
0,279 CO% DISMETEM 24.B02 WIDTH ACCROZI HEX FLATS
D.37SR  CORE HEISHT 25.35 EmuIv. FUEL ELEMEMNT DI
0,505 REACTOR DIAMETER 2%5.53% EOUIV. FUEL RESION O.D.
0,525 PRPEASTOR HEIGHT 12,92 HEAT PIPE O.D.
0. 1000 PREFLECTOR THICKMESS 10.00 vAPOR DIAMETER
1.00010 rIPE LEMSTH OQUTSIDE REACTOR 73.51 APCR ARERy MHeeZ
\ 1.4205  TOYAL HERT PIPE LEMNGTH
1.5358 gresaLl RERCTOPRPHHEAT PIPE LEMNGTH
RZHCTOD WEIGHMTSY WILOGMAMS
EATN FPUELY  W235 meEz = 150.8
322.1 REFLECTOR
188,32 HEMT PIFESs MT/UMIT LENITH (k3/M) = 1128.84
2.0 caMnTROL STYSTEM (RESUME COMETRMT = 33 w3
] E7.2 SUPRQORT STRUCTURE 75 OF REACTOR WT)
B375.9 TOTAL REACTOR + HEAT PIPES
S2.11 Mu/MeeSsAE POWR IN FUELSPHCE T.350 HWISPOWERP PER HEAT PIPE
U, WS MU MPOS s TP IPE AXTIAL HT FLUMY DeBBD0 MU/ MOSSINMTRIPE MAD HNTELX

22X T T2 X XXX 22 2 X L 1 2 1 1 4
a" TR IM AW S L. s

A, & b e e

tew



30
. COO00000000600006000000

cenE nnn, 12 S=-13=-72 TVYEE MEW INPUTS pmil, wHeaZ ,,.,5TOMS
sRa>, xTOP

2.ONT (B REATTO® POUHEM MW (wzome) (12 uciund? comg  s=mobluod
15NN, (THe) NEART PIRPE TErHEIDES o (KkPER) (Je27%8BEQ) REFLECTOMS =p¥0

BnE0, (TINME) LIFETIMES DM/ F (MHEY (10 Sy T/NBIMAIL) HEAT RIAE MO
1.00 (FLDY cORE LD RPATIO (Maem) (1270 TrHA) asrOm LTI ;
1N, N (PRl & TRt WY LU a2 o (208 TNDY  Cle 2D orTION a2

SO0, (DpTREMEY) pMEax FPUEL DELTA TIDEF W

1.0 L l) PIPE FETEMNEIAMI M
MOTEe OFTIONF ARE ¢ 1=--0O0E BT DETIGHY C=FRECIFIED DEEFISNM

TVRPE It ANY OF FOLLDOWING ¢ Deomg (M) wmer (M) LNET FRETA NPIPE ,,.STOS
nuermE=Z10 =TOR

10 ‘MR IREY NO. OF HEAT RIPET
RETH (P D WD ALER PEALNT BEMINM DXMIN COMIAR EMNDIAP
. 100 0,0ns Q. G.500 1,900 0,0%0 0,030 0,019 0,008

TYEPES ITORP: OR MEW TOMETANTE 1€, Vo=, praadsd, ETC ,,.,.8TOP

iz, NOS =rvoe

SLD IMDEY = 2
e = N, 100 0,200 0,200 0,400 0,%00 0,200 0,200 0,200 0,900 1,000
pT o= 0,293 0,324 0,202 0,412 0,475 0,588 N.294 0,951 1.7%94 e,
pom = N, O,m 22 0,442 0,280 0,311 0,272 0,292 1,224 0.21% 0,207
* 6 P 6 0P e b e s e TYPE FO OP ITAMT OI'EN ¢ ¢ & ¢ & & &6 & & ¢ ¢ o
30
geTs =0, 1000 e =0, 2588 vrE =), 45424 px =0,1000 Do =), 23972
RBERSTTIIPITY CHAMSEST DELTS® M
poen = 0, 02133 exe = 0, 014% gaceg = 0, 02000 vorme = 10, 05%34
FHIEL ELEMENT OLLIME FRACTIONT
TLRDD NG FUEL RESTOMN Hsﬁf FIFE HALLEMT T vAROS
n. n, 713 U. 2315 n.11&8 0.152%
HE SSOMNAL CORMER CORRESTION FRZTOR —l.UJd?
MIIMESS [F HERT FIBFS = HE, 29T
MTIMTMIM FRSCTICSHL (OR FRECIFIED) MUMEER OF WEAT PIFEEF = 210
TEMESARTILIRE FLIMMAR Y s DIERREE MELL TH
MAE T FLISL DELTS T = 87,3
S 2 ArmROSE HE S = = )
TT“ ?fLTH I HLLPU::-Hnﬁf i!fF.HNLL 10,2 oRKﬂNAL>FAG‘iQ
RUUERREE FUEL TEMEERATUSE =1:640,1 AL“Y
S TMLIM FIISL TEMEzRaTuRs =1704,10 OF POOR QU
ENBM ERATTION O 0235 =0, 015272
FIZTION DENFITY (EISTIQMI/THMOSI = 5 Adsg+li)
FIEL TUFLLINGsLOLUME “ = (11,
PBE&-TAR DIMEMETIONS: METERT FLIEL ZTLEMENMNT DIMENITIOME MM
f, 23 ZOPS DIAMETER EF,32 WIDTH ARCCROSE WHEX SLATE
‘ TORE HETEHT Je .30 ERuITr. PUEL ELEMEMT DIM
REMTTOS DIAMETED 2.0 ERUTIY, FUEL RESIOM O.D.
PEACTOR HEIGMT 14.32 WEAT PIPE 0O.D.
BEFLECTOR THICHMEST 11,031 vaPO® DIAMETES
PIEE LENTTH OUTIIDE BEAITOS 35,285 wAROR AREA MreeZ
TOTHEL HEAT PIFE LENGTH
OUFR&L L RERTTOR+HEST FIRE LEMNITH
PEATTO® WETSHTS: HILOZREME
BlELE FLIELe 23RS pmeazz o= 1E0,S
31,3 REFLECTOR
*ﬂ?.B HEST FIPEXs UT UNIT LEMETH Cws My = (36,03
H TOMTROL EVETEM LARFAUME SONETEMT = 33 ead
TUFRFORT TTRLUCTURE (7Y OF RERCTAS WT)
FELLY TOTAL PERTTOR + HMESRT FIFES
SN, 37 MU CMee T S a3 FOMR TH SUELSPRCE L, 52 VMIPOUEPS PEM HEST PIPE
DB MO O Y e HTEIRE SV TAL ST FL M, N7 MU MOOS TR IFE PO MTRL

POPOLOPIPPOIPOOPOSIOIONIS
TVRE 30 OS FTORP

S e TR TR g e

R

S




000 PPPO060 000600000

rpoOP MO, 14 N=-158=-73 Tveg NEW INSLTE spml, NuEBE ,,,FTO®
ppsd, TYOP
4.0 (em) mEATTOM FOWER: ML (kzamr) (Je2702.002) cowx  smosluol
1ENN, (THS)Y WMEAT IS TEMAPIDES K (wmEr) (122708 #E0) WMEFLESTO® SEEO
BASN. (TIME LIFRTIMEIDACT (M@ (10 @88 3/NEIMOI L) HERT FIFE BMO
1.0 (2LD) cOME LD PATIO (wirmmeams (1 2/L10MA0 vaASO® =3
1.1 fomeLy AvIdmL WT FLU WS TME (10RTH? (1e3) orTION =2

ag

2NN, (DTEpE) pMax FUEL DELTA TIDES W

1.00 (HEL 1) SISE EVTEMNZIONM
MOTE:s ORTIONF ARE ¢ 1=C0ODE PT DEZIFNY C—=FPECIFIED DEEIGNM

TYRE IM RMY OF FOLLDWING | DCORECM) “RES M) LUNET FEETA NPIPE , ., ETOP
MNP IRERIES FTOM

SRE (e IREY NO. OF HEAT PIPES
PETA 1= 1CD ALFA AR BMIN DXMIMN COMTAR ErHDFAS
O, 100  0,00% 0, 0.500 1,900 0,0%0 0,020 0,01% 0, 00%

TYyAE: FTTORY O MEW COMETAMNTE IE., VCED, pxaIRS, ETC ...ETOP
wvesil, 103 sroe

FLD THDEY =

wvps = 0,100 2 1 B,300 0,300 0,%00 Q0,200 0,700 0,200 0,900 1, 00

e = 0, S99 ﬂ.?hé 0,353 H 412 0, 47% 0,922 0,894 0,981 1,794 o,

pow = 0, 0,290 0,224 0,902 0,429 0, 332 0,358 0,320 0,310 0,292
& 6 2 0 00 00 0 00 T\Fr O O STERT QLEM © & & ¢ & 6 & & ¢ ¢ & ¢
20

EETR =0.1000 wME 80,470 v =, 5220 p» =0,1000 v =0, 45%4

WESTTIWITY TH&IZESRY DELTR K
rupn = 0, 04777 gxp = 0, 014%48 sare = 0, 02000 ToTeL = 0, 2233
FPLUEL EFLEMEMT LOLLUME FPRQCTIONMNSE
TLADD TMG FLEL PEFION HERT PIFE WALL T oK vRARO®
. 0, 529N n.4110 0.1544 0,245
HEWRTOMNAL COSMNER CORISCTION FARoTOR =1, 1240
MUMEE® OF HEST FIPE: = 11%,02%4
MIMIMIM EFR&TTICRL (O TRECIFIED? NUMEER OF HEMT FIPEF = 255

TEMSERATURE ZUMMARY s DEGSWEE HELWIN

MAXIMOIMN FUEL DELTR T = 34,5 )

RIAE TELTA T ACCRAFE HERT EIRE wsLL = 14,4 ORIGINAL PAGE IO
RIERAGE FUSL TEMRERSTURE =1543%,4 OF POOR QUALﬁY
MHEYIMUM FLUEL TEMSERATURE =1702,.72

BLISH ERATTION OF E2% =0, A7

FISTION DEMNSTITY (FISS1IAMNT /CMee:r = 3, TI2e+20)

FUSL THELLIMI LOLUME 0 = 1),

RES=TOP DIMEMZTTIONSY METESS FILIEL ELEMENT DIMENSIONSe MM
N.4554 come NIMMETES SR, 54 LITTH AZCROTT HE® FLATSE
N1.945%4 CORE HMETISHT S7. 87 EPLIV. FUEL ELEMEMNT DIm
0.52%4 WMER=TO® DIAMETER e7.37 Eoury, FUEL PESION O.D.
0.5553 PES=TOR HETFHT 17.37 HEAT RPIFE O.D.

N 1AM PEFLECTOR THITHKMESTE 12.24 varom DIAMETEM
LNON0 mIEr LENGTH OUTIIDE PEATTON 150,41 vaeDm ameds MMee2

1
1.5404 TOT&L HEAT PIFE LEMITH
1.5553 OoreEpaLL PERTTOR+HESRT FPIPE LEMITH

BEATTOR WETEHTT Y MILOSPGME
41,0 PUELs wWEZT mars = 2110,
357,01 persLeEcTOR
334,55 HERT FIPESY WT UMIT LEMSTH HE /MY = 272,
Zu, 0 cCOMTRAOL =vwSTEM C(RIITUME COMETHMT = 33 pEd
B2, 1 TuUERPORT FTRUSTURE (VY% OF REACTOR WT)

- -~ -

1307.9 TOTAL PERATTOR + WNEST PIPES

o

31,91 MU Mee e aE FPOWP TN FUZSLERHCE 19,03 HNBDUER FER HERT FIFPFE
DI MUMGSZ I MTRIFE RYTRL HT FLLY D750 M 1MeeZyMTPIPE PED HYFLY
COPPPPPOOLPOPOPPOPOOLOOS

u (Y]

TYRE 30 OF TTOR




[ B A

eng? HNO., 19 ".-12--73 TYPE NEW INPUTE PRB], KNPE2 ,,,.STOP
epn()l,2 THesl?S, gTO®

D.200 (ERd REATTON POHER» MW {xcomg) ‘112 ucHruad) comg =Mos0un2

17%0., (THA) HEAT PIPE TEMPIDES M ‘WREE) (|:2.'30+9E0) MEFLECTON =30

FERTN, (TIME) LIFFTIMFIDAYE (HP) (1 o2y 37NBIMOIH) HEAT PIPE BMD
1.00 (FuLD) COME LD MPATIO (aPOmY (14270 T NA) vAPOPR LT |
10,0 COMmrL) M IAL HT PLUYsRW/EME C(3OPTN) (13D gerTION =2

SON, (prEMmasd par FUEL DCLTA TrDES K

1.0 Cami]) PIPE EXTEMEIOMIM
NOTE: OPTIDNZ #wg | |~-ODE PT DESIONT C—~EPECIFIED DESIGN

TYRE i ANY DF FOLLOWING § DCORECM) ¥REF (M) NET FRETA NPIPE ..EXTOP
NS IPE=DS 3TOP

B34 J(umIpE) NO., OF HEAT PIPgX
RETA e veD ALFA BPKALT  BMIM DYMIN CORBAP ENDIAS
0,100 0,004 0, B.H600 1,900 0,0%0 0,070 0.01% 0,009

TYRE! TTOPY OF NEW COMNSETANTS IE, VCul, pPravgs2, E7C ...S5TOP

e, 012 gTOR

FLLD IMDE = 3
ome 2 0,100 0,200 9,200 0,400 0,500 0,600 0,700 0.800 0,900 1,000
pe o N,299 0,326 0,263 0.412 0,473 0,942 0.5%4 0,951 1,7%4 e,
Do = U, 0,207 0,142 N.119 0,099 0,033 0,081 0,074 0,070 0,064
® 4 6 S ¢ O OO 6 OO TYPE SO DM ETARY OI'EP & & ¢ © & ¢ &6 & ¢ ¢ 0 0
30

rETS =0, 1000 e =20, 1501 ve =), 3499 px =(),1000 p= =0,211%
PEASTIITY CHAMGEES DELTA M

wame = 0, 00454 gxp = 0,01612 sarge = 0, 02000 voraL = 0,04075
FLIEL ELEMENT VOLLUME FRAZTIONE

~LADDING FLUEL PESIOAN HEAT SISE HALL 1T CK vapom

0. 0, 2%5%3 0, 0342 N, 017? 0.028%
HECRIOrRL CORMNES CORRECTION FacTOR =1, 0021)
MUMEER OF HERT FIPESF = 21,5338

MIMTMIy PRACTICAL (OF EPECIFIED? MNJUMEE® OF HEAT PIPES = 24

TEMFERSTIIRE SRy s ESNEE KELVINM
PR ITMUM FUEL DELYR T = 79,2

RIAE DELTHR T ACCROTE HEAT FIPE WalLL = 2.4
HERRIE FILEL TEMPERNTURE S1778.4 .
Mﬂ‘vxn: M FUEL TEMPERRTLIRE llé’:v’ﬁ K ORIGINAL PAGE IS
rIOM OF L2 0 el OF POOR QuA
BURN ERATTION OF E3% =11, G077 QUALITY

TIFFION DENSITY SFISSIONT CMee3) = 2, 34%5g+13
FUEL THELLINGLDLLME % = BR |,de

REATTOR DIMENSIOMEY MEITEME FUEL ELEMENT DIMENFIONTY MM
0.211% c-oeF DIsMETE® 2012 WIDTH ACTROEER WEX FLATSE
M 3115 -o®F WNEIGHT BE.TP OEOVIV. FUEL ELEMENT DIM
N.S41% weQ-TOR DIAMETES T3P goUIY, FUEL PESIOM O.D.
,521% PREACTOR HEIFHT 7.11 wHEmT PIPE O.D.
01001 REFLECTOP THICKNEDE .51 uverom DIAMETE®
1.0N01 s1pE LEMSTH OLITIIDE SEACTOR Z3,.30 vasrom ANEAs MMeeD

1.4155  TOTRL HERT FRISE LEMNITH
1.5315 DUERALL MERCTOB+NEAT FPIPE LENSTH

RERTTOR LEIGHTS Y HILOSRAMT

214,23 rFugLs 3% Magz = 1027

c40,. 2 REFLECTOPR
19,3 HEAT PIFESY MWT UNIT LEMNITH ‘Ri3.-M2 = 13,60
IZ.0 coMTROL SYETEM (AFIUME COMITANT = 33 K3?
IS.S  FURRORT ETRUCTURE 7% OF REATITOS WT)

5457,  TOTAL RERCTOR + HMENT FIFEF

A2 MU M A E FOWUR TN FUELTPATE S 32 HLIFDNEPR BEP HEAT PIPE
10004 r1U MeOZ s TR IEE R ISL HT FLI D332 MU HOSZIMTRIPE PBAD HTELX
COPOPOOOPOOPOPPOOOOOS
TYFE G0 ORF FTOP




] a0
¥ 00000000060000000000

. emor r0. 16  5-18-78 TYPE NEW INPUTE PRE|, KMPSZ ,,,STOP
eRs(, 4 rror

0,400 »M) MEATTOR PONERYMW (wzamr? (1r»2./ucHruo2) come smablund
1790, ‘THP) MEAT PIPE TEMSIDES K (wREEY {(1)2. 38+ PE0) REFLECTON® ®pgO

35%0, {TIME) LIFETIMEY DAYF (MHB) (129 3MNPI MO HEAT PIPE =MD
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10.0 :pAvL) AvIAL HT FLU I MW CME (Tapvrd (19 2) orPTION =2

200, ‘preMA:) pMAx FUEL DELTA TrDES K

1,00 {WPLL) PIPE EXTENSIOMNIM
HOTRs OPTIONE AmE ! 1-C0ODE PT DEFISNY Z-SEPECIFIED DEFIOIN .
TYPE IM ArY OF FOLLOWING I DeOmgEiM) wmgr (M) UNFT FBETA NPIPE ,.STOP

NetpEsid 3TOP
B34 ‘neIPE) NO., OF HEAT PIPES

BETA we veDp ALFA PKAVE  BMIN DXMIN CORFAP ENDIAP
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TYPED ETOPY O NEW COMNETANTE IE. vCsl), PrAves2, ETC ...2TOR
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vue = 0,100 0,200 0.300 0,400 0.%00 0,600 0.700 0.300 0,900 1.000
pe o= N, 299 0,326 0,353 6,412 0,477 0,%2 0.894 0,961 1,754 o,
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AUESRIE FLIEL TEMPERATURE 31723, %
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200, (pTEMAYDY MAX FUEL DELTA THIDES W
1.00 (ue]l) PIPE FXTENEIONIM
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10,0 omaxLy mxImL HT ELUXsxuw/cMe (orTn) (1 @) arTION =2

200, CoTEMAXD? MAX FPUEL DELTA TrDEG K
1.00 ‘HpLl) PIPE EXTENSIOMNYM
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