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TELEDYNE FSCD VS. GDS

FOREWORD

This report was written to satisfy the requirements of Task 10.0 of the Statement of Work to
Sundstrand Energy Systems under the Department of Energy Contract Number EN-77-C-02-4299.
The report is contained in five volumes:

Volume | Phase || Program Plan
Volume |1 Flight System Conceptual Design (FSCD)
Volume {1l Ground Demonstration System (GDS)

FSCD vs. GDS Comparison
Evaluation Criteria Comments

Volume |V Teledyne, FSCD and GDS
Volume V Safety
Quality Assurance
Reliability
INTRODUCTION
This Volume |V contains Teledyne's input to the Kilowatt Isotope Power System Phase |l Plan,
included is a description of the Flight System Heat Generation System, Flight System Radiator,
Thermal Insulation Stability, GDS Heat Generation System and GDS Radiator.

The paragraph numbers of this volume correspond to the overall KIPS Phase |i paragraph numbers.
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2,5.1 Heat Generation Sysiem
2,50, 1.1 Introduction

The KIPS utilizes an organic working fluid with a Rankinc thermodynamic power con-
version cycle and consists of two major subsystems: three lleat Source Assemblies
(ISA) and power conversion machinery. Each lISA consists of one MHW-type isotope
heat source (IHS), a fin/tube heat exchanger, heat source support system, emergency
cooling system, insulation, housing, and a gas managem:nt device.

The isotope heat source is in the shape of a right circular cylinder and consists of 24
fuel containers having individual impact protection, the aeroshell and the ablation sleeve
exterior to the aeroshell, The heat producing radioisotope Plutonium-238 is in the form
of the oxide, PuO,. The fuel containers consist of a fuel sphere, a metallic shell which
serves to contain in the fuel, and a graphite impact shell which provides the primary re-
sistance to mechanical impact loads. The graphite aeroshell serves as a.. ablator during
reentry as well as an attcnuator of reentry heating to the heat source interior, The
Pyrocarb ablation sleeve protects the POCO aeroshell from excessive thermal stress

during reentry.

The remainder of the HSA is in the shape of a right circular, stepped cylinder and con-
sists of an outer aluminum housing, which is the main support structure for the isotope
heat source, the end closures, the aluminum foil emergency cooling system, the stain-
less steel boiler tube/copper fin heat exchanger, the radiation barrier, and the required
insulation necessary to support the isotope heat source and to maintain heat losses at a
tolerable level, There are three HSA's in the KIPS, Each serves as a portion of the
support structure for the power conversion machinery and each is mounted to the space-
craft structure through a shock-mount.

2,5.1,2 Heat Source Assembly (IHSA)

The Isotope Heat Source Assembly (IHSA) is a right circular, stepped cylinder which
measures 11, 34 inches diameter at the non-loading end, 10, 13 inches diameter at the
midpoint, 11,94 inches diameter at the loading end, 24. G2 inches overall length from
the fixed end of the housing to the pressure relief device and weighs 73.5 pounds,

See Figure 2,5,1.2-1, There are three IHSA's in the flight system, each supplying
2400 W(t) input to the flight system for conversion to output power.

Each THSA serves as the mounting structure for a portion of the power conversion
system (PCS) and is attached to the spacecraft structure by means of a single shock~
mount, See Figure 2,5.1.2-2, Inlet and outlet connections to the heat exchanger
tubes are made at the fixed end of the unit while loading of the MHW heat source takes
place through the loading end, which is at the oppositc end of the unit. HSA fucling
operations can be accomplished without having to disturb either of the heat exchanger
tube connections.

To facilitate on-site ground checkout of the flight system prior to launch, the HSA is
initially assembled using an clectrical heater as the power source. After successiul
checkout, the electrical heater, center insulation disc and lower cover are removed
and replaced with the MHW heat source, flight-type insulation disc and end cover.
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Loading of the MIIW heat source takes place in a facilily designed for this operation,
using conventional fucling techn.ques and tooling,

Each of the IHSA's in the flight system is identical except for the heat exchanger center-
body., The major componenis of an IHSA arc the MW heat source, radiation barrier,
heat source hcat exchanger, emergency cooling system, fibrous insulation, heat ex-
changer tube penctration fitting assemblies, upper and lower end covers, housing and
pressure relief device. Sce Table 2,5, 1. 2-1 for a listing of individual components,
materials and weights.

MHW Heal Source (IIIS)

The MHW Heatl Source (Figure 2.5.1.2-3) is in the shape of a right circular cylinder
measuring 7. 42 inches diameter and 16. 53 inches in length and weighs approximately 42
pounds. The primary heat source element is the Fuel Sphere Assembly (FSA) which

is a self-contained modular fuel element. The FSA's are arranged in six (6) planes

of four (4) spheres each; adjacent planes are rotated 45° to achieve nesting and to
minimize lensth. The FSA's are held in place in groups of eight (8) by segmented
graphite retaining rings with conical seats, Woven graphite cloth compliance pads cre
positioned hetween each I'SA plane to achieve a tight fit without tight tolerance control.
Three (3) FFSA/retaining ring subassemblies are inserted into the graphite crush-up
material which is provided at both ends for additional FSA impact protection, graphite
end caps, which are captivated by an expandable ring, complete the assembly, A
woven graphite emissivity sleeve is placed over the cylindrical portion of the aeroshell.

The Fuel Sphere Assembly (FSA) is the basic heat source fuel element. The FSA is
comprised of the fuel sphere, the Post Impact Containment Shell (PICS), two vent hole
filter subassemblies, a weld shield, and the Graphite Impact Shell (GIS). The FSA is
designed to provide impact protection and post-impact containment for the fuel,

Each fuel sphere contains an initial thermal inventory of 100 watts nominal. A total
of 24 spheres provides a nominal thermal power of 2400 watts for the heat source at
beginning of lifc, The physical form of the fuel is a sphere shaped, solid ceramic
compact of plutonium dioxide, PuOg, The individual sphere diameter is 1, 465 inches.

The PICS consists of two welded, 0. 024 thick, 1,550 inch internal diameter, iridium
hemispheres, which encapsulate the fuel sphere. Each PICS is designed with the
following: (1) vent hole (0. 005 inch diameter) and vent hole filter subassembly in each
hemisphere which permits the helium gas to vent but prevents release of particulates
from the interior of the PICS; (2) a burst disc, which is welded over the vent hole to
seal the PICS hermetically, thus permitting decontamination after fuel encapsulation;
and (3) a weld shicld, mounted on one hemisphere of the set, to provide thermal pro-
tection to the fuel during closurce welding and to prevent contamination of the weld by
the fuel. The vent hole filter subassembly is welded around its periphery to the hemi-
sphere; the weld shicld is attached to one of the hemispheres by welding at its three
tabs. When assembled, thesc components (the iridium hemispheres with vent holes,
the vent hole filter subassemblies, the burst discs, and the weld shicld) comprise

the Post-Impact Containmeant Shell (PICS); all components of the PICS are made of
iridium, The hemispheres are grit blasted on their exterior surface to increase
cmissivity and thus enhance radiative heat transfer,




Component
Housing
Cover, Upper
Cover, Lower
Lock Ring

Penctration Assembly
(. 50 diameter tube)

Penetration Assembly
(. 25 diameter tube)

Gasket
Heat Exchanger

MHW Heat Source

Emergency Cooling System

Insulation - Thermal/
Structural

Radiation Barrier

Pressure Relief Device

Miscellaneous Hardware

TABLE 2,5,1,2-1

Matcrial
Aluminum Alloy 6061-T6
Aluminum Alloy 6051-T6
Aluminum Alloy 6061-TG
Aluminum Alloy 6061-T6

Stainless Steel 304/321

Stainless Steel 304/321

Viton

Copper Shell/Stainless Steel Tubes
Aluminum Alloy 1100

Min-K TE-1400

Nickel 201

Aluminum Alloy/Stainless Steel

Weight
(Ibs)

8. 75
2.51
1. 99

.76

.29

. 26

.01
7.31
42,00
3.10

4. 36

1. 40

.50

. 26
73.5
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Figure 2,5, 1, 2-1 shows the avrangement of the vent hole filicr subassembly,  The
filter medium is a frit of iridium powder honded to a circular weld disk and also

{o a circular cover disk. There is a 0. 125 inch diameter hole in the weld disk that
acts as an cxit plenum for the helium diffusing through the {rit. The circular periphery
of the fritl provides a rclatively large arca through which the helium can enter,
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Ir POWDER
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FIGURE 2.5.1.24
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The Graphite Impact Shell (GIS) is designed to provide impact protection to the fuel
sphere and to the Post-Impact Containment Shell under impact conditions associated
with Ilest Source terminal velocity, The GIS consists of a body and a cap which are
produced by resin impregnating randomly wound spheres of Thornel-50 yarn and then
pyrolyzing at 2500°F, The cap and body arc threcaded to provide a means of retention
of the cap., The impact shell thickness is nominally 0,460 inches. A {flat surface is
machincd on the impact shell for alignment with the retaining ring. However, the
graphitc retaining ring used to assemble groups of eight (8) FSA's provides the added
thickness needed to compensate {or the thinner flat spot.

The Heat Source is designed to be protected from the severe aerothermodynamic heating
enviromnent that may be encountered during reentry by the graphile aeroshell; the
aeroshell also acts as the primary heat source structural member, The aeroshell is
comprised of a cylindrical section and two end caps which are attached to the cylinder
during the heat sourcc assembly procedure. A purified poly crystalline graphite,

POCO AXF-5Q1, is used for the aeroshell material,

The ablation sleeve is a cylindrical shell made of Pyrocarb-406 graphite with a wall
thickness of 0, 130 inch. The sleeve enhances radiative heat transfer to the heat ex-
changer during normal operation and provides additional sirength and protection for
the aeroshell against excessive thermal stress during steep angle superorbital re-
entries.

Support and Preload Requirements

During the initial assembly of the MHW heat source by the Fueling Agency, a preload
of approximately 800 pounds is placed upon onc end of the heat source, while each heat
source end plug is locked to the aeroshell by means of a graphite snap ring. Since the
mating snap ring grooves in the aeroshell and end plug are made oversize in height
because of the possible accumulation of tolerances during manufacturing and assembly
operations, the initial 800 pound preload relaxes slightly. Because an 800 pound
(minimum) preload is required to preclude excessive movement of the fuel sphere
assemblies during the launch environment, it must be reapplied by the mounting of

the heat source into its individual 1ISA,

The MHW heat source is supported by a compressive load applied to both ends of the
heat source through Min-K TE-1400 support discs. Loads from the heat source are
ultimately transmitted to the housing through cach end cover. Prcloading of the heat
source takes place after it has been installed into the individual HSA,

Radiation Barrier

The radiation barrier, which is located in the annular space between the MHW heat
source and heat exchanger, is required in order to raisc” the temperature of the

* The necd for increasing the MHW operational temperature for impact conditions
will be described in a later scction.



MHW heat source during normal operation, It is attached to each end of the heat cx-
changer with sheet metal screws.

The radiation barrvier is a formed, thin wall, hollow, right circular cylinder which
measures 7.57 inches outside diameter by 0, 010 inch thick by 16,53 inches long and
is made from nickel 201 sheet. After forming, the {wo cdges of the sheet, which are
butted together, are secam welded along their entire length, to form a continuous
cylinder. Each side of the cylinder is grit blasted with aluminum oxide grit to provide
the desired emissivity characteristics, Nickel 201 was sclected as the material
primarily because in a vacuum environment it docs not form an oxide thereby enabling
stable emissivity characteristics to be achieved and it has a low carbon content which
precludes embrittlement at operational temperatures.

Heat Source Heat Exchanger

The heat source heat exchanger consists of a 0, 020 inch thick copper sh.ll that is
formed around the primary and auxiliary cooling tubes., The primary cooling tube is
0. 500 inch outside diameter by 0. 035 inch wall stainless steel and the auxiliary cooling
tube is 0.250 inch outside diameter by 0. 035 inch wall stainless steel. Each tube is
in a reverse spiral shape to enable the inlet and outlet portions of the tubes to exit at
the same end of the shell. The tubes and shell are joined together by brazing, The
entire assembly is coated on the inside and outside diamecter with an iron titanate
coating which is intended to assist in controlling the isotope heat source temperature.

The three flight system heal exchangers are connected in series to form three fluid
flow zones: Subcooled, two phase and superheated. Tl inside of the primary cooling
tube, on each heat exchanger, is fitted with a special insert which is intended to in-
crease the film coefficient of the working fluid and to induce a high radial acceleration
to maintain fluid contact on the tube wall even under the most extreme g loads, There
is a different insert inside each heat exchanger.

The minimum inside diameter of the heat exchanger shell is 7. 63 inches and the max-
imum outside diameter, at the cooling tubes, is 8. 81 inches. The shell flange-to-
flange length is 16,53 inches. The heat exchanger fits in the annular space between
the radiation barrier and the emergency cooling system and is supporied at each end
by clamping flanges between Min-K insulation rings. The shell flanges are hand
formed at assembly, by making a series of cuts through the shell wall, and bent to
rest upon the insulation.

The primary and auxiliary cooling tubes exit from the same end of the heat exchanger
shell, They pass through the HSA upper end cover and through the penetration assem-
blies where they are joined {o the inter-HSA tubing,

Emergency Cooling System

An aluminum multifoil insulation system is used in the flight system to assure that
isotope heal source temperatures are maintained within tolerable limits, should
Dowtherm cease to flow through the heat exchanger, by acting as an emergency heat



dumping system, In such an accident situation, the heatl source temperature would
rise, resulting in the melting of the mmultifoil insulation, thereby allowing the heat
source to radiate heat through the heat exchanger walls to the housing thereby main-
taining toleranhle heatl source temperaturcs. In addition to its ECS function the multi-
foil system (becausc of its excellent insulation properties) limits radial heat losses to
the housing walls, The multifoil insulation system is located in the annular space be-
tween the oulside of the heat exchanger and the inside of the housing,

The multlifoil insulation system is a hollow right circular cylinder measuring 8. 895
inches inside diameter by approximately 0.42 inch thick by 15. 00 inches long, It con-
sists of one continuous length of 0. 001 inch thick type 1100 aluminum alloy foil loosely
wrapped sixty times around an 0, 010 inch thick type 1100 aluminum alloy foil can,
Spacing between wraps is intended to be approximately 0. 007 inch, The foil material

is lightly coated on one side with zirconium oxide (ZrO9). The primary purpose of the
coating is to imsure a separation between wraps of the foil, Aluminum was selected

as the foil systcm material because of its compatibility with the heat exchanger operating
temperature and its low density.

The multifoil system is purchased as an assembly from ThermoElectron Corporation,
located in Waltham, Massachusetts. Tests which were conducted and analysis per-
formed to support this design are described in another section,

Fibrous Insulation

Most of the insulation in an HSA is Min-K TE-1400, and serves three purposes: to
minimize longitudinal and radial heat losses to the housing/end covers, to provide
sufficient end preload for the isolope heat source and to support the heat exchanger
and emergency cooling system. Min-K TE-1400 was selected because of its temper-
ature, thermal conductivily and compressive sirength properties.

Heal Exchanger Tube Penetration Assemblies

The penetration assembly fittings have two functions: to minimize the heat losses from
the heat exchanger tubes to the end cover (where the tubes penetrate the cover) and to
form a vacuum tight closure between these tubes and the end cover. The penetration
assembly consisis of a type 321 stainless steel formed bellows welded to a type 304
stainless stecl flange. Stainless steel was selected because of its compatibility with
the type 304 stainless steel heat exchanger tube material and for its relatively low
thermal conductivity propertics. There are four penctration assemblies in cach HSA,
two for the primary cooling tubes and two for the auxiliary cooling tubes.

The lower end of the bellows is pre-welded to the flange and is sized to allow the heat
exchanger {ube to pass through the bellows at assembly with approximately 0. 06 inch
radial clearance. The upper end of the bellows contains a reducing collar which is
sized so the tube can be casily welded to the collar, This weld joint is made prior to
outgassing the cntire HSA,
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There is a recess in cach cover which is slightly larger then the outside diameter of
the penetration assembly flange. The flange is isolated from the cover by a Viton
rubber gasket and the radial clcarance between the cover recess and the flange body.
The only metal-to-metal contact in the penctration assembly/cover connection 18
through the four machine screws which attach the penetration assembly {lange to the
cover,

End Covers

Each of the end covers is machined from a disc of 6061-T6 aluminum alloy plate,
Based upon structural analysis, aluminum was chosen for the cover material because
of its strength to weight characleristics., Fach end cover is circular shaped, with a
flat, smooth underside to assist in the scaling and insulation preload process and has
ribs for added stiffness, machined as an integral part of the outside surface.

A single piece cover closes the upper end of the HSA and confains the inlet and outlet
connection fitlings for the hecatl exchanger. This cover is joined t{o the housing, at
assembly, by welding. The lower end of the HSA is also closed with a single piece
cover which is joined to the housing by means of a specially machined lock ring. This
feature provides access to the inside of the IISA thereby enabling the electrical heat
source 1o be removed and the isolope heat source to be installed.

Housing

The housing is machined froma hollow tube, 6061-T6 aluminum alloy forging which
initially measures 14, 00 inches outside diameter by 2. 50 inches wall thicknessg by

23. 00 inches long. Based upon structural analysis aluminum was chosen for the
housing material because of its strength to weight characteristics. Because the
physical propertics of such a large diameter billet of material are not covered in
existing commercial specifications, room temperature tests will be performed in
accordance with ASTM E8-G9 on test rings taken from the billet, in each of three
directions, to verify that ultimate and yield strengths as well as clongation character-
istics of the basic forged material will meet the propertics which werc used in the
structural analysis to determine various wall thicknesses in the housing.

One end of the housing has an Acme thread which allows an c¢nd cover to be attached
using a specially machined lock ring, the other end has a weld {lange for attachment

of the other end cover. The system attachment fittings are machined as an integral part
of the housing. The upper end of the housing has two altachment fittings: one

for attaching the PCS, the other for the radiator. The lower end has three attachment
fittings: two for attaching the PCS (using struts), the third for attaching (through a
shockmount) to the spacecraft structure.

Pressure Relicf Device (PRD)

The pressure relief device (PRD) is a device used 1o vent the internal pressure of the
HSA, 1t is atltached to the lower cover, during the pre-launch preparation cycle by
means of a Swagclok-type fitting, The PRD has two primary functions: (1) maintain an
hermetic seal, isolaling the internal IISA from the air cavironment during

11



handling und Jaunch pad operations, (2) vent the HSA {o space during the ascent
period of launch and thercafler provide an orifice adequately large enough to maintain
the IISA internal vacuum cnvironment., The seal prior to launch is maintained by a
puncture diaphragm which is welded into the PRD penetration assembly, The HSA is
vented atter launch by the action of a lance picrcing the puncture diaphragm, This is
causcd by the expansion of an evacuated bellows/spring system which is activated by
the reduction of atmospheric pressurce subsequent to launch,
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2,5,1.3 Thermal Environment of the Isotope lleal Source

The purpose of the heat source assembly is to provide support and containment with an
acceptable environment for the isotopic heat source. Also, the heat source assembly
must provide an efficient means for transporting the 1solopic decay heat to the working
fluid. Analyses of the hcat source assembly have verified that both high and low tem-
perature constraints on the isotope heatl source arc met for normal operation and emer-
gency (malfunction) condilions, including separatc recentry conditions. These same
analyses have demonstrated low heat losses to the surroundings with tolerahle temper-
atures for all components,

System requirements and pertinent specifications are as {ollows:

Thermal Inventory 2400 W per HSA

Maximum Iridium PICS Temperature 1300°C (2372°F)

Minimum Iridium PICS Temperature 1050°C (1922°F)

Nominal Heat Exchanger Surface 400°C average value (752°F)
Temperature

Heat Flow Path Analysis

Considerable effort was required to develop a method of transferring heat from the
isotopic heat source surface to the heat exchanger that would assure the proper operating
temperatures despite normal manufacturing tolerances., With heat transport by direct
radiation from the heat source surface to the heat exchanger, very precisc and stable
values of thermal emittance would be necessary. Any slight variation in cmittance due
to variation in coating thickness or degradation could result in the heat source surface
(hence PICS) temperature moving outside the acceptable limits. This implied that a
very low emittance coating would have to be developed because no known material or
coating appeared to have the necessary emitltance, Thus, an approach to lessen tem-
perature sensitivity to surface characteristics was incorporated into the design. A
radiation barrier was placed between the heat source surface and the heat exchanger,
This barrier increased the number of radiating surfaces between the heat source and
the heat exchanger., Thus, for a given overall emittance the scnsitivity to individual
surface variations from nominal was greatly rcduced. Likcwise, the need for very low
emitiance coatings was eliminated, allowing use of commercially available surface
treatments and coatings. Figurc 2.5, 1, 3~1 gives a cross section of the heal source
assembly showing the heat flow path from the heat source to the boiler.

Variation of surface emittances and the conscquent effect on heat source temperatures
was investigaled by computer analyses. Thesc analytical results are shown in Figure
2.5.1.3-2, Tigure 2.5.1.3-2 shows the range of surface enmttance values that are
acceptable during normal operating of the HSA, Inthe event of a loss of coolant acei-
dent (LOCA), the multifoil insulation will melt away. Under these conditions, the same
temperature limits apply to the heat source components, Thus, the choice of surface
treatments and coatings is even further restricted. Figure 2. 5. 1, 3-3 shows the

effect of these restrictions on the possible choices of surface characteristics.
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TFIGURE 2,5,1.3-1

PIIYSICAL MODEL FOR HEAT SOURCE TEMPERATURE CALCULATIONS
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The final choice of surface emittance, based on capabilily to satisfy requirements of
both operating and malfunction environments, is 0.26 for both sides of the radiation
barrier.

Steady State Temperatures

A computer thermal model of the HSA was constructed to determine the steady state
operational temperatures at significant locations throughout the HSA., The HSA was
assumed to be thermally symmetrical about a plane normal to the cylindrical axis
passing midway between (and parallel to) the end covers. Also, symmetry was assumed
about a plane containing the cylindrical axis and passing through the central axis of

the housing inlet tube for the working fluid, Thus. one-fourth of the HSA was examined
in detail. Figure 2.5. 1. 3-4 shows the section of the HSA chosen for computer analysis
This portion of the HSA was divided into six radial pie-shaped sectors with nodes as-
signed to the significant locations within each sector. A cross section view of seclor

6 conte’ning the fluid inlet tube is shown in Figure 2, 5.1, 3-5, A total of 166 nodes were
used for the model. The predicted operational temperatures are summarized in

Table 2, 5. 1, 3-L

Heat Flow Analysis

The computer code determined the heat flow in each nodal linkage. Approoriate
linkage flows were summed by the program to determine net heat flow across a sig-
nificant boundary. Considering the heat flow from housing and end cover nodes to
space, and the heat flow through the fluid inlet tube, the thermal efficiency was cal-
culated to be approximately 97. 5%. Thus, the heal loss from one 2400 W (t) HSA is
about 60 watts(t) during normal steady state operation.

Reentry Thermal Analysis

This study was conducted to determine the reeniry and impact temperature and ab-
lation response of the MHW heat source for the KIPS mission.

The IHS will experience surface recession in the 0. 04 - 0. 12 inch range and PICS
impact temperatures in the 2000 - 2600°F range due to synchronous earth orbit mal-
functions which result in prompt side-stable reentries. Temperature and ablation
safety margins appear to be adequate for prompt reentries into the earth's aimosphere.

Two thermal models were developed for this study. One model represents the TIS
for the steady state phase of the analysis, and the other is used for transient re-
sponse analysis. The models represent sections that are approximately repetitive
along the length of the IIIS with respect to temperature and geometry. Within the
retaining ring, the models represent a set of 2. 554 inch diameters FSA's. From
the retaining ring outward, the models are 2. 21 inches thick, This dimension equals
the distance between the centers of two adjacent sets of FSA's and hence implicitly
accounts for the nesting of the I'SA'a and the inclusion of the compliance pads. The
models are necessarily simplified representations of the actual hardware. Simpli-
fications here include the omission of the compliance pads and tie bolt/lock ring
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TADLE 2,5.1,3-1

PREDICTED JISA STEADY STATE
OPERATIONAL TEMPERATURES (°I')

Location Highest Typical Lowest
Upper End Cover 203 180 163
Housing Side 178 165 154
T .brous Insulation* 1018 700 306
Multifoil ** 799 790 782
Heal Exchanger 836 750 663
Radiation Barrier 1537 1420 1338

*k

These {emperatures represent values at the centers of nodal volumes.
Appreciable gradients exist in the insulation particularly so surface
temperatures differ appreciably from values given.

These temperatures represent values along the foil inside surface just
opposite the heat exchanger surface.
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assembly and the assumption of one continuous retainer ring per OIS.  Also, heat
conduction through the gas that immediately surrounds the FSA's was assumed to be
zero., Turther details of individual models are now described.

Model #1 (IIIS - Stcady State)

Model #1 shown in Figure 2.5.1.3-6, represents a 90° section of the IIIS for the com-
putation of steady statc temperatures. The boundary ccndition for this model is the
outer surface temperalure which was held uniform,

Two different conditions were evaluated regarding the gap fill. One condilion con-
sidered helium being in all gaps. The other condition considered evacuated gaps ex-
cept the fuel/PICS gap which contained helium. The foimer condition is a representa-
tion of a helium filled and sealed IHS such as is used ir some space T /E generator
applications. The latter condition is a representation of an unsealed IHS such as is
used in the KIPS,

Model #2 (IHS - Transient)

Model #2, shown in Figure 2. 5. 1. 3~7, represents a 180° section of the IS for the
computation of temperatures from the time the heat source is released from the as-
sembly until it impacts on the earth's surface. The boundary conditions for this model
are convective and radiative heat fluxes on the outer surface. The heating distributions
used were for a side stable reentry mode with element 1 being on the windward side.
The model can be used equally well for side spin reentry modes for which the side
stable heating distribulions would be averaged and applied uniformly over the external
surface.

Continuum air is assumed to be in all gaps during reentry except the fuel/PICS gap
which is assumed to contain helium.

Surface recession is computed for oxidation and sublimation of the ablation sleeves.
The heat balance at the surface is modified to account for these reactions. The model,
however, does not account for the shrinking of the ablation sleeve elements due to
surface recession,

Thermal Properties

Conventional thermal properties used in this study are siven in Table 2. 5. 1. 3-11,

In addition, reaction rate constants reported in Ref. 1for Poco AXT-Q1 graphite
were assumed to apply for the computation of oxidation rates of the Pyrocarb 406
ablation sleeve. The reason for this substitution is that reaction ratc oxidation data
for Pyrocarb 406 apparently does not exist since no reference to such data is made
in the Updated Safety Analysis Report for the MJS-II Mission (GE #76SDS4241 dated
June 1976).
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TABLE 2.5,1.3-1

THERMAL PROPERTIES OF IHEAT SOURCE .
Material Temp. Conductivity Density X Specific Heat
(Component) °F) (Btu/in-sec-OF) Emissivity (Btu/in3-OF) Reference
Helium (Gaps) 40 1.924 x 10-6 NASA TR-R-132
980 4.108 x 10~6
1520 5.208 x 100 i
3140 8.282 x 10-6
4940 11.416 x 10-6
5840 12.833 x 10-6
Air (Gaps) 0 3.12x 1077 NASA TRR-132;
1500 9.5x 10-7 M. Thomas, ARS
2060 10.35 x 1077 Dynamic Symposium
3140 1.415 x 100 August, 1961.
3141 1.570 x 10-6
4040 3.356 x 100
4500 4.421 x 10-6
4940 4.930 x 10-6
6740 5.270 x 10~6
Pressed Plutonium 0 0.59 0.0212 LES 8/9 FSAR
Oxide (Fuel) 100 5.822 x 1079 0.0213 Vol. 1, GESD,
82.5% of 1000 0.68 dated 3/75.
theoretical density 1112 3.910 x 1075 0.0277
2000 0.77
Ty = 4350°F 2012 2.657 x 1075 0.0283
P = 0.3414 1b/in3 3000 2.269 x 1079 0.685 0.0286
Q =0.0415 Btu/in -
sec 4000 2.222 x 1075 0.956 0.0287
Iridium 0 1.968 x 1072 0.23 0.0249 LES 8/9 FSAR
(PICS) 1000 1.829 x 1075 0.20 0.0282 Vol. 1, GESD,
2000 1.771 x 10-5 0.18 0.0315 dated 3/75.
£=0.8125 1b/in3 3000 1.515 x 10-5 0.19 0.0349
Ty = 44500F 4000 1.518 x 10-5 0.21 0.0382
POCO AXF 5Q1 100 0.00134 0.80 0.0109 LES 8/9 FSAR
Graphite 500 0.00111 0.80 0.0193 Vol. 1, GESD,
(Aero shell and 1000 0.00088 0.80 0.0248 dated 3/75.
retaining ring) 1500 0.00071 0.80 0.0282
2000 6.00059 0.80 0.0303
P=0.0642 Ib/in3 2500 0.00050 0.85 0.0315
3000 0.00043 0.90 0.0320
Thornel 50 100 2.407 x 1575 () 0.8 0.0074 LES 8/9 FSAR
(GIS) 1.925 x 10- (A,B) Vol. 1, GESD,
1000 2.847 x 1075 () 0.8 0.0168 dated 3/75/
P = 0.0433 1b/in3 2.277x 1074 (A, B)
2000 3.657 x 1075 (C) 0.8 0.0205
2.925 x 10'4 (A,B)
3000 4 375 x 1079 () 0.8 0.0216
.500 x 1074 (A, B)
4000 4 630 x 107° (C) 0.8 0.0221 ‘

3.704 x 1074 (A, B)
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Material
(Component)

Pyrocarb 406
Graphite
(Ablation Sleeve)

P = 0.05468 1b/in®

Min-K 1400 Vacuum

Temp.
3}

1000

2000
3000

4000

392
842
1202
1560

TAILLE 2,6, 1. 3-11 (Contimied)

THERMAL PROPERTIES OF HEAT SOURCL

Conductivity
{Btu/in-scc-°T)

1.532 x 1074 (C)
3.064 x 1074 (A,B)
1.641 x 1074 ()
3.282 x 1074 (C)

1.676 x 1074 (C)
3.352 x 1074 (A,B)
1.583 x 1074 ()
3.166 x 1074 (A,B)
1.583 x 1074 (C)
3.166 x 10~% (A,B)

2.08x 10 ¢
2.73x 107"
3.54x 107"
4.68x 107"

Emissivity

0.8

0.8
0.9

0.95

25

Density X Specific Heat
(Btu/in°-OF)
0.0082

0.0213

0.0257
0.0268

0.0273

Reference

MJS-77 SAR
GE76 SDS 4241,
dated 3/76

S1G-EAS-1209



Analytical Mcthods

Both steady state and trans enl colutions were obtained using finite difference equations
that cxist in the Thermal Analyzer Program (TAP-3) described in Ref, 2, The thermal
characteristics of each model aud the boundary conditions for cach case were provided

as input.

Hypersonic Jaminar convective «nd hot gas radiative heat fluxcs, velocities, free stream
temperaturcs and pressurces during reentry were obtained from References 5 and 6.
Below Mach 2, the convective hoating distribution was assumed {o be uniform with
heating levels computied as a fur ction of Reynolds number in accordance with Ref. 7.

Radiation heat transfer across small gaps in the models was approximated by using con-
figuration factors that werc computed for infinitc parallel plates. Radiation interchange
between surftces within the confines of the retaining ring, however, required a more
complex evaluation. In thi; region view factors were first evaluated. These were either
obtaincd from standarc viev facwor analylical curves or they were estimated., Using
view factors as an input, the IR LIMP program, described in Ref. 8, was then used to
compute the radiation albso *ptio1 factors for all multireflecting elements representing
the inner surface of the retaining ring and the outer surfaces of the IHS's, These
absorption factors were subsequently used to determine the radiant interchange in the
TAP-3 solutions. :

Oxidation and sublimation at the graphite surface were computed in accordance with
techniques described in Refs, 1 and 9. The heat balance at the wall accounted for
these surface reactions. The product of combustion was assumed to be CO and CO2,
varying linearly with mass flux rate ratio (ih/mpy) from 100% COg at the threshold
of oxidation {o 100% CO at the threshold of diffusion limited oxidation.

The input convective heal {luxes were modified during the course of the solution to
account for hot wall and m i1ss addition effcets. The input radiative heat fluxes were
modified during the coursc of the solution to account for mass addition effects in
accordance with Ref, 10.

IHS - Steady State

Steady state IIS studics t ‘eated the outer boundary temperature as a parameter
that was varied within the range of 1600 - 2000° T,

Figures 2,5, 1. 3-8 througl 2.5.1, 3-10 show tempcrature distributions that account
for vacuumn gaps excepl in the fuel /PICS gap which is filled with helium. These re-
sults arc representative o unsealed heat sources in ouler space. As such, these
results represent the MOV IS used in the KIPS.

As will be shown later, the higher steady state temperature levels of the vacuum gap
S will permit the KIPS [IIS to operate at low surface temperatures (= 1450°F)
and still have its PICS remain ductile at the time of impact.
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IHS - Transient

A total of 89 rcentry heating casces were evaluated. Results pertinent to KIPS are sum-
marized in Table 2.5, 1,3-III, The parameters that were varied are: (1) initial path
angle (‘Yi = -8, -10, -15, -30 dogreces), (2) velocily (V = 25K, 30K, 35K, 40K fps),

(3) release altitude (b.l = 400K, 200K, 100K ft), (4) initial ItIS surface temperature

(Ti = 1600°F, 1800°F, 2000°T, and (5) gap fill during normal operation (helium and
vacuum),

Carpet plots are shown in Figurcs 2.5.1.3-11 through 2, 5. 1. 3-15 to graphically depict
several IIS temperaturcs and ablation as a function of Vi, T and hi. Tigures 2.5.1,3-11
and 2. 5. 1, 3-12 are peak surfacc and PICS temperatures during recniry. TFigure
2.5,1,3-13 is maximum recession (El 1) during rcentry. Figures 2,5, 1, 3-14 and
2.5,1,.3-15 are maximum and minimum PICS temperatures at impact. The influence
of initial IHS temperaturc on the PICS temperature at impact is shown in Figure
2,5.1,3-16. The resulls show the range of impact temperatures for the wo stcady
state gap {ill assumptions, i.c., helium and vacuum. ‘tne influence of release altitude
and initial path angle on the PICS temperature at impact is shown in Figure 2. 5. 1, 3-17
for the vacuum gap/1600°F IS surface temperature initial condition. An orhital de-
cay case (Table 2.5, 1, 3-II - Case 21) was also included in this study because of its
frcquent use as a "bench mark, ' Temperature and ablation histories are presented
for this case in Figurc 2,5, 1. 3-18, TFrom the resulis of the rcentry thermal study,

it is appurent that the thickness of the ablation sleeve (0. 130 inches) is adequate to
accommodate the ablation of all promptl recntries with initial velocities equal to or
less than 40, 000 fus, The largest computed ablation thickness was 0. 121 inches

(Table 2. 5,1, 3-II - Case 20).

An intercsting characteristic of the IIIS design is the high level of insulation it provides
the PICS, For cxample, the PICS temperature never exceeded 2752°F in any case
evaluated, This is well below the iridium-carbon cutectic melt temperature values
(3830-41G0°F) noted in ORNL-TM-1383,

Impact tecmperaturcs of the iridium PICS arc required to stay in the range of 1050 to
1450°C, Below this range, iridium becomes brittle and undesirable fuel property
changes also occur. Above this range the iridium strength falls off and grain growth
may also occur (Ref, 11), The Figure 2. 5. 1. 3-16 resulls show 1600°F is the lowest
helitm filled IS surface temperaturce that will satisfy this impact temperature re-
quirement. An exirapolation of Figure 2.5, 1. 3-16 data also shows a KIPS 1IIS
(vacuum) can satisfy this requirement with surface temperatures of =1450°F, These
lower temperature bounds are cxpected {o hold for the entire range of initial velocities
and rclease altitudes considered in this study even though Figure 2. 5. 1. 3-16 rcsults
arc limited to \’i =25K ips and hi = 100K fl,
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TABLE 2.5,1.3-111

SUMMARY OF RESULTS
THERMAL MODEI #2

Peak Temperature (CF) PICS Impact Surface Initial
Path Temperature (OF) Recession 1S Surface
Vet. Angle El Et El E1 Max. Min. @rii '1(‘)cmporature
Case {(Kips) (deg.) 1 31 61 100 (£1 102) (E1 147)  (inches) ')

Release Ali. = 400 K ft., Initial Temperature Model #1, helium filled gaps

52 25 -30 ——-- 2506 2007 2013 2048 1947 .033 1600
53 ~20 4453 2037 2060 2069 2072 1950 .038

54 -15 4278 2744 2141 2093 2092 1954 .041

55 -10 4169 2859 2281 2130 2122 1960 .048

56 -8 4055 2018 2335 2150 2139 1964 .051 ¢
57 -30 ———— 2689 2190 2196 2198 2091 ,037 " 1800
58 -20 4465 2789 2220 2219 2216 2090 043

59 -15 4391 2871 2275 2237 223, 2090 .043

60 -10 4161 2966 2432 2273 2253 2091 .050

61 -8 4069 3020 2482 2203 2265 2082 .054 ¥
62 -30 —-—- 2864 2367 2351 2353 2236 .043 2000
63 -20 4480 2946 2407  237v 2363 2230 .046

64 -15 4405 3010 2404 2391 2373 2227 .048

65 -10 4177 3067 2577 2419 2384 2221 .054

66 \ -8 4085 3119 20623 2436 2391 2217 .057 V

Release Alt. = 400 K ftl, Initial Temperature Model 11, Vac. caps except helium e fuel/PICS pap

67 25 ~-30 ——— 2569 2096 2159 2158 2053 .035 1600
68 -20 — 2688 23133 2182 2175 2050 .039 )
69 $ -15 4383 2790 2249 2201 2189 2049 012 %
70 -10 4152 2905 2359 2232 2211 2019 .049

Release AlL. = 100 K ft., Initial Tenperature Model #1, helium filled gaps

11 25 -30 - 1957 1809 1978 1990 1938 .023 1600
72 - -20 ———— 1973 1816 1961 1095 1036 . 022

73 -15 ———— 1985 1821 1983 1994 1938 .022

4 -10 - 1999 1826 1985 1996 1938 .022

75 -8 ——— 2006 1829 1986 1997 1938 .022

6 =30 ———— 2141 1992 2133 2143 2085 .025 1800
M -20 - 2157 1999 2135 2143 2083 .024

78 -15 ———— 2167 2003 2137 2143 2081 .023

79 -10 ——— 2180 2009 2139 2143 2079 .023

80 -8 -—— 2186 2012 2140 2142 2078 .023

81 -30 -——— 2345 2171 2209 2304 2256 .027 2000
82 ~20 ——— 2359 21178 2301 2301 2230 .026

83 -15 ———- 2368 2183 2303 2299 2226 .026

84 ~-10 ——=- 2376 2189 2304 2295 2222 .025 L
85 V -8 ———- 2379 2192 23505 2293 2221 . 025

Release Alt. =100 K ft., Initial To) perature Model #1, Vac. saps except helium in fuel/PICS gap

85 25 -30 ———— 2016 1886 2230 2110 2052 .023 1600
86 -20 — 2031 1895 2230 2103 2047 .023
87 =15 ——— 2043 1898 2230 2106 2044 .022
88 «10 — 2057 1903 2230 2105 2041 .022
89 -8 - 2064 1906 2230 2104 2040 .022
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2.5.1.4 KIPS Kmergeney Cooling System

Introduction - KIPS Tleat Source Asscembly (HISA) consists of a radiation

barrier, boiler, mullifoil insulation and a Multi ITundred Watt (MIIW) radioisotope
heat source. Ileal from MHW heat source is carried away by "Dowtherm A'' coolant
flowing through the boiler and is eventually utilized in an organic Rankine conversion
cycle to produce electrical power, Nuclear safety considerations require that the
MHW heat source temperature be maintained within narrow limits for normal opera-
tion and in the event of "luss of coolant accident” (I.OCA)., In order to achieve this,
a melting multifoil insulation system is used in the IISA, which not only limits the
heat losscs from it to very low values, but also acts as an cmergency heat dumping
systcm when the heat source temperaturcs rise above operational limits, Prelimi-
nary parametric design, thermal and structural studies were conducled to determine
the weight versus parasitic heat loss tradeofls for the KIPS system. As a result of
these studies and a survey of candidate foil materials, the tentative selection of a
multifoil system was macde., This system was composed of 60 layers of 1 mil pure
aluminum foil. Separation of the foils is achieved by micron size zirconia particles
as proposed by the multifoil system vendor, ThermoElcctron Corporation (TECO),

The spacer particles arc selected on the basis of low thermal conductivity and com-
patibility with the foil material chosen for this application (usually a choice dependent
on temperaturc), The oxide particles arc optimized with regard to particle size and
coaling density to minimizce thermal transport., The oxide particles provide a high
thermal impedence to conduction by: (a) selection of oxides with low thermal con-
ductivity, (b) high thermal interface resistance between the foils and particles, and
(c) low conduction path arca. The multiple foils are effective radiation

shields. The vacuum cm ironment eliminates gas conductior and convective heat
transport,

A mathematical model of the entire KIPS heat source assembly was constructed to
determine the transient thermal response in the event of loss of coolant accident.
TECO subjected a scale model of the foil insulation system to a melidown test {o
verify the design concepl. This model was tested in an evacuated bell jar apparatus,
by first simulating the foil system inner boundary {emperatures and heat flux at
prcdicied steady state operational conditions, Meltdown was then accomplished by
incrcasing the heat flux i the inner boundary of the foil system to simulate the heat
flux expected if the coolant stopped [lowing through the boiler. Test results showed
that the foils melied progressively one at a time and the system approached equilibrium
temperatures. In order to verify the abilily of the emergency cooling system, a full
scale Electrical Heat Source Assembly (KIP51020020~-039), which had earlier been
utilized for performance testing, was subjected to an actual LOCA test.

Mathematical Model

A TAT I immodel was constructed to study the tronsient thermal behavior of the KIPS
heat source assembly., The one-dimensional model as shown in Figure 2,5. 1. 4-1
consists of a pic shaped scgment of the heat source assembly, The node map,

radial dimmsions of various components and the emissivities assumed for the com-
ponent materials are also shown in Iagure 2.5, 1.4-1, All heat transfer is assumed to
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FIGURE 2,5, 1, 4~1
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be by radiation except betwcen layers of multifoil insulation, where conduction through
the spacer malcrial was also considered. The equivalent thermal conductivity of the
spacer material was assumed to be 0, 00012 Btu/hr-ft-°F. Nominal operating condi-
ting conditions were assumed prior to flow stoppage.

The Thermal Analyzer Program (TAP II) solves n-diminsional transient problems
in networks of conductors and capacitors by forward finite difference numerical
technique. Thus, for nodes having finite capacities, the equation used is:

= 48 -
T2,0+00 T T2,0 T T [Qi+ZYi,jTj,9 Ti,QZ Yi,j]

i i

where Yi 3 is the reciprocal of thermal resistance between nodes i and j.
9

The solution is obtained when steady state temperatures are reached.

The results of the computer code for nominal design temperatures are shown in
Figure 2.5.1,4-2, For the assumed thermal capacity ofthe heat source, it is found
that the rise in its temperature is gradual and linear after the flow is stopped. The
boiler temperature rises rapidly after the flow is stopped and then gradually levels
off as the foils start to melt, The first foil starts to melt approximately 3 minutes
after the flow is stopped and the subsequent sequential melting of foils is complete in
approximately 24 minutes. The housing rejects heat to the surroundings according
to its temperature. All the components reach 98% of their steady state
temperatures in less than 6 hours. The final equilibrium temperature of the housing
depends on its surface emissivity. The calculated value is for an emissivity of 0. 92,
Also, it should be noted that the transient response time of various components is
dependent on the accuracy with which their thermal capacities can be determined.

On the whole, the performance of the multifoil insulation seems very promising in
limiting the heat losses during normal operation and as an emergency heat dump
system.

Scale Model Tests

Heat Flux Measurement - The heat flux through a given foil-particle system is a
function of heat source temperature (T), heat sink temperature (T ), and number of
foil layers (N). Assuming radiation to room environment, the heat flux was mea-
sured as a function of T and N for optimized values of the characteristic dimension of
particles (d), particle densily per unit arca (¢), and spacing between foil layers (s).
The heat flux was measured using a cylindrical heal source approximately 2.5 inches
in diameter and 3. 0 inches in height, A tantalum f{ilament (0, 2 inch diameter)
radiantly hcated the cylinder,
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The heat flux data for aluminum/zirconia Multifoil Insulation system are given in
Figure 2,5.1.4~-3 as a function of tcmperature. It is extremely difficult to measure
such a low heat flux accurately. The heat losses at the relatively low temperature
under consideration are smaller than the extraneous heat losses (i.e., filament and
the edge of the cylindrical and plancr assemblies). These data are in reasonable
agreement with the earlier measurements performed by the vendor on nickel/zirconia
system. It is noticed thai for the expected nominal hot side temperature of multifoil
insulation even the gross heat flux through the insulation is extremely small.

Compatibility Studies

The objective of this test was to obtain information on the compatibility among ma-
terials which shall be, or might be, used in the thermal insulation around the KIPS
heat exchanger. The materials concerned were Min-K TE-1400, aluminum, nickel
and stainless steel.

The testing conditions were 500°C for 1000 hours in a vacuum of 1 x 10_5 torr or
better. All materials were cut into one inch squares and all metal foils were coated
with 0. 06 = 0, 02 mg/cm? of ZrO9 powder by the ThermoElectron binder spray process
for Multi-Foil Insulation System., These squares were arranged in various com-
binations and each set was separately enclosedin 2" x 2" x 1/2'" molybdenum boxes.
Molybdenum isg practically inert at the testing condition, The material combinations
and the sample arrangements of the test coupons are shown in Figure 2.5.1.4-4
These boxes were stacked inside a 6" X 6" vacuum furnace. During the 1000 hour
test, the temperature of the inside of the furnace was maintained at 500 + 2°C by an
automatic temperature control. The vacuum of the system was maintained around
10~7 torr except for a period of system shut-down due to a power failure during a
weekend, This power failure occurred after about 850 hours.

A1l tested materials indicated no observable deterioration except for slight dis-
colorations of the aluminum and the stainless steel foils which were probably due
to an air exposure at a relatively high temperature during the power failure. No
weight changes were measureable for any tested samples. Photomicrographs gave
no evidence that the zirconia particles interacted with the aluminum foil substrate.

In order to ascertain that the discoloration was due to an air leakage during the power
failure, a second set of samples were tested for 100 hours, These samples showed
no discoloration,

Meltdown Test (Scale Model)

A scale model of the proposed Multi-Foil Insulation System wag subjected to a melt-
down test to determine its capabilities prior to manufacturing the full scale proto-

type system,

The design of the meltdown assembly is shown in Figure 2. 5. 1. 4-5, The Multi-Foil
insulation consists of 60 laycrs of Zirconia coated (nominal 0. 06 mg/cm ) aluminum
{oil (one mil thick) with a layer spacing of 10 mils/laycr. The planar ends are
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Figure 2. 5. 1, 4-5: Meltdown Assembly Simulating KIPS Heat Source

47



Min-K TE-1400. The tantalum filament is 0, 020 inch in diameter. The heater body is
made of stainless stecel.

The experimental arrangement is shown in Fig‘ui‘e 2,5.1.4-6. The vacuum system pres-
sure throughout the test was approximately 10-5 torr,

The assembly was equilibrated at a temperature of 662°F prior to the start of the
meltdown, The equilibrium power input was 3. 75 watts. The power input was then
given a step increase to 68 watts for the duration of the test.

The temperature-time profile for the meltdown test is given in Figure 2. 5. 1. 4-T7.

The thermocouple locations are indicated in Figure 2. 5. 1.4-5. After the start of the
temperature ramp, the aluminum foils sequentially reach their melting point (1220°F),
melt, and are removed from the insulation system. Sequential melting of the foils
continues until the increased heat flux through the remaining foils matches the heater
input such that the temperature of the inner surviving foil never reaches the melting
point,

The temperature~time profile is not difficult to interpret since only the thermal pro-
perties of aluminum are involved. Because aluminum has an unusually low vapor
pressure ( approximately 10-6 torr) at its relting point, vapor transport is not a
consideration in this test. The discreetness of the data is aided by the oxide film
which forms on the aluminum and aids in isolating each foil.

Inspection of the foil assembly after meltdown showed only three intact foils. These
foils exhibited no fusion and were easily separable., The aluminum from the molten
foils formed a well defined disk on the bottom Min-K slab.

The surface of the unmelied foils were examined with a metallurgical microscope.
There was no observable interaction of the zirconia particles with the aluminum,

Electrical Heat Source Assembly Emergency Cooling System Meltdown Test

The test was conducted inside a thermal vacuum chamber, with "Dowtherm A" as

the working fluid to achieve the equilibrium operating temperatures, The test setup

as indicated in Figure 2. 5. 1. 4-8 was used to maintain steady conditions at the EHSA,
Dowtherm A coolant flow through the EHSA was initially maintained at a nominal

flow rate of 0. 029 lbs/sec. The temperature at the inlet to the boiler was stabilized

at 400°F and the thermal vacuum chamber was evacuated to less than 1.1 x 104 mm

Hg pressure. The other equilibrium conditions which were maintained for a period

of 4 hours prior to the start of meltdown are indicated in Table 2.5. 1.4-1. After 4 hours
of steady statc opcration the Dowtherm flow through the boiler was abruptly stopped

(in less than 15 seconds)’ while maintaining the 2400 watt thermal input to the EHSA

* It was belicved that an abrupt flow stoppage could result in more severe catastrophy
as compared to gradual {low stoppage, duc to thermal shock., Besides, an abrupt
flow stoppage is more amecnable to mathematical analysis.
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STEADY STATE EHSA PERFORMANCE PRIOR TO MELT-DOWN

TABL.

/e 1. 4-1

- Vacuum Avg. Vacuum Boiler Boiler Average Heater
Chamber Chamber Flow Inlet Fluid Outlet Fluid Block Temperature
Pressure Temperature Rate Temperature Temperature AT (L + 2+ 3%)/3
m He °F 1bs/sec op oF 23 °F
1.1 x 1074 116 .0285 396 530 134 1363
Avg. Radiation Avg. Boiler Avg., Multifoil Avg. Housing Avg. Sp. Heat Carried
Barrier Temp. Temperature Can Temperature Temperature Heat Avay by
(4 + 5+ 6)/3 (7T+8+9+13)/h| (10+11)/2 (15 + 16 + 17)/3| Btu/1p Boiler

°F °F °F °F °F Watts
1066 605 648 213 <525 2097
NTOTE: ¥ Numbers inside the parentheses indicate thermocouple locations




heaters. Most significant thermocouple readings were recorded by the chart re-
corder, while others were read every 15 minutes for the first {iwo hours and cvery
30 minutes thereafter for an additional 6 hours.

Results

During and after the meltdown it was noticed that some of the thermocouples either
became open-circuited or detached from the surface, However, sufficient redun-
dancy in the number of thermocouples allowed the determination of appropriate tem-
perature response. No difference was observed in the temperatures recorded by

the chart recorder and that indicated by the readout thermometer. The error in the
temperature measurement, due to the presence of dissimilar material (Deutsch
connector) in the thermocouple circuit, was determined by bringing the thermo-
couple wires from some of the adjacent locations, out directly through a Conax
fitting, This error was found to remain less than 20°F for the boiler and less than
40°F for the heat source. All other thermocouples internal to the EHSA are believed
to have comparable errors. The results of the test are plotted in Figures 2.5, 1, 4-9
and 10, Tempzratures recorded by only one thermocouple attached to each compo-
nent are plotted in Figure 2. 5. 1.4-9, the average temperatures in the axial direction
are plotted in Figure 2, 5, 1. 4-10. Temperatures of the heat source, radiation barrier,
boiler, mullifoil insulation and the housing are seen to be well stabilized prior to

the flow stoppage.

Temperatures of all the components start rising immediately after the flow is stopped.
The boiler and multifoil insulation temperatures rise most rapidly, Because of its
high thermal inertia the heater block temperature rises gradually but monotonically
during the meltdown period. When the aluminum can inside the multifoil insulation
melts, the rate of rise in boiler temperature is sharply reduced. The response of
boiler and multifoil can temperature is identical until the can starts to melt, when
part of the heat leaving the boiler is used as latent heat of fusion for the can and its
temperature seems to level off at the melting point of aluminum (the response of
multifoil thermocouples after meltdown becomes superficial). It is noticed that the
can inside the multifoil insulation melts 15 + 3 minutes afier the flow is stopped.
After the first few foils have melted, the housing temperature starts to rise rapidly.
During this period boiler temperature is seen to fluctuate slightly, which is be-
lieved to signify the sequential melting of foils. After all the foils (or the number
of foils necessary to allow sufficient heat flux to pass through, so that the temper-
ature of the remaining foil does not rise above its melting point) have melted, the
boiler temperature sharply drops and after a short period ( < 16 minutes) continues
to rise again until equilibrium is reached. The complete meltdown occurs 45 £ 5
minutes after the flow is stopped. The heat source and radiation barrier tempera-
tures also drop slightly upon complete melting, while the housing temperature
continues to rise throughout the melting and thereaficr. Two hours after the flow
is stopped, all the temperatures start to level off and after an additional two hours
all the components reach their steady state temperatures (less than 1% difference).
The pre meltdown and the post meltdown steady state tempcratures are given in
Table 2.5.1.4-1.
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TABLE 2,5.1.4-1I

PRE AND POST MELT-DOWN EQUILIBRIUM
TEMPERATURES OF THE EHSA COMPONENTS

Pre-Melt-Down Post-Melt~Down

Equilibrium Equilibrium Rise 1in Tempersture
EHSA Temperature Temperature Due to Melt-Down
Components °F °F °F
Heater Block 14ks 1605 160
Radiation Barrier 1075 1400 325
Boiler 615 1305 6,0
Multifoil Can 64 8% 12ho 592
Housing 210 820 610

NOTE: ¥ The higher temperature of the multifoil can as compared to the
gverage boiler temperature is due to the specific locations of
the thermocouples.
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Discussion of Test -Results

The final equilibrium temperature of the heater block is 1600°F which is approxi-
mately 160°F higher than the premeltdown equilibrium temperature of 1440°F, 7his
temperature increment is well within the allowable rise in temperature of 270°F,
from an initial PICS temperature of 1900°F, The boiler temperature stabilizes at
1300°F, after the meltdown; a rise of almost 700°F, The most severe rise is seen
to occur in the average housing temperature which reaches 820°F (with a peak tem-
perature of 1000°F, from an average initial temperature of 200°F. Although the
environmental temperature (average thermal vacuum chamber temperature) was
300°F, which is higher than the real case temperature of 150°F (average KIPS
radiator temperature); this factor is not believed to influence the housing temperature
significantly under equilibrium conditions, because of strong non-linearity of the
radiative heat transfer process, The fact that the average premeltdown equilibrium
housing temperature is also slightly higher than that assumed for normal operation,
suggests that the emissivity of the ho 1sing surface is lower than expected. The
effect of lower housirz emissivity is reflected in significantly higher post meltdown
housing temperature; because of much greater post meltdown heat transfer rate
through the housing.

The fact that the housing temperature starts to rise immediately after the flow is
stopped and before the first foil melts (see Figures 2. 5. 1. 4-9 and 10) suggests that
the amount of heat rejected from the housing, increases and continues to increase
even more rapidly after only a few foils have melted, The effective thermal conduc-
tivity of the multifoil insulation system in this test unit was higher than expected
because of dimensional changes, This results in substantially higher rate of rise

in housing temperature than predicted in Figure 2.5.1,4~2, Further, this seems also
to be the cause for the longer time, after the flow is stopped that "multifoil can"
takes to start melting and the complete melting of multifoil insulation. Contrary

to the gradual and linear rise in temperature of the heat source predicted in

Figure 2.5. 1, 4-2, the test data shows that the heater block temperature starts to
increase rather sharply during the meltdown process. This is thought to be due

to less than assumed thermal capacity of the heater block, Part of the difference

in the results predicted in Figure 2, 5, 1. 4~2 and those obtained during the test, is
due to different initial equilibrium conditions. The rise in temperatures of the
heater block and the radiation barrier are observed to be much less than those pre-
dicted. Nevertheless, the trend in the temperature response of most components

is mostly in agreement with the study of Figure 2.5.1,4-2.

Substantial temperature gradient was observed along the housing, after the meli-
down, Whereas before meltdown the temperature difference between the center of
the housing and at 6. 65' away from it, was less than 25°F; after the meltdown this
temperature gradient was seen to have increased to approximately 150°F, This
would be capable of sustaining a heat transfer rate of about 134 watts in the axial
direction along the housing. It appecars that the multifoil insulation continued {o
provide large thermal resistance, near the ends of the EHSA in the radial direction,
This in turn suggests the possibility that the multifoil insulation melted only near
the center of the housing., Additional evidence to this possibility is obtained from
the post meltdown disassembly of the EHSA, when one of the foils (which remained
unmelted) indicated only partial melting ncar the center.
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Post Meltdown Disasscmbly of the EHSA

Upon completion of the meltdown test, the EHSA was disassembled using the same tool-
ing and techniques which were used for assembly, Care was taken to preserve the in-
tegrity of individual components, where possible, throughout the disassembly process.
The EHSA was removed from the thermal vacuum chamber (see Figure 2. 5. 1, 4-11)
and attached to a support structure maintaining its vertical test position. The upper
end of the EHSA (outlet sidc of the boiler) was disassembled first as the test was per-
formed with the EHSA in this position,

Disassembly of the EHSA was relatively easy. The housing and end-cover materials
seem to have yielded due to very high housing temperature; thus, requiring very little
torque and/or load to unthread the lock rings and remove the screws. The lower outer
cover was difficult to remove because of a burr in one of the threads, which could have
been cat sed during the assembly process. Multifoil insulation after melting, dropped

to the bottom of the EHSA and seems to have travelled through a path of least resistance
down the outgassing tube., Part of molten multifoil was collected in a tray underneath

the EHSA. As a resull of collection of the melted multifoil system near the bottom of

the EHSA, portions of the boiler (copper), radiation barrier (nickel) and sheathed thermo-
couples (inconel and platinum) which came into contact with it appeared to have been dis-
solved by the molten multifoil system., This phenomenon seems to be dependent on con-
centration of the molten aluminum in contact with other surfaces and its rate of melting;
surface tension effects would control the movement of molten aluminum in a zero-gravity
situation. The rate of vaporization of aluminum remains extremely low in vacuum at the
temperature of melting, as compared to the rate of melting, Otherwise, most of the
components remained in good condition after the meltdown. '"Dowtherm A'' that remained
inside the boiler tubes after the flow was stopped appeared to have completely burnt out
and became a thick black and sticky substance.

The heater block assembly, except for discoloration near the ends of the thermocouples,
appeared to be in good shape. The condition of the wiring splices, ceramic beads and
Varflex sleeving on each end was excellent., See Figures 2.5.1.4-12 and 13, The mica
and fibrous insulation (A-100) pads which rest on top of the heater wirings and in contact
with the underside of thc end plug were also in excellent condition., The total circuit
resistance of the heater circuit remained the same before and after the test.

The appearance of the upper end of the boiler assembly was about the same as at the
time of the assembly; except that the individual copper flanges were slightly softer
than during assembly; see Figure 2.5, 1,4-13. The iron titanate coaling on the boiler
had flaked off at some places. One of the foils remained largely unmelted, but showed
patches where melting had occurred; especially a large hole on one side of the foil,
Sce Tigure 2,5.1,4-14, The outer portion of the boiler had become discolored, but
showed no sign of fusion with molten aluminum. This shows that as the foils melted,
the molten aluminum fell to the bottom without any transverse migration, The outside
of the moddle portion of the housing had become discolored (bluish)., This and some
other discolorations appear to have been caused by the back streaming of oil from the
large vacuum pump, which inadvertiantly was not rapidly quenched after shutdown.
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FIGURE 2.5.1.4-11. ELECTRICAL HEAT SOURCE ASSEMBLY (EHSA) INSIDE THE
THERMAL VACUUM CHAMBER AFTER THE MELT—DOWN TEST.
NOTE DISCOLORATION OF THE HOUSING.

59




FIGURE 2.5.1.4-12. HEATER BLOCK ASSEMBLY REMOVED FROM THE EHSA. THE
DETERIORATION OF THE LOWER END CAN BE SEEN.




9

FIGURE 2.5.1.4-13 A VIEW INSIDE THE LOWER END OF THE HEATER BLOCK ASSEMBLY.




FIGURE 2.5.1.4-14. THE REMAINING FOIL OUTSIDE THE BOILER SHOWS SIGNS OF
PARTIAL MELTING. -




2.5.1.5 Venting/Gas Management

The gas management system for the Isotopc Heat Source Assembly consists of a pres-
sure relief device (PRD) which is attached Lo the outgassing port prior (o launch., DPrior
to launch the IHS is protected from the atmosphere by an argon gas environment within
the HSA. The system can be started and operated at partial power with the argon gas
environment within the HSA's, but full power cannot be achieved because of the higher
parasitic heat losses from the HSA's, Afier launch the drop in atmospheric pressure
during ascent activates the PRD and the argon gas backf{ill is ventied to space. In
addition, the helium generated by the fuel decay process is thereby continuously vented
throughout the mission. The PRD has been described in some detail earlier in

Section 2,5,1.2 and is shown in Figure 2.5.1.2-1, The PRD is considered to be a
fail-safe system in that should the lance fail to pierce the aluminum diaphragm during
launch, the diaphragm will subsequently open from creep stresses (resulting from
temperature and internal pressure).
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2.5.1.6 Reliability

The reliability effort on the flight system has been concentrated on a preliminary
Failure Mode, Effccts and Criticalily Analysis (FMECA) and Single Point Failures
(SPT) identification. The purpose of the analysis is to provide a baseline for develop-
ment of the flight system design and testing. Analysis of the isotope heat source is not
included since it has been qualified on the MHW program and is government furnished.
The failure modes for the Isotope Heat Source Assembly (IIISA) are primarily safety
consequences and arc listed as input to safety analysis.

The ground rules for the FMECA are:
1. Failure Mode, Effects and Criticality Analysis (FMECA)
The FMECA is a systematic examination of all components of the system to
identify their function, how they can fail and to determine the effects of each
component failurc on the systc.n, It is an on-going analysis, continually up-

dated as the yrogram and design progresses.

2. Failure modes/effects are ranked in the FMECA according to the severity
of the failure effect.

Table 2, 5, 1. 6-1 lists guidelines for assigning failure mode likehood ”@ " on the FMECA

work form, Table 2,5.1.6-1I lists guidelines for assigning failure effects ranking
"@" on the FMECA work form.

TABLE 2.5.1,.6-1

FAILURE MODE LIKEHOOD RANK

Rank Rationale for Ranking
100 Most likely failure mode
75 Very likely failure mode
50 Likely Failure mode
25 Minor failure mode
10 Unlikely failure mode
5 Highly unlike failure mode
1 Improbably failure mode
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TABLE 2,5.1,6-1I

FAILURE EFFECTS CATE GORIES AND RANKING

Category Failure Rank
I Resulis in calastrophic or imminent loss 100

of power performance and mission

11 Results in a reduction in power resulting 50
in a partial mission failure

I Results in failure or out of specification 5
condition not affecting power

Isotopic Heat Source Assembly (IHSA)

The IHSA is described in Section 2.5, 1.2, Table 2.5.1.6-III presents the IHSA Failure
Mode Effects and Criticality Analysis (FMECA) work sheet.

The failure modes for the IHSA and the emergency cooling system are primarily safety

consequences and are listed as input to safety analysis., Figure 2.5.1.6-1 and Table
2.5.1.6-IV presents the single point failures relating to these failure modes.
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{2)PLACES — PENETRATION ASSEMBLY

2.5.1.6-1

SINGLE FAILURE POINTS—LH.S.A.
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TABLE 2.5.1, 6-III

FAILURE MODE AND EFFECTS ANALYSIS -~ THSA

T

CRITICALITY RANK Dx® = @

FE RANK
FM LIKEIHOOD
POSSIBLE
FAILURE MODES FAILURE DESIGN/SAFETY
NO. COMPONENT & FUNCTION (FM) CAUSES FAILURE EFFECT (FE) CONSIDERATIONS Ol @] @
1.0 } Emergency Cooling System
1.1 Automatically removes thermal Insulation fails to melt Insulation material does | Temperature rise is secondary Insulation meltdown pro- * * *
insulation from around the Heat not melt at specification| fallure and the consequence is re- vides control of IHS tem-
Source Assembly (HSA) whenever temperature lated to safety (and mission accom- perature rise to preserve
the femperature exceeds a pre- plishment). The primary failure is integrity of fuel contain-
determined value, loss of radiator fluid circulation ment structure
Inadvertant meltdown of | Insulation material Increased heat loss and therefore 1 50 50
insulation melts below specifica- reduced system efficiency
tion temperature
o)}
~ Insulation failure
2.0 | HSA Enclosure
2.1 Provide a sealed enclosure for Seal leaks at a rate Seal failure No effect on loss of performance Leak test a part of accep- * * *
containment of an inert cover greater than makeup (thermal heat. tance criteria
gas surrounding the HSA during capability at inert gas
ground operation supply Consequence relates to safety, i.e,, | Radiograph inspection and
life of IHS (IHS =xposed to air) leak test of welds.
Seals not required for
space operation (chamber
vented to space)
.0 Pregsure Release Device (PRD)
3.1 Provides a means for releasing PRD Pre-maturely Bellows sgeal failure No effect on loss of performance Design concept will follow | * * *
IHSA enclosure cover gas in operates in air environ- (thermal heat), Consequences MHW qualified design
space ment relates to safety, ".e., life of
HS.
PRD fails to operate Binding Mechanism, Increased heat loss and therefore 5 50 | 250

in space environment

cutter head shaft bends/
breaks, cutter head
fails to yield

reduced system efficiency until
cover gas diffuses through seals
to space




TABLE 2,5.1.6-IV

ISOTOPIC HEAT SOURCE ASSEMBLY ENCLOSURE
SEAL LEAK SINGLE POINT FAILURES

CThy

cT M2

ey,

M2

BBy

M2

Cover material - lower 1
Bellows - Pressure Release Device (PRD) 1
Tube material - PRD 1
Swageloc seal 1
O-ring - lower cover 1
Housing material 1
Cooling tube material - normal 1
Cooling tube material ~ ground 1
Housing/cover weld - upper 1
Cover material - upper "1
PENETRATION ASSEMBLY
Bellows/block weld 4
Penetration assembly gasket 4
Bellows material 4
Bellows/tube weld 4
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2,5.1.7 Structural Analysis

The analysis of the KIPS IISA housing subjected o an axial load involves an integral
structure composed of a cylinder and rib stif{fcned end cover (Figure 2.5, 1. 7-1),

The loading arises from the 42 1b intcrnal heat source subjected to a 30G acceleration
and reacting against the end cover through the Min-K insulation., It is assumed that
the insulation subjects the end cover to a uniform load distributed over a circular
area of radius a =2, 72 inches. Then the pressure loading is,

- #2x30 _ - 5421 psi

° % (2.72)2

The methodology of the analysis assumes a displacement function for the end cover
of the form:

y = A1 (L +b —r)+Az (L +b—r)2 +A3 (L +B-R)3 +A4 (L +b—r)4

+Ag (L+b-1)° )
where:
Al’ A2, A3, A4 and A5 are constants to be determined.
L, b and r are defined in Figure 2.5,1.7-1.

Equation (1) satisfies the condition that y at r =L + b is equal to zero. To satisfy
the condition of zero slope at r =b we must have:

- 2 3
A; =-L@2A,+3A;L+4A, L +5A, L% @)

The strain energy of the plate is obtained from two components, In the radial
direction we have the rib-plate combination with a linearly varying cross sectional
moment of inertia given by:

t HS H 2
I = =X +H1 ¢t |t +-% - + 21{_ (C+xtano)
X 12 rr p 2 yc.g. P
fp_z
(yc.g‘ -5) 3)
where: Hr 9
, i H t, t, * 5-) +t7 (C+xian®) "
c.g. A
g Hrtr+ 2tp (C +xtano)
X =r-b
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FIGURE 2 5.1.7-1
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and, Hr' tr' tp’ @ and C are defined in Figure 2. 5.1, 7-1.

The strain energy due to the rib-plate combined structure in bending is given by:

L 9 2
_ E dy
VB =3 S Ix(dz ) dx (5)
o X

In the tangetial direction the strain energy involves the plate alone. We have:

w3 2™ L +4b
Et 1 2 d d 2
woatm § ) Balog g ee
P41 -v) ¢ J dr T oar
where:
E = Young's Modulus and v = Poisson's ratio

The total strain energy is then,

vV = 18VB+Vp ("N

According to the theory of minimum potential energy the virtual work done by the
load p_in a virtual displacement 6y is equal to the variation of the strain energy

due to the displacement 6y. Then,

8V

= S5A, = 6(W_) 8

8A2 2 P AZ (8)

oV

—— 8 A §(W ) (9)

8A3 3 po A3

aVv

2L A, = §(W_) (10)

8 4 4 P, A4

____gv 6A5 = §(W_) (11)
5 Po'A,

where:

r (—%%—) dr] 5A_ (12)
n
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Using equations 1, 5, 6, 7, 8, 9, 10, 11, 12 we arrive atl four equations in four un-
knowns; i.e., in matrix form:

[ .21285 18, 46798 128, 5947 705.6151 | [ A, | 413, 036
18. 46798 196, 0034 1274, 812 7210. 6447 Ag 9 3503, 78
==-Z=Pp
128, 5947 1274, 812 8651, 35 50930, 481 A, E%o 199358, 739
705, 6161 7210, 6447 50930, 481 309190. 063} | Ag 127127, 65
e B T = J— e —
Using a value for E of 9.8 x 106 psi the solution for these equations is:
_ -4
Aj = L757413x 107 p_
A, = 9.32796x10 % p
2 ‘ 0
- 106
Ag = 5.25776x 10 p (13)
- -7
A4 = 2,023653 x 10 P,
A, = 1.591633 x 10°° p
5 ‘ o

Figure 2.5, 1. 7-2 shows the breakdown of the cylindrical portion of the HSA housing
in determining the reaction of that portion to the deformation of the end cover. The
reaction is assumed to arise from the radial displacement §., of the end cover at
point R. To determine the reaction V_ the expressions for radial displacements

and angular changes at points R and = Rl on the cylinder must be determined.
We hava:

1 1
C. M C..V
911 = )\61D + 41 > Ref. 12
171 2 D, N
1 1
51 Cqy V . Csy M
1 3 p)
A
2Dy A 2D,
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[y

Where:

1 1
*
CloVr _ S%40¥ . S M
2 Z . D
2D N 2D ¥ 0o Po
* 1 1
€30 VR S50V , SsoM
3 3 3
2D, X 2D, A 2Dy Ap
* 1 * 1
0 Vr _ C10V | S5 M
3 3 3
2D, N 2 D, X, 2D, X,
4 2
3M-v)
rZ
E 3
12 (1 - v9)

Subscripts 0 and 1 refer to the thick wall and thin wall sections respectively

1 1

1 1 1 1
M ’ V ’ VR’ 91) 61’ 909 60
C30 = 1, 03

* = —

C30 = . 150
C4O = 1,05
Cc* =

40 .11

—_ [
050 1. 05

* = -

050 .19
060 = 1,02

* =

C60 = ,10
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and GR are defined in Figure 2. 5. 1. 7-2,
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C = 1

31
C41 = 1
051 = 1
061 =1

Equating slopes and deflections at point Rl allows us to solve for M1 and V1 in terms
of VR' The results are:

) -2 in, -1b
M' = 215036 x 1077 v B2
vl = -es1011x100v, b

in.

Using these results we have for 6R:

_ -5
GR = 4,92742 x 10 VR
or
Vv = K & where K =2, 02946 x 104 1b (14)
‘R R ‘ 2

in,

Differentiating equation (1) and using the results of (13) we have for the slope at
r=L+b

4

(91 = L7574x 1074 p

dr ) r=L+b
The radial displacement of point R is then

4

) = 1,12859x 10 " p (15)
r=L+b °

= dy.
BR hR <dr

where hR is the distance from the neutral axis to the extreme fiber; i.e., h, = .642 in.

R
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Using (14) and (15) we have for VR:

Ve = 202046 x 10% x 1128250 x 107 p_ = 124,127 Ib/im,

The maximum longitudinal stress on the cylinder is given by

1,932 Vp, TP, o2
o-L = —-—)\t—z——— + 2w (R) t
where
A = 1,8269 t = 170 R = 5,52 in,
then,
oy, = 6467 psi

The yield point for 6061-T6 aluminum alloy at 220°F is 32.4 x 103 psi., Then the
margin of safety is

32400

M.S. = Sier

The maximum hoop stress in the cylinder is given by

2VR

“h t

AR = 10696 psi

The margin of safety is:

32400
< =
M. 8. 10696

-1 = 2,03

For the stress on the end ocver we have: atr = b

a2 -5
&L = 9.7828x 10 " p_
dr r=>b
a2 6 -5
- = E ——255) hy = 9.8x10° x9,7828 x 10 x 54,21 x . 484 = 25154 psi
dr
r=>0
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The margin of safety is:

32400

M.S. = 3552 -1 = .288

Atr=L+b = 5,44 in,
a2 -5 -3
—-21 = 1.865592x 107 p_ = 1.01134 x 10
dr ’

r=L+b

~

The margin of safety is

32400
6363

M.S., = -1 = 4,09

77



2.5.2.6 Radiator

2.5.2,6,1 Radiator - Configuration

The flight system radiator assembly is an aluminum, weclded/riveted assembly in the
shapc of a hollow right circular cylinder measuring 48, 00 inches outside skin diameter
by 96. 00 inches header to header length and weighs 77. 0 pounds, Sce Table 2.5.2,6-1
for component weight breakdown, It has three mounting points which extend approxi-
matcly 3. 25 inches toward the inside to enable attachment to the Isotope Heat Source
Assembly (IIISA). The radiator is spaced approximately 2. 9 inches above the space-
craft mount siructurc to provide clcarance for header connections, ctc. See Figure
2.5.2,6-1.

The radiator employs a forced convection heat transfer loop. The organic fluid passes
through eighteen vertical tube extrusions which are connected, at each end, through an
adaptor fitting, to a common hcader. Each extrusion serves three purposes: as a pass-
ageway for the organic fluid, as the required frontside and backside meteoroid armor
protection and as vertical stiffening for the radiator shell. Each header is made from

a 0,500 inch outside diameter by 0. 062 inch wall tube which is formed to a circular
shape, They are protected from meteoroid puncture by a shadow shield which is

riveted to the radiator structure.

The 0. 025 inch thick radiator skin is spliced together by means of splice plates which
are riveted in place. The extruded radiator tubes are seam welded to the skin prior

to the sections being spliced together. Nine circumferential channel frames are rivited
to the skin for structural support.

After the radiator has been fabricated and inspected, the exterior surfaces are coated
with IITRI* Z-93 thermal control coating. Z-93 is an inorganic type coating developed
by OTRI which is based on a zinc oxide (ZnO) pigment with a potassium silicate
(K2Si04) binder and offers acceptable beginning of life performance related material
properties coupled with good reproducibility., However, future work will enable deter-
mination of radiation hardness requirements and a different coating may be required
for some flight applications.

The radiator also serves as the mounting structure for several other o mponents,
The electronic controller and auxiliary cooling tube are both attached to the inside of
the radiator support structure and the parasitic load resistor is attached through the

skin to the support structure as shown in Figure 2.5.2.6-1.

* JIITRI - Nlinois Institute of Technology Rescarch Institute; as discussed subsequently
in Section 2. 5. 2, 6. G, this may not be the {inal flight system coating.
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TABLE 2,5,2.6-1

RADIATOR WEIGHT BREAKDOWN

Component

Radiator Skin

Skin Splices (5)

Frames (9)

Meteoroid Shields (2)

Tube Extrusions (18)

Headers and Interconnecting Fittings
Emissive Coating

Mounting Provisions (3)

Miscellaneous
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Total

Weight
(Ibs)

35.6
2.3
10.3
3.4
14,2
3.5
3.3
4.1

«3

77.0 lbs (dry)
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. 2,5.2.6.2 Tradeofl Studics and Analyscs

The updated flight system radiator design differs somewhat from the previous flight
system/GDS radiator design, There are two primary factors responsible for the
design change; these are revised performance criteria and revised design constraints.

. The revised criteria are presented in Table 2.5, 2, 6-1I, whercin changes from previous
values or constrainls are noted. As noted in Table 2.5, 2. 6-11, the major changes lie
in an increase in the wasie heat rejection requirement, a decrcase (one-half) in the
allowable pressure drop and a limit to the allowable radiator length.

Based on the parametric studies performed for the previous flight system (and GDS)
radiator design, it was shown that the decreased pressure drop requirement (10 psi)
could be accommodated by incrcasing the number of flow tubes from 16 to 18 together
with increasing the flow tube inside diamcter from 0. 085 inch to 0. 088 inch (see
Figure 2.5.2,6-2 ). This was accomplished while maintaining the exit Reynolds
number for the tube flow at 3000 or higher,

The change from 16 to 18 tubes results in a higher efficiency radiator design (i. e.,
fin efficiency). The higher {in efficiency together with the better (measured) coating
properties results in an overall radiator design efficiency as good as the GDS design
despite its reduced length (8 vs 9.27 ft). However, the increase in the design waste

. heat rejection rate of approximatcly 10% over the previous design requires that ad-
vantage be taken of the ability of the inside surface of the radiator to reject heat to
space through the open end of the cylinder, This effect was ignored in the GDS design
for conservatism; the effect was estimated to be equivalent to a 10% increase in
radiator area, For the present flight system radiator design this effect is calculated
to be more than a 10% increase in effective radiator area so the design heat loads can
be readily rejected.

The use of the inside surface of the radiator to reject heat results in greater vulner-
ability of the flow tube backsides to puncture by metcoroids. In the present design
the backsides of the tubes arc protected by only 60 mils of aluminum armor against
direct strikes through the open end of the cylinder., The tube backsides are protected
against micro meteoroids striking the outer surface of the cylinder because of the
"bumper effect' of the radiator skin. The most vulnerable portion of the tube back-
side area to meteoroids streaming through the open end is the tube area near the

top of the cylinder. For the portion of the tube areca on the lower half of the radiator
(nearer the base), the present 60 mils of armor is adequate protection because the
"view factor" for direct strikes are small (see Figure 2.5.2,6-3 ). Therefore,
based on the prescnt meteoroid environmental criteria the upper portions of the tubes
would require the addition of thin bumpers to insure complete protcction if the
cylinder end is open, The weight penalty would be minimal for these thin bumpers

in any event,

A preliminary investigation was made of a spirally wound radiator which would obviate any tendency fo: flow
maldistrubution in the radiator by ensuring that all flow would see both hot and cold sides of the radiator. It was estimated
that three paraliel tubes would meet the pressure drop and heat transfer requirements with a greatly reduced number of
tube joints and an increased fin efficiency with a resultant decrease in radiator size. The sprially wound tube is not as
convenient from a structural standpoint compared to the axial tube version and a slight increase in structural weight

would be needed. Further studies of this configuration will be performed in Phase I1.
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TABLE 2.5.2,6-11

FLIGT SYSTEM RADIATOR DESIGN PERFORMANCE

CRITERIA AND DESIGN CONSTRAINTS

Item
Waste Heat Load

Dowtherm Flow Rates

Assumed Radiator Coating
Properties (IITRI Z-93)

Solar Heat Load

Dowtherm Inlet Temperature
Desired Overall Pressure Drop

Reynolds Number at Exit of
Flow Tubes

Meteoroid Penetration Criterion
(Total Radiator)

Operational Lifetime

Radiator Length Limit

Acoustic Noise/Spectrum

Acceleration/Vibration/Shock

Design Value

20027 Btu/hr

Maximum -
0,418 Ibs/sec

Nominal -
0. 268 lbs/sec

Minimum -
0. 107 lbs/sec

Emissivity 0, 925*
Solar Absorptivity 0, 25%

Geosynchronous Orbit

Average Solar Load
35. 25 Btu/hr-ft2

212°F (Nominal)

< 10 psi (Nominal)

= 3000

P(O) = O. 99
7 Years
8 Feect

145 db Overall
(See Table 3.5.2, 6-II)

(See Table 3.5.2,6-1IV)

* Propertics measured by TRW (sce Section 2. 5, 1. 3)

82

Previous Value

18255 Btu/hr

0. 359 lbs/sec
0. 249 lbs/sec

0. 158 lbs/sec

Same 2
48, 89 Btu/hr-ft
Same

< 20 psi (Nominal)

Same

Same
Same
None

Same

Same
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2.5.2,6.3 Flow Distribution

Because of the possibility that asymmetric solar heating of the radiator skin will cause
some flow redistribution in the radiator an analysis was performed to study the potential
for Dowtherm A fluid freezing under solar loading, A finite element computer analysis
of the complete radiator proved to be prohibitive in cost, so a simplified two-tube model
was sclected to give a conservative indication of the "worse-case' radiator performance
under solar loading. The two tube model (sce Tigure 2.5.2.6-4) simulated

sections of the radiator whose surfaces were respectively normal to and shaded from
the solar flux, The flow system model accownted for frictional pressure drop in both
the manifolds and tubes, and for the turning pressure drops from the manifold to the
tube and vice versa. The heat rejection and pressure/flow characterisiics were taken
into account by first modeling the thermal/vacuum and in-air pressurc/flow GDS com-
ponent tests in order that the model be as realistic as possible. For conservatism, the
model flow pattern was arranged to maximize the flow resistance to the shaded tube such
that the flow redistribution would be maximized.

Results of the analysis show freezing to be no danger (see Figure 2. 5.2.6-6)
except with extreme off-design low flows (lower than anticipated)., Also, only moderate
flow redistribution occurs (see Figure 2.5.2.6-5) when projected worst case
values for emissivity (0.9) and solar absorptance (0. 35) of the radiator coating are used.
At minimum flow (0. 116 lbs/sec for the total radiator), the solar absorptance (a)
was varied from zero to one while holding the inlet temperature at 205°F and the
emissivity at 0.9 to find the sensitivity of the system to changes in the solar load.
The minimum fluid temperature, at the outlet of the shaded tube, was 116°F at an

a_ of 0,7, well above the fluid frcezing temperature of 53. 6°F, the flow was divided

8
between the heated and unheated side tubes in the ratio of 58% to 42% respectively.
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2,5.2,6.4 Structural Analysis

The radiator is a thin-skinned right circular, aluminum cylinder with eighteen (18)
longitudinal and nine (9) circumferential stiffencrs (see Figurc 2.5, 2.6-1). The longi-
tudinal stiffeners are 6063-T5 aluminum coolant tube extrusions which are seam

welded to the outside of the . 025 inch 6061 T-6 aluminum (skin) panecls. Four individual
panels are spliced and riveted together to form the cylinder. Eight of the nine circum-
ferential stiffeners are aluminum, , 032 inch thick open channel sections which are
rivetedto the inside of the radiator skin. The ninth circumferential stiffener is a
heavier . 063 inch thick closed box frame positioned opposite the three support points
located at the top of each heat source assembly housing. This frame is located at the
center of the second panel bay (from the bottom). The three radiator mount points are
120° apart and attach the radiator to the heat source assembly housing at the box frame
which is located 24, 7 inches above the spacecraft baseline, The analysis involved

an evaluation of: (1) the loads on the radiator at the support points (considered the most
critical area:, (2)the potential for buck’ing of the thin skin panels between the stiffeners;
(3) the acoustical loadi. g on the panels; (4) and the potential for shearing of the rivets
(not covered herein but found not to be a problem). The expected load environment is
the same that was used for the GDS design and is presented in Tables 3. 5. 2. 6-III and IV,

Based on dynamic analysis supplied by Sundstrand (see Ref. 14) the maximum loads on

the radiator are at the three support points and these are as follows: 13.9 g's radial;

19. 6 g's tangential; and 13.5 g's axial., The indicated directions are shown in Figure
2.5.2,6-7A, These loads were derived by analysis of Sundstrands estimates of the response
of the radiator mounts to a shock input at the system mounts. The calculated response

was based on a 775 g design shock input and assumed the entire power system is shock
mounted and tuned to fn = 12,5 Hz,

Analyses of the radiator structure shows that the most critical portion of the structure
is the circumferential ring frame to which the supports attach, The required section
for this frame is determined by the load resulting from the calculated 13,9 g accelera-
tion in the radial direction. Notethat, in the sketch of Figure 2. 5.2, 6-783, the ring

is supported at three points and loaded as shown thereon. The greatesi stress occurs
at point A (Figure 2.5, 2.6-7B) as a result of a bending moment given by:

2
_ 2wR _ -r :
MA = =5 [a 2B Tt 2w sm@]
where
a = -,0638
B = 1/4

The ring frame section is presented in Figure 2. 5.2, 6-7C and its cross sectional
moment of inertia about line 0-0 is, IO~ = . 0417, Conscrvatively assuming a 90
“‘pound weight radiator, the loading pcr ich on the ring frame is:
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FIGURE 2.5.2.6-7
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= 90x13.9 _ ¢ 995 1ps/inch.

2 (24)
Therefore the maximum bending stress at point A is o, = 28757 psi. For 6061-T6
aluminum therefore, the margin of safety is calculatccﬁo be a minimum of
36000 _ =
M. S. 58757 1 = 0,252

The other potentially critical stress is the critical buckling stress of the thin-skin
radiator panels duc to the calculated axial acceleration of 13,5 g's. The stiffeners
break the radiator shell into cight panel scctions longitudinally and 18 sections cir-
cumferentially, Thus, cach panel is 12 inches by 8. 38 inches having a radius of
curvature of 24 inches. The worst case panels arc these panels just above the three
supports. Each of these pancls has to support the weight of the sections of the radia-
tor above it., Assuming all edges as simply supported, the critical stress is given by:

' ' 2 4
. _ ol 1 E ‘/ ( K 2) t ) 6t (
Maximum stress = S 6 5 12(1 -v R + R

) 1-v ‘
s = 6249 psi
where:
R = 24 inches
= 9.8 x 10% psi
v = 0,3
t = 0,025 inch

The corresponding critical load is thus:

1

P = sttb = s't TR = (6249) (. 025) T (24) = 1963 Ibs

6

The actual load on this panel is 3. 75 x 13.5 g = 50.6 lbs with a resulting margin of
safety of -15%6% -1 = 37.8. Thus the panel thickness is determined primarily by

thermal weight considerations and secondarily by the acoustical loading rather than
by the acceleration forces.

6t
R
7
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The corresponding critical load is thus:

P = sltp = st T R = (6249) (. 025) % (24) = 1963 Ibs

The actual load on this panel is 3.75 x 13.5 ¢ = 50,6 lbs with a resulting margin of

safety of 1963/50.6 -1 = 37.8, Thus the panel thickness is determined primarily by
thermal/weight considerations and secondarily by the acoustical loading rather than

by the acccleration forces.

To evaluate the stress on the curved panel resulting from pressure due to exposure to
the anticipated acoustic spectrum, the panel is assumed simply supported on all edges
and the first mode natural frequency is evaluated using the modified Rayleigh-Ritz
method. Rcfering to Figure 2, 5. 2. 6-€, the total strain energy resulting from the
combined directional displacements of the pancl is equated to the maximum kinetic
energy of the panel to determine the first mode angular first mode angular frequency.
Ref. 15 presents the derivation of the two couations, The resulting solution for the
first mode angular frequency for the flight system panet dimensions (12' long by
8.38") is 4325, thus the first mode frequency is { = P/2m = 4325/27 = 88 Hz,
Thus, using Franken's method the resulting pressure on the curved panel is g

= 0,20 psi. The critical pressure on the curved panel is given by:

t 3/2 t
P = 0.93E (-LS:) (-I-?) = 0.651 psi

and therefore the ratio of actual to critical pressures is 0. 307.

acoustic
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2,5.2.6,5 Fabrication and Inspection

The flight system radiator will be inspected to verify that fabrication processes and
techniques are within specifications. All welds in fluid flow areas will be subjected to
the non destructive testing technique developed during the GDS fabrication (sece Section
3.5.2.6.4)., A comprchensive program for establishing weld quality criteria consistent
with overall design philosophy, will be developed and applied to these weld joints,

Fluid flow tube openings will be inspected to assure they have not been violated as a
result of fabrication processes.
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2,5.2,6.6 Critical Characleristics

Two radiator design characteristics are possibly critical with regard o satlisfying
overall system performance objectives, These are flow tube inside diameter and
radiator coating properties. The required flow {ube diameter is relatively small

(. 088 inch) and this requires that the extruded tubc dimensions bc held Lo very close
tolerances if the design radiator pressurc drop is to be achieved. The pressurc drop
through the radiator tubes is proportional to the inside diameter of the tube to the fifth
power (i.e., dis) and therefore is very scnsitive to manufacturing tolerances. For
example, a reduction of 1 mil on the tube diameter will increasc the pressure drop by
6%, and 2 mils by approximately 12%. Two factors, however, tcnd to mitigate this
sengitivity in the present design. First, based on our experience in fabricating the
GDS radiator and several test panels (which utilized slightly smaller diameter (. 085
inch ID tubes) the tube extrusion fabricator (Minalex Corporation, White Housc
Station, New Jersey), was able to hold the tube ID dimensions to very close tolerances.
The specification to the vendor was a hole diameter of 0.085 + ., 002 and based on a
number of samples of a 700 ft run, most of the tubing sampled was right on the nomi-
nal dimension with none outside the tolerance range. The holding of these dimensions
depends primarily on the wear of the extrusion tooling which could be monitored for
large tubing runs. Second, bccause the vendor has confidence that he can hold rather
close tolerances, the nominal dimensions can be set to insure that the pressure drop
criteria will be met, Note that a lower pressure drop will not significantly affect the
radiator performance.

The second area of concern are the radiator coating propertics at the end-of-mission
(EOM). A number of coating systems are capable of providing the desired beginning
of mission properties, but insufficient data exist to predict EOM (7 years) properties
for most coatings, The selected coating for the KIPS program must resist not only
the potential degradation mechanisms of ultraviolet exposure and space particle im-
pacts, but also must satisfy the additional criteria that it be a nuclearly hardened coat-
ing, The IITRI Z-93 coating used for the GDS radiator, and assumed presently for the
flight system radiator is expected to be as resistant to U, V. degradation as any coat-
ing which might be selected but it is not a '"radiation hardened" coating. Data for the
so called "hardened coatings'' are classified, and therefore if the "hardening" require-
ment remains as a criteria for KIPS missions, these coatings will have to be evalu-
ated in Phase II for possible application. ’

The effects of loss of radiator coating on system performance due to nuclear radiation were investigated. Two basic
cases were investigated, both using the Z-93 radiator emissivity coating. One case considered the loss of coating

exposing bare aluminum with an emissivity of 0.25 and absorptivity of 0.563. The other investigated the use of hard
coated anodize under the Z-83. The anodized surface would be exposed after irradiation and would have an emissivity of
0.845 and absorptivity of 0.923.

The effects on system output are dramatic. The exposure of bare aluminum over half the radiator to direct sunlight would
result in radiator outlet temperatures so high that the system would deliver very low electrical output and may even shut
down, The use of an anodized surface under the same conditions gives a significant improvement due to the higher
emissivity and as much as 900 watts output would be available.

If a nuclear hardened coating were used, even higher output would be expected.
One additional result of the foss of coating would be an increase in temperature maldistribution from coated to uncoated

sides, From this standpoint, a spirally wound tube would be superior since all fluid would see both hot and cold
radiating surfaces.
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2,5,2.6.7 Reliability

The radiator is described in Scction 2,5.2.6.1; Table 2.5, 2, 6-1lIpresents the radiator
FMECA workshcet,

The FMECA indicates that the most probable failure mode is a fluid leak caused by de-
fective material or weld. The second most likely is a clogged cooling tube causcd by
internal corrosion or other loose foreign matter, Emphasis on detail design, manu-
facturing proccdures and qualily control arc critical factors in achieving reliability goals,

Failures which result in loss of working fluid {low would allow the heat source to over-
heat if backup provisions werc not incorporated., In space the emergency cooling system
(ECS) will melt down to control the heat source temperature. On the ground and in the
space shuttle bay, the heater temperature control module will provide emergency cool-
ing flow to control the heat source temperaturce in cvent of loss of the normal system
flow.

96




L6

TABLE 2.5.2.6-101

FAILURE MODE AND EFFECTS ANALYSIS

FM LIKE LIHOOD

CRITICALITYRAXK @ x @ = O
FE RANK
1)

POSSIBLE 1
FAILURE MODES FAILUREL DESIGN SAFETY
NO. COVPONENT & FUNCTION (I'M) CAUSES FAILURE EFFECT (FE) CONSIDERATIONS T @ @
1.0 P’ ator
Provides for waste heat rejec-
jec onto space from circulated
flu as
1.1 Structu-al Parts Structural fatlure Handling damage, Twisted/distorted radiator All basic structural type static 5 100 |, 500
launch or transport resulting 1n a coolant sys- components having no moving N
Skin, splice plates, fittings, dynamic forces tem leak or operating parts. |
channcl frames, angle frames, Lxperience data and Q. C. | ’
and motcorowd shield, rivets, controllable 1
we'ds !
- ‘ -
1.2 E~1 «v¢c Coa InZ Loss of coating Dynamic I'nviron- Significant reduction 1n Dynamic ard vacuum tests 5 50 ' 250 i
ments - shock, radiation heat rejection
Irnprove heat reject’on charac- vibration
teristies (nigh emissivity and
low solar absorptivity Vacuum vaporization
Chipping Thermal cycling Partial reduction 1n ra- Surface may be cleansed and 10 50 500
diator heat rejection refimshed
Jending and torsion
loading during
handling
Improper coating
application
Environments -
humidity, salt air,
ultra violet Light
Cracking Same as chipping Minor effect on heat re- 5 50 250
jection
Degradation Solar absorptivity Significant reduction in 10 50 500
radiation heat rejection
1.3 Conlin7 T1e3, Coolant Mamfolds Rupture in tube wall Fatigue, material de- Leakage resulting in loss of Vacuum leak checled 50 100 300
and Conn ¢ty Tubes or weld leak fatlure fect, defective weld cooling fluid, System over-
heats and over tomperature Radiograph inspection of welds
90 welds - maximum length = ghutdown (aluminum foil
approvimately 1,5" Motcoroid Penctration mells) . 063/ 0635 wall al alloy tubing
Appro» matcly 150 & of 0. 043 . 063 al alloy met.void shields
L D, tusing for tube headcr protoetion
Approsimately 25 ft of 0.50 L. D, Potential fire hazard in Dowtherm A has narrow flame-~
tubing ground operation ability himits - low explos.on
probabil ty
Clogged or partially Corrosion of tubing Lose part of cooling sur- Filters down-stream 50 50 [,300
clogged Iino intersurface, spall- face
ing upstream,
meteorotd dent
—t




Table 2. 5.2, 6-I¥ and Figure 2. 5.2, 6-92 presents the radiator leak single point failure

locations,

Code

HF

FTyy

HSy

TADLE 2.5.2.6-I

RADIATOR LEAK SINGLE POINT TFAILURES

Quantity
Header manifold tube material 2
Header /fitling weld 36
Fitting/extruded tube weld 36
Extruded tube material 18
Header/splice fitting weld 18
Total 110
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FIGURE 2.5.2.6-9
RADIATOR LEAK SINGLE POINT FAILURE
LOCATIONS
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2.5.2.8 Thermal Insulation Stability

2.5.2.8.1: Foil Insulation

The multilayer vacuum foil system which serves the dual purpose of limiting the para-
sitic heat losses during normal operation and acting as an emcrgency cooling system

in the event of a LOCA has been described in considerable detail in Sections 3.5. 1,2
and 2, 5. 1.4, The foil insulation system is a very simple system consisting of a con-
tinggus spiral wrap of onc (1) mil pure aluminum foil around an open-ended cylindrical
aluminum can. The foils are separated from one another by a spray coating of micron-

. size zirconia particles, a process patented by the foil system vendor, the ThermoElectron
Company of Waltham, Massachusetts. The foil system is confined between the outer
boiler wall and the inner wall of the aluminum housing, and the can is supported top
and bottom by Min-K insulation, Because the foil system is trapped in this location,
its potential movement and change in configuration is limited to minor changes in the
local density (or number of foil layers per inch of thickness). While these minor changes
can affect the parasitic losses somewhat, the effect is expected to be minor because
the total number of layers will not change and therefore, the important radiation thermal
resistance will not be appreciably affected, That is, while the conduction component
of the heat transfer can be changed by altering the density of the foil system, the con-
duction component is expected to be very small in a zero-g environment when the foil
system is properly installed initially., Even more important, however, is the insen-
sitivity of the emergency heat dump capabilities of the HSA to potential minor varia-
tions in the foil system configuration. This results from the fact that the selected foil
material (1100 series aluminum) melts at a temperature considerably below the opera-
tional temperature of the heat source. Thus, in the event of an emergency (LOCA)
the heat source temperature merely rises at varying rates (depending on the foil
system meltdown time) to its final steady state temperature and does not have an ex-
cursion above this final temperature. The time that the foil system takes to melt down
is dependent on its asscmbled condition, but as discussed above the emergency pro-
tection feature is insensitive to this condition,

Although materials other than aluminum were considered for the foil system, it was
selected because other candidate purc foil materials melt at higher temperatures than
the heat source operational temperature and thercfore potentially dangerous heat
source temperature excursions would be experienced during a meltdown situation,

Other aluminum alloys, however, were also considered and some of these are con-
sidered to be viable alternatives to the more pure 1100 series aluminum foil, These
alternative matcrials include 3003, some of the 2000 series (2219, 2011, 2014, 2017),
6063, and possibly 6061, but tests should be conducted for compatibility with other
heat source materials. The major reason for considering other aluminum alloys is
to improve the handling characteristics of the foil system prior to and during instal-
lation.

The foil system is purchasced from the vendor, ThermoElectron Corporation, by a

specification which delincates the clecaning, handling and quality assurance procedures

fo be applied in the fabrication of the foil system. Quality checks include a verification .
of the zirconia coating density and uniformity by scanning electron microscope (SEM)

analysis and weight measurcments.
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2,5,2.8.2" TFibrous Insulation

The fibrous insulation Min-K TE-1400 (Johns Manville) is used to support the heat
source assembly at its ends and simultancously limit heat losses to a minimum value.
The location and description of this insulation is presentcd in Section 2,5.1,2, The
load bearing capability of Min-K TE-1400 is utilized to «pply a preload o the heat
source assembly. This preload, plus the interlocking shape of the insulation discs,
serves to positively locate the heat source during the launch vibration environment as
well as steady state space operation. No preload force is required once the system
stabilizes in orbit, however,

A number of insulating materials were considered for the end discs. Load bearing
capability, low thermal conductivity, and suitability for long-term use in a vacuum
were the principal criteria used in selecting the Min-K TE-1400, Table 2.5.2, 12-1
presents certain physical properiies of and the results of thermal conductivity testing
of candidate materials. This data was obtained from ASTM-C177 guarded hot plate
tests performed by Dynatech R/D Company under contract to Teledyne Energy Systems
for the Selenide Isotope Gencrator (SIG) program,

Preliminary tests of the load bearing capahility of Min-K TE-1400 insulation have

been completed by TES for the SIG program. Insulation specimens were tested with

a 1472°F hot face and 300°F cold face and an initial compressive stress of 150 psi.

The load retention was continuously monitored. These preliminary test resulls indicate
that after about 10,000 hours the load capability of the insulation is approximately 40

to 45% of the initial value.

Choice of Min-K TE-1400 was based on several factors. First, among load bearing
fibrous type insulations the Min-K insulations possess the lowest thermal conductivity
properties. Second, the temperature capability is within the range of anticipated hot
side temperatures, Third, the reported load bearing capability was adequate Lo provide
heat source support loads. In addition, the Min-K TE series of insulations were
developed especially for use in thermoelectric generators, where low outgassing and
low levels of impurities are desirable.

Slabs of Min-K are purchased from the manufacturer, Johns Manville Corporation,
These slabs are then machined to the required shapes. Vacuum bake-out of the in-
sulation at or near normal operating tecmperature assures removal of all moisture

and volatile impurities present in the insulation. At assembly, spaces, joints and
instrumentation wire routing grooves in the Min-K arc stuffed with a high temperature
micro quartz insulation wherever practical. Material certification from Johns Manville
assure slab quality.
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TABLE 2,5,2,8-1I

CANDIDATE FIBROUS INSULATIONS

Material Min-K Min-K Min-K Microther.a Cotronics
Properties TE-1400 TE-1800 2000 20 CR 360 HS CBCF-3 CBCF-4
Thermal Conductivity —pi-f— . 0090 . 0081 . 0099 . 0072 . 0220 .0578 .0110
-4 f"-hr-°F
392°F (< 10 " torr)
842°F (< 10-4 torr) . 0118 . 0116 . 0144 . 0144 . 0300 . 0664 . 0176
1202°F (< 10-'4 torr) . 0153 . 0156 . 0217 . 0240 . 0410 . 0751 . 0254
1652°F (< 104 torr) (1560°F)* . 0202* . 0202 , 0355% . 0445 . 0774 . 0896* , 0364*
Density lbs/cubic ft 20 20 20 20 20 14
Continuous Service Temperature (°F) 1400 1800 2000 1832 2300

Compressive Strength (psi)

5% Compression 75 Non Load 80 50
Non
8% Compression 145 Bearing 170 Load
A Bearing
Limit 150 350 150
Average Transverse Strength (psi) 65 50 55
Modulus of Rupture (psi) 80 68 16-20 55

Modulus of Elasticity (psi) 2300 1150




3.0 - GROUND DEMONSTRATION SYSTEM

3.6.1 Heat Generation System
3.5.1.2 Summary

The Electrical Heat Source Assembly (EHSA) is a circular, stcpped cylinder which
measures 12, 70 inches diameter at the mounting end (13. 60 inches diametler at the

three mounting lugs), 10.22 inches diameter at the midpoint, 12, 02 inches diameter

at the upper end, 28. 84 inches overall length from boiler tube inlet to outlet fitting and
weighs 80 pounds. See Figures 3.5.1.2~1A and B. There are three EHSA's in the Ground
Demonstration System (GDS) each supplying 2400 W(t) input to the GDS system for con-
version to output power,

Each EHSA is attached to the GDS baseplate by means of a triangular shared, three
legged support structure. Electrical power input and in~trumentation receptacles,
as well as the inlet connections to the boiler assembly, are located in the mounting
(lower) end of the unit, The outlet connections to the boiler assembly are located in
the upper end of the unit, The EHSA is designed to permit end loading/unloading of
the electrical heat source without having to disturb either of the boiler assembly tube
connections, The unit also has the capability of being suspended from its upper end
by using a special fitting which threads into the center of the upper cover.

Each of the EHSA's in the GDS is identical except for the boiler centerbodies and the
location of instrumentation on each boiler assembly, The major components of an

EHSA are the housing, upper and lower end covers, penetration fitting assemblies,
fibrous insulation, multifoil insulation system, radiation barrier, electrical heat source
and the boiler assembly. See Table 3.5, 1. 2-I for a listing of individual components,
materials and weights.

.

Housing

The housing is machined from a hollow tube, 6061-T6 aluminum alloy forging which
initially measures 14, 00 inches outside diameter by 2. 50 inches wall thickness by

2.50 inches wall thickness by 23. 00 inches long. See Figure 3. 5. 1, 2-2 for final machined
configuration and dimensions. Based upon structural analysis aluminum was chosen
for the housing material because of its sirength to weight characteristics. Price per
forging and availability were other selection factors. Because the physical properties
of such a large billet of material are not covered in existing commercial specifications,
room temperature tests were performed in accordance with ASTM E8-69 on test rings,
in each of three directions, to document ultimate and yicld strengths as well as elonga~
tion characteristics of the basic forged material. These properties were then sub-
stituted for the properties used in the structural analysis to determine wall thicknesses
at various points in the housing.

In each end of the housing there is an Aeme thread which allows each end cover to be

attached by using a specially machined lock ring. After machining and cleaning oper-~
tions, a glass bead finish is applicd to all exterior surfaces o remove machine tool

&arks and to improve surface apprearance. The housing weight is 10. 13 pounds.
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End Covers

Each of the end covers is machined from a disc of 6061-T6 aluminum alloy plate,
Based upon structural analysis, aluminumm was chosen for the cover material because
of its strength to weight characteristics, Fach end cover is circular shaped, with a
flat, smooth underside to assist in the sealing and insulation preload process and has
tapered ribs for added stiffness, machinced is an integral part of the outside surface,

A single piece cover closes the upper end of the EHSA and confains the outlet con-
nection fittings for the boiler assembly., The lower end of the EHSA is closed with

an inner and outer cover which are locked together, by means of a specially machined
lock ring, to form one inicgral assembly., The outer portion of the lower cover containg
the inlet connections for the boiler assembly; the inner portion of the cover contains
the electrical power input and instrumentat on rececptacles. The lower inner cover
can be separated from the lower outer cover without having to remove the outer cover
from the housing, thereby exposing a c.vity of sufficient diameter to permit the elec~
trical heat source to Le installed/removed. The upper cover weight is 2, 11 pounds,
the lower inner cover weight is 1,41 pounds and the lower ouler cover weight is 1, 53
pounds. After maching and cleaning operations, a glass bead finish is applied to all
exterior surfaces to remove machine tool marks and to improve surface appearance,

Boiler Tube Penetration Assemblies

The penetration assembly fittings have two functions: {o minimize the heat losses from
the boiler assembly tubes to the end covers (where the tubes penetrate the covers)

and to form a vacuum tight closure betweern thesc tubes and the end cover. The penetra-
tion assembly consists of a type 321 stainless stecl formed bellows welded to a type

304 stainless steel flange., Stainless steel was selected because of its compatibility

with the type 304 stainless steel boiler assembly tube material and for its relatively

low thermal conductivity properties. Therc are four penetration assemblies in each
EHSA, two for the primary boiler tubes and two for the auxiliary boiler tubes., See
Figure 3.5.1.2-3, The weight of the four penctration assemblies are 0. 56 1b,

The lower cnd of the bellows is pre welded to the {lange and is sized to allow the boiler
tube to pass through the bellows at assembly with approximately 0. 06 inch radial
clecarance. The upper end of the bellows containg a reducing collar which is sized so
the boiler tube can be casily welded to the collar., This weld joint is made prior to
outgassing the entire EIISA,

There is a recess in each cover which is slightly larger then the outside diamcter of
the penetration assembly {lange, The {lange is isolated {from the cover by a Viton
rubber gasket and the radial clearance between the cover recess and the flange body.
The only metal-to-metal contact in the penctration assembly/cover connection is
through the four machinc screws which attach the penctration assembly flange to the
cover.
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Thermal/Structural Insulation

Most of the insulation in an EHSA is Min-K TE-1400, and serves threce purposes: to
minimize longitudinal and radial heat losses to the housing/end covers, to provide suf-
ficient end preload for the electrical heat source and to support the hoiler assembly and
multifoil insulation system. Min-K TI-1400 was sclected because of its temperature,
thermal conductivity and compressive strength properties. Since no binder is used in

its manufacture, it is easily outgassed. Prior to use in the ElISA the insulation is
vacuum outgassed at 1500°F for eight hours at a level of 1000 or less. After outgassing,
air exposure is minimized,

Emergency Cooling System

A multifoil insulation system is used in the flight system to assure that isotope heat
source temperatures are maintained within tolerable limits, should Dowtherm cease

to flow through the boiler assembly, by :.cting as an emergency heat dumping system.,

In such an accident situwtion, the heat source temperature would rise, r esulting in the
melting of the multifoil insulation, thereby allowing the heat source to radiate heat through
the boiler assembly walls to the housing, thus maintaining tolerable heat source temper-
atures, Although an emergency cooling system (ECS) is not required for safety reasons
for the electrical HSA as it is for the isotope HSA, it is required to simulate the same
parasitic heat losses from the heat source assembly, and thus maintain the prototypicality
between the two., The GDS electrical heat source temperature will always be within
tolerable limits because of unique temperature controls which have been incorporated

into the heater power supply. In addition to its ECS function the multifoil system (because
of its excellent insulation properties) limits radial heat losses to the housing walls. The
multifoil insulation system is located in the annular space between the outside of the boiler
assembly and the inside of the housing.

The multifoil insulation system is a hollow right circular cylinder measuring 8. 895 inches
inside diameter by approximately 0.61 inch thick by 15, 00 inches long. It consists of one
continuous length of 0. 001 inch thick type 1100 aluminum alloy foil loosely wrapped sixty
times around an 0. 010 inch thick type 1100 aluminum alloy foil can. Spacing between
wraps is intended to be approximately 0. 010 inch. However, the GDS multifoil insulation
systems were wrapped tighter and as a result, their f{inal thickness was approximately

0. 44 inch instead of 0. 61 inch, The foil material is lightly coated on one side with
zirconium oxide (ZrOz). The primary purpose of the coating is to insure a separation

between wraps of the foil. Aluminum was sclected as the foil system material because

- of its compatibility with the boiler assembly operating temperature and its low density.

The multifoil system is purchased as an assembly from ThermoElectron Corporation,
located in Waltham, Massachusetts, Prior to procurement of the GDS systems, the
vendor conducted a controlled meltdown test of a one-third actual size version of the
multifoil system to verify their predicted propertics of the insulation system. This
test and other tests and analyses which verily its function are described in a later
scclion,
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Radialion Barricr

The radiation barrier, which is located in the annular space between the heat source
and boiler assemblies, is required in order to raisc* the temperature of the isotope
heat source during normal opcration, It is required for the GDS because the proper
heater block temperaturcs must be achicved in order to simulate {light system parasitic
heat losses. The radiation barrier is attacl ed to each end of the boiler assembly with
five sheet metal screws,

The radiation barrier is a formed, thin wall, hollow right circular cylinder which
measures 7, 57 inches outside diameter by 0. 010 inch thick by 16. 53 inches long and
is made {from nickel 200 sheet, After forming, the two edges of the sheet, which are
butted together, are seam welded along their entire length, to form a continuous
cylinder, Each side of the cylinder is grit blasted with aluminum oxide grit to provide
the desired emissivity characteristics.

Elcetrical Heater

Each of the three electrical heat sources is a right circular cylinder which measures
7.42 inches diameter by 16, 53 inches long, weighs 42, 00 pounds and has a total power
capability of 7200 W(e) or three times the nominal requirement of 2400 W(e) each, It
simulates, as nearly as practical, the characteristics of the isotope heat source, The
electrical heat source consists of two major components: the body and the cartridge
heaters, see Figure 3.5. 1. 2-4, Extensive tests ofthe cartridge heaters and a heater block
assembly were conducted prior to their use in an EHSA, to verify the heat source
design, These tests are discussed in a subsequent section, The electrical heat source
assembly was not subjected to dynamic testing. However, its design should permit
the assembly to survive a KIPS qualification level dynamic test.

The heater body consists of a heater block body, which has internal Acme threads on
each end and two end plugs which thread into place on each end of the body. Each com-
ponent is made from EBP purified P-5710 graphite which is manufactured by Union
Carbide. This grade of graphite, which is a purified grade of type ATJ graphite, was
selected primarily because of its availability, After final machining, but prior to as-
sembly, these components are vacuum outgassed at 1150°C for 6. 5 hours.

The heater body serves as the housing for the twelve cartridge heaters. Initially, the
body is machined oversized in length and the heater cartridge holes machined under-
sized, The body and end plugs are temporarily assembled and the assembly machined
to the proper length. Each heater cartridge hole is reamed to match a particular heater

* The necd for increasing the heat source operational temperature for impact
conditions has been discussed earlier in the flight system section.
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cartridge and thercafier, they bccome a matched set, Cartridges cannot move during
a dynamic test because their sheath is welded, on one end, to a nickel 200 anti-rotation
clamp which is first threaded into the heater body.

There arc twelve cartridge heaters in each clectrical heat source assembly, each with
a power output capability of 600 watts(e) at 19 + 3, 8 VAC, For added reliability, the
twelve cartridges arce connected in two parallel circuits of six cartridges each, There-
fore, one circuit could ccase to function and the remaining cartridges would be capable
of producing the design power of 2400 walts(e)., See Figure 3.5.1.2-5.

Heater Cartridges

The heater cartridges are manufactured by Watlow Electric Manufacturing Company,
and measure 0, 478 inch diameter by 12, 75 inches long and have a heated length of
10, 0 inches., The heater clement is molybdenum, internal insulation is tightly com~
pacted boron nitride, the bare #10 AWG power leads and the sheath are nickel 201.

The solid power leads are crimped internally to the molybdenum heater element, and
externally to the nickel 201 stranded input power leads using nickel 200 crimps. Each
power lead is crimped to a pigtail lead coming from a Deutsch 26 pin receptacle.
Sample crimp splices are made before and afler the actual hardware splices are made,
and arc pull tested, Lo determine the quality of the crimp splice joint. Inside the
electrical heat source, the power leads are insulated using ceramic (AlyOg) heads,
The wircs and crimp splices are isolated from the heater body and end plugs by means
of mica discs which rest on top of the wiring and the ends of the heater cartridges.
There is also a layer (approximately 0, 125 inch) of A-100 fibrous insulation between
the mica disc and the end plug for additional isolation on each end of the heat source,

Prior to procuring the heater cartridges, Watlow Electric Manufacturing Company,
conducted several tests to confirm their heater cartridge design. In addition to the
vendor testing, eighteen heater cariridges were subjected to more rigorous testing,
including life testing of six heater cartridges. One electrical heat source assembly
was subjected to a rigorous test to determine its thermal profile, obtain heater
circuit data and establish acceptance criteria, Each heater cartridge and electrical
heat source assembly used in the GDS is subjected to a burn-in test prior to becoming
a part of the EHSA assembly. The tests are discussed in detail in the next section,

Boiler Assembly

The boiler assembly consists of a 0, 500 inch outside diameter by 0. 035 inch wall
stainless steel, copper plated tube which is wound in helical fashion around a 0. 020
inch thick copper shell, A 0,250 inch ouiside diameter by 0. 035 inch wall stainless
steel, copper plated tube, for auxiliary cooling, is also wound around the shell. See

Figure 3.5.1.2-6. The copper shell has helical grooves formed in it by spinning,

The tubes are secured into these grooves hy welding all along their lengths for the
GDS wnits, Brazing of these tubes into the grooves was the original design, but has
yct to be developed as is discussed in the next section, The entire assembly is coated
on the insirle and outside diameter with an iron titanate coating which is intended to
assist in controlling the heat source temperature.
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The threc GDS boiler assemblies are connected in sceries Lo form three fluid flow zones:
subcooled, two phasc and supcerheated, The inside of the 0. 500 inch diameter tube,

on cach boiler, is fitied with a special insert which is intended to increase the film
coefficient of the working fluid and to induce a high radial accelcration to maintain

fluid contact on the tube wall cven under the most extreme g loads, There is a dif-
ferent insert inside each boiler assembly,

The minimum inside diameter of the boiler shell is 7, 63 inches and the maximum
outside diamecter, at the boiler {ubes, is 8. 81 inches. The boiler assembly flange

to flange length is 16. 53 inches. The hoiler assembly fits in the annular space between
the radiation barrier and the multifoil insulation system and is sandwiched between
Min-K insulation at each ecnd. The flanges are hand formed at assembly by making a
series of cuts through the shell and bent to rest upon the Min-K,

The primary and auxiliary boiler tubes exit from each end of the boiler shell. They pass

through the upper and lower end covers and through the penetration assc mblies where
they are terminated in special "vacuum-tight' (VCR-C.jon) fittings.

Instrumentation

Two components in each EHSA are instrumented. The boiler assembly is instrumented
with nine chromel/alumel thermocouples which are fusion welded to the boiler shell at
various locations, The thermocouples are made from bare, 24 AWG wire and then
covered with fiberglass sleeving which has a maximum temperature capability of 1600°F.
The wires are then rouied in spiral fashion around the boiler shell and then routed
through and around the Min-K insulation to the receptacle which is in the end cover,

The instrumentation locations on cach boiler assembly in the GDS are different. See
Figure 3.5. 1. 2-7,

The electrical heater is instrumented with three platinum-10% rhodium sheathed thermo-
couples., One thermocouple is located approximately 1. 75 inches from each end of the
heater and one at the heater centerline. They lay in individual slots, machined into the
heater body outside diameter and are retained by metal (nickel 201) clamps which are
attached to the heater body. Because of the operational temperature of the clectric
heater, the thermocouple material is platinum-10% rhodium ( + wire ) and platimun

( - wire). Each wire is routed through and around the Min-K insulation and to the re-
ceptacle which is in the end cover.

"All instrumentation from the boiler assembly and electrical heater is routed through a

Deutsch 26 pin receptacle.

Cable Agsemblies

Power input to the electrical heater is through a twelve foot cable consisting of 26
teflon insulated 16 AWG wires, Onc end of the cable is terminated into a Deutsch 26~
pin connector (which mates with EIISA receptacle J-1) while the other end of the
cable has loose wire ends.
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The twelve foot instrumentation output cable consists of three pairs of 16 AWG, type
SX stranded, ashestos insulated extension wire (calibrated for use with platinum,
platinum=-10% rhodium thermocouple wire) and ten pairs of 20 AWG, type K, teflon
insulated chromel/alumel extension wire. One end of the cable is terminated into a
Deutsch 26-pin connector (which mates with EHSA receptacle J-2) while the other end
of the cable has loose wire ends.

Support Structure

Each EHSA is attached to the GDS baseplate by means of a triangular shaped, three
legged, tubular, stainless steel (type 304) support structure. One end of the support
structure is attached to the EHSA housing with three 0. 250 inch diameter bolts. The
opposite end of the support structure is attached to the GDS baseplate with three

0. 375 inch diameter bolts, The support structure design limits thermal conduction
to the GDS baseplate and radiation to the GDS vacuum chamber to approximately four
watts (for each EHSA) ag discussed in a subsequent section,

Valve Assembly

Each EHSA has a valve/pressure gage assembly attached to the 0, 750 inch diameter
tube which exits from the boiler inlet end of the EHSA., The purpose of the valve /
pressure gage assembly is twofold, Primarily, the agsembly permits monitoring of
the internal environment of the EHSA in addition to providing emergency cooling for
the electrical heater, in event of a loss of fluid flow through the boiler, by providing
a gas backfill port through the valve assembly. Secondarily, the assembly is used
during EHSA outgassing and acceptance testing as described in a later section.

EHSA Power Supply Console

The EHSA power supply console provides a convenient and fail-safe method of supply-
ing adjustable regulated AC power to the heaters of an EHSA., One power supply console
is required for each EHSA in the GDS. The power supply contains appropriate in-
strumentation to indicate electrical power being supplied to the heaters and to indicate
the heater body surface and boiler temperatures. Automatic shutdown and alarm pro-
visions are included to facilitate unattended operation. The console is designed to
operate from a 480 volts (nominal), single phase, 60 Hertz AC power source. See
Figures 3.5.1.2-8 and 3.5.1.2-9.

The power supply is housed in a caster~mounted console and contains the following
units:

* Instrumentation and alarm panel assembly

¢ Power adjustment panel assembly
¢ Rear connector panel assembly
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The instrumentation and alarm pancl assembly includes a digital wattmeter system
which is designed to display power supplied to the heaters and two digital temperature
indicators. One temperature indicator operates from a chromel-alumel thermocouple
and displays boiler assembly temperature while the other operates from a platinum-
platinum 10% rhodium thermocouple and displays heater temperature. The unit is
designed to slide out of the front of the console to provide access for adjustments to
the set point display for the two temperature indicators.

Each temperature indicator is equipped with an overtemperature provision. If the
temperature sensed by either instrument exceeds the set limit, heater power is auto-
matically reduced to zero, an audible alarm sounds, a red alarm light comes on, and
the contacts for an external alarm change state. These conditions remain until an
alarm acknowledgement button is pressed. Ifan over-temperature condition still exists
when the button is pressed, the red light changes to amber and the audible alarm stops
sounding, but heater power remains al zero and the external alarm remains activated.
Then, when the temperature drops below the set point, heater power comes on, the
amber light goes off, and the alarm contacts return to normal condition.

The power adjustment panel assembly enables the output voltage to be continually ad-
justed over a range from zero to 120 volts 60 Hertz, single phase. Two knobs on the
panel are used for this purpose. One is a coarse adjustment, the other is a fine ad-
justment,

Maximum continuous output is limited to 2700 volt-amperes with an additional restric~
tion that the output current must not exceed 50 amperes. With these ratings, power

is supplied to the heaters if all twelve heaters are operating or if a heater fajlure has
reduced the number of active heaters to six, (The heater configuration consists of

two strings in parallel, each string consisting of six heaters in series.) With all heaters
operating, 2400 watts is supplied at about 66. 5 volts and 36 amperes. With six heaters
in operation, 2400 warts is supplied at about 94 volts and 25, 5-amperes.
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Component

Housing

Cover, Lower Outer
Cover, Lower Inner
Cover, Upper

Lock Ring, Lower Outer
Lock Ring, Lower Inncr
ILock Ring, Upper
Receptacle

Penetration Assembly
(Primarv Tube)

Penetration Assembly
(Auxiliary Tube)

Gasgket

Boiler Assembly
Electrical Heat Source
Multifoil Insulation
Min~K Insulation

Radiation Barrier

Boiler Tube Fittings (Primary)
Boiler Tube Tittings (Auxiliary)

Miscellaneous Hardware

TABLE 3.5.1.2-1:

EHSA WEIGHT

Material

Aluminum Alloy 6061-T6
Aluminum Alloy 6061-T6
Aluminum Alloy 6061-T6
Aluminum Alloy 6061-T6
Aluminum Alloy 6061-T6
Aluminum Alloy 6061-T6
Aluminum Alloy 6061-T6
St. Stl, Shell Type 20CB3
St. Stl. Type 304/321

St. Stl. Type 304/321

Viton Rubber

Copper Shell/ St. Stl, Tube

Graphite/Nickel Heaters
Aluminum Alloy 1100
Min-K TE1400

Nickel 200

Stainless Steel

Stainless Steel

(Sheathed T/C's, Screws,
O-Rings, Wires, etc.)

"As Built"
Weight

(Ibs)
10. 14
1.53
1.41
2,17
.81
.50
.76
.23
.29

. 26

.01
7.82
41.90 (w/o ext. T/C's)
3.18
4,48
1,44
.26
.23
.50

77,92



3.5.1.3 Thermal Environment of Ileat Source

3.5.1.3.1 Analyscs

Electrical Hecat Source Assembly Thermal Analysis - A thermal analysis of the GDS
electrical heat source assembly operating in a vacuum chamber was performed to de-
termine thc expected heal losses and significant component temperatures, A nominal
chamber wall opcrating temperature of 90°F was assumed for the analysis and suffi-
ciently low chamber pressurc (less than 10 mm of mercury) was assumed such that
heat transport by solid (not gascous) conduction and radiation only were important. No
account was taken of manufacturing tolerances, possible interference with or deforma-
tion of the saultifoil insulation or any anomalics unique to individual EHSA units. For
these nominal conditions, a summazry of the heat losses that were predicted from the
EHSA is given below:

Source Quantity (wvatts)
Support Assembly 4,8
(Mounting Structure)
Power Cable 15.0
Instrumentation Cable 1.8
EHSA Internal Joule Heating 10.2

(excess over isotopic heat
source value)

Parasitic Heat Loss From 29.2
Housing

Total (per EHSA Assembly) = 61.0 Watts .

= 208,3 Btu/hr

Parasitic heat losses internal to the heal source assembly were calculated parametri-
cally ignoring the contributions of the heater power and instrumentation cables. The
heat flow path characteristics assumed for the calculations are given in Table 3. 5. 1. 3-1,
Actual calculations were accomplished with a computer program. Results of the cal-
culations are presented in Figures 3.5.1.3-110 3.5. 1, 3-5 as graphs of the parasitic
heat loss vs significant component temperatures. The assumed nominal operating
condition will result in the following component temperatures and heat losses:
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TABLE 3,5.1,3-1

SUMMARY OF HEAT LOSS CHARACTERISTICS

-

Temperature Path
Conductivity Area Hot Side Cold Side  Length
Heat Loss Mode Btu/hr-ft-°F) (th) (°F) (°F) (Ft) Emissivity
Housing + 1 end cover loss Radiation ~ 5.89 100 - 200 90 ~ . 1956
to chamber interior
Boiler to inside (can) of Radiation ~ 2.95 750 735 to 745 ~ . 193
multifoil insulation
radiation
Through multifoil insulation  Radiation & 1.2 x 10_4 3.00 735 to 745 100 to 160 0. 020 . 00418
Conduction
Through Min-K end Conduction 0. 0085 0.4418 1650 100 to 160 0. 16667 ~
insulation (per end)
> From tube penetration to Conduction 2.0 1.145 x 10_4 700 100 to 160 0.5 ~

end covers (per tube)
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Housing and 1 end cover heat rejection
Housing temperature

Boiler average temperature

Heat radiatcd from boiler to multifoil

Multifoil inside surface (can) temperature
Heat conducted and radiated through multifoil
Heat conducted from bhoiler tubes to end covers
Heat through Min-K end insulation (1 end)

Temperature of heat source surface

Support System Heat Losses

26.7 watts
150°F
750°F
15,4 watts
742°F
15. 4 watts
1,3 watts
9.9 watts

1650°F

The major heat conduction loss {rom the EHSA to the vacuum chamber occurs through
the mounting bracket legs. The mounting bracket is used to support the EHSA on a
baseplate during thermal vacuum testing. Figures 3.5,1.3~6 and 3. 5. 1. 3-7 shaw the

mounting bracket configuration.

Heat loss by conduction to the mounting plate is presented in Figure 3.5,1.3-8 as a
function of the temperature difference between the plate and the housing end cover.
The legs are analyzed in two stages lengthwise to account for the additional heat trans~

port through the gussets.

Qper leg = k AX AX,

where

Qper leg heat transferred per leg, Btu/hr
k

if

thermal conductivity of 304 stainless steel, 9.4

Blu
hr-ft °F

AT = temperature differcnce between EHSA end cover and mounting

plate, °F
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Frourse 3.5.1.3-6
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FIGURE 3.5.1.3-7

TOP VIEW OF MOUNTING STRUCTURE
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AX = length of leg not gusseted, 0,250 fect

1
AX2 = length of leg with gusset attached, 0.208 feet
A1 = cross sectional area of leg without gussets, 2.38619 x 10"3 ftz
A2 = cross sectional area of leg with averaged gusset included,
-3

2, 84453 x 10 ft2

Substitution of the values for variables gives,

Qper leg = 0. 0528409 AT Btu/hr

For all three legs, and converting Btu/hr to watts gives,

= f)
Qto,ca1 N, 046427324 AT watts

Heat loss by radiation from the mounting bracket to the surroundings may be evaluated
by means of the following equation:

4

Q = cAe (T, - T))

where,

Q = heat lost in Btu/hr by radiation

o = Boltzmann's constant, 0,172 x 10-8 ———Bét—u——z
hr ft© °R
A = leg plus gusset surface area, 0.16339 ft2 per leg
€ = equivalent emissivity, considering the leg emissivity 0.1 and the

chamber shroud emissivity 0.9

T2 = 610°R, (150°F), housing temperature
T1 = §50°R (90°F) chamber shroud temperature
Q = 1.305 Btu/hr per leg

Thus, the maximum hecat lost from the leg assembly to the surroundings for the
assumed conditions is 0. 382 watts per mounting bracket assembly. In realily, the
view of the legs to space is considerably less than perfect and the leg temperature is
not uniform (decreases from housing temperaturc to mounting plate temperature)
and the shroud temperature is not far from room temperaturc. This heat loss is
presented in Figure 3.95.1.3-9,

-
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Heat radiated from the bottom cnd cover of the EHSA to the basc platc is determined

as follows:
Q= cA_ < (T - Ts)
Ac = area of end cover, 0,919 ft2
€& = effective emissivity of end cover and base plate, estimated to be
0. 111 (calculated from € = 0, 2 for each surface).
T c = end cover temperature, °R

Tp = end plate temperature, °R
This equation was evaluated for various combinations of end cover and mounting
plate temperatures, and the results are presented in Figure 3,5, 1.3-10, Figure
3.5.1,3-11 shows the combined total loss from the EHSA lower end cover as given
by the sums of the heat losses in Figures 3, 5. 1, 3-8 thru 10, In this figure, the
shroud and base plate temperatures are assumed equal.

Power Cable Heat Losses

Analyses were accomplished to predict temperatures and heat flow in EHSA electrical
heater power leads and housing connector to vacuum chamber cabling during GDS
thermal/vacuum testing. Tolerable wire and connector temperatures are obtained
with 16 gauge wire in the power cable and 20 gauge heater leads within the HSA,
Total heat loss from the leads within the HSA was predicted to be about 10 watts,

and the peak nickel heater lead temperature about 1650°F for a heater block temper-
ature of 1600°F, The power cable connector on the housing and cover was predicted
to reach 278°F at the conneclor pins, Losses of about 15 walts by radiation from
the cable were predicted within the vacuum chamber. Temperatures and heat flows
are essentially unaffected by the environment at or exterior to the vacuum chamber
pass-through connector,

The thermal analysis was accomplished by means of two computer programs; one
written specifically for the heater leads (inside the HSA) and one for the housing
connector to chamber pass-through cable. Temperatures of the leads and cable
predicted by these programs are shown in Figure 3. 5. 1. 3-12, and cumulative heat
losses from the leads are shown in Figure 3. 5.1.3-13, Heat loss path dimensions
and environment conditions are given in Table 3, 5, 1. 3-1I.

Both computer programs are based on a forward finite differcnce solution wherein a
heat balance is achieved on a differential element. Figure 3.5. 1. 3-14 shows the
application of the hcat balance equation to a typical differential element, For a
given element, heat transferred from the previous clement (Qq) plus heat generated

‘ from resistance to the passage of eleciric current (Q3) is considered heat entering.
Heat lost is heat radiated or conducted (Q4) to the environment plus heat conducted
forward to the next differential element (Qz).
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TABLE 3,5.1,.3-00

HEAT FLOW PATH AND ENVIRONMENT CHARACTERISTICS

Heat Rejectlion

Heat Flow

Region Mode Path Description Environment
0<x< 4" Radiation Area =1/2 surface Constant sink at 1600°F
(heater leads) of a , 375" dia. wire

bundle
Emissivity =.2
4"< x <14" Radiation Area =surface of a Constant sink at 130°F
(heater leads) . 375" dia. wire
bundle
Emissivity =.2
14" < x < 14, 25" Conduction Area =.3924 sq. in, Constant sink at 130°F
(connector pins) Length =, 120 inches
Conductivity =, 622
Btu/hr-ft°F
14,25"< x < 158.25" Radiation Area = surface of a .5 Constant sink at 130°F
dia. wire bundle
Emissivity =. 7
158,25 < x < 158.5" Conduction Area =, 3924 sq. in. Variable from 0 to 100°F

(connector pins)

Length =, 120 inches
Conductivity = .622
btu/hr-ft°F
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A 'buried pipe' analogy was first assumed for the heater leads inside the HSA that
were completely surrounded by Min-K insulation. Resulting temperatures at the con-
nector were unacceptably high, so rerouting of the wire next to the housing cover was
requested. When this design change was incorporated, the wire was sufficiently close
to the housing cover so as to lose heat to it directly by radiation. For analysis of

the external cable it was assumed that 26 wires were bundled together to give a uni-
form cross sectional distribution of copper and insulation. An average effective con-
ductivity in the radial direction was calculated by normalizing the conductivities of
copper and teflon with their respective cross sectional areas. It was further assumed
that the heat in the axial direction is conducted only by copper wires.

Code runs were made with successively smaller differential element lengths until
further change had a negligible effect on temperatures and heat flows in order to
assure accuracy of the answers, Solutions in the two regions (interior and exterior
to the EHSA) were parameterized with respect to the bousing connector temperature
and heat conducted outward from the connector pins. The two solutions were matched
graphically to determine the operating point. '

Both the heater lead and supply cable codes divide the wiring into specific regions
over which the environment is assumed constant, although several regions are con-
sidered over the total length of the wires. For the heater leads inside the housing,
the first four inches of lead length are assumed to lose heat by radiation to a 1600°F
constant temperature heat sink (the heater block itself is assumed to radiate to the
housing end cover, which is acting as a constant 130°F sink. For the next 1/4 inch,
the leads conduct through the glass and rubber connector pin potting to the 130°F
housing. Total length is assumed 14-1/4 inches.

The supply cable from the housing connector to the vacuum chamber pass-through is
assumed to radiate to the chamber walls over the first 12' 1/4'" and then conducts

heat to the vacuum chamber wall in an identical manner to the heat lost at the housing
connector except that the chamber housing is not assumed to be at a fixed temperature.
-Code runs with various temperatures and heat flow rates at the chamber pass-through
shows that the environmental effects at this point are damped out within a few feet
inside the chamber. That is, the effect of radiation to the shroud overwhelms the
effects of the local environment at the chamber pass-through.

Instrumentation Cable Heat Losses

In addition to the power cable heat loss, the thermocouple lead and extension wires
dissipatz heat from the EIISA. Temperatures of the platinum-rhodium thermocouple
leads drops from 1600°F to 460°F and the copper lead exicnsion provides a further

drop of approximately 45°F. The 12 foot long copper/alloy II cable within the vacuum
chamber gives another 200°F temperature drop. Total heat loss from the wires
through the insulation was predicted to be about 0.23 watts, with 1,78 watts lost through
the housing connector pins by conduction.
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The temperature and heat flow profiles were calculated with the aid of a computer
program similar to that used for analyzing the power cable. Heat flow path and
environment characteristics are given in Table 3.5.1, 3-111.

The thermocouple wires are assumed to be routed in a similar manner to the power
leads. That is, the length of wirc actually buried in the Min-K insulation is minimized
by running the wire dircctly from the heater block assembly through the insulation to a
point just below the end cover. Figure 3,5.1.2-1 shows the wire routing within the EHSA
housing. Figures 3.5. 1.3 -15 and 3. 5, 1, 3-16 present the temperature profile and heat
loss profile for the thermocouple wire and lead wire within the vacuum chamber.

Material properties of only one leg of the thermocouple circuit are quoted. However,
the same connector pin material is used for both legs, and there is little difference
in the thermal conductivity of platinum 10% rhodium compared to platinum. Alloy II
is pure copper with 1/2% of nickel, according to Dr. Harvey Albert of Englehard
Indusiries, the principal manufacturer. No information could be found on the thermal
conductivity of this material, so it is assumed to be the same as copper.
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Region

0< x <2"
(24 ga thermocouple wire)

2<x<10"
(24 ga thermocouple wire)

10 € x< 12
(24 ga copper extension wire)

12 < x <12,25"
(20 ga connector pins)

12.25 < x < 156.25"
(16 ga cable)

TABLE 3.5,1.3-0I

HEAT FLOW PATH AND ENVIRONMENT CHARACTERISTICS

Heat
Rejection
Mode

Radiation

Radiation

Radiation

Conduction

Radiation

Heat Flow (loss)
Path Description

Area =1/2 surface of a . 020" dia.

platinum - 10% rhodium wire
emissivity = . 2

Area =surface of a . 020" dia.
platinum -10% rhodium wire
emissivity = .2

Area=surface of a . 020"
copper wire
emissivity = ., 2

Area =. 3924 inches
length =, 120 inches
conductivity - . 622 Btu/hr-ft-°F

Area = surface of a . 5" dia.
wire bundle
emissivity =.7

Environment

1600°F sink

130°F sink

130°F sink

130°F sink

Variable from
50to 130°F
sink
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3.5.1.3.2 Tests

Heater Cartridge Tests ~ Kips heater cartridges, when assembled inside a graphite
block, are designed to provide the entirc thermal input to the boiler, simulating
isotope~decay heat during GDS testing of Electrical Heat Source Assembly (EHSA).

In order to evaluate the capabilily of the heated cartridges to meet the design re-
quirements and to establish the acceptance criteria for them, they were subjected to

a series of tests. Tor convenicince in installation in the test fixture, the first eighteen
heater cartridges received from the vendor were divided into three groups of six each.
The sequence of tests to which each group was subjected is indicated in Table 3.5, 1, 3-1IV,
A schematic diagram of the test setup is shown in Figure 3. 5. 1. 3-17.

Upon receipt from the vendor all the heaters were baked—outl at 400°F and 1 1
vacuum inside a thermal vacuum furnace for sixtecn hours; whe§eupon they were in-
stalled inside three bell jars. The heaters were then burned-in® under vacuum for
four to six hours, first at 400°F and then at 2000°Y", This initial bake~out and burn~
in process was devised as heater cartridge acceptance test, so that not all the heaters
would have to be subjected to the rigorous testing program planned for the first batch
of eighteen heaters, Two groups of heaters were subsequently maintained at steady
sheath temperature of 1800°F for a period of one week each in vacuum and argon en-
vironment respectively. At the cnd of two weeks test under steady state, the two groups
of heaters were subjected to maximum power test, which simulates a condition of the
heater cartridge performance capability, wherein one of the two parallel strings of
six heaters is open circuited and the entire electrical load must be carried by the
second string of six heater cartridges, The third group of heaters, after the one-
week steady state test in vacuum, was passed through thermal-cycling test. The
heaters were tested through thirty cycles between 500°F and 1800°F in vacuum, Sub-
sequent to thermal cycling test, these heaters were placed on life-test, which has
been in operation for ten months, as of the date of this report,

It is found after these extensive tests on the first eighteen cartridges that there was

no significant change in the electrical resistance of the heaters as a result of these .
tests; including the case of the maximum power test. The results of the life-test under
steady state conditions in vacuum are plotted in Figure 3. 5.1.3-18, The evidence indicates

1 Baked~out -~ Exposed to the high temperature environment without electrical
current flowing through thc heaters.

2 Burn-in - Heated internally by passing electrical current through the heaters,
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TABLE 3.5.1.3-IV

KIPS ELECTRILAL HEATER CARTRIDGE THERMAL TEST PROGRAM

Electrical Heater

KIPS1020001

Physical Tests

Electrical Tests RT
Bakeout 400°F, Vacuum

Test Fixture A
KI1PS1020001

Burn-in400°F/2000°F, Vacuum

Setup & Checks
Quantity (6)

Test Al Steady State

Arxrgon
1800°F
1 Week (168 hrs)

Test A2 Thermal Cycle

. Vacuum 1§

RT-1800°F - RT
- Dwell 5 minutes
- 30 Cycles

Test A3 Life

« Vacuum 14
+ 1800°F

1 . > 10 Months

o {em—x‘w e v ————

Test Fixture B

Burn-in400°F/2000°F, Vactum
Setup & Checks
Quantity (6)

Test Bl Steady State

Argon
+ 1800°F
+ 1 Week

sttt ——

|
Test Fixture C
Burn~in400°F/2000°F, Vacuum

Setup & Checks
Quantity (6)

:

Test B2 Steady State

Vacuum
1800°F
1 Week

Test C1 Steady State

Vacuum
1800°F
1 Week

Test C2 Steady State

Argon
+ 1800°F
1 Week

Test C3 Maximum-Power

Vacuum
2700 W(e)

* 2 Days (48 hrs) "
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that there is a gradual incrcase in resistance with time and is about 8.3% in 7000 hours,
The spread in the data is relatively narrow as indicated by the cocfficient of variance
of less than 0, 04 or 4%.

I{ is seen from the statistical results of the acceptance {ests summarized in Table
3.5.1.3-V, that all thc heater cartridges with the exceplion of nine (listed separately),
show a change in resistance betwecen that measured before hake-out and after burn-in,
of less than 7%. The departurc from the £ 7% deviation, of thcse nine heaters is con-
strued to be due to measurement difficulty and hence, it was not {felt necessary to dis-
card these heaters as unacceptable.
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TABLE 3,5,1,3~V

SUMMARY OF STATISTICAL EVALUATION OF
HEATER CARTRINDGE CIRCUIT RESISTANCE

| - - | B
IDENTIFY ' SUPPLIE TELEDYNE ENERGY SYSTEMS
e e . < —— ———— ‘-——-—‘-— - ——— T B e —
KIPS1020001 | KIPS1020300 L
Test Heater ~ | .

| Heater Element Post-Bake " Pre-400°F Post-400°F Post-2000°T A Chg (%)
'} _Block !
. S/N 1001 X .116 ' - . 118 .105 -
;=019 s . 002 \ - .011 . 005 -
Co(1-14) i
I 8/N 2001 X L111 ‘ .112 .112 . 106 -4,93

-009 8 , . 001 , . 003 . 002 . 001 2.58

(33-44)

S/N 2003 X .113 ' .113 - . 109 -1.30

-009 s . 002 . 002 - . 001 1. 77
* (45-56)

S/N 2004 X .114 .112 . 109 .106 -5.32

-009 8 . 002 . 005 . 002 . 001 3.98

(57-68)

S/N 2002 X L112 .112 111 . 106 -5.26

-009 s . 001 . 002 . 001 . 001 1. 64

(69-80) '

S/N 1002 X L111 .113 . 110 . 107 -4.45
o ~019 8 . 001 . 003 . 002 . 001 2.84
i (31-92)

Spare X . 110 .111 L111 . 107 -3.42
P (93~104) s . 001 . 003 . 052 . 001 1. 99

105 — X-4.11
o 5 1.55
. 8/N S/N * *
’: 2001 34 .112 . 120 111 . 106 - 11.67
}
L 2004 62 .115 . 118 . 109 . 107 -9, 32
1 .
., 2004 63 . 113 . 116 . 109 . 107 ~17.176
;
' 2004 65 .115 .126 . 109 , 107 - 15, 08
{
;2002 72 L114 .117 .112 . 107 - 8.55
i 2002 V& .113 . 115 .111 . 106 - 7.83
! i
| 1002 81 .110 . 118 . 109 .106 . - 10.17
’ ' i
! 1002 82 .112 . 118 111 . . 108 - 8.48
¢ \ |

' - 8.48

Spare 94 . 113 ' . 118 . 112 - . 108
¢ - ) . -

* Different measurcment technique.
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Electrical Ileater Block Test - The first Illeetrical Ilcater Block Assembly (IE[ISA),
consisting of twelve heater cartridges arranged in two parallel sirings of six cach
inside a graphite block, was tested in order to determine its performance capability
and to cstablish the acceptance criteria for subsequent assemblics. In order to obtain
the temperature profile, five thermocouples were placed along the surface of the heater
block and three thermocouples were attached to the heater cartridge sheath; both being
in the same plane of symmetry. In addition, three thermocouples were placed on an-
other heater cartridge sheath at 90° from the aforementioned plane. The heater block
was placed inside a thermal vacuum furnace, that was cvacuated to 1.5 x 105 torr or
less. A 2400 watt electrical power input was applied to the heater block and the furnace
wall heaters were adjusted until a steady state surface temperature of 1550 £ 25°T was
reached at the heater block, This condition was maintainced for a period of 24 hours,
during which the circuit current and the voltage drop across the heater block were mea-
sured. A schematic diagram of the test setup is shown in Figure 3.5.1.3-19.

The steady state temperature distribution obtained during the test is shown in Figure
3.5.1.3-21. The difference betwecen the front and the middle surface T/C's is approx-
imately 45°F, whereas, that between the rear and the middle surface T/C's is approx-
imately 90°F. The lesser temperature drop in front may be due to the presence of hot
power leads there. An average overall temperature drop between an effective internal
cylinder made of heater cartridge sheaths and the outer heater block surface was
approximately 190°F., This temperature drop was found to be within acceptable levels
and indicates the effectiveness of drilling the holes in the heater block by matching the
diameters of the individual heaters. The 8-mil tolerance used in drilling the holes
appears to be adequate. From the electrical measurements, it was noticed that the
average circuit current drawn by the heater block under steady state condition was
approximately 36, 18 amps. The heater block circuit resistance was approximately
1,846, The change in the circuit resistance before and after the heat treatment was
found to be less than 1%. The insulation resistance between the power leads and the
heater block surface, though reduced slightly during the heat treatment, was still very
high (300 M 2), At nu time during the test was any surge in the vacuum pressure of
the furnace noticed (due to outgassing of the graphite block), and the initial evacuation
of the furnace to a very low vacuum level was achieved in a very short period. Thus,
it can be said that the quality and condition of the graphite used in the heater block
appeared to be very good.

EHSA Performance Test - The Electrical Ileat Source Assembly (EHSA) which con-
sists of a radiation barrier, boiler, multifoil insulation and an electrical heater block
assembly, was tested inside a thermal vacuum chamber in order to evaluate its per-
formance and to determine the heat losses, The EHSA was connected o the Dowthcrm
flow loop as shown in Figure 3.5, 1.3-20. The thermal vacuum chamber was evacuated
to less than 1#. The test was performed for three different flow rates. An attempt
was made to keep the temperature of the fluid entering the boiler constant at three
different values. Unfortunately, due to limitations imposed by the test setup,
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it became difficult to control the temperature exactly, Morcover, it was not possible to
exceed 425°F at the boiler inlet, A 2400 watt electrical power input was supplied to the
EHSA heaters. .

The heat lost from the EHSA is that part of the total heat input to the EHSA, which is not
carried away by the boiler due to change in internal energy of the fluid flowing through if.
One way of determining the heat losses is to find the difference in the amount of electrical
power that is supplied 1o the unit and the equivalent amount that is carried away by the
boiler fluid, The second way, which is more involved, is to calculate the heat losses
directly by knowing the temperature of the various components of the EIISA and its sur-
roundings, Because of its inherent simplicily, the heat losses determined by the first
method should give better indication of its magnitude. However, the determinution of
heat losses by this method is strongly dependent on the accuracy of flow measurement.
In particular, it is found that the uncertainty in the measurement of heat removed by

the boiler could be as large as 8%, whereas, the amount of heat loss from the EHSA

is not expected to exceed 5% of the total power input,

The results of the test are summarized in Table 3. 5.1.3-VI, Typical equilibrium
temperatures of the various EHSA components and the amount of heat carried away
by the fluid inside the boiler are indicated in that table, Most of the components of
the EHSA are seen to be at their nominal temperaturcs. The increase in the boiler
tube Reynolds number is believed to be associated with improvement in the convective
heat transfer coefficient and as a consequence the boiler fin-root temperature drops
and so does the boiler fin temperature. It was observed that the temperature differ-
ence between the boiler fin and the fin-root is independent of the flow rate and remains
constant at 50 £ 4°F, over the range of flow considered in the {est. It is seen that

at nominal flow rate (. 0285 lbs/sec) the amount of heat carried away by the boiler
fluid is approximately 2300 watts. The hoiler in this particular EHSA did not have
the center body in it. Thus, ils effect on the amount of heat carried away by the
boiler fluid could not be determined. Ilowever, it is believed that the presence of
the center body inside the boiler tube would enhance the amount of heat removed by
the boiler, It was found that, due 1o specific location of the thermocouples, the
inside temperature of the multifoil insulation is higher than the average boilcr tem-
perature. It indicates that there is a local back flow of heat from the muliifoil in-
sulation "can'" to the boiler where the boiler is relatively cooler duc to the prcsence
of tubes.

The calculated heat losses from various surfaces of the EHSA bascd on their average
temperature are given in Table 3,5. 1, 3-VII, Although these heat losses are
dependent on usc of appropriate thermal properties of the EHSA components, they
are found to be approximately 3.5% of the nominal power inpul. These heat losses
are expected to be still lower in the production units, since in the test unit the cf-
fective thermal conductivity of the multifoil insulation is found to be slightly higher
due to dimonsional changes in the boiler.
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TABLE 3,5,1,3-VI

SUMMARY OF THE TEST RESULTS

Average
Sp. Heat
Average Average between Heat

Average Flowmeter Boiler Average Heater Average Average Inlet Carried Average Average
Vacuum Ton T oo Inlet Boiler Block Radiation Boiler Multifoil & Qutlet Away by Housing TV
Pressure > Temp. Ouatlet Diff, Temp. Barrier (7T+8+9+13) (10 +11) Temp. Boiler Temperature Cha.lur
mm Hz Scale 1bs/sec °F °F °F (1+2+3)/3 (4-5+6)/3 4 2 Btu/lb °F Watts (15 +16 +17)/3 _Temperature (°F)
1.336 x 10—4 5 . 0234 412 3%3 173 1354 1067 614 655 . 339 2302 2n 121
2.225x 10_4 6 . 0285 367 >3 146 1353 1054 590 632 .529 2322 204 115 1
1.36 x 10-4 7 . 0338 371 301 130 1347 1048 561 608 .513 2378 205 118
1,15 x 10—4 5 . 0234 428 337 169 1356 1070 626 666 . 545 2274 214 124
. 903 x 10-4 6 . 0283 427 369 142 1355 1068 614 658 .537 2293 214 126 1t
L631x 107} 7 . 0338 412 538 126 1351 1063 610 643 . 529 2377 213 127

NOTE: Numbers in parentheses under column titles are thermcouple numbers.




TABLE 3.5.1.3-VII

A SUMMARY OIF HEAT 1.OSSIIS FRROM EISA

BASED ON VARIOUS COMPONENT TEMPERATURES

From the cylindrical portion of housing
From top of housing (inlct side)

From bottom of housing (outlet side)
From electrical cable

From instrument cable

From Dowtherm tube
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60 watts

8 watts

8 watfts

< 38 watts
< 4 watts

< 1 walt

Total 84 watts



EIISA Acceptance Tests - All the KIPS Electrical Heat Source Assemblies were per-
formancc-icsted before their aceeptance and delivery for use in the GDS. These tests
were performed under room temperaturce environment after the unit had been leak-
checked and outgasscd. The tests were designed to verify the normal operaling per-
formance of the units. The test setup and Dowtherm flow loop are indicated in Figure
3.5.1,3-20 with the exception that in these tests Dowtherm was passed through 0. 25
inch auxiliary tube of the boiler in order to avoid contamination of the main 0.5 inch
tube, The tests werce performed for three different flow rafes of Dowtherm; in each
case the temperature of Dowtherm at inlet {o the boiler was maintained at 400 £ 5°F
and 2400 watt clectrical power was supplicd to the heater block., Steady state condi-
iions were maintained for a period of 1 + 1/4 hour, during which circuit current, voltage
drop, pressure difference, {flow rate, inlet and outlet boiler temperatures were mea-
sured, The amount of heat carried away by Dowtherm flowing through the boiler was
calculated as follows:

H = m cp (Ty - Ty) 3600/3. 412 watt
where,
m = mass flow rate of Dowtherm lbs/sec
T2 = average boiler outlet temperature °F
Tl = average boiler inlet temperature °F
C = average of the specific heat of Dowtherm at boiler inlet and outlet

p temperatures, Btu/1b-°F

The typical values of H for four clectrical heatl source assemblies are given in
Table 3.5.1,3-VIIL The variation in the results is within the range of uncertainty
in the measurement technique. The results for the nominal flow rate of , 0285 lbs/
sec seem to indicate that heat losses are uniformly conirolled in all the units.
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TABILE 3.5. 1, 3-VII1

EHSA ACCEPTANCE TEST DATA

Heat Removed hy EHSA Boiler (Watl)

Flow Rate
Ibs/sec #2 #3 #4 #5
. 0234 2309 2263 2252 2290
. 0285 2350 2352 2327 2382
. 0338 2343 2353 2262 2390

le6l




3.5.1. 4 Emcrgency Cooling System (ECS)

The ECS for the GDS heat source assembly is identical to that proposed for the flight
system. Tor a description and analysis sec Section 2.5.1.4. In Section 2.5.1.4
the resulis of a full scale test of the emergency cooling system of an electrically
heated heat source assembly are described. This test was conducted in support of
the flight system ECS design concept and was conducted by simulating the actual
failurc of the working fluid loop.
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3.5.1.5 Venting /Gas \lanagenment

The gas management system for the eleetrical heat source assembly consists of out-
gassing ports at cach end of the EIISA, located on the covers, At the non-loading end
end the port is capped off for normal operations. At the EIISA loading end the out-
gassing assembly consists of a manual valve and a pressure/vacuum gauge. /Afler
outgassing the LIISA is hackfilled with an inert gas (argon) to a2 nominal pressure of

5 psig, For performance testing where the unil requires evacuation to minim ze para-
sitic heat losses the valve must be opencd by hand, Tor Phase 11 the EHSA design will
have a PRD incorporated into one outgassing port for gas management during T/V
testing and for functional checkoul tests of the PRD.
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3.5.1.6 Reliability

The clectrical heat source assembly is described in Scetion 3.5, 1.2, Table 3, 5. 1.6~
presents the Failure Mode Effecis and Criticality Analysis (FMECA) for the electrical
heatl source assembly. Table 3. 5. 1. 6-II and Figure 3. 5. 1. 6-1 presents the GDS
elecirical heat source assembly enclosure gas seal leak points.
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TABLE 3.5.1.6-I

FAILURE MODE AND EFFECTS ANALYSIS

S9T

@ CRITICALITY RANK x 2 =3
2 FE RANK
1) FM LIKELIHOOD
POSSIBLE
FAILURE DESIGN/SAFETY
COMPONENT & FUNCTION FAILURE MODES (FM) CAUSES FAILURE EFFECT (FE) CONSIDERATIONS OIIORIR] ‘
|
Heat Source - Electric (HSE) i i
Supply heat for the Ground Open circuit (individual Crimp splice failure | No loss of heat output - may have | Required heat ean be sup- i
Demonstration System (GDS) | element lead) slight non-uniform heat distribu- |plied with up to 9 element !
(12 heater elements - paralielj tion fatlures 5135} 25
connecled)
Pre & Post crimp sample
tests (pull test samples i 1
1
Air exposures Embrittlement of nickel leads due }Con*inucus inert gas supply |
to EHDS/housing seal leak to Heat Source cavity 25 15 [125
HSE can operate in air
under 1400°F range
Short Fibreglass sleeving, | Loss of heater element or total Dialectric and insulation 5 {1004 500
ceramic bead failure | heater betw ecn heater circuits
or shift ana heater block tested
Heater sheathing
burncd during welding
Receptacle Open Broken wire handling | Reduced heat output IAC in and out redundant 8 5 150 {250
& 9 strand per pin
Short Solder run Loss of heater output QC and N, D. T. dialectric £ 1100{500
' and insulation resistance
Foreign matter tests
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TABLE 3.5.1.6-1I

KIPS GDS HEAT SOURCE ENCLOSURE, GAS SFAL LEAK POINTS

Descriplion

Housing Material

"O" Ring, Lower Cover
Tube/Lower Cover Weld

Tube Material

Cover Material, Lower

"O" Ring, Upper Cover -Outer
"O'" Ring, Upper Cover ~Inner
Cover Material - Upper, Outer
Electrical Receptacle Insert Seal
Electrical Receptacle Shell Material
"O'" Ring-Receptacle

Cover Material, Upper Inner
Tube Lover Weld - Upper Inner
Tube Material -Upper Inner
Tube Cap - Upper Inner Swageloc
Bellows/Block Weld

Bellows Material

Bellows Weld

Bellows/Tube Weld

Penctration Assembly Gasket
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FIGURE 3.5.1.6-1: KI5 GDS ETECTRIC HEAT SOURCE ASSEMBDLY ENCLOSURE
GAS SEAL LEAK FAILU LK POINTS

Cyp. Upper and
ower Covers
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3.5.2.6 Radiator_

3.5.2.6,1 Configuralion

The GDS radiator assembly is an aluminum, welded/riveted assembly in the shape of
a hollow right circular cylinder measuring 48, 50 inches outside diameter by 111. 75
inches Jong (al mounting feet) and weighs 80 pounds., See Table 3.5.2.6-I, It has
three mounting points which cxtend approximately 2. 81 inches below the radiator skin
in order to provide clearance for tubing connections to the outlet header assembly.
See Figure 3.5.2,6-1.

The radiator employs a forced convection heai transfer loop, The organic fluid passes
through sixteen vertical tube extrusions which are connected, at each end through an
adapter fitting, to a commmon hcader, Figure 3., 5,2,6-2, Each extrusion, Figure
3.5.2, 6-3, serves threc purposes: as a passageway for the organic fluid, as the
required frontside and backside meteoroid armor protection and as vertical stiffening
for the radiator shell. The headers are made from a U, 500 inch outside diameter

by 0. 062 inch wall tube which is formed to a circular shape. They are protected

from meteoroid puncture by a shadow shield which is attached to the radiator structure.

The 0, 025 inch thick radiator skin is spliced together at four places (because the avail-
able range of standard sheet widths is limited) by means of splice plates which are
riveted in place. The extruded radiator tubes are seam welded to the skin prior to the
sections becing spliced together, Nine circumferential channel frames are riveted to
the skin for structural support.

After the radiator has been fabricated and inspected, the exterior surfaces are coated
with ITRI* Z-93 thermal control coating. Z-93 is an inorganic type coating developed

by IITRI which is composed of a zinc oxide (Zn0O) pigment with a potassium silicate
(K58i04 ) binder, Typical optical propertics mecasured on 4 to 6 mil thick coating
samples are summarized in Table 3, 5.2, 6-VI, The coating selected offers acceptable per-
formance (material properties) coupled with ease of application, reproducibility, and
ready repairability. '

Evolution of the radiator design was the result of analysis and testing as described in

the next section, Pressure drop flow tests were conducted in several sizes of tubing

to determine the optimum radiator tube size. Afier the tube size was established, a

four foot long, four tube scction was tested. This test was followed by a test of a

full length, four tube radiator section, Aside from the length differences, the sections
were identical, except for the header to tube connections, see Figure 3. 5. 2, 6-4, In addition
to becoming test articles, thesc sections were used to develop weld parameters to be

used as the basis for welding the extrusions to the skin on the full scale radiator. The
tests and analysis are described more fully in a subsequent section,

NOTE: * IITRI - 1linoig Institute of Technology Researeh Instituto
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TABLE 3,5.2.6-1

RADIATOR WEIGIT BREAKDOWN

Component Weight (1bs)
Radiator Skin 40,18
Skin Splices 1.68
Tube Extrusions 10. 40
Frames 10. 36*
Meteoroid Shadow Shields 2, 40%*
Headers and Adaptor Fittings 2,79
Emissive Coating 5, 80
Mounting Provisions 6. 33
Total 79. 94 lbs*

* The calculated weight of these components is based upon 0. 032 inch material,
The method used to fabricate these components (spinning) requires that the stock
material be in one piece and to accomplish this, a piece of material approximately
52 inches square is required. Standard width sheets of aluminum, in 0, 032 inch
thickness, do not go beyond 48, 00 inches, unless a special mill run is ordered.
Therefore, in order to obtain the proper stock size material, within schedule and
cost restraints, thicker (0. 062 inch) material, which was in stock, had to be
ordered. The increased material thickness results in a frame weight of 21. 46
pounds and a shicld weight of 4. 80 pounds. The weight of the GDS radiator is
therefore 93. 44 pounds. ’
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Acceptance criteria for the tube/adapter and adapter/hcader welds was based on ac-
ceptable helium leak check data. A flight system radiator would require more elabor-
ate non-destructive testing techniques, Therefore, to demonstrate this capahility the
radiator pancl assemblies (extrusions/skin) and the completed assembly wekls (header/
adapter tube) were radiographed, Results show that radiography of these welds can be
performed and should be considered as a valid non-destructive testing method.
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3.5.2.6.2 Analyses

3.5.2.6.2,1 Thermal/Hydraulic Analyses

Parametric thermal/hydraulic/weight analyses of conceptual radiator designs were
performed by varying radiator geometry, skin thickness, tube size and number,
header size, and mcieoroid protection crilerion., For the GDS design, only multiple-
parallel tube between top and bottom header arrangements were considered for the
studies,

The final design selections were based on obtaining the lowest weight radiator which
satisfied all sysiem performance requirements and other system design constraints
as listed in Table 3.5.2,. 6-I0, For the GDS radiator an additional consideration was
that the design be capable of being manufactured and assembled without a costly
manufacturing development effort.

Within those constraints listed in Table 3, 5, 2, 6-1I, tl > final design parameters
selected for the GDS radiator are as follows:

Radiator diameter 4 feet

Radiator length 9, 27 feet

Skin thickness 0. 025 inch

Number of flow tubes 16

Flow tube inside diameter 0. 085 inch

Flow tube frontside armor thickness* 0. 094 inch

Flow tube backside armor thicknessg** 0. 060 inch

Header inside diameter 0. 375 inch

Header armor thickness 0, 025 inch

Header bumper thickness 0. 025 inch

OTRI Z-93 (ZnO/K,Si0 4) coating properties €y = 0.90 (EOM)
’ ag = 0.3465 (EOM)

*  Original design based on P (0) = 0,973 allocation subsequenily changed by
Sundstrand for flight system to P (o) = 0, 99.

**  Provided by method of construction, actual thickness required is less.
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TABLE 3.5, 2. 6-1I

GDS RADIATOR DESIGN
PERTFORMANCE REQUIREMENTS AND DESIGN CONSTRAINTS

Dowtherm flow rates: Minimum - 0,159 lbs/sec
Maximum - 0.358 lbs/sec
Nominal - 0,249 lbs/sec
Waste heat load: Nominal - 18255 Btu/hr
Radiator Coating emissivity: € - 0,90 (EOM)
Solar heat load: Geosynchronous Orbit

Solar absorptivity (EOM) a, = 0. 3467
Average solar load 48. 89 Btu/hr--ft2

Dowtherm inlet temperature: Nominzl - 212°F

Reynolds number in flow tubes at exit > 3000 for nominal flow and higher
Maximum fluid pressure drop Ap =20 psi (at nominal flow)

Meteoroid penetration criterion (total for radiator) - P (o) = 0.99

Operations lifetime - 7 years

Radiator diameter limit* 4 ft minimum approximately
Acoustic noise/spcetrum 145 db overall (see Table 3. 5. 2, 6-1II)
Acceleration/vibration/shock See Table 3. 5,2, 6-IV

* To permit installation of PCS and heat sourccs within the radiator envelope.
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TABLE 3. 5,2, 6-1I1

ACOUSTIC SPECTRUM

Sound Pressure Level 145 db Overall*

1/3 Octave Band 1/3 Octave Band 1/3 Octave Band 1/3 Octave Band
Center Sound Pressure Center Sound Pressure
Frequency Level** Frequency Level**
Hz) (db) (Hz) (db)
40 124 1600 129.5
5C 125.5 2000 128.5
63 127 2500 126.5
80 129 3150 125
100 130.5 4000 123
125 131.5 5000 121.5
160 132, 5 6300 120
200 133.5 8000 118
250 134 630 133.5
315 134,5 800 133
400 134.5 1000 132
500 134 1250 131

*  Sound pressurc level spectrum
*x  db Re: 0.0002 dynes/cm>
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Environment
Acceleration

Vibration

Shock

Pressure

TABLE 3.5.2, 6-1IV

EXPECTED LOAD ENVIRONMENTS

9g axial and 5g lateral simultancous

Speciral Density Frequency (Hz)
Increasing 3 db/oct 10-900
0.1875 gz/Hz 900-1400
Decrecasing 15 db/oct 1400-2000

Overall level of 15, 1 grms, test duration:

3 minutes along each of the three orthogonal axes.

3 pulses in each direction along 3 orthogonal axis
(18 shocks total), Pulse as follows: 775 G's peak
half cycle sine, 0.2 +, 1 msec pulse width,

Sea level to 10_10 torr
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Analysis Tools

The principal analytical tool uscd {o generate parameter sensitivity studies was a com-~
puter program writlen by Sundstrand and cxtensively modified by TES. The program
assumes the radiator is a right circular cylindrical shell with axial {ubes located at a
constant radius from the shell centerline, Headers supply and remove fluid from the
tubes at the extreme top and bottom of the shell,

Heat rejection analysis is performed by specifying the total amount of heat to be dis-
sipated, the solar load, and the radiator shell thickness and diameter. The code cal-
culates the required radiator length for thesc conditions. Shell thickness is used to
determine a fin efficiency for the area between tubes, A thermal/hydraulic analysis

of the fluid flow is accomplished by specifying the axial tube inside diameter, number
of tubes, and fluid flow rate. The code calculates the fluid to tube film temperature
drop based on an input table of Colburn modulus vs Reynolds number., Pressure drop
of the fluid in both tubes and headers are calculated from the D'Arcy ccuation and
originally applying Moody chart data for friction factors for smooth tubes, These
friction factors were subsequently modified to be consistant with measured tube data (see
Section 3. 5. 2. 6-3). Internal tube and header diameters are required input. Meteoroid
armor thickness is calculated for frontside and backside of tubes and for the headers.
Input required for these calculations includes constants describing the anticipated
meteoroid flux (Ref. 1) and the desired no-puncture probability, Radiator weight is
also calculated based on the input and calculated dimensions., Support structure such
as additional stringers, frames, and mountings are not included in this weight cal-
culation and therefore were calculated separately.

Optimization

Optimization of a radiator design involves tradeoffs between thermal efficiency and
weight, Other system dcsign constraints, in general, prevent obtaining an absolute
minimum weight design. For example, increasing skin thickness and the number of
flow tubes increases the fin efficiency but the weight per unit of heat rejected quickly
becomes greater than optimum, In addition, because the desired flow rate is fixed,
increasing the number of tubes too much lowers the Reynolds number for the tube
flow into the transition flow regime which is undesirable and therefore restricts the
lower limit of this design parameter 1o approximately NRe = 3000, at least for
nominal operating conditions. Likewise, if radiator pressurc drop is a design con-
straint, increasing the radiator diameter will require shorter length flow tubes and
the result would be a lower overall pressure drop. As the diameter increases,
however, the thermal cfficiency (fin) decreases unless more flow tubes arc added -
this adds weight because of more tubes and bceause of more required meteoroid
protection (i.e., greater vulnerable area), In addition, increasing the diameter
results in a less stable structure so wcight must be added to provide greater struc-
tural stiffening.
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The thermal/hydraulic tradcoffs are presented in Figure 3. 5. 2. 6-5 for a wide range
of polential radiator design parameters. The relationship between tube diameters,
exit Reynolds number, {ube pressure drop, and radiator shell diameter is conve-
niently shown on one ploi, The boundaries defined by maximum desired pressure drop
and minimum cxit Reynolds number cstablish a region within which acceptable com-
binations of the varied parameters cxist. These parameter combinations were then
studied to determine the optimum set with respect to weight.

Weight Optimization

Radiator total weight was studicd in three parts: structural, skin and tube/header
weights. The general trend of structural (skin, stringer and frame) weight is shown in
Figure 3. 5. 2. 6-6. The minimum structurc weight is obtained with skin thicknesses
between 0, 018" and 0. 030", and with radiator shell diameter around 4', Increasing
the radiator diameter increases structural weight, and decreasing the diameter re-
sults .n insufficient room for containing the rotating machinery and HSA's within the
radiator cnvelope,

Radiator shell (skin) weight decreases with decreasing thickness. However, the
practicality of manufacturing and handling the radiator becomes a significant factor
as thickness drops below 0, 020", And any weight saving is almost, if not completely
offset by the rapid rise in required structure weight. Tube and header weights are
primarily determined by meieoroid armor requirements. Contained liquid weight
varies with number and diameter of radiator tubes, and is considered in overall
weight calculations.

Figure 3. 5. 2. 6-7 presents the results of the parametric weight studies for the GDS
radiator. As noted in Figure 3. 5. 2. 6-7 the studies were originally based on an overall
system arrangement wherein the heat sources were horizontally mounted under the

radiator circumference, This necessitated heavier mounting structure because of

longer support legs. The final system arrangement consisted of the three heat sources
mounted vertically inside the radiator envelope which reduced the mounting structure
considerably, and thus the weights indicated in Figure 3. 5. 2, 6~7 are high by 5 to 6 pounds.
The weight breakdown of the final GDS radiator design is given earlier in Section 3. 5. 2. 6-1,

As shown in Figure 3. 5. 2. 6-7 the minimum weights vary as a function of radiator diam-
eter and number of tubes but the weights tend to converge at approximately a four (4)
foot diameter radiator size., Becausc the system arrangement (i.e., heat sources
inside) constrains the minimum radiator diameter, the selection of the design is

based primarily on another major system design constraint: fluid flow pressure drop.
The design goal for the GDS radialor overall pressure drop was 20 psi. As shown in
Figure 3. 5. 2. 6-7 this goal can only be reached by reducing the number of tubes and
increasing the tube inside diameter because of the exit Reynolds number restriction

of 3000.
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3.5.2.6.2,2 Radiator Meteoroid Protection Analysis

The radiator design is hased on an overall probability of non-punciure by meteoroids
of 0,99 for seven years in a synchronous geocentiric orbit, Originally defined as 0. 97,
the non-puncturc prohability was increasced during the development program to provide
a higher overall mission reliability. The overall probability includes the probabilities
of non-puncture for the frontside of the tube, the backside of the tube and the headers.
The backsides of the radiator tubcs are assumed to be protected by the radiator skin
which acts as a so called "bumper. " A modified version of an approach prescented in
Ref. 1 (so called Cour-Palais method) is used to evaluate the effectiveness of the skin
and tube backside armor. The frontside penctration criteria is that presented in

Ref, 3. The tube backside vulnerability to meteoroids eniering the open end of the
radiator cylinder has not been considered in the weight calculations for the GDS radiator.

Required armor thicknesses, assuming 6061-T6 aluminum construction, are as follows:

Header 0. 010" (with 0. 025" bumper)
Tube fronside 0. 094"
Tube backside 0, 020" (with 0. 025" bumper)

Armor weight is a strong function of non-puncture probability. TFor a given probability,
however, it does not vary appreciably with small changes in design (shell diameter,
number of tubes, etc.), particularly ncar the optimum 4 foot diameter 16 tube radiator
design. The dominant weight is that of the tube frontside armor, since other required
armor thicknesses are less than the minimum practical thickness of manufacture.
Hence, it is possible to design to extremely high probabilities of no-puncturc for the
header and tube backside, with the tube frontside probability of no-puncture close to
the desired overall value.

Optimization of the armor design with respect to weighi was accomplished in three
steps. TFirst, a relationship was cstablished hetween weight and armor thickness for
the tube frontside, backside and header armors. Second, weight was studied as a
function of no-puncture probability for tube and header armor. Figure 3.5. 2, 6-8
shows an example of hecader weight versus probability of no-punctiure of the header for
one of the typical radiator designs studied. The third and final siep is to determine the
optimum combination of tube frontside, backside and header non-puncture probabilities
for the given overall non-puncturce probability of 0. 99, Figures 3.5.2, 6-9 thru 11
illustrate this procedurc for a typical radiator design. In Figure 3.5.2,6-9

the weights of tubc frontside and backside armor are shown which combine to give the
maximum tube non-puncture probability, In Figure 3.5.2.6-10 the tube and

header non-puncturc probabilitics are combined in a similar manner to give the highest
overall non-puncture probability.

Each individual value of probability of no-puncture for the tube frontside, backside and
header is associated with a unique armor configuration (thickness) which determines
the weight,  Thus, optimization of the weipht for a particular non-puncture probability
defines the armor configurations.
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The GDS header is surrounded by a shicld or bumper, so it has no "frontside'" exposure
to metcoroids,

Calculations of armor weight and non-puncture probability were all made with the
Sundstrand radiator analysis computer code, The Cour-Palais method of backside
armor thickness calculation described in Ref, 13 was modificd to permit more realistic
results, In the Cour-Palais method, design under certain condition for the optimum
armor thickness at a given probabilily of no-puncture can result in thinner armor than
would be required for a lower non-puncturce probability, This anomaly was avoided by
calculating the armor thiclncss predicied by the Cour-Palais method as a function of
non-puncturc probability, The actual armor thickness required was assumed to re-
main constant at the pcak calculated value rather than decrease with increasing non-
puncture probability, This relation between armor thickness and probability of no-
puncture is shown in Figure 3. 5. 2, 6-11 for a typical radiator design, and covers

tube frontside, backside, and header armor configurations.
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3.5.2,6.2,3 Structural Analysis

Preliminary structural analyses were conducled of the parametiric radiator designs.
These studies considered the usc of aluminum alloys only (sec Table 3. 5. 2.6-V) and
were based on the load enviromment given in Table 3. 5.2, 6-VI. The maximum possible
radiator structure tempecrature of 212°T was assumed for properiy de‘crmination,

The structural analysis was performed on cach radiator design by assuming the struc-
ture to be a cylindrical shell composed of thin skin stiffened by the longitudinal ex-
trusions which carry the Dowtherm A working fluid and by circumferential ring frames.
This siructure when mounted at the base is subjected to overall bending and shear due
to the maximum load environment specified in Table 3. 5.2, 6-VI. The parametric
design studics showed that, in general, the armor requirements for the flow tubes
(extrusions) are greater than the material reqguired for longitudinal structural stiffness.
Thus, once the rcquired material for optimization of the structure was determined,
addition~1 material was generally required to provide adequate meteoroid protection.

In addition, for those designs where ithe skin pancls were inadequate to withstand the
assumed acoustic environment, the requircd local panel stiffening was determined

and incorporated into the weight calculations, Studics were performed to determine
the optimum number of support points for a base mounted cylindrical shell radiator,
The studies showed that the overall weight was insensitive to the number of support
points, Therefore a three point mounting systcm was selected and used for the studies
because this would limit the required number of attachments to the spacecraft. Typical
results of these precliminary parametric structural studies were shown carlier in

e.g., Figure 3.5.2.6-G, Table 3.5.2,6-VI shows a typical breakdown of the struc-
tural weights for a twenty (20) flow tube radiator configuration,

After final selection from among the radiator design variables, a detailed structural

analysis was conductcd to refine the design and to generate the final weight breakdown
presented previously in Section 3. 5. 2, 6. 1.
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TADLE 3.5.2.6-V

Mechanical Material
Properiies 3003-H14 6061-TG6
F, @ 212°TF, psi 20, 000 38, 000
(parent matcrial)
Fipr @ 212°TF, psi 14, 000 25,000
(as welded material) 14,000 25,000
L @ 212°F, psi 12, 000 20, 000
(weld area)
Fty, @ 212°F, psi 17, 000 34,000
(parent material)
E, @ 212°F, psi 9.9 (10%) 9.9 (10%)

(parent material)
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TADIE 3.5,2.6-VI

STRUCTURAL DESIGN CRITERTA

Load Enviromment

@)
(b)

(c)

@

Acceleration - 9g axial and 5g lateral simultaneéusly (limit)
Vibration

Spectral Density Frequency (z)
Increasing at 3 db/Oct 10-900
0, 1875 gz/Hz 900-1400
Decreasing at 15 db/Oct 1400-2000

Overall level of 15.1 grms (limit)

Duration: 3 minutes along cach of the three orthogonal axes.
Shock - 3 pulses in cach direction along 3 orthogonal axes

(18 shocks total). Pulsc as follows: 775 g's peak half cycle sine,
0.2 + .1 msec. pulce width,

Acoustic noisec - 145 db overall (limit).

Thermal Environment

The shell structure is considered to be at 212°F during exposure to maximum

load cnvironment,
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TABLE 3.5.2.6-VII

RADIATOR STRUCTURE WEIGHT*
20 - TUBE CONTIGURATION

€61

Diameter of Rad!ator () 4 5 6
Thickness, Radiator Skin (in) . 015 . 025 . 030 . 040 . 015 . 025 . 030 . 040 . 013 . 025 . 030
iength of Radiator ft) 9. 975 9.195 9. 017 3. 726 9. 015 8,163 7. 845 7.525 8. 448 7. 416 7.168
Vieahs T on ) 25.1 39.5 46. 4 59.0 29.3 44.1 50,7 64. 8 33.1 48,3 55.9
\\e ght, Tube-Stringer (1h) 36.9 1.1 9.3 8.8 33.3 10,6 10.2 9.7 35.4 T 7.5
Weight, Stringer Reinforcement (Ib) 8.3 7.7 7.5 7.3 7.6 6.8 6.6 6.3 7.1 6.2 6.0
Weight, Skin Stiffeners {lb) 2.9 1.9 1.0 0 2.9 2.1 1.1 0 3.2 2.1 1.1
Muember of Frames 7 7 7 7 7 7 7 7 7 7 7
Weight of Frames (b} 2.6 3.1 3.7 4.8 3.2 3.9 4.7 6.0 3.9 4.7 5.6 7.2
Weight, XMiscellan~ous 1b) 0.4 0.4 0.4 0.4 0.4 0.4 0. 4 0.3 0.4 0.3 0.3
Veight, Total Structure (Ib) 76.2 63,7 68.3 50.3 76. 7 67.9 3.7 87.1 83.1 69.3 76.4

NOTE: * 6061-T6 Aluminum Alloy




3.5.2.6.3 Tests

3.5.2.6.3,1 Radiator Thermal Control (Emissive) Coating Tests

The original design basis for the radiator was the assumption of the use of the IITRI
developed Z-93 emissive coating on the radiator external surface, The performance
of the radiator in a geosynchronous orbit was based on estimated coating properties

of infrared emittance, €R = 0. 9 and solar absorptivity, @g = 0. 3468 at the end of a

seven year mission, For evaluation of the radiator thermal/hydraulic test results
samples of the coating were spraycd at the same time as the test pancls, These

samples were then delivered to TRW for evaluation and property measurements.

The solar absorptance (@g) and the total hemispherical emittance (e) of the specimens
were measured. As shown in Figurc 3. 5. 2. 6-12 the spectral reflectance of two speci-
mens were measured from which the solar absorptivity was calculated by integration
over the solar spectrum. The results are presented in Table 3. 5. 2, 6-VI together
with some carlier measurements of Z-93 coating samples by TRW, The total hem-
ispherical emittance of the sample was measured by calorimetry over a range of
temperatures from -160°F to +266°F (the average ten.perature of the KIPS radiator

is 145°F). These results are presented in Figure 3.5, 2, 6-13 and compared in

Table 3, 5.2, 6-VIIl with sample measurements made earlier by TRW,

The measured hemispherical emittance of . 92 to . 94 at the kips radiator design tem-
perature is somewhat higher than the assumed design value but the solar absorptivity
of 0, 25 average was also higher than anticipated for a beginning-of-mission value,
For the ground demonstration system, this poses no problam since no ultraviolet
degradation tests are planned with the radiator. In addition, because the flight
system coating must be a '"nuclear hardened' coating, the Z-93 coating would not

be used for the flight system in any event,

38.5.2,6.3.2  Radiator Thermal/Hydraulic Test Program

Tests measuring pressure drop versus flow rate (to obtain friction factor versus
Reynolds number) in single, well insulated (isothermal) tubes were conducted using
heated Dowtherm A as the fluid, These tests were conducted on two different dia-
meter tube assemblies and at several tcmperature levels., These tests were followed
by heat rejection tests of a shortened section of a radiator panel in a thermal/~acuum
chamber where space conditions were simulated by cryogenically cooled walls.

The next test conducted was an in-air thermal/hydraulic test of a full length radiator
panel using the final GDS design., Viewed as a whole, these tests show that design
goals for the radiator have been met, indicating the GDS radiator design to be satis-
factory. A test of the full size radialor in an air environment is currently planned
but has not been conducted as of this report date. This test is being made to verify
the overall pressure drop design goals for the radiator and to evaluate its heat re-
jection capability under a typical system checkout environment.

Isothermal Pressure Drop Tube Tests - Two header/radiator single tube assemblies

were tesied to measure {riction factor data needed for both pressure drop calculations

and preliminary heat transfer cstimates, The tubes, with inside diameters of 0. 069

and 0. 085 inches, cach 85. 7 inches long, were instrumented with two pressure taps ‘
on the tubes at least one inch from the manifold, two pressurc taps on the manifold,
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TABLE 3.5.2.6-VIIL

VALUES OF SOLAR ABSORPTANCE AND NORMAL AND
HEMISPHERICAL EMITTANCE OF WHITE PAINT SPECIMENS

Normal ) )
Solar Emittance Hemispherical
Apsorljtance €N Emittance
€
Specimens “s 1) H
TRW #31-77 0. 25, @) 0. 935(2) 0. 89 (2) (3)
TRW #32-774) 0.23, 0.93, 0. 89
TRW #49-77 (A) 0.93,) 0. 89
TRW #49-77 (B) 0.93,®) 0. 89
TRW #49-77 (C) 0. 93, 0. 89
TRW #49-77 (D) .93, 0. 89
TRW #49-77 (A) & (D)® (-160°F) 0,92, (7
(+50°F) 0,91,
) (+266°F) 0,95

(1) Values of €y at 80°F were determined using a Gier Dunkle Instruments Model
DB100 Infrared Reflectometer.

) Although the accuracy of the measuring instruments does not justify three sig-
nificant figures, the third figure is retained depressed to indicate trends.

(3) Values of ¢g; at 80°F were determined using the corrclations of €y and ¢
H N H
given in Figures13-15 of Ref. 4.

(4) Although not requested, the solar absorptance of the duplicate specimen to that
sent for og measurement was also determined.

(5) Values of €N at 80°F for the four inch squarcs were determined using the DB100

Infrared Reflectometer. The values shown are the average of valucs measured
at six diffcrent locations on cach specimen plate.
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(6)

()

TABLE 3.5, 2.06. -VI{Continucd)

Specimens (A) and (D) were used back to back for the ey measurement. Values
€H determined assumec that the ey of plates (A) and (D) are identical.

These values of €y were determined by direct measurement of €y using the
calorimetric technique (Ref, 3).
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and five thermocouples, and was sandwiched between layers of fiberglas insulation,
The flow rate was measurcd with a flow meter which had previously been calibrated
at the four test temperatures (e.g., 212°F, 190°F, 160°F and room temperature).

Flow testing of the tubes was done using several different constant {flow rates at a
given fluid temperaturc. At cach flow rate and fluid temperature pressure drop data
was taken; the flow rate was then increased to give a range of Reynolds numbers from
500 to 10, 000 for that fluid temperature. The flow rate was changed in small incre-
ments, such that the change from laminar to turbulent flow could be obsecrved in the
pressure drop measurcments., The actual transition flow range was well defined in
these isothermal measurements, and was characterized by a pressure drop which
constantly oscillated between a high and low value as the {low changed back and forth
from laminar to turbulent. This transition occurred in a range of Reynolds numbers
above 2200 and below 3000,

Figure C.5.2.6-14 gives typical results, in this case for a nominal 212°F fluid tem-
perature, clearly showing the laminar, transition, and turbulent regimes. Figure

3. 5.2, 6-15 shows friction factor data generated by these pressure drop measurements
for the 0. 085 inch tube diameter selected for use in the GDS; the friction factors mea-
sured in this test were somewhat higher than were anticipated.

Two important inferences were drawn from the flow tests:

e For flow stability reasons, the design Reynolds number at any point in the
tubes should be above the transition regime, i.e., the exit Reynolds number
should be kept above approximately 3000,

* The higher than anticipated friction factors measured could possibly yield
higher heat transfer coefficients. To evaluate this effcct, Martinelli's
analogy was used to determine Colburn Moduli associated with {riction
factor data.

Heat transfer coefficients used to predict GDS performance were determined by
correlating the friction factor data using the Martinelli analogy which relates the
Fanning friction factor to the Colburn Modulus (i.e., Stanton Number X Prandtl
Number to the 2/3 power),

2/8
2/3 . _ (Np.) /2

Colburn Modulus (NSt o N

Pr N

Re

) =
Pr [.833 5N, +5In @ N
60

+1) +2.5 1n<
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where:

N, = =B .
St G Cp = Stanton No.
Np. = %C_R = Prandtl No.
NRe = 2'_-?— = Reynolds No,
f = TIanning friction factor = D'arcy factor + 4

Selected values over the range of Reynolds numbers from 600 to 10, 000 are presented
below,

N D'Arcy
Re Friction Facior Colburn Modulus
600 . 035 . 0099
800 . 025 . 0083
1000 . 020 . 0074
1200 . 01625 . 0067
1500 . 01275 . 0059
2000 . 009375 . 0051
2500 . 00975 . 0051
3000 . 01125 . 0055
4000 . 0105 . 0052
5000 . 0100 . 0051
6000 . 009375 . 0049
8000 . 0085 . 0046
10, 000 . 0080 . 0045
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Short Radiator Panel Thermal Vacuum Test - To measure the heat rejection cap-
ability of the radiator design, an actual radiator section was tested in a vacuum chamber
whose walls were cryogenically cooled to simulate a decp space sink temperature (see
Figure 3.5.2,6-16), Available facilities dictated that the test section be shorter and
slightly less than one quarter of the circumfcrence of the radiator. The test panel
measured 48, 0 inches long by 33. 0 inches wide (compared to 111,24 inches by 37. 7
inches for a full quartcr section of the radiator) and was composed of four (0. 085 inch) 1D
radiator tubes. The radiator thermal control coating employcd on the panel was

IITRI Z-93,

The test panel was instrumented with 42 chromel-alumel (type K) thermocouples, placed
on the back (insulated) side and on the 0, 085 inch ID tubes through small holes in the
skin, Four metal sheathed thermocouple probes were installed into the manifolds to
measure the Dowtherm A fluid temperatures, Pressure drop measurements were made
using two sets of pressure taps., One set, placed one inch each from the inlet and
outlet to the tube was used to measure the frictional pressure drop of thc tube. The
other set was placed on the inlet and outlet manifolds, i.5 inches before the inlet and
after the outlet of the pressure tapped radiator tube in order to measure the overall
pressure drop. The manifolds had an inside diameter of 0. 375 inches, Measurements
were made by setting the fluid flow rate and inlet temperature, and allowing the system
to come to a steady state before taking data.

Results of this test show design criteria to he met. Heat rejection rates from the short
panel are given in Figure 3. 5. 2. 6~17 which also shows the design waste heat rejection
adjusted to the short panel area. Pressure drop measurements project the total pres-
sure drop for the full length radiator to be 16. 2 psi at the design flow, well below the
20 psi design goal; turning losses with the manifold-to-tube design employed in the
short panel construction (which is expected to have a higher pressure drop than the
final GDS radiator design) were 1. 8 psi total.

Full Tength Radiator Panel Flow Test - A test to determine the drop/flow charac-
teristics of the GDS radiator design was done using a full length radiator panel. The
panel skin measured 107, 56 inches by 33 inches, and was instrumented with 23
chromel-alumel thermocouples on the uncoated side of the skin, with four chromel-
alumel thermocouples in metal sheaths to measure Dowtherm A fluid temperatures,
and with two sets of pressure taps to measure the total pressure drop and the tube
pressure drop. The four extrusion tubes were 108, 63 inches long, with the pressure
taps 0. 75 inches from the tube ends on the instrumented tube. The test panel was
insulated on the uncoated side with fiberglas insulation and was mounted horizontally
on a test bench as shown in Figure 3.5.2,6-18. This test panel was fabricated with
a redesigned manifold-to-tube assembly attachment which eliminated one of the two
right angle turns previously present in the fluid flow path (i.e., as used in the short
pancl test). The panel was coated with the HTRI Z-93 thermal control coating system.
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FIGURE 3.5.2.6-18. RADIATOR LONG PANEL IN-AIR TEST.




Data was taken at constant flow rates of roughly half the minimum to double the maxi-
mum flows designated for the GDS, or test flows of 0. 02 to 0, 14 1bs/sce per tube,
and at inlet fluid temperaturcs of 212°F, 190°F, and 168°F, Resulls from this test
are given in Figures 3.5, 2,6-19 thru 21, which present the total pressure drop
across the radiator, the pressure drop between the tube taps, and their difference,
or the "header" drop, Correclation between these pressure drop resulls and the GDS
radiator's anticipated space performance should be quite good since heat rcjection
under near nominal conditions (i.e., 212°F inlet temperature and 0, 015 lbs/scc per
tube flow) resulted in an outlet temperature only 2°F lower than the nominal 168°F
outlet temperature.

Several significant conclusions can be drawn from these test results, First, a total
pressure drop of 13 to 14 psi across the radiator easily meets the design goal of less
than 20 psi under nominal flow conditions, Second, the revised manifold-to-tube
assembly design resulted in significant improvement in "header" pressure losses,
with the revised design resulting in less than 40% of the pressure loss of the original
design at any given flow rate, Third, pressure drop characteristics of the radiator
appear to be only moderately temperature dependent, as could be expected from the
known temperature dependence of Dowtherm propertiies, at least within the anticipated
design temperature range,
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3.5.2,6.4 Fabrication and Inspection

The critical arcas of concern with regard to the radiator fabrication cfforts have been
scleeting the most reliable method of non-destructive testing the radiator welds and
assuring that the {flow tube opening has notl been restricted during welding operations.

In the GDS design, there are two welds at each end of the flow tubes so that the number

of welds, in fluid flow arcas, in the radiator is at lecast Nj pog X 4, For the GDS
radiator, this amounts to 64 wecld joints. The first weld attaches a saddle-like, 6061-T6
aluminum alloy adaptor {fitting to each machined end of the 6063-15 aluminwmn alloy ex-~
trusion (flow tube with metcoroid armor), The second weld attaches cach end of the
extrusion/adaptor subassembly to the 6061-T6 aluminum alloy header. Tigure 3.5.2,6-22
shows the location and configuration of cach weld.

The inspection {echnique used during the GDS fabrication was a two stage technique in-
volving each weld at two levels of assembly with 100% of the components cubjected to
inspection, The first assembly level involved welding tl.c saddle-like adaptor to each
end of the machined extrusion., This subassembly is physically easy to inspect, the
flow tube opening can easily be checked for restrictions and assures that only acceptable
components are seam welded to the radiator skin, The sccond assembly level involved
the radiator header to extrusion/adaptor subassembly welds and can only be performed
after the radiator was fully assembled.

An evaluation of non-destructive inspection techniques for thesc weld joints was con-
ducted. In addition to helium leak testing and dye penetrant inspection, a technique for
radiographing these welds was developed. Several vendors were contacted and visited
for discussions of techniques and a determination of capabilities. Universal Technical
Testing Labratories, located in Collingdale, Pennsylvania, was ultimately selected for
this effort and weld samples were submitited for a demonstration of their technique.
Figure 3.5.2.6-23 shews the weld sample configuration and Figurce 3. 5, 2. 6-24 shows
the approximate film locations for the radiographs. TFigure 3.5.2.6-25 is an actual
radiograph of the extrusion/header weld sample.

After each assembly phase of the GDS radiator, cach weld joint was helium leak
checked to assure the integrity of the weld joint. Acceptance criteria was no leak
greater than 1 x 10-5 scc/sec. Afier leak check each weld was radiographed in order
to determine weld joint quality (porosity, inclusions, penetration, etc.). The GDS
radiator was radiographed for information purposes only and to demonstratc a non-
destructive inspection technique. Figure 3.5.2,6-26is an actual radiograph of the
GDS radiator extrusion/adapter subassembly., Based upon the evaluation effort to
date it is concluded that acceptable weld quality can be determined by these inspection
methods (leak check and radiography) after acceptance criteria (i. e., porosity, in-
clusions, penetration, ctc.) have been established as a result of a comprehensive test
program based upon destructive tests, collatcral analysis and radiographs. Informa-
tion acquired during the GDS radiator fabrication effort will be used as a starting point
for developing these criteria.
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Tigures 3.5.2.6~-28 and 3, 5. 2. 6-29 present actual metallography of extrusion/adapter
subasscmbly to header weld samples. Concern has been expressed about the probable
entrapment of air or gases in the annular space beiween the machined end of the ex-
trusion and the saddle adapter fitting, Presumably, these gases, if not removed during
the normal outgassing and evacuation of the system prior to charging the system with
Dowtherm fluid, could be slowly releasecd to thc working fluid circuit,

It has been suggested that onc way {o preclude this entrapment is to seal weld around
the top of the exirusion/adaptor interface. Initially, this was the method used to

join these parts (Figure 3.5.2.6-27). However, the weld was difficult to perform
because of the small dimensions involved (i.e., 0,085 inch inside tube diameter by

0. 032 inch wall) and as a result of this type of edge weld, the flow {ube opening became
smaller by approximately 0. 020 inch. Pursuing this weld method would have introduced
another manufacturing operation, namely enlarging the flow tube opcning fo its original
size. This operation is questionable bec.ausc of the difficully of picking up the exact
centerline of the origiunal flow tube opening in order not to have a mismaitch of holes.
This weld method was then abandoned for the present fillet weld technique.

When viewed from another direction, however, a conservatively calculated maximum

gas volume which could be entrapped between these two filtings is about 0.1 cc for the
entire GDS radiator (i.e., 32 wclds). The system gas scparator should be capable of
removing this small amount of gas with no problem.

216



ADAPTER
FITTING

EXTRUSION

L
\\\\\/ »

FIGURE 3.5.2.6-27
ADAPTER TO EXTRUSION WELD

(OBSOLETE DESIGN)

217



FIGURE 3.5.2.6-28.




FIGURE 3.5.2.6-29
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THERMOELECTRIC TOPPING CYCLE FOR KIPS
ORGANIC RANKINE POWIR SYSTEM

I, SUMMARY AND CONCLUSIONS

A preliminary thermoclectric topping cycle desigh is presented hercin for the
Kilowatt Isotope Power System (KIPS), The desigh employs selenide thermoeleetric
modules (3M) which utilize the available thermal gradient between the KIPS Heat Source
(MHW) and the boiler to generate DC clectrical power supplementing the orzanic Rankine
cycle power output. The thermoelectric subsystem performance presented herein was
predicted by extrapolation of currently demonstrated (3M) thermoelectric material pro-
perties, but as better definition of the selenide conversion material properties is ob-
tained (particularly at higher cold junction temperaturcs), a significant improvement
in the projected topping cycle output may be realized. The significant highlights of the

KIPS topping cycle design compared to the present KIPS design are presented below:

KIPS-Topping Pregent KIPS

Overall conversion efficiency 22,2% 18. 05%
Weight increase (Ibs) (per HSA) 25,5 0

Total weight (per HsA) (1) 103, 2 7.7
Power outlput increase (watts(e)) 100 0

(net gain per IISA)

Specific power (watts(e)/1b) 5,17 5,58
(based on HSA weight only)

Design Voltage (VDC) 28 28
Maximum diameter® x length** 13.6 x 22,1 12,7 x22,1

(each HSA)

‘ *  Excluding mounting provisions

** Excluding tubing conncetions
(1) Present KIPS weight based on GDE devizr, Updiied flioht svotom MISA weight
is lighter bul corrosp nding LOopPiyy SVstCin woG Ll e LS o W agil Suno,

iwsh 3136
-1-
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The design presented maintains heat source temperatures within acceptable
limits under normal opcrational conditions and through transient emergency conditions
resulting from failurc of the thermoelectric circuit and/or failure of the organic
Rankine cycle working fluid circuit. However, equilibrium PICS temperatures after
loss of coolant accidents are predicted to be higher than the current acceptable values.
Nevertheless it is judged that through additional design work these could be made
acceplable,

It is concluded therefore that the integration of a selenide thermoelectric
topping cycle with the present KIPS heat source assem’.ly appears to be a viable means
of improving the overall conversion efficiency of the KIPS system, without a serious
compromise of the favorable nuclcar safety characteristics of the present KIPS design,
and for a small reduction in the overall power-to-weight ratio.

The reduction in organic Rankine cycle efficiency, because of the loss of heat
converted to electrical power in passing through the thermoelectrics, is approximately
one (1) percent. Thus, the overall efficicncy improvement results in a predicted sub-

stantial rise in system electrical outpul of about 23%.




11, INTRODUCTION

A, Obijective

The prescnt KIPS design employs a radiation barrier in the annular space be-
tween the heat source surface and the Dowtherm A boiler ingside surface., The purpose
of this barrier is to increase the operational temperaturc of the hcat source to a level
where the PICS should survive an emergency rcentry/impact event, at least based on
present impact data.

Because of the artificial manner in which the heal source surface temperature
is being elevated, it was judged that the incorporation of a thermoelectric topping system
in the annular space betwecn the heat source and the boiler might possibly be made with-
out any penalty but weight and cost. That is, thc incorporation could be made without
increasing the heat source or other component temperatures appreciably, and with a
significant increase in the overall system efficiency for the same thermal inventory.

| The objectives of thig study were to evaluate as many of the significant agpects
of a topping cycle incorporation as time would permit and in sufficient detail to permit
a realistic evaluation of its feasibilily and potential performance. The gignificant
potential consequences of the inclusion of a topping cycle with the KIPS rankine cycle
were considered to be: (1) a performance increase; (2) a weight increase; (3) very litile
change in operational temperatures and heat losses; (4) considerable cffect on the response
of the heat sourcc asscmbly 10 emcrgency conditions (both transient and long term
steady state); (5) small size increase; and (6) some changes in the configuration and
assembly techniques.

B. Scopc of Investigation

The only thermocleetric material combination considered to be viable for the

topping portion of the system is the 3M Company's selenid thermoclectric system

ESN-313¢



which consists of gadolinium selenide N type ma@erial and copper-silver~selenide P
type material. A silicon germanium alloy couple was bricfly considered but was dis-
carded because of marginal efficiency increase, and a lead telluride/TAGS sysicm is
ruled out because the hot side temperatures are exccssive.

The thermoelectric performance assumed for this study represents extrapola-
tion of data from tests being currently conducted by 3M in conjunction with the Teledyne-
3M-DOE SIG program. The performance is based on extrapolating the data to higher
cold junction temperatures than have either been tested or evaluated analytically, The
3M Company has agreed to evaluate the performance of their couple at the higher cold
junction tempar ature (400°C) as a check on the extrapolated performance used herein,
Should any significant discrepancy exist at that point in time, an addendum to this
report will be issued.

For conservatism, the cold-end hardware presently planned for use with the
3M couple in the SIG gencrator was assumed for this study. Although some improvement
in cold-cnd temperature drop might be achieved by redesign of this hardware, the
credibility of such a design would be questioned and perhaps tend to negate an other-
wise realistic conclusion as to the potential of the topping cycle concept.

Similarly the selection of the couple geometry is not final, but the selected
design is the present S1G gencrator couple design for credibility. Parametric evalua-
tion of the performance of variations of the couple gecometry was conducted but the lack
of sufficient thermoeclectric design information at this {ime makes the calculated per-
formance uncertain and thercfore it cannotl be used until it can be confirmed, There
may be, for cxample, some significant performance advantages to utilizing a longer
(larger area) thermoclectrie couple provided the weight/size penalty is aceeptable,

but this cannot be evaluated properly under the present circumstances.
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-~ -




From a configuration standpoint, only modifications to the present KIPS Heat
Source Assembly design were considered in this study. The exception to this was the
boiler design (which required change in any event) where two new approaches wcre
evaluated.

The study also considered the safety aspects of incorporating a thermoelectric
topping cycle in the event that one of several critical emergency conditions develops.
The purpose of this portion of the investigation was to assure that certain critical heat

source component (particularly the PICS) temperature constraints would not be violated.

ESD-3158
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III, SYSTEM DESCRIPTION

A, Thermoclectric Module

The thermoclectric module measures 2. 50 inches by 11. 56 inches and contains
192 thermoelectric couple assembliecs., There are four module assemblies in each
Heat Sourcc Assembly (HSA), each with a 124 watt(e) output. The module assemblies
are located between the heal accumulator ring outside diameter and the inside diameter
of the boiler assembly and are equally spaced around the MHW heat source. See
Figure 1. The module will be constructed of the selenide materials which are cur-
rently under developiient in the SIG program. The module assembly is comprised
of two major components, the thermoelectric couple assembly and the heat rejection
gystem,

The thermoelectric couple assembly is identical to the couple assembly under
development in the SIG program. See Tigure 2.

The heat rejectlion system can be broken down into two subsystems, the fin and
the boiler assembly, The fin is an integral part of each module assembly and is in
direct contact with the inside diameter of the boiler assembly., Each fin has two in-
tegral, lorgitudinal ribs which are perpendicular to the outer surface of the fin. Each
of these ribs is slotted for purposes of attachment of the follower spring to the strap
asscmbly and to enable axial growth resulting from thermal expansion of the various
components. The inner surface of the fin is counterbored to accept the N-leg and
P-leg springs. The conductive heat rejection path is through the strap assembly/rib
interface and to the boilcr assembly.

The P-leg and N-leg spring loads are reacted against the graphite heat accum-
ulator ring on the hot side and the boiler assembly on the cold side, The thermo-
clectric couple assemblies are placed between the heat accumulator ring and the boiler 6
aszembly by means of snecinl tooling,
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B, Heat Source Assembly (HSA)

The addition of a thermoelectric topping cycle increases the power output of an
individual HSA from 433 watts(c) to 533 watts(e) resulting in an increased of system
efficiency to 22% (18% without topping).

An HSA with a thermoelcetric topping cycle (Figurce 1) measures 13. 60 inches
diameter at cach end (12, 40 inches diameter at center) and weighs approximately 106
pounds. A HSA without the topping cycle measures 12, 70 inches diameter at one end,
12, 02 inches diameter at the opposite end (10. 22 inches diameter at center) and weighs
approximately 80 poul.ds. Neithcr of these dimensions include mounting provisions.
The major physical difference between the two HSA's is the growth in the housing and
boiler assembly diametcrs and the additional components required for the topping cycle.
A listing of individual component weights for each HSA can be found in Table 1,

The hot sides of the module assemblies arc in direct conlact with a heat ac-
cumulator ring which fits around the isotope heat source and positions the module
agsemblies relative to the heat source. The ring is sized to take the spring loads
from the individual couple assemblies and is supported on each end by fibrous (Min-K)
insulation, The ring mcasures 7.47 inches inside diameter by 7. 97 inches outside
diameter and is 11. 56 inches long. This ring replaces the radiation barrier which is
required in a conventional IISA,

The inside diameter of the boiler assembly is a critical surface since intimate
contact with the module assembly {in must be maintained. Therefore, this diameter
must be machined to a close tolerance after the boiler tubes have been attached.

There are iwo methods of routing the boiler tubes around the hoiler shell.
One method is routing in a gpiral fashion as shown in Figure 1. This corre~

sponds to the routing pregently used in the boiler assembly for the Eleetrical Heat
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Source Assembly (EHSA), Since the boiler diameter is increased, each end of the
boiler tube can exit in-line with the boiler shell, This resulis in a boiler and housing
assembly which is symmelrical on each end. Externally, the inter-HSA piping con-
nections are the same as now exist on the Ground Demonstration System (GDS).

The alternate metbod of routing the boiler tube may, in the long run, be the
more desirable because of the simplificd external piping arrangement. This method
routes the tubes in a vertical manner around the boiler assembly, concentrating the
tube locations direcily over the module assemblies. See Figurc 3. The boiler tube
inlet and outlet would be on the same end of the HSA, thereby simplifying the external
piping connections.

In order for the module assemblies to function more efficiently, the space be-
tween modules must be insulated in order to force the heat through the thermoelectrics.
In an emergency overicriperature sithation (i.e., boiler fluid flow stops), it is possible
for the thermoclectric materials to deteriorate, thereby eliminating the primary heat
rejection path to the boiler assembly, Since Min-K type insulation will remain intact
in thig situation theve would be high resistance to heat flow to the boiler assembly, and as
a result, the heat source {emperature would be excessive, Multifoil insulation, with
the use of the proper metal, will prevent this excessive temperature from occuring
since it will melt at a predetermined, safe temperature thereby allowing the heat
source {o radiafe dircctly to the boiler assembly,

C. System Assembly

Assembly of the HSA with thermoelectric topping is slightly different than as-~
scembly of a conventional [ISA and must be accomplished in an inert, oxygen free en-
vironment because of the nature of the thermocleetrices and the heat source, A special

facility will be required for this opervation,
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Initially, the heat accumulator ring, the four module assemblics, the cold side
rib and the boiler assembly will be assembled together, A special assembly tool will
be required for this operation,

Min-K insulation can be installed into the lower end of the housing and the
O-ring scal, lower cover and lock ring can be installed. The cover will act as a re-
straint for the insulation, The thermoelectric module subassembly is then lowered
into the housing cavity until the boiler assembly flange bottomes on the insulation,
The multifoil insulation, which fits between the boiler assembly and the inside dia-
meter of the housing can be inserted. Aftcr installation of the multifoil insulation
segments between module assemblies, the upper outer rings of insulation can be in-
stalled and hand fitted as necessary for routing of the output power wires which come
from the thermoelectric module assemblies. After soldering these wires to the power
output receptacle, the upper outer cover is installed, At this point the boiler assem-
bly tubes arc cut to proper length and welded {o the feedthrough fittings which are in
the cover assembly, Fittings are added 1o the boiler tubes. Tooling required to
perform this portion of the assembly will be similar to the tooling used to assemble
the EHSA,

Fueling of the HSA may require that the scmi-completed assembly be trans-
ferred to another inert atmosphcre chamber, onc which has the capability of being
evacuated as well as being purged with inert gas, Using tooling which will be unique
for this assembly, the heat source will be lowered into its cavity, the center ring of
insulation hand fitted so that thc proper preload is applicd to the heal source and the
center cover installed. Installation of the cover will require tooling similar to the
tooling used {o asscmble the EHSA,

ESD-3138
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TABLE I

WEIGHT BREAKDOWN PER HEAT SOURCE ASSEMBLY

Housing Assembly

Lock Ring - Upper Outcr

Lock Ring ~ Upper Inner

Lock Ring - Lower

Cover - Upper Outer

Cover - Upper Inner

Cover - Lower

Receptacle

Penectration Assembly (. 25 Diameter)
Penetration Agsembly (. 50 Diameter)
Gasket

Boiler Assembly

Heat Source

Multifoil Insulation

Min-K Insulation

Radiation Barricr

Hardware, O-Rings, Boiler Tube Fittings, ete.

Ieat Accumulator Ring

T/E Module Assembly & Cold Side Rib

Multifoil Insulation Between Modules)

}

HSA

W/0O Topping

(Lbs)

10.13
. 81
.50
.76

1,53
1.41

2,11

. 26
.30
.01
7.82

42,00

3.08

77.70
133,38

W/ () (5,50 watta/lh)

Y

HSA

W/Topping
(Lbs)

10. 60
.94
.50
.94

2.10
1.41
2,73
.11
.26
.30
.01
13.02
42,00
4,24
8.16
0. 57
4.56
7.21

3.50

103.16
533.3

(5, 17 watts/1h)




IV, PERFORMANCE OF SYSTEM

A, Steady State

Normal operating temperatures for the present K1PS design are presented in
Ref, 5 and are based on the are based on the average temperature of the number two
boiler in the KIPS threce boiler heat source arrangement, The nominal average fluid
temperature for this #2 boiler is 340°C. Maintenance of this boiler temperature was
selected as a design constraint for the topping cycle performance study, The other con-
straint assumed for the study was a limit to the hot junction temperature of 850°C which
is the current degign limitation for the selenide materit's  The fluid to boiler tube
surface temperaturc difference (film drop) is assumed to be 17°C, No temperature
drops are assumed within the metal of the boiler due to the substantial thickness of
copper required to react the cold end hardware spring forces. End heat losses are
assumed to be 100 watts due {o the increasced housing diameter, The thermal inventory
is assumecd to be 2400 watts., The resulting norinal operating temperatures for the KIPS

topping cycle design are compared to the present KIPS desigh below:

Topping No Topping
Temperature Temperaiure
Location ~°C (°C)
Fluid 340 340
Boiler 360 360
T/E Cold Junction 400 —
Heat Accumulator Ring I, D. 852 —_
Heat Source Surface O.D. 885 849
PICS (Approximate) 1240 1204

ESD-3138
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Operational thermoclectric performance of the topping cycle is presented in
Table 2, The calculational methodology is outlined in Appendix A, It is important to
note that there is no significant impact on the amount of heat delivered to the boiler
other than the dircct removal of that portion of the heat converted to electrical power
in the thernoeclectric clements. Hence, the organic Rankine cycle output is only

slightly reduced by the addition of the thermoelectric topping cycle.
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TABLE 2

PREDICTED KIPS T/E TOPPING CYCLE
THERMOELECTRIC PERFORMANCE

(Currcent Standard Material)

Leg length (inches) .30
Total thermal inventory (walls) 2400
End heat loss (watts) ~ both ends totaled 100
Module insulation heat loss (walle) 283
Heat available for conversion (walts) 2067
Calculated T/E efficienty* (%) 6.0
Electrical power output* (watts) 124
Total thermoeleciric area (square inches) 46, 9
N leg total area (square inches) 23,95
P leg total area (squarc inches) 22,95
Load voltage (volts) 28
Number of couples 190
N leg diameter (inches) .40

P leg diameter (inches) .39

* Negleeting 257 extrancous resistance,
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B. Emergency

Two failure modes are considered: loss of T/E electrical output and loss of

coolant flow., Both [ailurcs arc assumed to start from the normal operating condition.

In the event the topping cycle electrical circuit becomes cither shorted or

opened and the organic Rankine cycle thermal operation is not primarily affected, the
assumed impact on gystem operation is as followgs:

1. The boiler sees approximately 120 W{*) more heat input,

2, The boiler will rise approximately 6°C in temperature as predicted by
Figure 3 ~f Ref, 6,

3. The cold junction temperature rises about 6°C,

4. Sublimation of selenium duc 1o cither copper migration or increcased tem-
perature at the hot shoe vesults in loss of thermal contact between the hot
shoe and the thermoelement,

5. The heat accumulator ring risc in temperature until the thermal inventory
minug end losses can be transferred to the boiler by:

a. Conduction through insulafion between thermoclectric modules.
b. Conduction through insulation between thermoelectric elements,
c. Radiation to thermoelcements, then conduction through the elements,

For this {ailure, the femperatire rise of the heat acecwnulator bloek would

probably not be sufficient to melt our multifoil insulation between the thermoelecetric
modules, Hence, component temperatures wovld be in the same as if fibrous

(Min-K type) insulation were used in place of muliifoil. These component temperatures
are:

l5S1y 3138
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Temperature

Location __~°C
Boiler 366
T/E Cold Junction . 404
T/E Element Hot Side 477
Heat Accumulator Ring 1. D. 912
Heat Source Surface O, D, 951
PICS (Approximate) 1306

A far more serious failurc would be the loss of organic Rankine cycle working
fluid flow. In this event, the hoiler temperature equilibrates at about 827°C, which
would melt any cold end hardware components made of aluminum. Creep and/or
relaxation of the springs would occur at an accelerated rate. Also, the high hot side
temperatures would promote selenide sublimation. Kventually, conductive heal trans-
fer could be stopped at both the hot and cold ends of the clement, resulling in two
radiation gaps in series with the thermoclectric material thermal resistance.

This will drive the hecat accumulator ring temperature up and result in melt-
down of the mullifoil insulation, Assuming fibrous (Min-K type) insulation present

between thermoelectric modules ingtead of muliifoil, the temperatares at significant

locations are:



Temperature

Location . ~°C
Boiler 827
T/E Cold Junction 1061
T/E Element Hot Side 1143
Heal Accunulator Ring I, D. 1276
Heat Source Surface O, D. 1293
PICS 1648

In the above scenario the PICS temperature is oignificantly above tolerable
steady state values. However, if a melting multifoil insulation is used in place of
fibrous insulation bctween modules, the maximum PICS temperatures are established
by the foil melting temperature, With a 900°C melt temperature, the final steady state
temperatures, assuming incomplete foil melting and disregarding transients during

the melling process are:

Temperature
Location ~°C
Boiler 827
Hottest Remaining Foil 899
T/E Element Hot Side 915?/
Heat Accumulator Ring 1, D. 967
Heat Source Surface O, D, 1053
PICS 1408

NOTE: The 1408°C PICS {temperature presented above was calculated by assuming
that one foil remained infact afler the meltdown, Meltdown tests showed
that this foil partially melted even in a gravity dominated test environment,
Thus, the PICS temperature after meltdown is eapected to be closer to
1280°C, a value predicied o complete weltdown of the foil systems,
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’ V. TRADEOIF STUDIS

A. T/E Configuration

The thermoceleetric properties of the sclenide conversion materials were
estimated as functions of current density and temperature using the best available*
data from 3M rcports. This enabled the performance of any couple conliguration to
be predicted, Although the baseline topping cycle design utilizes the SIG couple con-
figuration, some advantages are evident for altering the thermocelement length and
diameter. Increasing the thermoelement length requires an increase in diameter to
transport the fixed thermal inventory with the desired hot to cold junction temperaturc
difference. This diameter increase means greater total area of thermoclectric ma-
terial as compared to interelement insulation; hence, higher thermal efficiency.
Several clement lengths were examined to determine the sensitivity of clectrical power
output to leg length, For a change {from 0.3 inch to 0,6 inch long thermoelcments,
about 11 watts (per heal source asscmbly) morce clectrical output can he expected
considering the interelement insulation to the Min-X and the intermodule insulation

multifoil,

B. Temperatures (Hot Junction/Cold Junction)

Maximum hot junction coupled with minimum cc;ld junction temperaturcs pro-
vide greatest electrical output from the topping cyele. Practical considerations impose
specific limits on both junction temperatures resuliing in lower thermoclectric
efficiency than obtained in the SIG program application. The 8M Company, suppliers
of the selenide conversion material, currently recommend a hot junction temperature
of 850°C. Within several years additional development of this material is expected
to permit the hot junction {emperature to rise to 900°C, which would rosult in an

‘ improvement in topping cycle electrieal oulput,

* Sco page -1, FuTL g
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The cold junction temperature is established by the boiler operating tempera-
ture. Lowering the boiler temperature was found {o have a substantial adverse impact
on the efficiency of the organic Rankine cycle system. This adverse impact over-
whelmed the power gain for the topping cycle, so that from a systems viewpoint the
cold junction temperature is best left near the current nominal boiler operating

temperature,.
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VI. SAFETY CONSIDERATIONS

The KIPS nuclear safely status is strongly dependent on the ability of the PICS
to survive impact and subsequently contain the nuclear fucl. This places lower hounds
on the allowable PICS temperaturc., Similarly, upper temperature limits arc imposed
on the PICS for full compatibility veasons., The proper funciioning of the PICH requires
that it be kepl within a narrow range of temperatures, Ience, acceptable heatl source
temperatures are dictated by the range of permissable PICS temperatures.

Identification of malfunctions which afleet heat source temperatures and veri-
fication that the malfunction does nol arive temperalures beyond acceplable limits
provides a basic demonstiration of nuclear safety with respect to temperature exeur-
sions.

The most severc (with respect to heat source temperature) credible failure of
the topping cycle itsclf is the shorting or opening of the thermoclectric circuit.
Organic Rankine cycle failures are felt by the heat source only if the ability of the
working fluid to remove isotopic decay heal 1s reduced. The worst case is total loss
of coolant flow,

Both clecirical failure of the toppinz cycle and loss of coolant accidents can
be tolerated withoul greatly exceeding the presently accepted lieal source temperature

limits, Analyses demonsirating this capahility arce discussed in Section 1V-B,
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VIO. CONCLUSIONS

A complete conceptunl design of a thermoclccetric topping eycle is presented
with supporting analyses, Considerable (about 4%) incrcase in overall KiPS cycle
efficiency is predicted withowt seriously violating heat source temperature constraints.
The hardware analyzed is basically that being developed {or the SIG program. Antici-
pated thermoclement improvements may further incercase topping cycle clectrical
output, Component development required specifically for the KIPS {opping cycle would
include a 1nelling multifoil insulation for use between the thermoclectiric modules,
acting as sn emergency heatl release path between the MUIW heat source and the boiler.

Although the proposed topping cyele design utilizes thermocelectiric modules
essentially ideniical to those used on the SIG program, a moderate increase in power
outpul can be obtaincd by increasing the thermocleinent length, The clectrical output
of the modules would be incroased about 10% by lengthening the thermoelements {rom
0.3 inch to 0.6 inch, The major penalties for this power incrcase would be the cost
of developing a sclenide module with the mediflied thermoelement dimensions and the
weight increase associated with the longer clewents.

Normal operating temperatures of the MIIVW heatl source are slightly higher
with the topping cycle added. This is due to the sizing of the thermoelements and
modules to achieve 850°C on the hot junction in order to maximize the thermoclectric
output, and the presence of a heet accumulator bloek tor case of system assembly,

Alihough inclusion of the topping cycle adds weight to the overall system, the
specific weight in watis per pound is reduced hy only 7 to 8% (5. 17 w/1b with topping
ve 5,58 withoul), Anticipated ivercases in thermocloment performance as an out-

growth of 531G developmen! work would not afteet system weight,




The major area for system growth liecs in the continued development of the
selenide materials. These materials are relatively new and untected at this juncture
and il is not unrcasonable to agsume, based upon current 3M Company predictions that
system efficiency can be increased as wuch as 5% without an additional weight increase.
The increased efficiency could resvlt in as mueh as 53 watts(e) additional power output,
increasing the HSA power output from 533 wattg(e) 1o 616 watts(e).

Since system efficiency would be approaching the predieted Brayton Cycle
(BIPS) system efficiency, it would imply that it might be possible ultimately to eliminate
one HSA from the KIPS system., Two IISA's would provide between 1050 watts(e) at the
predicted efficiency) and 1232 watis(e) (future predicted efficicucy) of electrical power.
The obvious end result would be a decrease in system cost, weight, complexity and a

savings of isotope fuel.
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APPENDIX A

The thermoceleciric performance of the KITS topping cycle was predicted in the

following manner:

1.

Test data and SIG GNS performance predictions were from the SIG program
accumulated and reviewed, Values of Sccheck coefficient (@) and resis-
tivity (£ ) were back caleulsted {rom open circuit voltage and resistance.
This data was found in Rcferences 1 and 2,

Trends of o, p and conduclivily (k) with temperature and current density
(P leg only) were evaluated from Ref, 3. Absolute values of k for the P

leg were quotcd in this reference,

The test data and predicted GDS performance data were modified in accord-
ance with the obscerved {rends with temperature to give baseline values of
cand p at T

= 850°C and Tco = 400°C, Since kp is estimaled at the

hot 1d
test couple operating temperature range, ky is calculated based on the
test couple arca ratio assuming an optimmum efficiency design. ky and kp
arc then adjusted to the 850/4006°C KIPS operaling range.

Assuming a required load vollage of 28 volis at matched load operation,
the required number of couples was calculated for a single string circuit.
Using cquations presented in Ref, 4, the efficiency was determined based
on best estimate values of @, p and k, and exirapolations of the GDS per-
formance predictions.

Overall internal resistance, area ratio, and element eross sectional arcas

were determined, Current and P leg arca were used to determine current

dengity.,
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7. Values of ap and pp were corrected for the calculated current density if
necessary, If significant changes in these properties occurred, the per-

formancce prediction calculations would be iterated starling at step 4.
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