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COMPARISON OF TWC AND THREE DIMENSIONAL STEADY-STATE THERMAL
ANALYSES OF A HEAT SOURCE CONSIDERED FOR ISOTOPE BRAYTON

by
Raymond K. Burns

Lewis Research Center

SUMMARY

Two and three dimensional thermal analyses have been per-
formed to predict the internal temperatures in an isotope heat
source during steady-state operation with a Brayton power sys-
tem. The heat source design considered is a slight modifica-
tion of the Pioneer heat source and is referred to herein as
IBHS. Two and three dimensional results are compared for a
limited range of fuel loadings about the nominal 400 W value
and for a range of capsule lengths. Three types of reentry
protection insulation sleeves were considered, namely the
nickel-zirconia thermal switch, Carb-I-Tex graphite, and two
layers of pyrolytic graphite.

Several two dimensional methods to thermally analyzing an
IBHS were examined. Two slightly different thermal models
were employed. For each of these models two approaches to
applying the results to the IBHS were used. One approach con-
sisted of estimating the effective fuel power density (indepen-
dent of three dimensional results) which was then input to the
two dimensional models. \This resulted in slightly conservative
(high) predictions of IBﬁénhot~spot temperatures compared to
three dimensional results. The other approach consisted of
using a small number of three dimensional solutions to develop
expressions for effective fuel power density as a function of
heat source length and then applying these to the two dimen-
sional thermal models. Such an approach could be used, when
many solutions are required, to reduce the time which would be
involved if a three dimensional analysis were used to obtain
all reguired solutions.

INTRODUCTION

References 1-3 were concerned with the steady-state opera-
tional thermal analysis of an isotope heat source which was
considered as an energy source for a Brayton system for genera-
tion of auxiliary power in space (see refs. U4-5). 1In the energy
source design, a planar array of heat sources radiates thermal
energy to the heat source heat exchanger (HSHX). The Brayton
cycle working gas is heated to the turbine inlet temperature as




it flows through this heat exchanger. The array of heat
sources and its support structure is referred to as the

heat source unit (HSU). Each individual heat source, herein
called an isotope Brayton heat_source (IBHS), consists of a
metallic capsule containing Pu radioisotope fuel and sur-
rounded by graphitic reentry protection materials.

The thermal analyses in references 1-3 were concerned
with simulating one IBHS located in the array. In references
2 and 3, a two dimensional thermal model of the IBHS was em-
ployed. Since the IBHS is actually a three dimensional en-
tity, assumptions were made concerning the three dimensional
heat transfer effects in applying the two dimensional model.
Full evaluation of these assumptions could be made with =z
three dimensional analysis, but this had not been done at
that time. In reference 1, a three dimensional thermal
model was employed, but it was simplified by neglecting some
of the heat transfer paths in the end regions of the heat
source. Because of these simplifications this thermal model
was known to be conservative,

The purpose of this report is to present some results of
a complete three dimensional amnalysis of an IBHS during
steady-state power system operation and to compare these re-
sults to two dimensional predictions. Two dimensional results
are dependent on the assumptions which are necessary to apply
them to an actual IBHS. Several methods of applying two dimen-
sional analyses are considered here, including the one used in
reference 2, The results are given over a range of fuel load-
ings of +10 percent about the nominal 400 W and over a range of
fuel capsule length from the 6.3-inch length comsidered for the
IBHS to the 4.8-inch length of the fuel capsule in the heat
source for the Pioneer mission isotope thermoelectric generator.

DESCRIPTION OF THE HEAT SOURCE AND THE HEAT SOURCE UNIT

The isotope Brayton heat source (IBHS) considered for
analysis here and in references 1-3 is shown in figure 1. IT is
a derivative of the heat source being developed by the AEC Tor
the Pioneer mission isotope thermoelectric generator. The fuel
is contained within a hemispherically capped, cylindrical, re-
fractory metal capsule. The structural member is T-111 (a tan-
talum alloy) and is separated from the fuel by a tantalum -10
percent tungsten liner. The T-111 is covered by a platinum -20
percent rhodium oxidation resistance clad. The fuel is distrib-
uted throughout the cylindrical portion of the capsule. The
hemispherical end regions are filled by foamed molybdenum spacers.

The fuel capsule is vented, and a pressure retention de-
vice is included in one end (mot shown in figure 1) to maintain
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a helium pressure of 1.0 to 6.0 psia within the platinum -20
percent rhodium clad. In the thermal analysis, it is assumed
that all gaps within the capsule are helium filled.

A heat source consists of a fueled capsule and its re-
entry.protection. The IBHS reentry protection considered in
this analysis consists of POCO and Carb-I-Tex graphites and
insulation materials. The cylindrical portion of the capsule
is surrounded by a sleeve of reentry insulation. This is then
surrounded by an outer sleeve of POCO graphite which has a
hexagonal exterior shape. Two threaded Carb-I-Tex end plugs
hold the capsule within the POCO sleeve. In the IBHS configu-
ration considered here, the end plugs are separated from the
capsule by 6 percent dense tantalum felt compliance pads. A
layer of TZM (molybdenum alloy) is included between the com-
pliance pads and the end plugs.

Several types of reentry insulation sleeves are considered
for the IBHS. Thermal results for heat sources with three
types of insulation are given here. One consists of a2 sleeve
of two layers of pyrolytic graphite (PG) with a total thickness
of 134 mils. Because of the present uncertainty in the correct
value of PG emissivity, all results for this type of insulation
are given for two values of emissivity, 0.5 and 0.8. The other
insulations considered are a 200-mil-thick sleeve of Carb-I-Tex
graphite and a 200~mil-thick sleeve of nickel-zirconia thermal
switch material. The thermal switch is a zirconia foam impreg-
nated with nickel. It exhibits an irreversible decrease in
thermal conductivity if the material reaches or exceeds the
nickel melting temperasture (~2600° F) during atmospheric re-
entry (see ref. 6). The low thermal conductivity required for
thermal protection during reentry does not therefore have to
exist during power system operation.

The thermal analysis assumes that for operation with the
Brayton system, the heat sources are arranged in a close-packed,
circulsr, planar array {see fig. 2). The IBHS array and its
support structure are referred to as the heat source unit (HSU).
The thermal energy generated in the fuel is radiated from ome
side of this planar array to the heat source heat exchanger
which is located parallel to it. The thermal analysis presented
here and in references 1-3 are intended to simulate a typical
IBHS located within the HSU array.

THREE DIMENSIONAIL ANALYSIS
Thermal wmodel ~ The IBHS was thermally simulated by the

nodal model shown in figure 3. The wmodel represents one gquar-
ter of an IBHS located in a close-packed array. It assumes
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that the temperature distribution of a heat source is
symmetrical about the two cross-sectional planes bounding the
nodal model. The thermal energy generated in the fuel is
transferred within the IBHS to the top POCO surfaces where

it is then radiated to the HSHX., The total radiation view
factors from the POCO surface to the HSHX account for the
presence of adjacent heat sources and for reflection and re-
radiation of energy between them and the HSHX. Heat transfer
to the support structure and to the adjacent heat sources
would be small and is neglected. With these thermal boundary
conditions., the temperature of each node during power system
steady-state operation was determined by use of the CINDA-3G
computer code (ref. 7).

The thermal properties of the nodes designated as re-
entry insulation were taken as either nickel-zirconia thermal
switch, Carb-I-Tex, or pyrolytic graphite (PG) depending on
which was being considered for the IBHS. The thermal switch
and Carb-I-Tex insulations were assumed to consist of single
layers 200 mils thick radially. The PG insulation was taken
as two layers, each 67 mils thick, separated by a radiation
gap.

The foamed molybdenum end region filler is assumed to
have a thermal conductivity equal to that of the fuel and is
assumed to be separated from the fuel and the liner by & uni-
form 10-mil helium-filled gap. The pressure relief device is
not included in the model. Helium-filled gaps of uniform 10-
mil thickness are assumed to separate The fuel and liner, the
liner and structural member, and the structural member and
clad. The reentry insulation sleeve is assumed to be separated
from the clad and from the POCO graphite by radiation gaps. The
tantalum felt compliance pad is assumed to have a thermal con-
ductivity of 0.167 Btu/hr-ft-°F and is assumed to be in contact
with the clad and the TZM end cap with negligible thermdl con-
tact resistance. The TZM cap is separated from the Carb-I-Tex
end plug by either a radiation gap or an assumed therma} con-
ductance. The Carb-I-Tex end plug and the POCO graphite are
assumed to be in contact with an assumed value of thermal con-
ductance.

Three Dimensional Results

The key hot spot temperatures in the IBHS with various

types of reentry insulation sleeves are given in figures U-6

as a function of fuel load. The dimensions of the IBHS are
those given in figure 1. A variation of U0 watts about the
nominal H00-watt fuel load is considered. The sink tempera-
ture (HSHX surface temperature) is taken as a uniform 1670° F.
In addition to the assumptions already mentioned in the prev-
ious section, the contact conductance between the POCO graohlfe
and the Carb-I-Tex end plug was taken as 100 Btu/hr- Ft2 and
it was assumed that there is a radiation gap between the TLM




and the end plug. The effects of these assumptions are ex-
amined later.

For a 400 W fuel load the liner hot spot temperature
shown in figure 4 for a thermal switch reentry insulation
sleeve is 2200° F and in figure 5 for a Carb-I-Tex reentry
insulation sleeve is 2150° F. In the case of PG reentry in-
sulation, two sets of results are given in figure 6a and 6L
for two possible values of PG emissivity. For a PG emissivity
of 0.8, the liner hot spot temperature is shown as 22009 T and
for a PG emissivity of 0.5, it is «-2300° F. For the present
HSU geometry and with the assumption that the IBHS temperatures
are symmetrical about the central cross sections bounding the
thermal model, these hot spot temperatures occur in the longi-
tudinal central cross section at the bottom of the heat source.

The distribution of heat transfer within the IBHS for =
400 W fuell load, for the case shown in figure 4 (thermal
switch insulation sleeve) is given in figure 7. Of the total
thermal ewnergy generated in the fuel, 90 percent is transferved
directly to the cylindrical portion of the liner. The remain-
ing 10 percent is transferred through the foamed molybdenum
filler in the end regions and then to the liner. Eighty-one
percent of the energy is transferred through the reentry insu-
lation sleeve to the POCO graphite. The remaining 19 percent
is transferred through the compliance pad and Carb-I-Tex end
plug to the POCO. It can be seen that about half of the energy
which is transferred through the compliance pad is transferred
from the fuel to the capsule end region longitudinally through
the capsule metallic members.

As a result of the relatively high thermal conductivity of
the POCO, the distribution of heat transfer from the POCO to
the HSHX is rather uniform. The 58 percent shown being trans-
tferred from the POCO which surrounds the cylindrical portion
of the capsule is from about 52 percent of the area. This is
illustrated more clearly in figure 8 where the distribution of
radiation transfer per unit heat source length along the length
is shown. The flux is normalized with respect to the average
flux defined as the total fuel load divided by the total heat
source length.

The hot spot temperatures would change with a change in
the percent of the energy transferred through the end region.
In order to determine the importance of the heat transfer
path through the foamed molybdenum filler, a solution was ob-
tained for the same case as shown in figure 7 with the excep-
tion that the thermal connection hetween the filler and liner
was removed (eguivalent to assuming that the filler is per-
fectly insulated from the liner). The distribution of hesat
transfer for this case is shown in figure 9. Although no heat




is transferred from the filler to the liner, 18 percent of

the energy generated in the fuel is transferred to the compli-
ance pads around the capsule ends, compared to 19 percent

shown in figure 7. This resulted in a liner hot spot tempera-
ture prediction of only 5° higher than in figure 4. The heat
transfer through the end region filler reduces the longitudinal
heat transfer, and hence temperature gradient, in the metallic
members, but it does mnot appreciably change the percentage of
heat transferred through the reentry insulation sleeve and does
not appreciably change the hot spot temperatures.

The effects of changes in heat transfer through the IBHS
end region on the liner hot spot temperature is further illus
trated by figure 10. The curve labeled A corresponds to the
assumed thermal interfaces used for the results shown in fig-
ures H4-6. The curve labeled D is the limiting case in which
no heat is transferred through the capsule end, the compliance
pads, and the end plugs. The thermal energy is confined to
transfer from the fuel, through the reentry insulation sleeve,
to the POCO, The heat transfer in the POCO is longitudinal,
as well as circumferential and radial, to the top surface from
which it is radiated to the HSHX. At 400 W fuel load this case
yields a liner hot spot temperature about 70° T higher than
case A, This case D is the modified three dimensional model
which was employed in reference 1.

i

The distribution of energy transferred through the re-
entry insulation sleeve and the end regions also is & fwncthn
of the capsule length. If the IBHS end region dimensions
held constant and the overall heat source length is decresacs
by shortening the capsule cylindrical section, the percent
energy transferred through the end regions increases {(i.e., the
three dimensional heat transfer effects become more 510m1£10an11&
A solution was obtained for the case shown in figure 7 except
the capsule overall length was reduced to 4.8 inches (the length
of the Pioneer mission fuel capsule). This solution predicted
that the percent heat transferred through the end regions would
be 27 rather than the 19 shown in figure 7. for the 6.3-inch cap-
sule length.
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Further three dimensional results are given in a later sec-
tion when they are compared to the results of two dimensiocnasl
analyses which are described in the following section.




TWO DIMENSIONAL ANALYSIS

Thermal model -~ The two dimensional nodal model shown in
figure 11 is the same as a cross section of the three dimen-
sional model. It assumes that the temperature distribution is
symmetrical about the axial cross section. As in the three
dimensional analysis, thermal energy generated in the fuel is
transferred from the heat source, only from the top POCO sur-
face, by radiation to the HSHX. However, in the two dimen-
sional analysis, the longitudinal heat transfer in the heeat
source is not calculated. As in the three dimensional analysis,
the nodes denoted as reentry insulation are changed to simulate
the nickel-zirconia thermal switch, Carb-I-Tex, or separate
layers of pyrolytic graphite.

The intent of the two dimensional model is to predict the
IBHS hot spot temperatures during steady-state power system
operation. Since the actual IBHS is three dimensional, an
effective fuel power density must be used to make the two di-
mensional model simulate the IBHS. The effective fuel power
density can be defined as the fuel load divided by the effec-
tive volume of the fuel. The effective fuel volume is a func-
tion of three dimensional heat transfer effects in addition to
the actual dimensions of the fuel cavity in the capsule.

An obvious way. of determining the correct effective fuel
power density is by performing a three dimensional analysis
for at least one case. When many solutions are required an
adjusted two dimensional rather than the three dimensional
model can then be employed, with considerable savings in com-
pulational time and effort. This approach will be investi-
gated in a later section.

In the absence of a three dimensional analysis some ra-
tional approach must be taken to estimate the effective fuel
power density as a function of IBHS dimensions and fuel load.
Two such approaches will be examined here.

The approach taken in reference 2 to estimate the effec~
tive power density was to take the effective fuel volume as
the volume of the total fuel cavity, including the hemispherical
end regions which are actually filled with foamed molybdenum.
Including the end regions is an attempt to account in some way
for the longitudinal heat transfer. The effective fuel power
density calculated in this way is then used in the two dimen-
sional thermal model where every node is assumed to have a unit
depth in the longitudinal direction. This approach will be ex-
amined here and will be referred to as method A. The two dimen-
sional model with all nodes at uniform depth will be referred to
as two dimensional model I. '




Another method to estimate the effective fuel power
density is suggested by the fact that the POCO thermal con-
ductivity is relatively high and the capsule is surrounded
by relatively low thermal conductivity tantalum felt pads
on the ends. The main heat transfer path from the fuel to
the POCO is then through the reentry insulation sleeve which
surrounds the cylindrical portion of the capsule. This is
confirmed by the three dimensional results already presented.
The heat is transferred longitudinally, as well as radially
and circumferentially through the POCO to the top surface
from which it is then radiated to the HSHX. To simulate this,
the effective fuel volume could be taken as that of the cylin-
drical portion of the fuel cavity (which it actually occupies).
The depth of the POCO nodes in the two dimensional nodal model
could be modified to account for the longitudinal heat trans-
fer in the POCO. This approach is also investigated and is
referred to as method B. The two dimensional model employed
in this method, which includes POCO nodes of modified depth,
is referred to as two dimensional model IT.

In two dimensional model II, the POCO nodes have been

made deeper in the longitudinal direction than all others by

the ratio of the total IBHS length to the length of the cylin-
drical section of the capsule (the fueled length). This amounts
to assuming that the total heat generated in the fuel is trans-
ferred uniformly from the IBHS POCO surface along its entire
length. The three dimensional results previously presented
showed this to be a reasonable approximation (see figure 8).

Two Dimensional Results

The cross sectional dimensions of the two dimensional nodal
models shown in figure 11 are those of the IBHS as shown in
figure 1. TFor these cross sectional dimensions, two dimensional
thermal results can be generated as a function of effective fuel
power demsity. When the two dimensional model IT is used, the
ratio by which the POCO nodes are deepened must also be specified.

In figures 12 through 17, the key hot spot temperatures
are plotted as a function of the effective fuel power density,
with each figure considering an IBHS with a different reentry
insulation sleeve., The results given in these figures can be
related to the IBHS as a function of fuel load and capsule
length by use of one of the methods for estimating the effec-
tive Tuel power density. The curves in figures 12-14 were ob-
tained using the two dimensional thermal model I and are for
use in method A and the curves in figures 15-17 were obtained
using thermal model IT and are for method B. The effective
fuel volume and the effective fuel power density for a 400 W




fuel load are given in figure 18 for method A and B.

In the next section figure 18 will be used, together
with the results in figures 12-17 to compare methods A and
B. These two dimensional results will also be compared to
three dimensional results. Finally, the three dimensional
results will be used to determine an effective fuel power
density independent of figure 18 which can then be applied
to both sets of results in figures 12-17. These will be
referred to as methods C and D.

COMPARISON OF TWO AND THREE DIMENSIONAL ANALYSES

Methods A and B - The hot spot temperatures predicted
by use of two methods (previously designated A and B) of
applying the two dimensional thermal models to the IBHS are
compared in figures 19-22 to results obtained from a three
dimensional analysis. In figures 19-21 the temperatures are
plotted as & function of fuel load for a 6.3-inch long cap-
sule and for three types of reentry insulation sleeve. It
can be seen that both two dimensional methods are conserva-
tive (high) in predicting the fuel, linmer and T-11l hot spot
temperature for these cases. Method B predicts a POCO hot
spot temperature very close to that of the three dimensional
analysis, while method A is conservative.

The steady-state operating temperature of prime interest
for the IBHS of this analysis is the liner hot spot temperature.
The predictions of this temperature made by methods A and B for
the thermal switch and Carb-I<Tex insulation cases in figures
19 and 20 are comparable. TFor a u00 W fuel load, they are
50-60° F higher than the three dimensional predictions for the
thermal switch case and 35-40° F higher than the three dimen-
sional results for the Carb-I-Tex case. For the IBHS with two
layers of PG reentry insulation considered in figure 21,
method B is clearly more conservative than method A.

In figure 22, an IBHS with thermal switch insulation and
400 W fuel load is considered as a function of capsule length,
For these results the IBHS end region dimensions were held
fixed and the capsule cylindrical region length was varied.
The results are given as a function of capsule overall length
which, for reference, is 6.3-inches for the IBHS considered in
this analysis and shown in figure 1, and 4.8 inches for the
Pioneer mission thermoelectric generator heat source. It
can be seen that bhoth methods A and B are conservative (higher
than three dimensional predictions) for the range of lengths
considered. As the capsule is shortened, the conservatism
of method B increases faster than that of method A, As ex-
pected, as the length increases (and three dimensional effects




are consequently reduced) the results of both two dimensionsl
methods approach the three dimensional results.

In all the cases considered thus far, both two dimen-
sional methods have been found to be conservative but adeguate
for engineering calculations. In the absence of a three di-
mensional calculation for each particular case, it would be
desirable to be able to predict whether a two dimensional
approach would be conservative or optimistic. It is difficult
to determine @ pricri whether method A is conservative since
it is difficult to estimate whether assuming that the fuel is
distributed into the capsule ends in calculating the effective
fuel power density properly compensates for longitudinal heat
transfer. Method B is conservative in that it neglects hesat
transfer through the end of the capsule and it is optimistic
in that it effectively assumes that the longitudinal thermal
resistance of the POCO is zero. In a heat source such as the
IBHS considered here, the longitudinal resistance to heat
transfer in the POCO actually is gquite small in comparison to
the radial resistances of the insulation and the gaps between
elements of the heat source. The three dimensional results
presented in a previous section (figure 8) have indicated
that the heat transfer from the POCO to the HSHX is Tairly
uniform along the IBHS length. It is therefore indicated
that the optimistic element in method B is small and overall,
method B is generslly conservative. Method B then has some
advantage over method A in that in the absence of a three di-
mensional analysis the conservatism of wmethod B is rather
easily assured while it is difficult to determine whether or
not method A is conservative because of the assumptions involved.

Methods C and D - The thermal results given in figures 12-17
as a function of effective fuel power density were obtained using
two slightly different thermal models. Those used in method A,
figures 12-14, were obTained using a model in which all nodes
were of uniform longitudinal depth (two dimensional model T).

For method B, the results in figures 15-17 were obtained using a
thermal model in which the POCO nodes were deeper in the longi-
tudinal direction than the others (two dimensional model II).
Methods A and B consist of applying these results to the IBHS
using estimates of the effective fuel volume (or fuel power
density) given in figure 18. When a three dimensional thermal
model is available, an alternative approach would be to use a
small number of three dimensional solutions to determine the
effective fuel volume of the heat source. These effective fuel
volumes would then be used, instead of those in figure 18, with
the results of both two dimensional thermal models I and II to
predict the heat source temperatures. Use of the results of two
dimensional model I in this way is designated as method C and




use of the results of two dimensional model II is designated

as method D. In this way the accuracy of the two dimensionz]
approach could be improved over methods A and B. When many
solutions are reguired, the two dimensional model could Then
predict the IBHS hot spot temperatures with accuracy approach-
ing the three dimensional analysis, but with much less comput-
ing time than use of the three dimensional model would reguire.

The effective fuel power density of a heat source is de-
fined as the total fuel load divided by the fuel effective
volume:

at @

Qe = V; (1)

In addition, it is assumed that the effective fuel volume can
be written as the product of a parameter & and some character-
istic length of the HS:

Ve = oL (2)

Assuming that the factor o is independent of fuel load and
heat source length it can be determined from a single Three dimen~
sional result for each heat source design. It will later be
shown that for methed D it is necessary to allow & to vary
linearly with length (reguiring two three diwmensional solutions
to determine it} to maske the accuracy of method D comparable to
that of method C for constant of when heat source length is
varied. Once this factor o is determined for a heat source
design it can then be used in eguations (2} and then (1) to
determine the effective fuel power density as a function of
heat source fuel load and length. The characteristic length

in equation (2} is taken as the overall capsule length for
method C and as the length of the cylindrical portion of the
capsule (the fueled length) for method D. ’

To illustrate the determination of the factor o , con-
sider the three dimensional results for the IBHS with thermal
switch insulation, 6.3-inch long capsule, and 400 W fuel load
given in figure 4. The liner hot spot is calculated to be
2197O F. In figure 12, it can be seen that using an effective
fuel power density of L8 8 W/in3 with two dimensional model T
would give the same liner hot spot temperature. Using this
power density and eguations 1-2 for 400 W fuel load and 6.3~
inch length yields a value of 3.38 in® for & . This value
can then be used to calculate the effective power density for
method C for other fuel loads and heat source lengths. Using
the two dimensional wmodel II, the results in figure 15 show
that an effective power dEﬂSJty of 25.3 W/in3 would yield a
liner hot spot temperature of 21979 F. This value in eguations
1-2 with a 400 W fuel load and a characteristic length of




3.84 inch (the fueled length for a 6.3-inch overall length
capsule) yields a value of 4.12 in? for & at this length
for method D. The vaslue of & for each method is assumed
not to vary with fuel load. It will be shown that it can
be assumed to be independent of length for method C and to
vary linearly with length for method D. The factor o{ does
vary with changes in IBHS configurations such as changes in
the reentry insulation sleeve wmaterials.

Determining the effective fuel power densities in this
way, the hot spot predictions of wethods C and D are compared
to three dimensional results for heat sources with three
types of reentry insulation in figures 23-25. In each case,
the factor @ for each method was determined to make the liner
hot spot temperatures predicted by two dimensional models
agree with the three dimensional results at a fuel load of
400 W. As shown in figures 23-25, the liner hot spot predic-
tions of both two dimensional methods agree closely with the
three dimensional predictions over the range of fuel loadings
considered, indicating that the factor & actually is nearly
independent of fuel loading in this range.

Although both methods C and D are made to closely agree
with the three dimensional results on liner hot spot, they
both slightly underestimate the fuel hot spot temperature.
Method C predicts a POCO hot spot temperature above the three
dimensional results while methnd D underestimates it. Fig-
ures 23-25 show that method D more closely predicts the fuel
and T~111l hot spot temperatures than does method C.

In figure 26 the two dimensional methods are compared
to three dimensionsl results as a function of heat source
length for an IBHS with thermal switch reentry insulation and
400 W fuel load. For method C, the factor ol was determined
at a 6.3-inch capsule length. As shown in figure 26b. this
results in good agreement with the three dimensional results
in predicting the liner hot spot temperatures throughout the
range of lengths considered indicating that for method C, the
factor &l is nearly independent of length. However, for method
D, the factor o was found to be more dependent on length. In
figure 26b, the method D results shown with a broken line were
obtained by using a factor o determined at a capsule length
of 6.3 inches. As shown this results in a disagreement with
the three dimensional results of over 50° F at a capsule
length of 4.8 inches. In order to make method D agree with
the three dimensional predictions for liner hot spot tempera-
ture as well as method C does in figure 26b, it was necessary
to allow o{ to vary linearly with capsule length. This re-
guires two three dimensional solutions to determine o« . In
figure 26, the method D results shown by the unbroken lines




were obtained using an o{ which varied linearly between
the values determined from three dimensional results for
4.8 inch and 6.3-inch long capsules. Allowing the oA to
vary in a sgimilar manner for wethod C would not result in
a material improvement over the results shown in figure 206
for constant of .

CONCLUDING REMARKS

A three dimensional analysis of an IBHS (Isotope Brayton
heat source) with U400 W fuel load, located in a close-packed
planar array and radiating to a 1670° F sink temperature pre-
dicted that:

1. The liner hot spot temperature is about 2200° F if

a thermal switch insulation sleeve is used and about

2150° F if a Carb-I-Tex graphite insulation sleeve is
used. With an insulation sleeve consisting of two layers
of PG (pyrolytic graphite), the liner hot spot is about
2200° F if the PG emissivity is 0.80 and 2300° F if the

PG emissivity is 0.50. This illustrates the significant
effect of the radiation gaps assumed to exist between The
reentry protection materials and the importance of accurate-
ly knowing the thermal properties of the materials, includ-
ing emissivity.

2. The main heat transfer path from the fuel to the POCO
graphite is through the reentry insulation sleeve which
surrounds the cylindrical part of the capsule. The longi~
tudinal heat transfer in the POCO is sufficient to make
the variation in distribution of heat transfer from the
POCO to the HSHX(heat source heat exchanger) along the
heat source length less than 10 percent from the average.
Heat tramsfer through the foamed molybdenum end region
fillers reduces the longitudinal heat transfer in the cap-
sule metallic members from what would occur if no heat
were transferred through the filler, but it does not sub-
stantially affect the percent of energy transferred to The
compliance pad or the liner hot spot temperature.

Several two dimensional methods were examined and compared
to the three dimensional results for an IBHS. Two slightly
different two dimensional thermal models were used., Model I
had all nodes of uniform longitudinal depth. The other, Model
IT, was a slight wodification, with the POCO graphite nodes
deeper longitudinally than other nodes. For each of the ther-
mal models, two approaches to applying the results to the IBHS
were considered. One approach consisted of estimating the
effective fuel power density, independent of three dimensional
results, and the other consisted of




using a small number of three dimensional solutions to
determine the effective fuel power density.

The two dimensional methods designated A and B use
rational estimates for the effective fuel power density.
Method A employed two dimensional thermal model I and
method B used thermal model II. Both methods A and B
were found to be conservative (high) in predicting hot
spot temperatures of the IBHS in comparison to three di-
mensional results, but both methods could be used in en-
gineering calculations., Method B predicts slightly higher
temperatures and in the absence of three dimensional results
it is easier to predict that it is conservative for any par-
ticular case.

Methods C and D consist of using a small number of three
dimensional solutions to determine the effective fuel power
densities for the two dimensional thermal models I and II
respectively. In these methods, one or two three dimensional
solutions are used to develop an expression for the effective
fuel power demnsity as a function of heat source length and
Tfuel loading for each heat source design. The two dimensional
models can then be used in situations where many solutions are
required. The hot spot temperatures predicted by both methods
were relatively close to the three dimensional predictions for
the range of variables considered. Method D resulted in close
agreement with three dimensional results on all hot spot tem-
peratures than did method C.

r

ih
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