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y ABSTRACT BT

A coupled radiation transport-heat transfer-stress analysis of the
radiation shield for an SP-100 reactor was performed using a numerical
code developed at the University of New Mexico and Sandia National
Laboratory. For a fast reactor operating at 1.66 MW .5, the energy
deposited and resulting temperature distribution was Retermined for a
shield consisting of tungsten and lithium hydride pressed into a
stainless steel honeycomb matrix. While temperature feedback was
shown to have a minor effect on energy deposition, the shielding
configuration was found to have a ms jor influence in meeting thermal
requirements of the lithium hydride. It was shown that a shield
optimized for radiation protection will fail because of melting.
However, with minor modifications in the shield layering and material
selection, the thermal integrity of the shield can be preserved. A
shield design of graphite, depleted lithium hydride, tungsten, and
natural lithium hydride was shown to satisfy neutron and gamma fluence
requirements, maximum temperature limits, and minimize cracking in the
LiH portion of the shieldi
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Coupled Radiation Transport/Thermal Analysis of the

Radiation Shield for a Space Nuclear Reactor
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The renewed interest of conducting operations in space has given
rise_to re-establishment of space reactor systems development, The
current SP-100 program fs focussing on design of a 100 kNe nuclear
reactor for space application. This research project investigated the
coupling between radiation tran§port, energy deposition, and tempera-
ture distribution for a variety of space reactor shield configurations,
The basic shield design consisted of tungsten [W], and natural lithium
hydride either cast or pressed into a stainless steel matrix
[LiH(Nat)].

For a nuclear reactor operating at a power level of 1.66 Hwth'
temperature feedback effects on energy deposition in the shield were
examined for a shield consisting of 4 c¢cm of W, followed by 71 cm of
LiH(Nat). Using the free gas differential scattering kernel, the tem-
perature dependent thermal neutron cross sections (including
upscatter) were generated for the non-Maxwellfan neutron distribution
in LiH(Nat). The calculations showed that the total energy deposited

in the shield decreased by only 2.5% when temperature dependent number
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densities and thermal. neutron cross sections were included in the anal-
ysis. Considering the temperature effects only on the number densi-
ties, while neglecting temperature effects on the thermal neutron cross
sections, resulted in a decrease of 5.9% in total energy deposition
throughout the shield. The maximum change in temperature was about
1.5%, which leads to the conclusion that temperature feedback effects
on energy deposition in the shield are not significant for SP-100 power
levels, .

The effects of shield configuration on energy deposition were
shown to be a critical design consideration, Layered shields con-
sisting of depleted 1ithium hydride [LiH(Depl)] followed by LiH(Nat)
were compared with all natural LiH shields, with W either at the front
of the shield or moved 13.4 cm into the shiéld. The movement of W into
the shield was made to reduce the generation of secondary gammas. The
impact on temperature distribution of LiH(Depl) was much greater for
the configuration of W moved into the shield. With the substitution of
LiH(Nat) with LiH(Depl) over part of the shield, the maximum LiH tem-
perature was reduced from 772 K to 680 K when W was placed at the front
of the shield, and reduced from 1074 K to 714 K with the W located
13.4 cm into the shield. The significant difference was mainly due to
the relative contribution of the highly thermally conductive W to heat
removal from the hot portion of the shield to the radiative outer sur-
face,

With these results, a final design modification of the SP-100
shield was made to include a 2 cm graphite disk at the front of the
shield., This passively cooled graphite, LiH(Depl), W, LiH(Nat) shield

maintained a temperature profile below the. 680 K upper temperature
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limit of LiH throughout the entire shield. An analysis of the thermal
stresses in the shield was made with the LiH and graphite modelled as
bilinear, orthotropic materials, and W as an isotropic material., Cal-
culations showed extremely large tensile stresses at the outer radial
surface of the shield when this surface was free to expand. When this
surface was pinned (corresponding to perfect contact between the LiH
and its outer casing), the stress distribution throughout the shield
was predominantly comnressive, These results showed the importance of
Timiting the movement of the LiH at the outer radial surface, to pre-
vent excessive tensile cracking.

The results of this research show that a shield optimized for
radiation protection may fail due to thermal melting. Hence, thermal
design considerations must be given the same priority as radiation
protection for a shield using LiH at the power levels of the SP-100

reactor system.

* Bilinear, Orthotropic Material
* Composite Cylinders Model

* Energy Deposition

* Finite Element Method

* Free Gas Scattering Kernel

* Galerkin Projection

* Newton-Raphson Iteration

* Radiative Heat Transfer

* Radfation Transport

* Reactor Shielding

* Space Reactor
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1.0 INTRODUCTION

The renewed interest on the part of both the civilian and military
sectors of our economy in conducting operations in space, is giving
rise to re-establishment of space reactor systems development. In
1983, the organization of a tri-agency office comprised of the National
Aeronautics and Space Agency (NASA), Department of Energy (DOE), and
Department of Defense (DOD) personnel, and the recent Space Defense
Initiatives Office (SDIO) are indications of the growing need within
the United States for the development of space nuclear power systems.

The previous space reactor program, SNAP, was funded from the late
1950s through the early 1970s. During this period, numerous reactor
system concepts were designed, built, and tested. Only one system, the
SNAP-10A, was actually flown into space. Much knowledge gained from
this program will assist in the development of new systems. At the
time of the SNAP program closeout, extensive work had been performed
and documented regarding the space reactor shield neutronic perform-
ance. Extensive experimental testing of candidate shielding materials
was performed along with the application of numerous neutron transport
codest to fnsure that the dose requirements were met at the dose plane.
However, as the operating power levels of the later systems reached the
multi-kilowatt range, a number of {issues regarding the thermal perform-
ance of the shield began to emerge. Unfortunately, SNAP program fund-
ing was cut-off before many of the questions pertinent to the shield

thermal analyses were addressed [Keshishian et al., 1973].

1 Based on Monte Carlo and Discrete Ordinates Methods




gdased on neutronic analysis of the shield performance, the concept

of shadow shields was developed to protect payloads from radiation
exiting the core. while 4% snields were required for manned missions,
the directional shielding protection provided by the shadow shield
reduced neutron and gamma fluences to tolerable limits (within a given
core angle), while minimizing the weight and volume of the shield.

Figure 1.1-1 shows how the shadow shield can assume different
shapes by varying the key geometric parameters of the shield
(angles o, a, ¢ and lengths L,, L,, L3 and L,). Considering only the
geometric complexities of the shield, one can readily understand why
analytic solutions of a coupled radiation transport/thermal analysis of
the space reactor shield cannot be obtained. The situation becomes
even more difficult when the non-linear thermal boundary conditions and
governing equations would have to be included, as well. It therefore
is not surprising to learn how only extremely simplified coupled radi-
ation transport/heat transfer/stress analysis calculations of the space
reactor radiative shield were generated during the SNAP program.

In the ten years that have elapsed since the termination of the
SNAP program, a number of advances have occurred in nuclear, thermal,
and structural_engineering communities. For instance, the rapid
increases in digital computer capacities along with a more complete
nuclear data base, allows for more accurate solutions of radfation
transport codes in much less computing time than was possible in the
1960s. Computer application of numerical methods allows for the solu-

tion of temperature and thermal stress problems for more complex geome-

tries than the engineer of the 1960s was able to perform.




Figure 1.1-1 Effects of Varying Selected Angles and Lengths on
the Shadows Shield Geometry
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The objectives of this research were to use the more advanced ana-

lytic tools available to the engineer of the 1980s to analyze the radi-
ation transport, thermal and structural behavior of the shield as a
function of shield geometry, operating conditions, and dose require-
ments. Specifically, this research accomplished the following goals:
A. Adapted a radiation transport code to determine the heating
rates in a 3-D axisymmetric, layered radiation shield, with the capa-
bility of including temperature feedback effects 6n material and
nuclear properties. Temperature dependent microscopic cross sections

over thermal energies were generated using the free gas differential

scattering kernel,

B. Devé]oped an axisymmetric temperature distribution code for
thermal analysis of the radiation shield. The finite element code was
used in determining the temperature distribution throughout the shield
during steady-state operation., The analysis included non-1inear bound-
ary conditions (due to thermal radiation at the outer surface of the
shield), and temperature dependent thermal properties.

C. Developed an axisymmetric stress-strain code which was coupled
with the thermal analysis code to determine the stresses and strains
throughout the shield. The lithium hydride/stainless steel portion of
the shield was modelled as a bilinear, elastic material with ortho-
tropic properties. The stress analysis results were used to identify
potential problem areas of the shield based on maintaining structural
integrity during steady-state operation.

0. Subsequently, the coupled neutronics, temperature, and stress-

strain code was applied to analyze the radiation shield of the SP-100




reactor. Specifically, this research studied the effects of tempera-

ture feedback on energy deposition in the non-Maxwellian LiH medium,
and the effects of shield configuration on the temperature distribu-
tion. The results of this analysis were used to design a passively
cooled shield for an SP-100 reactor which satisfied radiation protec-
tion, thermal, and structural requirements of the shield.

A review of past research regarding shielding analysis for space
reactors and development of the finite element method are presented in
Section 2. Section 3 provides the theoretical background essential to
this research, as well as a discussion of the governing equations,
methods of solution, and numerical techniques for the neutronics, tem-
perature, and stress analyses calculations. The results of the SP-100
reactor shield analyses are presented in Sections 4 and 5. A
discussfon of the major numerical instabilities encountered in this
research is presented in Section 6. The conéIusions and

recommendations for future work are contained in Sections 7 and 8,

respectively.




2.0 HISTORICAL REVIEW

Because of renewed interest in conducting military and civilian
operations in space, developing a large power source with high power
density has re-emerged as a national priority. Within the federal
government, organizational changes are occurring at this time to meet
the national need for the development of space nuclear power systems.

Al though high power density requirements (40‘to 50 W/kg) can eas-
1ly be accomplished by using nuclear power systems, such systems
require an adequate radiation shield to attenuate core radiation to
acceptable dose levels at the prescribed dose plane. At the time of
the SNAP program closeout, extensive experimental testing of candidate
shielding materials had been performed. This testing also investigated
the application of numerous neutron transport codes to insure that the
dose requirements were met at the dose plane. However, as the oper-
ating power levels reached the multi-kilowatt range, the need to study
the thermal performance of the shield became apparent. Unfortunately,
SNAP program funding was cut off before many significant questions
concerning shield thermal analyses were answered.

Sections 2.1 and 2.2 discuss previous shielding work pertinent to
space nuclear reactors; 1t focuses on neutronic analysis, thermal and
stress analysis, and major {ssues regarding the performance of tungsten
and 11thium hydride shields. The discussion begins by reviewing pre-
vious shielding work for space reactors. The review {s separated into
the following areas: Space Shield Neutronics Analysis, Space Shield
Thermal Analysis, and Lithium Hydride Shield. Experimental results of

shields using 1ithium hydride for neutron attenuation are discussed in
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a subsequent section. With the rapid advances }n both the hardware and
software necessary to perform computational analyses, the space reactor
engineer has tools available to him that the SNAP engineers did not.
Section 2.3 provides a brief review of developments in numerical analy-
ses. |

2.1 Review of Previous Shield Design for Space Reactors

In the 1960s and early 1970s, much work was done on the develop-
ment of radiation shields for space reactors, Table 2.1-1 is a compo-
site picture of the major reactor shields developed during the SNAP
program. Although other space reactors reached some level of design
and testing, those listed in Table 2.1-1 represent the space reactors
with the best documentation currently available. Tracing the develop-
ment of space reactor shields shows the increasing sophistication of
neutronfc analysis and design, from the SNAP 10A shield that had no
gamma attenuation to the potassium heat pipe reactor shield that is
layered and optimized for weight [Engle et al., July 1971]. The table
also implies the increasing concern with the need for thermal and
structural analysis as the reactor power level increases [Keshshian
et al., 1973].

The selection of radiation shielding materials {s based on the
shield's ability for attenuating core radifation to acceptable dose
levels at the prescribed dose plane. The dose plane limits are func-
tions of the mission for which the power is being supplied. For
fnstance, the SNAP missions were primarily unmanned and, the-efore,
required only shadow shields. Table 2.1-2 1ists the dose criteria
specified for electrical component shielding in the SNAP 10A.




Table 2.1-2:

Dose Criteria for SNAP 10A for Five Year Lifetime
[Keshishian et al., 1973]

Dose Limit
Radiation Source (20 m from core center)

Neutrons fluence 1012 NVT
(Ep > 0.1 Mev)

Gamma rays absorbed 105 RAD
2.1.1 SNAP 10A Shield. The SNAP 10A was a 0.5 kwe reactor, ther-

moelectric system launched on April 3, 1965. Figure 2.1-1 is a sche-
matic of the reactor system. Although expected to operate for at least
6 months, the reactor shut down after only 43 days of operation due to
an apparent failure of a voltage regulator. Post-flight shield anal-
ysis revealed that the fast neutron flux densities were underestimated
by a factor of 6.5 to 7.8, while the gamma fluxes were within

10 percent of pre-flight projections. On-board measurements were made
with a Np-237 fission chamber for fast neutron fluxes, U~235 fission
chambers (one cadmium wrapped) for thermal neutron fluxes, and a CO,-
filled ion chamber for gamma detection. Detectors were located at the
SNAP-Agena mating plane in Figure 3.1-1. The higher than expected fast
neutron fluxes were caused by the scattering from the control drums,
and from the sides of the reactor; in addition, the NaK coolant piping
came out from the core and curved around the shield. The use of NaK

served as a source of secondary gammas by the following reactions:

3 N 8- 24 = 2.75 MeV

1Nt —— ) Na? TR TR 2 B 21037 mev

KoL 4 n o 2 B Ca*2 + y(18%) E. = 1.52 MeV
19 19" G20 &




code called "DEAF"; internal heating was not considered due to the low
core operating power level (5 kwe). Even at such low power level, it
was concluded that "...passive control of shield temperature within a
band smaller than 150°F is not considered a realistic objective"
[Keshishian et al., 1975]. In addition to the induced thermal stresses
in the radiation shield, the following areas were considered to require
additional research:

* Refinement of the meteroid equation to determine the prob-
ability of holes in the shield.

* Formulation of a model to describe the hydrogen migration
in the shield as a function of both temperature and geom-
etry.

* Determination of the temperature profile of the LiH shield
under most probable (steady-state) operating conditions.

 Determination of the rate of plugging of punctures by LiH
(assuming condensation at the hole) as a function of tem-
perature and meteoride hole size.

The Keshishian, et al. work (1973) was the latest of the publica-
tions dealing specifically with space shielding.

Earlier works which included some thermal analysis of radiation
shield are those of Beiriger (1968) and Thompson and Schwab (1969).
Beiriger (1968) conducted a thermal analysis of Pb-W-LiH shield and a
W-LiH shield, wfth'the LiH separated by insulation for the Pb-W-LiH
case. The steady state operating powers of the reactor were 600 and
1200 kwth’ and the heat generated in the shield was radiated to the
reactor vessel (top and bottom at 978 K) and then to space (at 311 K).
the emissivity of all radiating surfaces was 0.8. For the Pb-W-LiH

23




Table 2.1-4

HPR Radiation Shield Characteristics [JPL (1982)]

Neutron fluence 1012 NVT
Gamma dose 10% Rad/Si
Cone half-angle 15 deg
Axjal thickness 0.80m
Side length 0.80 m
Maximum diameter 1.05m
Internal thermal power

generated to be determined
Component mass

mass of LiH and container (kg) 485

Mass of tungsten (kg) 305

Total shield mass (kg) 790

2.2 Space Shield Thermal Analysis

The area of thermal analysis of a space reactor's shield has not
been covered extensively in the 1{terature. Since the early 1970's,
NASA funded research has focused on thermal analyses of heat shield
performance upon reentry into the earth’'s atmosphere, with particular
emphasis on the space shuttle.

Keshishian et al., in their work on the shield design of the ZrH,
reactor, were concerned with the applied st-esses on the W-LiH shield
during lift-off. They were particularly concerned with the accompany-
ing displacements in the shield and the effect on the structural sup-
port components and coolant pipes through the shield.

An area which remained unresolved at program closeout in 1973 was
the determination of stresses induced in the shield outer casing,
internal structure, and piping ducts. These stresses are caused by
large differences in thermal expansion coefficients of LiH and stain-
less steel, particularly in the presence of thermal gradients during
the shield casting cycle and during system transient and steady state

operation. The shield temperatures were calculated using a computer

22




Figure 2.1-6 Contours of Neutron Fluence Over 7 Years,
1.33 mth Power Level for Los Alamos HPR

1 2

$out = 5.03 x 10 2 n/cm™-s
nvt = 7-year Neutron Fluence at 1.33 Mw] Power Level

6x101°
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interesting observation regarding the shield design of Figure 2.1-3 is
that ~70.5 cm of LiH was required to adequately shield a crew from
neutrons. As we shall soon see, about the same thickness was deemed
necessary for electronic equipment protection for the SP-100 reactor.

2.1.6 SP-100 Reactor Shield Design. Figure 2.1-5 is a side view

of the radiation shield for the Los Alamos heat pipe reactor (HPR)
[LANL, 1982 and JPL, 1982]. Gamma attenuation was achieved with a
layer of tungsten and neutron attenuation with 1ithium hydride shield.
The characteristics of the shield (which are tentative at this stage)
are included in Table 2.1-4.

Figure 2.1-6 is a plot of contours of neutron fluence over a
seven-year lifetime for a 1.33 M"th average power level. The current
SP-100 design calls for the reactor to operate at a slightly larger
thermal output of 1.66 MW. From Figure 2.1-6, one can readily observe
that the total neutron dose must be attenuated by five orders of magni-
tude in order to meet the dose plane requirement of 1 x 102 NVT at
25 m. Using the Monte Carlo code (MCNP), LANL researchers have deter-
mined that 0.80 m of LiH are necessary to achieve the desired dose
rate. The heat pipes, which transfer the reactor power to the thermo-
electric conversion system, subtend part of the radiation shield as
shown in Figure 2.1-5. This pathway through the shield is a source of
concern from the standpoint of heat transfer from the heat pipe to the
shield (somewhat offset with multi-fofl insulation wrapped around the
heat pipe), thermal expansion compatibility with shield materials, and

radiation streaming through these ducts.

19




Figure 2.1-4 Variations in W and LiH Shield Thicknesses for a Dose
Constraint of 1.2 rem/hr (45.71 m dose plane) for the
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2.1.5 ORNL Shield Design. In 1971, ORNL published an optimized

shield design for a stainless steel, potassium heat pipe reactor,
fueled with uranium nitride fuel and operating at either 450 kwth or
1770 k“th‘ The reactor system of Figure 2.1-3 is for the 1780 kwth
design. The dose constraints were 3 mrem/hr within the shield shadow
and 300 mrem/hr outside the shadow at 32.81 m radius [Engle et al.,
1971]. The neutronic model used in the analysis was the ASOP code
(ANISN Shield Optimization Program) using 1-D discrete ordinates trans-
port theory and 3-D weight functions. The optimization technique cal-
culated the dose rate for a given geometry and the first and second
derivatives of the dose rate with a design variable (that is, weight)
when the thickness of material was perturbed. The constraints were
then the prescribed dose rate at the 32.81 m dose plane and a selected
tolerable range of d(dose)/d(weight).

The heat pipes were assumed to protrude through the shield, as
with the SP-100 reactor [LANL, 1982 and JPL, June 1982]. However, the
ORNL approach considered that the temperature near the heat pipe would
be above the LiH melting point (960 K) and Be0 was used in this region
instead. For a given dose rate (1.2 rem/hr at 45.71 m), the thickness
of Be0 required was 1.5 m, or 0.57 m thicker than the equivalent LiH
thickness of 0.93 m. Results of required thicknesses of W and LiH, for
an operating power level of 1780 kwth are included in Figure 2.1-4. As
shown in this figure, changin: the dose rate requirement changes only
the thicknesses of the first layers of W and LiH. The optimization of
the material thickness in the shield for minimizing weight is based on
the need to layer the gamma and neutron attenuating materials to mini-

mize the effects of secondary gamma production on the dose plane. An

16
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will differ for each reactor, the contribution of secondary gammas f{s

worthy of note «.d must be considered in the thermal analysis of radia-
tion shield. The neutronic énalysis of the shield was performed using
the following codes:

o GAM II and GATHER II programs from 26 group cross
sections (P, approximation)

« ANISN program for radiation transport (S,q-P,
approximation in 1-D)

« OPEX II for optimization of shield thickness
The effects on dose rates of perturbing the thickness of a given

region of the shield was determined as:

01 = C1 exp‘-gu” tJ)’

where:
D1 = the 1th component of the dose rate
D = the total absorbed dose rate
'Ci = a constant determined from perturbing the tpickness
Wiy ® the ith component attenuation of the jth regfon
tj = the thickness of the jth region
The depleted uranium-LiH shield had a weight of 25,300 kg, and the W-
LiH shield had a weight of 28,500 kg. However, these results may be
misleading since using uranium near the reactor core is not desirable
because excessive fissfoning of uranium can cause an appreciable
increase in heat generation and introduce intolerable swelling of the

uranium shield [Kaszubinski, July 1968].
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for a 2.2 thh reactor output. The analysis apparently was for a

manned mission because the reference dose requirement was 2 mrem/hr at
a distance 20 m from the core. (RBE = 7 for fast neutrons) [Lahti and

Hermann, 1982].

Table 2.1-3:

Materials Considered for Gamma Attenuation Shield Design
of the 5 kWy Thermionic Reactor System [Keshishian et al., 1973]

1. Lead Rejected, because of its low melting
BE%ETTTBDO K)
2. Ta-W (10 wt2z) Rejected, because of the secondary
gammas from Ta
3. U-Mo (20 wtz LR35 Low weight, but was rejected because
and 80 wt% Mo) of its high internal heating and

temperature instability.
4. a. W alloy (95 wtd W) Evaluated, based on 1-D calculations
b. stainless steel,
c. natural and enriched
B,C, and a borated
stainless steel
The contributions of radiation sources to the 2.0 mrem/hr dose
rate were as follows: 15 percent from core neutrons, 1 percent from
neutrons generated in depleted U, secondary gammas from reflector and
shield accounted for 70 percent of dose for W and 55 percent of dose
for U, remaining 15 percent of dose are from ifnelastic scatter gammas

and fission gammas for U. Although the radiation source contributions
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calculations showing less weight for the same gamma attenuation. How-

ever, this result apparently is the only time that tungsten did not
emerge as the gamma attenuation material. Tungsten, although costly,
is regarded as the most efficient (from a minimum-shield weight stand-
point) material for gamma radiation attenuation.

Table 2.1-3 is a 11sting of the material considered for gamma
attenuation in the 5 ki, thermionic reactor.

The following codes were uséd in the analysis of the 5 kwe reactor

shield:

1D ANISN Transport Code,

QAD for gamma fluxes,
DOT/SPACETRAN Code, and
DDM (DOT-DOMINO-MORSE) Code.

The learning point here is that no single neutronic code was used as an
industry average and selection of a particular code generally depends
on the application. Thermal analysis information of the shield was
also reported and will be discussed in a later section.

The 40 kW, thermionic power system [Gietzen et al., 1974] was
designated to be launched by the space shuttle in two loads because of
its large mass (12,000 kg); most of which was the shielding necessary
for the manned space station. In a second design, the power system was
designed to be tethered 2 miles away from the space station, reducing
the shielding requirements and the total mass of the system by one-
half.

2.1.4 NASA-Lewis Shield Design. In September 1969, NASA-LeRC

published a comparison of tungsten-LiH and depleted uranium-LiH shields

13
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Neutron attenuation for the SNAP 10A was accomplished using a lithium
hydride shield. No gamma shielding material was included in the shield
design because of the Tow power level of the core. [Schaeffer, 1973]

2.1.2 SNAP 8 Reactor Shield. The SNAP 8 reactor program began in

the early 1960s and continued into the early 1970s. The reactor was
intended to provide 30-60 kwe of power for both manned and unmanned
missions. The two SNAP 8 reactors that were built never got past the
ground test stage. From Figure 2.1-2, the radiatfon shield consisted
of tungsten for gamma radiation, and 1ithium hydride enriched to
99.99 wt.% Li-7 for fast neutrons. The enrichment of Li-7 (92.6 at?
natural abundance) was done to reduce the internal heat generation
within the shield caused by the (n, a) reaction within Li-6 (7.4 at%
natural abundance) [Masora, 1973].

When the SNAP reactor developmental programs were stopped, unre-
solved concerns regarding the thermal and stress analysis as well as
the prolonged performance of the radiation shield (for 3 to 7 years in
space environment) remained.

2.1.3 Thermionic Reactor Shield. In the early 1970s, the use of

in-core thermionic conversion for space was introduced. The Atomics
International § kwe thermionic reactor [Keshishian et al., 1971], as an
auxiliary power supply of unmanned space applications, and the Gulf
General Atomic design of 40 kwe power system for a manned space labo-
ratory [Gietzen et al., 1970] are two examples of such effort.

Shield design for the 5 kwe thermionic reactor included borated
stainless steel and 1ithium hydride. The selection of borated stain-

less steel over stainless steel and a tungsten alloy was based on 1-D
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shield, the maximum temperature of the LiH was 795 K at 600 kwth, and
821 K at 200 kwth. The W-LiH temperature analyses were not reported
since the melting temperature of the LiH was exceeded. Unfortunately,
details regarding how the temperature values were generated were not
reported.

Thompson and Schwab (1969) examined the accuracy of several neu-
tronic models in comparing the nuclear heating within the ZrH, reactor
shield [Keshishian et al., 1973]. The results indicated that the QAD
(point kernel) code and the ANISN code overestimated the heating in the
shield due to primary and secondary gammas by a factor of 2, when com-
pared to the DOT (discrete ordinates) code. This overestimation was
corrected by “tuning down" the fluxes until agreement with DOT fluxes
was reached. However, it was not clear how the DOT code results were
calibrated to serve as the benchmark.

2.2.1 Lithium Hydride Shield. Lithium hydride, althouéh brittle

at elevated temperature, was recommended as the material for space
power nuclear reactors because of its high hydrogen content, low weight
density (0.72 gm/cm® ), high melting point (960 K), relatively low dis-
sociation pressure, very high effective neutron attenuation coeffi-
cient, and its ability to capture neutrons without releasing gamma
rays. The major thermal concerns were the very low thermal conductiv-
ity and the need to maintain the temperature of 1ithium hydride between
600 and 680 K [Welch, 1967al.

The widely accepted temperature range of 600 K (620°F) to 680 K
(769°F) for the LiH were based primarily on the data of Figures 2.2-1
and 2.2-3. From Figure 2.2-1, the volume expansion of LiH was pro-

Jected to remain less than 6 percent for fast levels of 2 x 1020 NVT or
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Figure 2.2-1 Volume Expansion of LiH(Nat) as a Function of
Neutron Fluence and Temperature
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Figure 2.2-2 Principal Reactions in Irradiation Damage of

Lithium Hydride Systems
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less at LiH temperatures of 8UU K (620°F) or greater. Since cast or

celd-pressed LiH is generally less than 94 percent of theoretical dens-
ity, the volume expansion due to irradiation at temperatures in excess
of 600 K could be handled without any structural damage.

Several tneories were presented to account for the volume expan-
sion as a function of neutron fluence and shield temperature. Willis
of Atomics International proposed the explanation of Figure 2.2-2.
[welch, 1967c]. This argument was that the LiH érysta].bonds were
constantly being broken by the fast neutrons, resulting in lithium and
nydrogen ions. The separate ions could either recombine to form LiH,
or neutralize to separate lithium atoms and hydrogen gas. The reaction
rate dictating which process dominated was strongly influenced by the
system temperature. As the temperature increased, the thermal anneal-
ing reaction rate of the LiH recombination increased rapidly. Since a
lithium metal atom occupies ~28 percent more volume than an LiH mole-
cule, at lower temperatures the large volume expansion of Figure 2.2-1
mignt be expected.

However, the originator of Figure 2.2-1 points out that the data
at temperatures above 470 K (and at lower temperatures for NVT >
1 x 10t7) was not based on experimental findings and must oe considered
speculative [Welch, (1967c]. Therefore, the lower bound of 600 K for
LiH temperature might well have been overly conservative and an issue
requiring further investigation.

Typical shield casing thickness designs (that is, Type 316 stain-
less steel) in the SNAP program were 0.15 to 0.25 cm (0.06 to 0.10 in).
From Figure 2.1-3, ane readily observes that for typical shield casing

the dose rate should remain constant for temperatures below 680 K
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Figure 2.2-3 Increase in Dose Rate After 10,000 Hours Due to
Meteroroid Puncture of Shield Quter Casing with
Variations in Casing Thickness and LiH Temperature
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during prolonged exposure of 10,00V hours to meteroid bombardment.
(vose rate increase is proportional to hydrogen loss through the punc-
ture holes.) For a shield partitioned into several regions, this maxi-
mun temperature constraint would apply only to those regions subject to
meteroid impact. Thus, the inner regions of the LiH would not be sub-
ject to this constraint for a compartmentalized shield.

Based on these figures, many engineering issues were raised. The
first was whether the dissociated hydrogen in thé LiH would migrate
quickly to the cooler regions because of the expected steep temperature
gradients in the LiH, thus escaping faster than assumed in Figure 2.1-
3. To answer tnis question, a s}ab of LiH 0.66 m thick was subjected
to a temperature difference of 550 K (500°F) to 866 K (110°F) for per-
iods of 1000 and 20U0 n. The results showed that the maximum migration
of hydrogen was 3.3 percent.! This value was probably too high because
of leaks detected in the system; the migration occurring in the gas
phase concomitantly increases with an increased surface area and path
size. In turn, this increase is controlled by the rate of diffusion of
r, to the surface of the LiH crystal.

The second issue was whether the interaction of molten LiH and
stainless steel? would affect the H, diffusion rate through the stain-
less steel casing. The results of an experiment measuring this effect

showed that the surface action of LiH and stainless steel did not have

1 Maximum migration percentage determined from:
¢ = {Ave H content - Min H content)
Ave H content

2The later LiH shields were manufactured by casting molten LiH into a
stainless steel matrix and heating tnat shield to 12VUU°F to outgas any
Li0# impurities.
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any impact on tne H, diffusion rate. However, surfaces of LiH (both

external boundaries and internal along cracks and crystal boundaries)
will denydride and metallic Li will form, while the LiH remains crys-
talline. The H, diffuses more slowly through the LiH crystal than
througn tne capsule wall. The effects of nydrogen diffusion on the
heat transfer properties and on the overall shielding performance were
not reported.

2.2.2 Fabrication of LiH Shield. Uuring the casting of the LiH

into the stainless steel matrix, approximately 3 to b percent volume
voids remained after solidification. Tne void problem was overcome by
backfilling with metallic Li. This, in turn, reduced the number of
cracks and added structural integrity during lift-off. (An unantici-
pated advantage of an increase of 15-30% in the bulk thermal conductiv-
ity of the Li-LiH shield was also realized.) There was concern that
the Li would interact with LiH at operating temperatures. A summary of
Li-Lin at various temperatures and periods of time is shown in

Figure 2.2-4. At temperature near 588 K (600°F), very little inter-
action arter 4000 h occurred; however above 810 K (1UU0°F) substantial
interaction after 4000 h took place. Hence if a portion of the LiH
shield is subjected to the higher temperatures over long periods, the
effects on thermal and neutronic properties (as well as stresses due to
volume increases) would have to be accounted for. Once normal opera-
tion of the reactor in space begins, some additional cracking of the
LiH can be anticipated. These results imply that maintaining the
shield above the Li meTting point (453 K) may allow for self-sealing of
cracks within tne LiH by molten Li present in the shield. These

findings also support justification of keeping the upper temperature
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limit of the LiH shield below 750 K. In general, one observes that

cast LiH exhibits less creep under compressive loading than cold-
pressed LiH, At 530 K, LiH behaves as a plastic; at 730 K, LiH becomes
quite brittle. Some data regarding the compressive creep of LiH are
shown in Figure 2.2-4 Cast LiH was considered better than cold-pressed
LiH from both a thermal conductivity and time-dependent structural
performance standpoint.

2.2.3 Emissivity Coating. To increase the emissivity of radi-

ating surfaces, coatings are applied to the surface either before or
after the casting process. A variety of coating materials and applica-
tion methods was tested; after the tests, the coating was exposed to a
vacuum (10 torr) at 800 K for 14 days to check for deterioration in
emissivity. A second test was performed with the emissivity checked
after the coating was subjected to hydrogen gas at 1300°F for five
days. This test simulated the application of the coating prior to the
LiH casting., Both chrome oxide and titanium dioxide retained high
emissivities (0.87 to 0.90) in the vacuum, with the Ti0, preferred if
applied before casting, and the Cr,0; preferred if applied after
casting. However, a range of 0.85 to 0.90 for shield emissivities over
the lifetime of the reactor system may not be reasonable because:
a. One cannot necessarily extrapolate 5-14 days tests to the
lifetime of the reactor (3-7 years).
b. Testing has not been conducted to determine the stability of
the coating in a high radiation field during prolonged opera-

tion,
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Figure 2.2-4 Compressive Creep of LiH
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In conclusion, many of the material properties of lithium hydride
in a space snhielding environment have been determined through experi-
mental analysis. In particular, the interaction of lithium, Tithium
nydride and stainless steel at elevated temperatures had been examined
closely. These results support previously stated requirements to main-
tain the maximum temperature of the LiH to the upper 600 K range.

2.2.4 Summary of Previous Space Shielding Research. Previous

shielding work for space reactors was reviewed fbcusing on the areas of
neutronic analysis, thermal, and stress analysis, and the performance
of lithium hydride and tungsten shields. In the 1960s and early 1970s,
much work was done on the development of radiation shields for space
reactors. Tne major reactor shields were developed during the SNAP
program. Tracing the development of space reactor shields, one
observes the increasing sophistication of neutronic analysis and design
from the SNAP 10A shield that had no gamma attenuation to tne potassium
heat pipe reactor snield that is layered and optimized for weight.
Tnere was an increasing concern with the need for thermal and struc-
tural analysis as the reactor power level increases.

Lithium nydride, although brittle at elevated temperature, had
been recommended as the material for space power nuclear reactors
because of its nhigh hydrogen content, low weight density (0.72 gm/cc),
nigh melting point (960 K), relatively low dissociation pressure, very
hign effective neutron attenuation coefficient, and its ability to
capture neutrons without releasing gamma rays. The major thermal con-
cerns were the very low thermal conductivity and the need to maintain
the 1ithium hydride between temperature limits of 600 and 680 K during

steady state operation. A minimum temperature of 600 K was recommended
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to minimize radiolytically induced hydrogen dissociation from the Li

metal, and the accompanying swelling of the shield. Above 600 K, the
volume expansion of the LiH remained below 7 percent for a wide range
of fast neutron fluences (10!® to 1029 NVT). Since the density of LiH
after being cast into stainless steel matrix remains below 94 percent
of theoretical density, this volume expansion does not cause structural
deformation to the shield.

The upper operating temperature of LiH was limited to 680 K to
reduce the effect of losing the dissociated hydrogen from the shield
through the punctures caused by meteoroid impact. For typfcal shield
outer casing thicknesses (0.06 to 0.10 in.), the dose rate at the dose
plane would not change due to hydrogen loss after 10,000 hours if the
L1H remained below 680 K.

Tungsten, although costly, was regarded as the most efficient
(from a minimum-shield weight standpoint) material for gamma radiation
attenuation. Depleted uranium's efficiency as a gamma attenuation
material was similar to that of tungsten; yet it was much less expen-
sive as tailing from fuel enrichment plants. However, using uranium
near the reactor may not be desirable because excessive fissioning of
uranium may cause an appreciable increase in heat generation and intro-
duce intolerable swelling of the uranium shield.

The idea of crushing and pressing the tungsten and LiH into a
single shielding material was explored briefly at the close of the SNAP
program. While this first attempt produced a shield with significantly
less structural strength of tungsten (and about half that of LiH), the
idea of a composite shield remains virgin territory [Welch, 1967b].
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The literature about the neutronic analysis of previous shield

designs abounds. The evolution to weight optimized layered shields
credits the advances in capabilities within the radiation transport
community. However, a number of significant issues regarding thermal
analysis of the shield remained at the time of the SNAP program close-
out. Improvements in the skills and tools currently available to the
nuclear and thermal sciences communities, allows for more efficient
designs in subsystem such as the radiation shield. Advances such as
more accurate cross section data, better numerical analysis methods, as
well as fncreased capacities of digital computers encourage re-examina-
tion of designs completed before these tools were fully implemented.

Major unresolved thermal issues 1ike the temperature range 1imita-
tion of LiH, the need for active cooling of the shield, and the induced
thermal stresses resulting in excessive cracking of the neutron shield
are worthy of further study. Another major environmental change is the
need for more stringent allowable dosages due to the increased sensi-
tivity of modern electronics equipment. The off-the-shelf shield
designs coupled with the increased 1imitations of allowable payloads of
the space shuttle as the delivery system (in place of the rocket
delivery systems), will not prove to be acceptable.

2.3 Developments in Numerical Methods. As the SNAP Program began

winding down, there were concurrent (but unrelated) rapid increases in
the capacities of digital computers and application of the finite ele-
ment (FEM) method to engineering mathematics. The concept of repre-

senting a solution as a serfes of known functions and unknown coeffi-

cfents can be traced as far back as the 19th century [Kantorovich and
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{rylor, 1958). Galerkin first introduced his method of weighted resid-
1als in 1915, and the concept of finite elements can be seen in work of
3izens in 1924 [Finlayson and Scriven, 1966].

Courant is generally credited with the first formal presentation
of the finite element method in his approximate solution to the St.
Venant torsion problem in 1943 [Oden, 1972]. However, the world was
preoccupied with a war at that time and his results went largely unno-
ticed. About ten years later: this method (which'resembled a form of
the Ritz method) began to gain notoriety in a series of papers by
Argyis and collaborators dealing with linear, structural analysis
[Huebner and Thornton, 1982].

During the 1960's, the finite element method (the term officially
coined by Clough in 1960), gained widespread use within the structural
engineering community. The first use of FEM to perform temperature and
structural analysis of 3D, axisymmetric bodies was also recorded
[Wilson, 1965]. However, the mathematics community did not seriously
develop the theoretical foundation for this engineering technique until
the 1970's [Huebner and Thornton, 1982]. During this decade, the radi-
ation transport community began to apply the FEM in the spatially (and
sometimes, without success, angular) discretization of the Boltzmann
Transport Equation [Wills, 1984]. Researchers were pleased to learn
that the ray effects associated with discrete ordinates solutions were
not seen in the FEM derived fluxes.

Recent publications from England have shown the versatility of
using higher order projected methods to solve the first order, trans-
port equation [Fletcher, 1983]. Wills demonstrated the use of a
combination of flux spatial discretization with Lagrangian polynomials
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For the 3-node, triangular element, the shape function of Equation

.2-7 takes the following form:
Ng(r, 2) = 30 (a; + byr + c;2) (3.2-8)

here:
1 = local node number (1, 2, 3)
A = area of triangle

3y, by, ¢; = shape function coefficients .
(based solely on nodal position coordinates)

An advantage of triangular elements lies in the simplicity of
ntegrating the shape functions over area or length. Equatiorns 3.2-9
nd 3.2-10 provide the formulas necessary for obtaining closed form
olutions for the integration of any power and combination of nodal

shape functions [Huebner, 1982].

a, By, Y algly!
dA = 2 (3.2-9)
IAN‘ulM* (a +8 +y + 2)!
Ig 1
a B 3.8-112
&R = 3.2-10
1112 ok (@ +8 + 1)! . ( )

there: No's are subscripts

N, N, and N; are the shape functions for nodes of triangular
iement; a, B, Y are arbitrary constants; A represents integration over
he element area; 2,, represents integration over a line segment of the
ement. |

The use of Equation 3.2-10 comes into play when the boundary con-
fitions are incorporated in the system of equations to be solved.

3.2.2.2 4 Node Quadrilateral Elements. Similar to the triangular

rlement, the 4 node quadrilateral element is comprised of 1inear
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solution of a 2nd order, elliptic equation with a weak, symmetric for-

mulation, many researchers have shown that only Cp continuity is
required [Huebner, 1982]. This result means that linear shape func-
tions are admissible for all phases of this research.

An enduring issue within all computational communities is the
advantages (and disadvantages) of the trade-off regarding many linear
elements versus fewer higher order elements. Since this issue is out-
side the scope of this research, a decision was made at the outset to
use bilinear elements. The radiation transport code, FEMP2D, uses 4-
node quadrilateral elements; the heat transfer code, SHLDTEMP, and the
stress/strain code, SHLDSTR, use 3-node triangular elements. For this
reason, elemental matrices are formulated directly in global coordi-
nates, thus eliminating the need for use of a Jacobian transformation,

3.2.2.1 3 Node Triangular Elements., When formulating the

algebraic system of equations for the temperature and stress analysis,
triangular elements were used to discretize the shield. Figure 3,2-2
1s a visualization of how a single triangular element approximates a

3-0 axisymmetric body.
2/

Na(rs.23)

Ny(ra,25)

N1(|'1.Z1J

r
Figure 3,2-2: 3-Node Axisymmetric Triangular Element
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series of symmetric equations, which are easily solved on a digital

computer. Also, from an engineering standpoint, any problem for whicn
tne governing equation and boundary conditions are known can ultimately
pe formulated into a solvable system of algebraic equations using
Galerkins method.

As shown in Equation 3.2-1, the state variable, u*, can be
expanded in termS of a series of unknowns, ui, and approximating func-
tions, “i" In a similar manner, an elemental state variable can be
defined as a finite series of unknown nodal values, or,

(e) :
uttl(r, t) = 1£1 Ni(r, t) ui(t) (3.2-7)
where u(e) is the element state variable, Ni is the shape function, and
Uy is the nodal state variable.

The control volume of interest can then be discretized into a
number of elements, which are interconnected by continuity requirements
at each node. The elemental state variable of Equation 3.2-7 is sub-
stituted as before, into Equation 3.2-6 to minimize the residual over
the domain. The use of Equation 3.2-7 in the minimization of the spa-
tially weighted residual is the basis of the finite element method. Of
course, for a steady-state solution the time dependency of the nodal
and element state variables vanish, and the resulting solution has a
spatial dependency only.

3.2.2 Shape Functions. Focusing attention to the shape and test

functions (which will be the same using Galerkins method), :he type and
order (if polynomial) of the function is directly related to the type
of finite element used. The minimum order required for the element, in

turn, is directly related to the order of the governing ecuation. For
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where N1 are some arbitrary approximating functions. On the boundary,

tne conditions are:

ug = fs’ u; = 0 onsS (3.2-2)

where fs is the prescribed boundary condition. Representing the gov-

erning equation as:

D[u(r, t)] %% (r,t)=0 t>0 (3.2-3)

where 0 is some differential operator wihich may include non-homogeneous
terms, the problem can be reformulated with an approximate solution by

substituting Equation 3.2-1 into Equation 3.2-3. This results in:
qur
D[u*] - m—— R R(u*) (3.2-4)
at

where R(u*) represents a residual resulting from the approximation to
the exact solution, u.

The basic idea behind the Method of Weighted Residuals is simply
to minimize this residual over the domain of the solution. This is
accomplished by finding the value of u* which minimizes the residual
when spatially averaged over the volume against some weighting (test)
function, v. The weighted residual to be minimized takes the form:

!, K(u*)v dV = 0 (3.2-5)
For an N degree of freedom problem, there will be N values of u*

and v, Thus, Equation (3.2-5) is recast in vector form as:
IR, yy)dv = 9 (3.2-8)

where i, =1, 2, ... N
In 1915, Galerkin presented nis method of solution whereby the
test function, Vis and the spatial component of the trial function, Nj,

were the same. The beauty of this approach is that it leads to a
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methods (FEM) for the radiation transport, heat transfer, and stress/
strain analyses, some background in FEM is required for a basic compre-
hension of the theory sections. Hence, a summary of FEM theory now
follows.

3.2.1 Finite Element Theory. A brief discussion of numerical

methods and, in particular, finite element methods (FEM) are in order
at this stage. The accompanying text is intended only to highlight
some FEM background pertinent to this research. fhe selection of FEM
as the computational method used was based on the type of problem to be
solved.

To gain some insight into this selection process, Bertram's Chart
of Computational Methods of Figure 3.2-1 provides a useful tool in
"weeding” through the various numerical options [Bertram, 1985]. The
physical problem at hand includes the solution of non-linear, steady-
state, coupled partial differential equations for an elliptic govern-
ing equation with specified boundary conditions. From Figure 3.2-1,
-the path toward setting up the system 6f algebraic equations moves down
the right half of the figure, which calls for the use of the finite
element method. Ultimately, the system of algebraic equations will be
solved using either Guassian elimination or iterative methods.

To get to the point where a system of equations are solved for the
state variable (i.e., flux, temperature, or displacement), a widely
used technique known as the Method of Weighted Residuéls (Finlayson and
Scriven, 1966) is often employed. In this method, the state variable

u* is expanded in a finite series of trial functions:

N
u* (£, t) =ug (r, t)+ 121 Ny, thug(t) (3.2-1)
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mesh of the radiation transport code was partitioned into the same

number of regions, and the nuclide densities, heating kermas and cross
sections for tne thermal energy groups were corrected using the free
gas model to account for temperature feedback. The radiation tansport
problem was re-run using the coarse mesh core/fine mesh shield to

obtain new heating rates and to recalculate the temperature. This

feedback loop was repeated until the temperature distribution stabil-
ized. The final temperature distribution was then used to calculate
the induced stresses/strains throughout the axisymmetric W-LiH shield.
This portion the code is referred to as SHLDSTR.

Sections 3.2 through 3.5 provide detailed discussions of the
theory directly applicable to this research. The discussions include
specific technical areas from radiation transport, heat transfer, and
stress/strain analyses. As mentioned in this research overview, each
of these technology areas required extensive use of numerical computa-~
tions. In fact, this research project represents the first documented
use of finite element methods for space reactor shielding computations.
As each technology is discussed, the numerical method required for
computer implementation is briefly presented, as well. For the student
interested in an extensive theoretical development for each technical
area, the references included in this report should serve as an excel-
lent starting point.

3.2 Method of we{ghted Residuals

To maintain a thread of continuity in the presentation of this
theoretical background, numerical methods necessary to perform the
computational analyses are presented along with the governing equations

for each tecnnical area. Since tnis research utilized finite element
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to be used as input for the shield calculation. The W-LiH shield was

then modelled in the FEMP2D code, with a coarse mesh over the core and
reflector (~3 cm), and a fine mesh throughout the shield (~1 cm)
(referred to hereafter as coarse mesh core/fine mesh shield). The fine
mesh converged fluxes for the core and reflector were used for a start-
ing point; then the coarse mesh core/fine mesh shield was run to obtain
the desired energy deposition values throughout the shield.

Figure 3.1-2 is an artists concept of the reactor in space analy-
zed in this research. The outer space environment, which is vacuum,
was modelled into FEMP2D using an inert gas and a low nuclide density.
The stability of the finite element solution was strongly influenced by
the selection of the fnert gas nuclide density. This stability condi-
tion is discussed in more detail in Section 5.1.

Nuclear cross sections used in the neutronics analysis were
obtained from the BUGLE Cross Section Library, and collapsed to
38 energy groups (24 neutron and 14 gamma groups). Heating kermas
(defined in section 3.3.2) for the shield were calculated with the code
MACK-IV [Abdou et al., 1978], using ENDF/B cross section data. Because
the triangular mesh used in the temperature and stress/strain calcula-
tions did not coincide with the quadrilateral mesh used in the radia-
tion transport analysis, the nodal heating ra£e values from the 4-node
elements were interpolated to the 3-node elements.

Heating rates were then input to the code, SHLDTEMP [Barattino,
1984], to calculate the nonlinear temperature distribution in the radi-
ation shield. The shield was partitioned into smaller regions and an

average temperature for the region was calculated. The quadrilateral
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Figure 3.1-1,

MALOCS

MACKIV

Major Programs Used in tihe UNM Radiation Shield Analysis Code.

UPSCAT

GRID

FEMP2D

SHLDTEMP

SHLDSTR

—i Tellagraph/ Dissplay
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Table 3.1-1. Description of Major Programs Used in Analysis
of the SP-100 Radiation Shield

Program Developer Purpose

MALOCS ORNL and P. McDaniel Collapses cross sections to a speci-
[McDaniel, 1984] fied number over a flux weighting
spectrum provided by the user

MACKIV M. A. Abdou, Y. Gohar Generates neutron and gamma heating
and R. P. Wright kerma's for specified nuclides
[Abdou et al., 1978]

FEMP2D P. McDaniel Performs the criticality calculation
[McDaniel, 1984] using multi-group P, approximation

in R-Z, R-8, or X-Y geometries (only

P, approximation currently available

SHLDTEMP W. Barattino and M.S. Calculates temperature distribution in
E1-Genk [Barattino, R-Z or X-Y geometries using Newton-
et al., 1984] Raphson iteration. Handles radia-
tive and convection boundaries, and
temperature and spatially dependent
thermal conductivities (only steady-
state version currently available)

SHLDSTR  W. Barattino and M.S. Calculates stresses, strains and dis-
El-Genk [Barattino, placements in R-Z (axisymmetric) or
et al., 1984] X-Y (plane stress or plane strain)

geometries using modified Newton-
Raphson iteration. Can handle l{near
or bi-linear elastic problems (only
steady~state version currently

available) E

"3

UPSCAT  W. Barattino and Calculates the normalized flux dis- -
P. McDaniel tribution for thermal energies e
[Barattino, et al.,  using free gas scattering kernel. k

1985] Generates (absorption, differential, ~
scattering, total scattering, and o

total cross sections.) e
Ef
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3.0 THEORETICAL BACKGROUND FOR ANALYSIS OF RADIATION SHIELD

‘ Building on previous analysis and experimental work in the devel-
opment of radiation shielding for space reactors, Figure 3.0-1 presents
an overview of the interrelationship of major topics areas applied to
this analysis of a space shield during steady state operation. From
Figure 3.0-1 we observe that this research consisted of three distinct
blocks: radiation transport, heat transfer, and étress-strafn analy-
ses. The coupling of the first two blocks to determine the importance
of temperature feedback on energy deposition was a major uncertainty
prior to this project. The theoretical structure for each technical
areas appropriate to this research is included in Sections 3.3 through
3.5.

3.1 Research Overview

This research has focused on development of numerical tools to
E perform a coupled neutronics, thermal, and stress/strain analysis of
radiation shield for space reactors [Bailey et al., 1984]. This sec-
tfon describes the codes; major components and their intrarelationship
in analyzing a tungsten-1ithium hydride shield for an SP-100 type reac-
E tor. Figure 3.2-1 is a flowchart of the implementation of the coupled
neutronics, thermal and stress analysis codes, and Table 3.1-1 provides

a brief description of the major programs identified in Figure 3.1-1.

‘LR D e S ¢

The reactor shield analyzed was for a 1.66 MW 93 percent

th’
enriched UOZ, 1iquid 1ithium cooled fast reactor. The reactor core and

reflectors (see Figure 3.1-2) was modelled using a 2D finite element

AN SR

code, FEMP2D [McDaniel, 1984], and run over a fine mesh (~1 cm) as an

eigenvalue problem. The neutron and gamma fluxes were stored on tape
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- and flux angular discretization with spherical harmonics to solve the
second order, transport equation for a monoenergetic, steady-state

: proolem [Wills, 19y84].

Tne versatility of finite element methods is further explored with

each passing day. Oevelopment of the method to fluid flow, and coupled

fluid-flow and structural analysis are currently areas of intense

“

interest within the FEM research community. As happened with linear

analysis, tne application of FEm based codes to non-linear problems (as
in this research) is gaining more widespread use, despite a noticeable
2 lag in a rigorous mathematical foundation (Hughes and 8elyschko,

1984).
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combinations of radial and axial shape functions. Figure 3.2-3 shows

the quadrilateral element for an axisymmetric body.

N3(rs,z3)

Fi=1 ry

Figure 3.2-3: 4 Node Axisymmetric Quadrilateral Element

The shape functions for the quadrilateral element take the form:

Ny(r, 2) = -JL-(ri - r)(zj - 2)
Ar A2
1
N (ry 2) 0 (r-ridzy-2)
1 (3.2-11)
Ny(r, z) = vy (r - ri_l)(z - zj-l)
N(r, 2) = e (ry = r)(z = 2, )
Ar A2
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The shape functions of Equation 3.2-11 come into use in the formu-
lation of the radiation transport equations to be solved for neutron

and gamma fluxes.

.
)
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Each of the theory sections that follow, utilize the basic con-
cepts just presented. The governing equation will be cast as a

Galerkin approximation, with a spatially weighted residual minimized

T SR S W% TN

over the domain. The shape functions used to carry out required inte-

grations are those listed for the triangular and quadrilateral ele-

.

ments. The versatflity of FEM to a broad range of technologies should

-

J
.

»
-

become apparent fn the ensuing sections.

3.3 Block 1: Radiation Transport Theory

The main objectives of this block were to:

« Perform a criticality calculation for steady-state operation of

the SP-100 reactor

* Determine gamma and neutron fluxes throughout the radiation

shield using P, theory in an R-Z geometry
» Generate heating rates throughout the shield

= Calculate neutron and gamma fluences at the 25 meter dose plane
using transport theory for a 1-D equivalent geometry
The primary objective of performing radiation transport analysis
was to obtain heating rates throughout the shield. The first three
objectives were directly related toward this goal; whereas, the fluence
calculations were necessary to compare radiation protection with ther-

mal performance of a particular shield design. We specifically wanted

to know whether a shield optimized for radiation protection would also




satisfy the thermal requirements imposed by use of lithium hydride for

neutron attenuation. Figure 3.3-1 shows how these objectives tie
together for the nuclear engineer.

The use of a P, approximation for the flux expansion in determin-
ing the energy deposited throughout the 3-D axisymmetric shield, was
based on the best available radiation transport package adaptable to
VAX 11/780 computer. However, for the deep penetration fluence calcu-
lations, an arbitrary order transport calculation was deemed necessary
to accurately model the forward bias scattering of the neutrons [Bell
and Glasstone, 1970]. For this reason, the 1-D transport version of
the FEMP code was utilized. A comparison of energy deposition using P,
and P,; approximations is discussed in the section on uncertainty
analysis.

This section develops the theoretical background for the P, flux
calculations in an R-Z geometry, identifies the equations used in
determining heating rates, and presents the methods for determining the
temperature feedback effects on energy deposition in both Maxwellian
and non-Maxwellian flux mediums. An expression for calculating the 1-D

neutron and gammas fluences at the dose plane is derived in

Section 4.2.
3.3.1 Derivation of System of Equation for Determining Coupled

Neutron and Gamma Fluxes. The radiation transport equation for steady-

state operation takes the following form:

g Valr,a, E) +£.(E) g(r, @, E)
*Jgn Jg Bl + 9, B » Elglr, 9, E°)d"dE"+ §(r, @, E)

(3.3-1)
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To transform this integro-differential equation into a solvable

form, the following assumptions are made [Duderstadt and Hamilton,
1976]: |

a. Flux can be expanded in Legendre polynomials, with only the
first two terms of the expansion retained (P, approximation).

b. The flux can be broken into energy and spatial components.

c. Anisotropic downscatter is neglected.

With these assumptions, the trahsport equatidn can be reduced to a
diffusion equation of the following form:

-D(E}W2¢(r, E) + L (Elg(r, E) = Jp L (E" » E)g(r, E°) dE°

+ S(r, E) . (3.3-2)

To discretize the diffusion equation into a system of algebraic
equations that can be solved on a digital computer, a Galerkin formula-
tion of the residual is established [Fletcher, 1983]:

Jy ¥ [D(E) v3(r, E) - Ly (Ede(r, E) + )L (E” » Elo(r, E°)dE°

+ S(r, E)Jdv = 0 (3.3-3)
Expanding the flux in terms of nodal basis functions, inserting
into Equatfon 3.3-3, and applying Gauss' Theorem for an axisymmetric

geometry results in:

Jo(3N,) * nde + IA(gyk.ryJ.ﬁtj)rdrdz + IA(Qﬁk.zﬂj’rgj)rdrdz

M
1 i i
fIa T 7 W irdrdz (3.3-4)

where the differential scattering cross section, zg", represents

downscattering from energy group m to energy group i; the fission
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source term (r.n.s. of Equation 3.3-4) is summed over m energy groups

in whicn fission occurs; and the superscripts on fission and down-
scatter cross sections and fluxes refer to higher energy groups.
Also, the comma refers to “differential with respect to",

and

(e)

4
A

Neutron Current = - ] 2;

= - DY n¢y

Fundamental System tigenva]ue

The energy dependence has been dropped from the variables to simplify
notation. However, it should be understood that the multi-grouping
approximation has been incorporated into these equations.

To gain a better understanding of how to solve these equations,

tquation 3.3-4 can be written in matrix form as:

4o =2rlEe (3.3-6)
where:
e[y DN Nt +[, DN N, rdedz+ [, DN N, rdrdz
N Ekﬂkyjrdrdz (3.3-7)
M j=1
Folp b £y z;errdz s N 5 5’:”su’“rardz (3.3-8)

This system of equations can be solved iteratively using a power

method (Wilkinson, 1965) to generate successive estimates for ¢ and A

from:
2141 2 AL S,
(€ 24410 € 244y

— (3.3-9)
"y LFe)
s j+¢] = 4§
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The exact form of each integral in Equations 3.3-7 and 3.3-8 is

now dependent on the shape functions used to discretize the reactor
system, The integration of each term becomes somewhat cumbersome., But
to demonstrate how the type of element comes into play, the quadrilat-
eral element shape functions of Equation 3.2-11 were substituted into

the second term of Equation 3.3-8 and the integration carried out. The

result is as follows:

Ja® By,p By, prdrdz

L L L (l:
3 3 6 6
r L Ll
3 3 6
Az 1 1
= 0(r§ - A== = =
i r%lzm-2 3 3
L (3.3-10)
. Symmetric 3 - *

Similarly, the remafining terms of Equations 3.3-7 and 3.3-8 would
be evaluated, assembled, and solved with an iterative method scheme
such as Equation 3.3-9. Of course, a complete system of equations must
be solved for each energy group. The marching scheme continues until
convergence tolerances for both ¢ and A are reached. With a solution
for both neutron and gamma fluxes, the energy deposition and heating
rates throughout the shield can be determined when the fluxes are
combined with the respective heating kermas. The appropriate theory
for this calculation is presented in the next section.

3.3.2 Generation of Heating Rate From Flux and Heating Kerma.

With neutron and gamha fluxes calculated from the radiation transport
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code, the volumetric heating rate throughout the shield is based on the

sum of heating resulting from interactions with neutrons and gamma
rays. The neutron heating is determined from [Abdou and Maynard,
1975]1:

H(r) = cfc o(r, E) £ & Ny(rlo, (E) E, (E)eE ["1 (3.3-11)
- IEQ J i ARad ¥ 1 cm

where:

c = 1.602 x 10-19 J/ev

The equation represents the reaction rate times the energy
released per reaction for each nuclide j which undergoes reaction 1.
NJ refers to the number density of the jth nuclide throughout this
section. The second part of Equation 3.3-11 1s referred to as the
microscopic kerma factor. Thus, the kerma factor for nuclide j can be
represented as:

ky(E) = ﬁ“iJ(E)EiJ(E) (3.3-12)

With the energy integration discretized by the multi-group approx-
imation of diffusion theory as discussed previously, Equation 3.3-12
can be substituted fnto Equation 3.3-11 and rewritten as:

MG
Hir) = 1i1 glr, Ef) § Nj(r)kJ(Ei) (3.3-13)

This representation of the neutron heating rate thus lends ftself
to easy computational adaptation on a digital computer, once the neu-
tron flux is determined from the radiation transport analysis.

In an analogous manner, the energy deposition due to gamma inter-
action can be determined with a ganma-ray kerma factor as [Abdou and
Maynard, 1975]:
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KYJ(E) = EYopeJ(E) + EYOCJ(E) + (EY - 1.02) oppj(E) (3.3-14)

where the respective cross section for photoelectric, compton, and

pair production interactions are used. (Notice that the rest mass
energy of the electron--position pair is not available for energy depo-
sition.) Equation 3.3-14 can then be used in Equation 3.3-13 to calcu-
late the contribution of heating rates due to gamma interaction
throughout the shield.

Keturning to Equation 3.3-12, the energy deposition per neutron
reaction must be determined in some manner for each nuciide. The prin-
ciple reactions for energy deposition due to neutron interaction for
the materials in a space reactor shield are elastic scattefing, inelas-
tic scattering, charged particle reactions, radiative capture, and
radioactive decay. Of the total energy released per reaction, the
local energy deposited at the point of interaction will be the kinetic
energies of the recoil nucleus and charged particles emitted, and a
fraction of the internal excitation energy converted into heat. A por-
tion of the reaction energy will be carried away by gamma rays which
then interact in accordance with Equatioh 3.3-14.

The local energy deposition can be written in a general form as:

i i i -1 i i
ELE = E - aEn +bQ + c(fc - 1)g, + dEcp + eEd (3.3-15)

where i represents the particular reaction and the coefficients a-e
identify the applicability of a given term for a given reaction. The
terms of Equation 3.3-15 are identified in the nomenclature listing.

The boolean values for these coefficients are included in Table 3.3-1.

60




Table 3.3-1. Identification of Coefficients for Equation
(3.3-15) for Various Neutron Reactions

Reaction

()
o
jo
a
o

tlastic Scattering
Inelastic Scattering
Charged Particle Reactions
Radiative Capture
Radioactive Uecay

COO =
Or—~r—=Q0
OO
OCrROoOO
—— -0 O

Analytic expressions for En’ Q, E, f., E. , and Ed are derived

c’® “¢cp
from nuclear physics based on conservation of mass, momentum, and

energy principles. Abdou and Maynard (1975) present analytic expres-

sions for each of these reaction parameters, which are the basis for

the heating kermas generated in the code, MACK IV.

3.3.3 Temperature Feedback Effects on Energy Deposition. When

the temperature of the shield is increased from ambient temperature to
operating temperature, the effect on energy deposition must be consi-
dered in the shield where a substantial portion of the flux is thermal-
ized. Besides the obvious changes in neutronic properties due to dens-
ity decreases at elevated temperatures, the temperature rise will
affect the low energy absorption cross-sections of 1/v nuclides.

3.3.3.1 Temperature Feedback in a Maxwell Boltzmann Medium. With

a Maxwell Boltzmann (M-8) distribution for the thermal flux, the influ-
ence of temperature on the thermal neutron absorption cross section can
be determined by averaging the microscopic group cross section with the
M-8 flux over all energy. Mathematically,

Jo oa(0.025ev) ¢MB(E)dE

T) =
oath( )

(3.3-16)
[v g (E)dE
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By definition [Glasstone and Sesonske, 1981],

ann 2

0 2 1/
(,,kT)S/Z (m )

Ol = £ exp(- _E?) (3.3-17)

Substitute Equation 3.3-17 into Equation 3.3-16:

2ntn

® o,(.025 o (2,'% E )dE
, Jo 04(-025ev) (xkT)3/2 (ﬁ—) exp(-n-
qa T) = (3.3'18)
th o Z‘IMO 2.1/2 E
Jo =————— (=) E exp(-— )dE
('kT)3/2 m kt
Carrying out the integration yields:
T 1/2
o, (T) === (=) o,(0.025ev) (3.3-19)
th 2 T

where To is the reference temperature in °K or °R for thermal cross
section data, taken to be 20°C by convention.

The relative change in thermal absorption cross section at ele-
vated temperatures for the reference temperature is obtained from Equa-

tion 3.3-19 as:

o -0, (T) T /2
th th 0
do, (T +7T) = =1.(=2) (3.3-20)
th 9, (To) T
th

In a similar manner, the relative change in thermal absorption cross
section from a given temperature to a higher temperature is determined

as:

Gath(Tl) - oath(Tz) T, V2
do, (T +T,) = a1~ (=—) (3.3-21)
14)] 9a (T,) T,
th

Table 3.3-2 shows the effect of temperature on thermal absorption
cross section for several values of T using Equations 3.3-20 and 3.3-

ZlQ
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Table 3.3-2: Effect on Absorption Cross Section of Increasing
Temperature above 293 K Reference Temperature

TIK] Aaath(T° > T) Aoath‘TI > T,)

293. 0.0

400. 0.144 -0.144
500. 0.234 -0.106
600. 0.301 -0.087
700. 0.353 -0.074
800. 0.395 -0.065

From column 2 of Table 3.3-2, we observe that the microscopic
thermal absorption cross section is reduced from fts reference tempera-
ture value by 30-40% for the temperature range 600-800 K. From
column 3 of Table 3.3-2 we see that the change in this cross section
from one elevated temperature to the next, decreases with increasing
temperature. In fact, over fairly large temperature changes (~100 K),
the relative change in microscopic thermal absorption cross section is
always less than 9% above 600 K. This observation leads to the con-
clusion that to include temperature feeeback in the radiation transport
evaluation of energy deposition for a shield operated in a 600-800 K
temperature range, the numerical grid can be partitioned over a fairly
broad geometric region and an average temperature used to include the
temperature feedback effect on microscopic thermal absorption cross-
section.

The temperature effect on the Maxwellian flux can be determined by
fntegrating Equatifon 3.3-17 over the entire thermal energy range.

This results in:

P 2 kT 172
$on(T) = j00,n(E,T)IE = — __ (___ ] (3.3-22)
th M8 kT o
i 0

where again, the subscript o refers to some reference datum (1i.e.,

20°C). The temperature effect on the energy deposition in a mixture

63

YA YN A N TN L N S

Pb. gy a4 L s At i TR s aack il

R gtk aihS arth i g-3 p




:naracterized by a M-o distribution can be quantified by insertion of

quations 3.3-12 and 3.3-22 into Equation 3.3-13. This leads to:

2 T 2
lp(r) = ¢(r))ij(r)kj(Eth) = — ( ‘T—o' ) ¢0§Nj(r)°ij(Eth)E‘ij(Eth)

(3 . 3-23)
when the dominant source of energy deposition is due to some
ibsorption reaction (i.e., (n, @) reaction in Li-6), tne absorption
:ross section of Equation 3.3-19, is inserted into Equation 3.3-23

resulting in:

. 172 T 1/2
(r = 0Ty N (2) o E.(E.)
th 0; J a “j'-th
T J 2 T °
= IN,(r)é o, E.(E,.) (3.3-24)
j J 0 ao J'"th

Equation 3.3-24 leads to the important conclusions that tempera-
ture will have no effect on energy deposition for a mixture in which
the dominant energy release mechanism is an absorption reaction of a
1/v nuclide [Beckurts and Wirtz, 1964]. Since most nuclides exhibit
1/v behavior for absorption and ‘even scattering cross sections at very
low energies, there will be no temperature feedback effect on energy
deposition for an infinite medium mixture. However, in a finite medium
tne effect of leakage must also be taken into account.

The Maxwellian distribution of Equation 3.3-17 was based on an
infinite medium assumption. Therefore, it cannot be stated with cer-
tainty that absorption reaction rate is independent of temperature when
leakage plays an important role. Several effects come into play here.
Liffusion cooling will result in a softer spectrum as the higher energy
neutrons will leak at a faster rate than the slower neutrons. However,

in a nydrogeneous mediumn these fast neutrons serve as the source for
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'rmal neutrons as they lose energy through elastic collisions. Addi-
mally, thermal neutrons themselves have a diffusion length that
ipetes with energy deposition mechanisms such as absorption reac-

ms. Thus, even for a pure 1/v nuclide with a M-B distribution, the
ikage effects make it unclear whether temperature will have much

fect on energy deposition in a finite medium. To make this statement
th certainty, the analysis must be performed for a given geometry and
(ture. |

3.3.3.2. Temperature Feedback in a non-Maxwell Boltzmann Medium.

most “real-life" situations, the thermal flux distribution rarely
splays a “pure” Maxwellian shape. The major causes of shifting from
true M-B flux were briefly touched upon in the last section; namely,
sorption, leakage, and neutron sources slowing down from epi~thermal
ergies [Duderstadt and Hamilton, 1976].

When the departure from a true M-B flux is not great, the effec-
ve neutron temperature model has successfully been used to model the
tual flux shape in the infinite medium. As the departure becomes
cessive, this model has been shown to breakdown. Also, at high ener-
es, the model fafls to display the 1/E behavior due to the slowing

wn spectrum. To quantify this departure, the inverse of the moderat-

g ratio, ', was used, where:

1
Moderating Ratio §L

. za(kT)

r = (3.3-25)

s
The model was found to be inadequate for I > 0.1 [Duderstadt and

milton, 1976]. In Table 3.3-3, the inverse moderating ratio's are
corded for several hydride materials at room temperature and at

0 XK.
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Table 3.3-3. Inverse Moderating Ratio's, I', for Selected
Hydrides at Room Temperature and 700 K.

Hydride* Room Temperature 700 K

¥ LiH(Nat) 3.52 2.28
; LiH(Dep1) 0.0182 0.0118
BeH, 0.0164 0.0106
ZrH 0.0195 0.0126
g TiH, 0.215 0.139
YH, .gg 0.0443 0.0286
i *Cross section data obtained from [Mueller et al., 1968].

From the data of Table 3.3-3, one sees that natural lithium hydride is
clearly non-Maxwellian. Titanium hydride could probably be modelled
5 with the effective neutron temperature model at elevated temperature.
’ The remaining hydrides (to include depleted LiH) should possess a M-8
shape for the thermal flux.

The space reactor shield design includes LiH(Nat) for neutron
attenuation. Because of the large deviation from a M-B flux due to the
large thermal absorption cross section of Li-6, a more general method
1s needed which is different than efther the M-B flux or the effective
neutron temperature model to determine the temperature effect on energy
deposition.

Returning to Equation 3.3-2, the P, equation for an infinite med-
fum takes the form [Duderstadt and Hamflton, 1976]:

[2a(E) + I (E)Je(E) = J € + E)o(E7)dE” + S(E) (3.3-26)

' Employing a multi-group approximation and integrating over all

thermal energy, results in:
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. {J Ege) [2,(E) + Z4(E)]e(E)d

£ E E
=) 3 [ r (e > E)e(En)dETdE + [ 9 S(E)dE}  (3.3-27)
g+l “g+l g+l

where Eth represents the cut-off energy below which the thermal region
begtns.

Equation 3.3-27 can now be used to solve for the flux shape over
all thermal energy. With the new flux shape, the multi-group, flux
weighted cross sections can be recalculated at higher temperature and
the energy deposition redetermined over all energy as discussed previ-
ously. —

With this generalized approach, several subtleties must be
included in the analysis. At low thermal energies, the neutron can
gain energy in collisions with target nuclei. Consequently, upscatter
cross sections must be included in the differential scattering term of
Equation 3.3-27. Additionally, at these low energies, the effective
cross sections increase due to the binding effects of the molecule.
Physicaliy, the neutron is moving at such low speed that its wavelength
is generally several orders of magnitude larger than the radius of the
target molecule. This means that the neutron interacts with the entire
molecule rather than the individual atoms of the molecule [Williams,
1966]. Since the cross-section represents a probability of interac-
tion, one would naturally expect the magnitude of this probability to
increase at very low enercies. The binding effects are particularly

important for light nuclides and takes the form [Foderaro, 1971]:

- A+ 12 .
éiT 0 bound = “free A ) (3.3-28)
67

B A B L T A B N X N T O N AN N T S T R AT T ATy SOty

L gl ais N S

~

.-y e e
"\‘:‘n'-‘.,i




AR AP SR T AT 3SR N N — . . np

AL A%

(IS s s 00 % S

LY

o ¥ 2 B._»

LN

__ AL

4
v

-

L e

R R B N T T £ U A L N N L Y TN TN AT LNV,

From Equation 3.3-28, one can see that for hydrogen, the bound

cross section can be as high as four times the free cross sectfon as
E+ 0. As A increases, the bound effect becomes less important. For
example, for Li-6 the multiplier 1s 1.36, and for W-182 the multiplier
1s 1.01. Thus, binding effects on scattering are particularly import-
ant when the medfum includes hydrogen at very low energies (< 0.lev).

From quantum mechanics, the differential scattering kernel has
been represented by the free gas model in which the target nuclef is
treated as a monotomic gas. The following assumptions are made in
deriving the free gas model [Willfams, 1966]:

A. No intermolecular forces

B. No internal structure to the scatters

C. No interference effects (neglect coherent scattering)

D. Spin allowed

E. Scattering occurs at equilibrium temperaturé, T, and pos-

sesses a Maxwellfan velocity distribution in the absence of

nonequilibrium effects

The differential scattering averaged over all angles takes the

form:
02
:_(E°+ E)=%, —
s fZE‘
€° -€

, e {erf(6/€ - A/E ) + erf(6vE + A/ }

+ erf(6vc - A/e”) - erf(ove + A/e”) (e” <€)

L4

€°-€

e [erf(e/e” - A/E ) - erf(ovE™ + A/E )}

\ + erf(6vc - A/e”) + erf(eve + A/E”) (e > ¢€)
(303-29)
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where:

€ =

E/KT
(A+1)/2/A
(A-1)/2/R

zs(E‘) for E°>>kT

A

Le

Unfortunately, the free gas model does not capture the complete
binding effects of hydrogen at very low energy. However, as will be
shown in the results section, the contribution to total energy deposi-
tion of neutron interactions below .1 ev is low enough so that this
limitation of the free gas model has a minor effect on internal heating
rates.

The condition of e < ¢ represents a condition of neutron upscat-
tering; whereas ¢ > ¢ represents of condition of downscattering.
Figures 3.3-2 and 3.3-3 present a graphic portrayal of Equation 3.3-29
for hydrogen and oxygen. From classical physics, we know that'maximum
energy exchange occurs when the neutron strikes 1ight nuclides. This
physical reality is obvious when comparing the transfer probabilities
of the 1ight hydrogen with the heavier oxygen. From Figure 3.3-3 we
also see why upscatter 1s not significant for heavier elements, even at
low energies.

The scattering cross section at energy E° is defined as:
L (E°) = 5 £ (€ » E)GE (3.3-30)

Substitutipg Equation 3.3-29 into Equation 3.3-30 results in:

Le 2 -Ae”
xs(E‘) 2 [(28"+ l)erf(VAe®) + Z_VAc” e ] (3.3-31)
2 k‘ /;—
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Figure 3.3-2 Energy Transfer Function in a Monatomic Gas
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Figure 3.3-3 Energy Transfer Function in a Monatomic Gas

with A=16
1.0
i 1
° £20
1]
W 2% AT =
™
}y| osp—- -4
Ylo
ol E'sasr
7« arT 28 4T
®
AT
o‘
0 0.5 1.0 1.8 20

1734

70




As with the scattering cross sections, the absorption cross sec-

tion can be expressed in a closed form, analytic equation fitted to
experimental data for each nuclide. For Li-6, the following expression
can be derived from absorption cross section as:

g, €Xp (¢, TnE + ¢, /E + ¢3) £ 0.0093% barns

for 105 < E< 10 ev (3.3-32)
where:

¢, = -5.000655 x 10°!

c, = 4.991685 x 1079

c; = 5.002779
Similar expressions can be found for the absorption cross section of
other nuclides.

The source term in Equation 3.3-27 represents neutrons arriving at
a particular thermal energy level form epithermal energies. Above the
thermal cut-off energy, the flux shape will be 1/E and a standard
slowing down kernel can be used to represent differential scattering.
Returning to Equation 3.3-29, the slowing down kernel is obtained by
taking the 1imit of the downscattering term (e” > €) as kT » 0.

This results in [Beckurts and Wirtz, 1964]:

2 E
t () AL L gor <E < th
s M e th a
ts(E‘¢ E) = { (3.3-33)
0 Otherwise
The flux in the slowing down region is of the form:
) = 1
¢(E°) for € > Egp (3.3-34)

6z (€ )E°

1p!




The slowing down source term for thermal energies can then be

represented as:

S(E) = jEth L (E° » E)eo(E”)dE” (3.3-35)
E s )

Substituting Equations 3.3-33 and 3.3-34 into Equation 3.3-35

results in:

t/a 2
s(e) = fp ey dArT L1 4 (3.3-36)
th 4A E” &2 (E°)E°
1 1 - ?—-] for € > ok,
S(E) = {
0 for £ < aE, (3.3-37)
where:
A-12
Q=
(A +1 )

The source term of Equation 3.3-37 can be generalized to a mixture
of nuclides by multiplying by the nuclide density and summing over all
nuclides. This approach is valid from a physics standpoint since each
neutron interacts witn the atoms of the mixture separately, and from an
engineering standpoint since we are interested in the thermal flux

shape rather than magnitude. The source term for the mixture takes the

form:
a
nuclides 1l -a;l6 E E
i=]
0 for E < °1Eth
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The group source term is then:

E
S .. (E)=J.8 s . (E)E 3.3-39)
win(®g) = Sl | Saix(E) (

Substituting Equation 3.3-38 into Equation 3.3-39 results in:

AE E
e L o In (—)]

#
S () nuclides (1 =08 By 1 Bg + 1
. () = L N, »
mix g i-1 i for.Eg+1 > “iEtn
0 for Eg+1 < “iEth

(3.3-40)

3.3.3.3 Numerical Solution of the Non-Maxwellian Thermal Flux. The

non-MB thermal flux will be used as the weighting function for col-
lapsing of the temperature dependent multi-group neutron cross sections
into fewer neutron energy groups, to include the upscattering effects
at low energy. The non-equilibrium flux can now be solved for by
insertion of tquations 3.3-29, 3.3-31, and 3.3-40 into Equation 3.3-27,
which can be rewritten in multigroup matrix form as:
(£3(e) + £3(€))e%(E) = s9(E)

E

1 th
+IJE+ E)g(E) + = pd(E" - E)g(E7) + T z3(E" » E)e(er)
Eg-- 1 Eg+1
In-group Downscatter Upscatter
scatter (3.3-41)

The differential scattering term has been subdivided into its

three components; upscatter, downscatter, and in-group scatter. These

differential scattering terms can be moved to the left hand side of

Equation 3.3-41 for solution of the coupled group fluxes.
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Tne upscatter cross sections represent the upper triangular off-
diagonal elements, and the downscatter cross sections are included in
the lower triangular off-diagonal elements. The in-group scattering
term is a diagonal term, and become part of what is commonly referred
to as the removal cross section. This is represented by:

zg(E) = zag(s) + zg(e) - }:g(E > £) (3.3-42)

The highest energy group, E!, represents the first multigroup
below the thermal energy threshold cut-off. Theklowest energy group,
Eth, represents *he lowest group used in the analysis.

The thermal flux spectrum can now be used to collapse the large
number of thermal group cross sections to the small number of multi-
group cross sections used in the transport calculation, as discussed
earlier, Figure 3.3-4 is an illustration of the collapse of the
upscattering cross sections from seven neutron groups to three. The
extension to a larger number of groups follows directly. Using the
temperature corrected, non-M-B cross sections, the transport calcula-
tion can be re-run as before to determine any effects on the energy

deposition in the shield.
3.4 Block 2: Thermal Analysis Theory

The main objectives of tnis block were to:

a. Model tne shield of the SP-100 reactor as an axisymmetric
structure, with radiative heat transfer and adiabatic and/or isothermal
boundary conditions.

b. Using heating rates from the radiation transport calculation,

determine the temperature distribution throughout the shield.
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¢. Develop an understanding of the coupling between radiation

transport and heat transfer for the SP-100 reactor system.

Figure 3.4-1 is an overview of the temperature calculation model
for the shield. The space reactor shield is a continuum medium with
a radiative boundary condition at its outer radial surface. The front
face of the shield (core side) and back face of the shield were therm-
ally insulated with an adiabatic surface (i.e., thermal equilibrium
with core, q = 0) [Barattino, 1985]. The governing equation for steady

state operation was:

v+ kir,z,T) vT(r,z) + g'''(r,2) = 0 (3.4-1)
where:
k(r, z, T) = Temperature and spatially dependent thermal
conductivity
T(r, 2) = Steady state temperature as a function of position
q'''(r,z) = Internal heat generation per unit volume due to

gamma and neutron interaction
With boundary conditions:

a. For outer radial surface:

gep=eMer, (1% - 17) =0 (3.4-2)

where:

q = Heat flux at surface

n = Normal unit vector at surface
e(T) = Emissivity of the radiating surface
¢ = Stefan-Boltzmann constant
F1+J = View factor of surface with adjacent surfaces
TS = Temperature of radiating surface
T" = Ambient temperature as a function of orbit
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Figure 3.4-4 is a schematic of the energy balance calculation just

described.

Surface Finite
Element

ql qnot

Figure 3.4-4: Schematic of Heat Flow From a Single Finite
Element Along a Heat Rejection Surface

From this figure, the radial and axial heat flows from a single element

are determined from:

(e) , (e) . _
9% - krT’r krNi,rTi

(3.4-31)

(e) . (e) _ ;
9; 'sz’z 'kzNi,z Ti

The resultant heat flow is et which has a vector projection y
degrees from the horizontal. The angle of the heat rejection surface
is B degrees, which can be determined for the coordinates of the nodes
on the surface. Wheny > B, net heat flow out tne surface occurs. The

amount of heat leaving the surface, q is the projection of qnet

out’
normal to the surface. The algorithm of Equation 3.4-32 shows how Qout

is determined.
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Use of tnis convergence check, in turn, requires some suitable method
for determining xmax' Thus, when the spectral radius is very close to
1.0, the effective convergence criteria is reduced by its product with
(1 - Amax)' In SHLUTEMP, the user can specify tolerances on the maxi-
mum change in nodal temperatures from one iteration to the next, the
relative change in radiative heat transfer coefficient, or the relative
change in thermal conductitivities. The radiative heat transfer coef-
ficient can be quite limiting criterion for small € as its value is
proportional to T?. Of course, the final check to premature conver-
gence (as well as accuracy of results) is the comparison of total
energy deposited to energy transferred out, based on the final temper-
ature distribution. The importance of convergence criteria for the
nonlinear radiation neat transfer problem is further discussed in Sec-
tion 5.2. As will be shown, energy balances over boundary elements
proved to be the most critical convergence criterion.

With regard to the final energy balance, the net heat flux at each
surface must be integrated over the surface area and summed over all
surfaces for comparison with total energy deposition. This is accom-
plisned in SHLUTEMP by determining the energy leaving each finite ele-
ment along a given surface. The net heat flow vector is the vector sum
of radial and axial heat flows from a single element. If this vector
1ies within the plane of heat rejection, then the component of the net
heat flow vector normal to the heat rejection surface is the amount of

energy exiting that particular segment of surface.
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Figure 3.4-3: Flowchart of Solution Method Used in Temperature
Code, SHLDTEMP

Generate Input Data to Include
Initial Guess of Radiative
Heat Transfer Coefficient, x,
and Heating Rates from Radiation Transport

Assemble Matrix, K
and Vector, R, and Adjust
for Boundary Conditions

Solve for Nodal Temperature
from KT = R

Reassemble Matrix K1 (Outer Loop Only)

~=  and Vector AR = R' - Ki'lTi'l.
and Adjust for Boundary Conditions

h Copy ki to ki-1 (Outer Loop Only)

Solve System of Equations
kiat! = ag!

Update Nodal Temperatures
from T = Ti-1 4 a7

NO <e—— Convergence on ati?

Yes

A - NO = Iteration # > 3 ~——» Yo§ ———u—

Update Temperature Dependent Properties
« Radiative Heat Transfer Coefficient

A —————
* Thermal Conductivity
* Emissivity
Convergence Checks Calculate Heat
— NO ——__ aT < ¢ - Ye$s —— Transfered Out
b ¢ e, A1l Surfaces
ak/k < €3
Energy Balance < €
Iteration # > MAXI*
Generate Input Data Calculate Temperature
/for Thermal Stress/-e-—— Feedback Data for
End Strain Calculations Radiation transport
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where ¢ is the volume fraction of the fiber (or LiH). As with kz, the

radial thermal conductivity kr’ collapses to kf as ¢ » 1.

3.4.3 Temperature Code, SHLDTEMP. Figure 3.4-3 flowcharts the

solution method used in the temperature analysis code SHLDTEMP. With
the system of assembled equations, the incremental nodal temperatures,
AT, are solved for using either a direct elimination or iterative
solver method. SHLDTEMP (and SHLDSTR) allows for solution of the equa-
tions with efther an LOL® Gaussian elimination routine (Bathe, 1982) or
an iterative method using a preconditioned Jacobi method with conjugent
gradient acceleration (Eisenstat, 1980).

The details of Figure 3.4-3 are self-explanatory with some excep-
tions. By keeping the thermal conductivity constant for the first 3
iterations, the temperature distribution has an opportunity to begin to
stabilize. Allowing k(T) to vary from the start can sometimes lead to
a diverging system if the initial surface temperature swings are large.
However, by the fourth iteration, the system no longer experiences
extreme perturbations and convergence is more likely to be achieved.

The three convergence checks of Figure 3.4-3 represents a very
conservative approach toward program termination. But with an incre-
mental solution method, there is always a chance of premature conver-
gence due to slowly varying changes in the unknown. This is parti-

cularly true for a system with a spectral radius, A___, close to one.

max
Some codes (particularly in radiation transport) overcome this false

convergence with a convergence check of [Hageman and Young, 1981]:

( —1 y 1ax ¢ (3.4-30)
l - Amax (]

where ¢ s some prescribed convergence tolerance.
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KYe = __UC (3.4-26)

¥ 4
RUC Au c

Substituting Equation 3.4-25 into Equation 3.4-26 results in:
Zbe"}(mz (T) + bzkm(T)kf(T)
2bax k o(T) + b2k (T)

With this result, we see that kz reduces to kf as _Axm + 0.

(3.4-27)

UC(T) «
k, (T)

b. Radial Thermal Conductivity
The radial thermal conductivity fs determined with the following

thermal resistance model:

Matrix

From this model, the radial thermal resistance for the unit cell (uc)
is:

R.R
RUC o _f M (3.4-28)

r
Re + Ry

From Equation 3.4-28, the radial thermal conductivity for the unit cell

is:

KaS(T) = (1 - )k, (T) + cke(T) (3.4-29)
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(SS316)

Figure 3.4-2: Unit Cell Used to Model Orthotropic
Thermal Conductivities

a. Axial Thermal Conductivity
The axial thermal conductivity is determined with the following

thermal resistance model:

Ry
W
R m, Fiber le
~AW\ MW—
Matrix R, Matrix
2
AMWW—

Matrix

From this model, the axial thermal resistance for the unit cell (uc)

is:

KIC = R+ 1 + R (3.4-24)
LM ke URy, ™

Wwith b - 2Axm = b, Equation (3.4-24) simplifies to:

RIC =« T4 b (3.4-25)

bLkm L(2Axmkm + kfb)
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For surface elements the local node numbers 1 and 2 form the boundary
nodes in Equations 3.4-22.

3.4.2 Principal Axis Thermal Conductivities. The algebraic set

of equations used to solve for the temperature throughout the shield
includes a tensor matrix to account for directionally dependent thermal
conductivities. Tungsten, the gamma attenuation portion of the shield,
is an isotropic material, thereby simplifying to Er(T) = 5Z(T). How-
ever, the neutron attenuation material for the space reactor is cur-
rently envisioned to be comprised of 1ithium hydride either pressed
(hot or cold) or cast into a thin foil honeycomb matrix, made of stain-
less steel. This material had been shown to have a minor directional
dependence to the principal axis thermal conductivities [Welch,

1967a].

To maintain an axisymmetric shield, thermal resistance of the
shield was modelled as shown in Figure 3.4-2. The LiH and honeycomb
matrix were homogenized to a unit cell, with principal axes aligned
with materfal axes.

A1l radial conduction paths were considered as parallel to the
longitudinal axis of the honeycomb structure. The axial direction
tnermal resistance was based on the heat conduction path perpendicular
to the honeycomb structure. The conductivity matrix was considered to
be orthotropic, with no contribution of axial heat transfer to radial

heat transfer and vice versa. In other words.
kr(T) 0 .

The values of k. and k_ were based on the following thermal
r z

resistance models:
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The contributions of 55,

» R, and Rlc to the matrix and vec-

quxt h
tor are included only for surface elements (SE) experiencing
convection, radiative heat transfer, or an external heat flux. A final
substitution to be made is to discretize the radius, r, within each
integral by: '

r= Niri (3.4-21)
The integrations can now be carried out using the shape functions for
the 3 node triangular elements, presented in Equétion 3.2-8. Carrying
out these integrations, the elemental equations are:

2
b1 bibz bl bz

Ks..r_.(rl +r +r3) bz by b3
= l2a sym bg
2 -y
kz C C5C2 C1C3
te— (ry +rp +r3) €2 €3C3
12a sym ¢ .

K = h(TS(i-l) )z'i:!' [3?‘1 +rp r+nrp ]

-S 12 rl + rz l"l + 31'2J
2

5(1-1) 'iJ 3?‘1 +rp ry +r;

e (T )IZ [ rL+ry rp+3r
N 6rp +2r, +2ry 2r) +2rp +ry 2rp +ry + 2ryal’!
R, == 2rp + 6rp +2r3 rp + 2rp + 2r3|{qi"’

q 60 Sym

2ry + 2ry + 6rajlgl'!’

P

R = h(Ts”-l))_u I, +rp ry +r; ™ - Tf('i'l)
h 12 rp+3rp r3+3r T Tzs(-i_l)

R = K(Ts(i‘l)) _"_'_1_1[31'1 + r; ry +rp ] {T. . Tf(i-l)}
~c

12 ry +r; ry + 3r; T" - T:(i-l)
(3.4-22)
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Substitution of Equation 3.4-18 into Equation 3.4-17 and this, in

turn, into Equation 3.4-16 results in:

i i i
JAkrni’rNJ’ﬁAT,rdrdz + JAkzNi,zNj,zATirdrdz + th(T)NiujATirdz

: i
* )< (TINNAT rdt = j NoNsqp' 'rdrdz + J,N,qufextrdz

+ RTINS (T] - 150-D)rdraz + J<(TINgN (1] - 1501 rares

1i-1 i-1

= LAk Ny Nyl Ty Ty

rdrdz - J kN rdrdz (3.4-19)

A"Zi,2 j,z '
This represents the system of equations for a single element. The

total system of equations are assembled by simply summing over all

elements. The final system to be solved can be expressed in matrix

form as:
'+ klng! = g! - kTlp (3.4-20)

where:
K= B JalkNy Ny o+ KNy Ny Irdrdz

SE
s = iil J (MTINN +  (TINN ) rdrdz

B =Bqe By * Byt &,

‘NE

"'rdrdz

SE
R = & [.,NN,, rd
Qext 1a1 1 1ext
R -s§ [ h(TINGN (17 - 1301 p4pq
LI A% ALK B rdrd

SE < (TN N (1] - 1511y rardz

B‘szjz

1=1
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A final substitution to made is based on an energy balance at the sur-

face which requires that energy flux conducted to the surface equals
the energy flux carried away by convection and radiation and energy

flux deposited by external heat sources. Or,
= = s - s - - -
*k T,, = qn = BTHT® = T) + (TUT® = T7) - g, (3.4-15)

The boundary condition of Equation 3.4-2 does not include the convec-
tion or external heat source terms, as they are not present in this
analysis. Nevertheless, they are carried through in this derjvation
for the sake of completeness.

Substituting Equation 3.4-15 into Equation 3.4-14 and performing
some algebra results in:

jvkrT’r"’rdv * J.vsz’z"'zdv * qu“.Ndv * quext"ds
+ J NR(TIT - T5)ds + ;sux(r)(r' - TS)ds (3.4-16)

As before, an elemental temperature is expended in terms of the shape

functions and nodal unkowns as:

3
(e) .
Indicial
Notation

where the expansion 1s defined in terms of 3 node, triangular elements.
A further substitution is made for T1 by making a Newton-Raphson
approximation for determining the nonlinear temperature in an incre-
mental approach. Thus, the nodal temperature for the 1th iteration is
found from:

1. 1i-1 1
where the subscript 1 still represents the nodal value and the super-
script 1 represents the iteration number.
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J VE;~ ((korNT, )y = koPT, N, )+ ;T'((k rNT,,),, = krN, T, )
+q'''NJdv = 0 (3.4-9)
From Gauss' Theorm, for a general vector v:
jv divergence vdv = J g¥pds (3.4-10)

where v, Is the normal component of v at the surface.

. In cylindrical coordinates, the divergence of v is:

!1 -
divyy = = [(rv.), + (rv,),, +v (3.4-11)

r O’B]

The axisymmetry of the problem requires that Ve ,o" 0. From
Fourier's law, we have:
q°n.= 'krT’r
(3.4-12)
Qe ny= kT,
where n., and n, are unit normals in the radial and axial directions.
The first and third terms of Equation 3.4-9 can be rewritten in
terms of Equation 3.4-12, as:

;— (k rNT,r) ' = %&-(qu . "r)’r

' (3.4-13)
L (kerT.z).z -1 (rNq * nz).z
r r

Comparison of Equations 3.4-13 with Equation 3.4-11 shows that the
volume integrals of the first and third terms of Equation 3.4-9 can be
replaced by surface integrals, resulting in:

[ gla s n,INds + Jgla s n NdS +, kT, N, pdv

[ ] = -
+ ) K gTs Ny @V + ) "' 'NQV = 0 (3.4-14)
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was achieved in the same manner as the radiation transport (diffusion)
equation. The residual of the governing equation was weighted with an
arbitrary test function and integrated over the volume. The state
variable, temperature, was expanded in terms of a linear set of basis
functions. Using the same basis functions for the state variable and
the test function, the Galerkin formulation for steady state heat

conduction in cylindrical coordinates takes the form:
-1 1 _ -
JVL;— (r ke Topdap + 5 (rkpTyg) @' NV =0 (3.4-4)

In its current form, Equation 3.4-4 would produce a nonsymmetric
matrix and tne order of the basis functions would have to be at Jeast
quadratic to insure a continuous temperature distribution. However,
with a slight amount of algebra, a weak, symmetric form can be derived
which is more readily adaptable to digital computation. We begin by
recalling the chain rule from calculus:

(PNT, )5 = PNT, (# NT, +rT, N, (3.4-5)

Again from the chain rule:

N(rT, ), = rNT,  + NT, (3.4-6)

Comparing Equations 3.4-6 and 3.4-5 results in:

N(rT = (rNT - rT'rN’r (3.4-7)

9r)9r ’r)’r
A similar application of the chain rule leads to:
N(rT, )5, = (PNT, ), = vN, T, (3.4-8)

Now assuming a weak dependence of kr and kz on r, Equations 3.4-7

and 3.4-8 can be substituted into Equation 3.4-4 resulting in:
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b. For all other shield surfaces:

g*n=0 (3.4-3)
Tne internal neat generation q''’' -,z) was determined for each
: mesh point from radiation transport. Heating within the shield was due

primarily to neutron scattering and absorption, and gamma attentuation.

4 The equations for converting the respective neutron and gamma fluxes
were included in the previous section.

With the internal heat generation within the shield determined,
the temperature distribution can be calculated. The nonlinearity due
to radiative cooling of the shield can be dealt with by linearizing the

energy transfer at the cooling surface by:

s“ it
49" = ot Fi.)J(:I = -I )

: = o Fm(lsz s NS AN - 1) (NI - 1) (3.4-9)

A variety of numerical schemes have been employed to equate the
radiated energy with the energy conducted to the surface through the
shield in order to determine the temperature dependent radiation heat

£ transfer coefficient, x(T) [Bathe, 1982 and Huebner and Thornton,

1982]. Using this equivalent radiation coefficient, the temperature

distribution can be iterated on until an energy balance equilibrium is

achieved.

N

N 3.4.1 Uerivation of System of Equations for Solving Nonlinear
ﬂ

N Temperature Distribution. The discretization of the heat conduction
: equation into a form that can be easily solved on a digital computer
Cd

’

Ca
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y If -180< y < 0 and |y| < 90 + [s] then
a =90 - (Jy] -8) (3.4-32)

Gout = Inet * €05

The value of q is then summed as part of the total energy leav-

out
ing that particular surface. Similar type algorithms are built into

AR A e, A

SHLDTEMP for other angled surfaces. All that is required of the user
is to define the type of surface (see Figure 3.4.5) and the surface
boundary condition (adiabatic, isothermal, radiati#e heat transfer,
convective heat transfer) when the mesh is being generated, From this
input, the necessary information to perform the heat transfer calcula-
tion is generated.

3.4.4 Validation of Temperature Code. To test the accuracy of

the temperature code, SHLDTEMP, 1-D temperature distributions in both
cartesian and cylindrical coordinates were determined using the Newton-
Raphson method with simplex elements. The results were then compared

with the exact solution. The test cases consisted of a W-LiH shield,

p YA

internally heated by gamma radiation and neutrons, cooled by thermal
radiation to space, and either insulated or isothermal at its front
(slab) or inner surface (cylinder). Heating rates at the front surface
of the shield were assumed uniform along the entire core-shield
interface.

The governing equation for the temperature distribution in each
region was a Poisson equatfon with constant thermal conductivities.
For the slab shield, internal heating rates were exponentially atten-
uated by each region's respective neutron removal and gamma absorption

cross sections, The exact analytical solutions for the slab are con-

. tained in Appendix 1. For the cylindrical shield, internal heating was
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Figure 3.4-5 Types of Surface Available for User Selection
In Determining Final Heat Flow in SHLDTEMP
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kept constant. The exact solution for the cylinder is included in
Appendix 2. Figure 3.5-6 shows the 1-D slab results for both the adia-
batic and isothermal front surface conditions. The excellent agreement
between analytic and FEM solutions is readily apparent. The maximum
difference between the two solutions was less than 0.1%. The input
data from the test cases is included in Table Al of Appendix 1. Figure
3.5-7 shows the 1-D, cylinder results for an adiabatic inner surface
for two different heating values. Again, the agréement between exact
and numerical solutions is excellent, differing by less than 0.1% at
any given radial position.

3.5 Block 3: Thermal Stress/Strain Theory. The main objectives

of this block were to:

a. Model the shield of the SP-100 reactor as an axisymmetric
structure, with specified displacement conditions.

b. Develop a finite element code for evaluating the steady-state
stresses, strains, and displacements induced by the temperature gra-
dient throughout the axisymmetric shield. Bilinear elasticity theory
was hsed during this analysis.

Figure 3.5-1 is an overview of the stress/strain analysis model
developed for the shield. Once the temperature distribution was known,
the effects of temperature gradient on the strains and stresses were
determined. To better understand the effect of temperature, the equi-

1ibrium equations for a 3-D body are [Rivello, 1969]:

3aT T
e 2 ii
344 39Xy
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where:

A=

vE
(1 +v)(1 - 2v)

Lamé constant =

m
N

Young's modulus of elasticity

Poisson's ratio

<
[]

(2]
[ ]

Shear modulus of elasticity

Ugq = Displacement in 1 axis direction

Temperature coefficient of expansion in i axis direction

-t
[}

Temperature
xi, = Surface force component in 1 axis direction
e =9 . Uy
X4 = Position vector
One can readily see from Equation 3.5-1 that the temperature grad-
ient (3rd term on left hand side of the equation) takes the form of a
body force in its influence on the equilibrium of a continuum struc-
ture. Once the displacements (and strains) are known, the stresses are
determined from:

011 = )e + 2G 511 - ‘3A + ZG) anfT (3-5’2)

0.” = Geid (305"3)

where €yq are longitudinal strains and e1J are shearing strains.
The temperature of Equation 3.5-2 represents the local temperature rise
at a point location above some reference datum.

The magnitude of the temperature gradient affects the thermal
strains, and along with the temperature at that location, gives rise to
lTocal stresses. The flowchart of Figure 3.4-1 gives an overview of the
displacement method in solving for the strains and stresses using

finite element theory.
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From previous experimental data during the SNAP program, tension

cracking was encountered in the LiH in previous designs at the Tower
power levels. Welch (1967a and 1967¢) has also reported the appearance
of compressive creep in LiH at elevated temperatures. Such behavior
was not unexpected since the material was mentioned at temperatures

well above 0.5 x T At such high temperatures, a detailed stress

melt’
analysis must account for the plastic behavior prior to fracture crack-
ing in the LiH. _

As if this geometric nonlinearity did not offer the computational
analyst enough challenge, lithium hydride is a bilinear material, with
different elastic moduli for compression and tensfon. Hence, even for
small strain states, an incremental load aproach is required to analyze
the thermal stresses. The general approach adopted in this research
was to initially consider the LiH-SS matrix in a 3-D coordinate sys-
tems, treating the LiH surrounded by SS as a composite material. Using
composite cylinders models developed by Christensen and Hashin
[Christensen, 1979] to analyze a unit cell, the principal axes material
properties were calculated for the homogenized cell.

Compliance and stiffness moduli were then determined using bilin-
ear elasticity theory as developed by Jones (1977) for orthotropic
materials in a principal axes coordinate system. The calculation of-
the thermal stress/strains was completed using a modified Newton-
Raphson fteration, with the spatial discretization modelled with the 3
node, bilinear shape functions for each element.

The system of equations to be solved for the material displace-

ments using 1inear elastic theory will shortly be derived. As before,
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a Galerkin formulation can be used to generate this system of equa-

tions. Such a derivation is included in the finite element text by
Zienkiewicz and Morgan (1983). However, as a comparison with the
previous derivations, the equations will be briefly outlined starting
with a variational function. While the end result is the same, what
becomes obvious is the somewhat "bl1ind" reliance on the accuracy of the
functional by the engineer in accurately representing the physical
reality of the system to be analyzed. As with the question of linear
versus higher order elements, this issue 1s well outside the scope of
this research and left for others to address.

3.5.1 Derivation of System of Equations for Determining

Stresses/Strains. The system of equations to be solved for the dis-

placements of the shield are based on an equilibrium of forces during
steady-state operation. Variational calculus is used to derive this
system in axisymmetric cylindrical coordinates.

For a 1inear elastic continuous medium, the variational function
is [Pian and Tong, 1969 and Bathe, 1982]:

i

w8-;—jvet&dv-1vutf3dv-fsutfsds-l;UtF (3.5-4)

where:

€ strain vector

c

Material matrix

[ =4
[ ]

Displacements

-5
]

8 Body forces

-»
"

Surface or traction forces

-
]

Concentrated forces
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The virtual derivative of the functional is set equal to zero,

resulting in:

e:=o=1vutCedv-Jquwa-Jssﬁigds-ﬁsﬁH

(305‘5)
By discretizing Equation 3.5-5, a system of algebraic equations can be
derived in terms of the unknown displacements at each node.

For each element, we have:

(e) n .
u-'(r,z) = ¢ N,(r,z)Ui = N, U, (3.5-6)
1=1 Indicial
Notation
where:
(e)

u = Displacement of the element
H1 = Shape function for the ith node
Ui = Nodal displacement
n = Number of nodes for each element
From Equation 3.5-6, one can write the discretized strain equation

n .
(®(r,2) = £ B,(r,2) U, =B, (3.5-7)
i=1
Indicial
Notation

where Bilis the strain-displacement operator for an axisymemtric
geometry.

Substituting Equations 3.5-6 and 3.5-7 into Equation 3.5-5, we are
left with:
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Iy BSU; C Byuy dv = ) NoU, f_ dS

+J NSU; Fg ¥ = ) BLSULC arT dv

The last term on the right-hand side of Equation 3.5-8 is included
to account for any initial stresses on the system other than thermal
loading due to the temperature gradient. Since Equation 3.5-8 accounts
for only a single element, the system of equations for the entire
assemblage of elements must be included. Thus, the final system of

algebraic equations to be solved becomes:

NE + NE + )
z “”1 fv B,c BiU1 dV = 3 su, LJ sNifs das + Jv NifB dv
e=] es=]
- jvaic °TT dav - | vBi°Iva (3.5-9)

Dividing out the 6U1 from both sides, Equation 3.5-9 can be
rewritten as:
5 Yp; =R (3.5-10a)
and
R =R +B -8 -8 (3.5-10b)
where:
5 = JAB,lcairdrdz

Bs = }"Nifsrdl.

BB = JAuifBrdrdz
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R. = | 8 ordrd
~1 JA i drdz

Ry = 8,Ca Trdrdz

As with the temperature calculation, Equation 3.5-10 can be cast

as a Newton Raphson iteration and solved as:

Kiagl = g1 - k1L (3.5-11a)

from which the displacements are determined as:

i, il i

y + 4y (3.5-11b)

The use of Equation 3.5-11la allows for the solution of material
nonlinear proolems. It also means tnat the program used to solve the
nonlinear temperature distribution, can be adapted to solve for the
Dilinear elastic or materially nonlinear stresses, as well.

During steady-state operation of the SP-100 reactor, the only
loading on the shield is due to temperature effects, which are often
viewed as initial body loads. This means that gT of Equation 3.5-10 is
the only contribution to the right hand side of the equilibrium Equa-
tion 3.5-11. .

The exact composition of 51, §1, and ¢ have yet to be defined.

The discussion of the next section focuses on the material matrix, ¢,
for the neutron attenuation portion of the shield. The SP-100 design
calls for lithium hydride to be cast or cold-pressed into a honeycomb
matrix, made of stainless steel. The LiH-honeycomb matrix must be
"homogenized" in some manner for the numerical calculation of the
stress/strain/displacements throughout the shield. The effective mate-

rial properties of tne homogenized matrix were developed using compo-

site theory, which will be presented in the next section.
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3.5.¢ Composite Cylinders Model. At first appearance, the LiH

honeycomb matrix shield appears to be highly anisotropic. The axis

parallel to tne honeycomb extends throughout the entire radial distance
at a prescribed angle in the R-8 plane. This geometry accounts for a

0 -dependence of material properties, thus requiring a full 3-0 analysis
(R-8-2). However, in the interest of simplifying the analyses, a
single unit cell of the LiH-honeycomb matrix was evaluated to determine
under what conditions orthotropic or even isotropic material properties
could be used to calculate the thermal stress/strains throughout the
shield.

The unit cell was idealized as shown in Figure 3.5-2.

A X
[

Figure 3.5-2. Unit Cell Used in Stress/Strain Analysis
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The composite cylinders model used in composite theory was
employed during tnis analysis in which the LiH was analogous to the
fioer and the SS represented the matrix. The coordinate system of
Figure 3.5-2 is employed such that the 2-3 plane corresponds to the r-6
(transverse) plane and the l-axis is the same as the 3-axis of the unit
cell. Because of the symmetry in the 2-3 plane, the material is
transversely isotropic.

According to composite cylinders theory, the following displace-

ment field was assumed [Christensen, 1979]:

U = Ar

"LiH

u. =br + & (3.5-12)
SS r
Uz = ezz

Subject to the following boundary conditions:

u =y at r = a
"LiH  Tss

g =g at r = a (3.5-13)
PLiH  Tss

g =0 atr=bH
Tss

The first two boundary conditions of Equation 3.5-13 imply perfect
contact between the LiH and SS during operation, which is quite reason-
able based on experimental results during the SNAP program. The third
boundary condition requires that the outer radial stress disappears
from the unit cell. Since this outer surface is not free to expand due
to the constraint of the adjacent unit cell (honeycomb matrix), this

boundary condition represents an approximation to the real system.
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effective shear modulus is 1.4% at ¢ = 0.99 and independent of the

Poisson's ratio difference. Tne error on the uniaxial moduli ranges

from o.7% (for ’vLiH -V = 0.13) to 1.1% (for |v = 0.03)

arl Lig = Varl

at ¢ = 0.99.

Thus, the treatment of an LiH-A] shield at temperatures near 600 K
as an isotropic material, has been quantified using the cylindrical
cylinders model. The isotropic approximation using ROM is quite rea-
sonable for a wide range of elastic moduli of LiH, provided the differ-
ence in Poisson's ratio between the LiH and Al is small. As this dif-

ference increases to 0.08 (i.e., v = 0.25), the volume ratio of LiH

LiH
must pe greater than 0.98 to remain within a 10% error bound on all
material properties.

The effect of the aluminum on the stiffness of the unit cell can
be examined with CCM results. At elevated temperatures, neither LiH
nor Al maintain very much stiffness (or strength). Hence, intuitively
one would expect the material properties to be very close to those of
LiH, as the volume fraction of LiH remains above 99%. Table 3.5-5
lists the moduli and Poisson's ratios for the fiber, matrix, and unit
cell using CCM for two widely varying values of Poisson's ratio of LiH
and a volume fraction of 99%. From this data, when the difference in
Pbisson's ratio between the fiber and matrix is minimal, the material
properties of the unit cell are nearly those of the fiber at this high
volume fraction. However, as the difference in Poisson's ratios
widens, the directional dependence of properties begins to emerge, even
for a fiber-matrix combination whose stiffness moduli are of the same
order of magnitude. Of particular interest from Table 3.5-5 is the

fact that when Poisson's ratio of the fiber is much less than that for
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both temperatures [Lundberg, 1962], the value of Egou K= 2.1 GPa was

determined from:

c
e

1T 600 K

“o00 k " Fa93 k X (3.5-27)
E293 K

The possible error in using this correlation depends on the qual-
ity of the LiH samples used in the experiments. The room temperature
density of the sample was recorded as 97% weight, minimum. doth the
compression and tension test samples were cold pressed. However, there
was no mention in these test results as to whether the LiH sample used
in compression had been sintered as had the tension test sample.?

An even more basic reason that Equation 3.5-27 may not be accur-
ate, is simply that such a ratio is not valid for a bilinear material.
Hence, some sensitivity on E at elevated temeprature is warranted.
Figure 3.5-5 shows the effect of uncertainties in the elastic modulus
of LiH at elevated temperature.

For a modulus of 2.1 GPa for LiH, the ratio of £ is 4.0.

ar/ELin
As this ratio moves closer to 1.0 (corresponding to E/E; = 3 in fig-
ure 3.5-5), the material approaches isotropic over all range of LiH
volume fraction, for small differences in Poisson's ratio.

Table 3.5-4 is an attempt to quantify the effect of uncertainties
in Poisson's ratio at elevated temperature. For c = 0.99, the maximum

error in an isotropic assumption ranges from 21.9% (for 'vLiH - VA]' =

0.13) to 1.1% (for '“LiH - “A]I = 0.03). The error associated with

2however, the test engineer who conducted these experiments recently
iggzﬁyed that all samples were sintered, to his recollection [Lundberg,
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While the material properties of aluminum are known with a fair

degree of certainty even at elevated temperatures, this is not the case
for LiH. Hence, some sensitivity analysis is necessary with respect to
moduli and Poisson's ratio of the LiH. These sensitivity results are
plotted in Figures 3.5-3 through 3.5-5.

From Figures 3.5-3 and 3.5-4, the effect of temperature on isotro-
picy is analyzed. For the case where Poisson's ratio is close for the
‘two materials (“Liﬂ = 0.3, Val * 0.33), the fiber-matrix cell is essen-
tially isotropic, and ROM is quite accurate for determining material
properties for all volume fractions of LiH at room temperature. At
elevated temperature (600 K), the isotropic approximation with ROM
remains quite reasonable (< 7% error) down to 95% volume fraction.
Based on past shield designs, the actual volume fraction of LiH should
be above 99%, which results in a maximum error of 1.4% or less for the
ROM approximation.

As the difference in Poisson's ratio increases between LiH and Al,
(i.e., v, 5 decreases), the error in ROM for the effective Poisson's
ratio of the homogenized material increases significantly. For a
volume fraction of 0.99, the error is 22.4% at room temperature and
21.9% at 600 K. The difficulty of predicting material behavior for
composites is reflected by Figure 3.5-4 in observing that the ROM error
increases with increasing LiH volume fraction at room temperature, and
decreases with increasing LiH volume fraction at elevated temperature.

This reversal is due to the relative differences in elastic moduli of
LiH and Al at the two temperatures.
The tension modulus for LiH at high temperatures was not reported

fn any open literature. Since the compression moduli was available for
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Table 3.5-4: cffect of uncertainties in v 4y at 600 K
for an LiH-Al Matrix with E j4 = 2.1 GPa

Maximum % Difference From ROM

c £4 S5 Vi
VLiH = .20
.995 6.1 7 21.6
.99 6.7 1.4 219
.98 8.1 2.7 22.4
.97 9.4 4,1 23.1
.96 10.7 5.4  23.8
95 . 11.9 6.6  24.5
Lin = -2
.995 3.2 J 9.l
.99 3.9 1.4 9.6
.98 5.2 2.7 10.8
.97 6.5 4.1 12.0
.96 7.8 5.4 13.2
.95 9.0 6.6 14.3
VLin = -30
.995 .5 .7 .5
.99 1.1 1.4 1.1
.98 2.4 2.7 2.5
.97 3.7 4.0 3.9
.96 5.0 5.4 5.4
.95 6.2 6.6 6.9
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Table 3.5-3: Effect of Uncertainties in LiH Elastic Moduli
at 600 K for an LiH-Al Matrix with VLiH = 0.3
[EoLin = 2.1 GPa]

Maximum % Difference From ROM
A T T R P

EL{H/EgLiH = 3

.995 .1 0.0 .3
.99 1 0.0 .3
.98 .2 .1 .3
.97 .2 .1 .3
.96 .3 .2 .3
.95 .3 .2 .3
ELiw/EoLin = 2
.995 0.0 .2 .4
.99 .1 .3 .3
.98 .4 .6 .4
.97 .7 .9 .7
.96 1.0 1.2 1.0
.95 1.2 1.4 1.2
ELin/BoLin = 1
.995 .5 .7 .5
.99 1.1 1.4 1.1
.98 2.4 2.7 2.5
.97 3.7 4.0 3.9
.96 5.0 5.4 5.4
.95 6.2 6.6 6.9
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Table 3.5-2a.

<

Table 3.5-2b.

o

Effect of Temperature on Isotropic Properties

of LiH=-Al Matrix with v

LiH

= 0.3

Max ¥ Difference from ROM

T = Room Temp

2T

.1
.1

G

0.0
0.0
0.0
0.0
0.0
0.0

A3

v

A

T = 600 K
B By
5T
1.1 1.4
2.4 2.7
3.7 4.0
5.0 5.4
6.2 6.6

Max % Difference from ROM

T = Room Temp

Eu
5.6
5.6
5.5
5‘4

5.3
5.2

Sig
0.0
0.0
0.0
0.0

0.0
0.0

4y

.5
1.1
2.5
3.9
5.4
6.9

Effect of Temperature on Isotropic
Properties of LiH-Al Matrix with v ;. = 0.2

T = 600 K

Vi3 By Gy Y4y

22.5 6.1 .7 21.6
22.4 6.7 1.4 21.9
22,1 8.1 2.7 22.4
21.8 9.4 4.1  23.1
21.5 10.7 5.4  23.8
2.2 11.9 6.6 24.5
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Table 3.5-1. LiH and Al Properties Use& in Composite Cylinders
Model Analysis

Room Temperature, T = 293 K

LiH:
E = 72.4 GPa
G = 27.8 GPa
v = 3-.2
Aluminum 1100
E = 69.0 GPa

G = 26.0 GPa
v = 33

Elevated Temperature, T = 600 K

LiH:
E=2.1GPa
G = .81 GPa
vas  3-.2
Aluminum
E = 8.4 GPa
G = 3.2 GPa
v=.,33
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and an LiH-Al honeycomb matrix, since both types of honeycomb structure
were candidates for neutron attenuation in the SP-100 shield. The
application of the composite cylinders model to this type of matrix
serves several purposes. The first is to gain an appreciation for the
effect of the matrix on the stiffness of this portion of the shield.
Because the function of the matrix is to direct any cracking in the LiH
away from the shielded payload, a matrix material that will provide
this directional stiffness is required. A second use of CCM results is
to gain an understanding as to the directional dependence of the mate-
rial properties. The accuracy of isotropic versus orthotropic treat-
ment of the structure affects the constitutive equations, and ulti-
mately, the numerical modelling of the system for eventual calculation
of the stresses and strains. The final use of CCM is to generate the
material properties of the homogenized LiH-honeycomb matrix cell in the
determination of the axisymmetric thermal stresses, strains, and
displacements.

The results of applying the composite cylinders model to both a
LiH-Al and an LiH-SS honeycomb matrix are presented in the next
section.

3.5.3.1 CCM Results for an LiH-A1 Honeycomb Matrix. Using CCM

and the properties of LiH and aluminum as identified fn Table 3.5-1,

" the results 1isted in Tables 3.5-2 through 3.5-4 were generated. These

results are useful in evaluating the validity of treating the LiH-Al
honeycomb matrix as isotropic, with material properties calculated

using a rule of mixtures approximation (ROM).
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where:

. A= 3c(l - c)¥(ug/uy = D{ue/u +ng)
9 + (wgfuon+nen - (u/un = n)c?)
X (nm c(uf/um -1) - (uf/umnm + 1)) (3.5-24)

= - - c)2 -
B 6¢c(l - ¢) (uf/um 1)(uf/um + nf)
N + ((uf/um)nm + (uf/um - 1l)c + 1) ((nm - 1)(uf/um + nf)
-2c3 - -]
2c ("f/"m)"m nf) + (nm + l)c(uf/um 1)(uf/um *+ng
* ((upfupny = nelc?) | (3-5.25)
C= 3¢(l - c)z(uf/um - D{ug/lug + ng)
i +(uplugno + (we/up = 1)c + D(ue/u +ne + (ue/un - nf)c3)
(3.5-26)
where:
ne = 3-~-4 Ve
ny ® 3-4 Vo
A simple check on the accuracy of these rather tedious expressions
is to examine the asymptotic behavior of each homogenized engineering
parameter as the volume ratio of the fiber approaches 1. Indeed, all
L values collapse to that of the fiber material (to include the trans-
verse plane snear modulus). This result lends rredence to Hashin's
. analysis that all expressions (with the exception of u,,) are exact for
small and large values of volume fraction, c.

N 3.5.3 Application of Composite Cylinders Model (CCM) to LiH in

Honeycomb Matrix. The results of tquations 3.5-15 through 3.5-26 were

e
o.-..'o . 0

used to determine the homogenized material properties of both an LiH-SS
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: 4uz3 K3
l Ezz = 23 (3.5-15)

2
Ko + Ha3 + V12 Hy3 K3 /Eyy

2
K23 = Ma3 = ¥ya W3 K3/Ey

\)23 = (3.5-17)
~ 2
Ka3 + M3 + &5 ua3 K3/
:P lum - um ]
" +u u
, Kp M. Ke+_f
. 3 3
- Vig = (L =chv, + cve+c(l ~c)(vg-v)e '

12 m f f m' 1T -clu, =T
. + + 1]
. +u "}
I Ke _f Kp +_M
. 3 3
. u

Koz = Ky + ?m + <
: UIKg = Ky + 5 (ug = ug)] + (1 = €)/TKy + 3~ u,]

uf(l + ¢) tup (1 -c¢)
. Mg =up € ] (3.5-20)
y uf(l -c) tup (1 +¢)
: and by symmetry:
:
v "21

‘ 22,2 (3.5-21)
. g1 B
- from which:
vy = Vi fa (3.5-22)
Ey
" The only remaining unknown is the transverse plane shear modulus,
p Mp3. While an exact solution to u,, has not been found, Christensen

and Lo (1979) proposed the following solution for determining u,5:
. 2
N H23 23
N A(—)+B(—)+C-0A (3.5-23)

¥ Vo

l
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However, tne therm1 conductivity of the stainless steel matrix will be

p
k ~4 times greater than the LiH filler, resulting in a significantly
_ smaller temperature gradient in tne matrix. Thus, the stresses induced

by the temperature gradient at the outer radius of the unit cell will

oe an order of magnitude less than in the filler material and the
boundary condition of Equation 3.5-13c is a valid approximation to the

physical reality.

L 20 A gie

The compliance matrix for the cartesian coordinate system of Fig-

ure 3.5-2 takes the following form:

178, Vo1l va /B 0 00
"“12/511 l/Ezz 'V32/E22 O 0 0
'\)12/E11 '\)23/E22 1/E22 0 0 0
LSijJ =
0 0 0 -l- 0 0
Zuz3
0 0 0 0 - 0
P

0 0 0 o o 1.

2u12

(3.5-14)
From continuum mechanics arguments, it can be shown that
sij = Sji' Tnis results in six unknowns in the compliance matrix to be
determined; E;), Ez2, Vi2, V23s W12, aNd uy3. Hashin showed the

following expressions to be exact [Christensen, 1979]:

de(l - ¢) (v, - vm)2 o

Eyqy = cE. + (1 -Cc)E_+
H f m (1-c¢) by G
+ +1 (3.5-15)

Kf + uf/3 Km + um/3




Table 3.5-5:
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CCM Results for an LiH-Al Matrix at 600 K
with an LiH Volume Fraction of 99% (All
Moduli in GPa)

LiH

2.1

2.1

0.81
0.81
0.30
0.30
0.30

2.1

2.1

0.81
0.81
0.20
0.20
0.20

Al

8.4
8.4
3.2
3.2
0.33
0.33
0.33

8.4
8.4
3.2
3.2
0.33
0.33
0.33
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Unit Cell

2.16
2.16
0.83
0.83
0.30
0.30
0.30

2.03
2.17
0.82
0.83
0.19
0.20
0.23
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the matrix, the transverse plane stiffness modulus of the unit cell is
less than both the fiber and matrix. The transverse plane of the unit
cell corresponds to the axial direction of the core-shield system (in
the direction of the payload). Hence, for a given temperature distri-
N bution and thermal strain, the lower transverse plane stiffness modulus
results in lower stresses in this direction, This is precisely the

desired effect of the honeycomb matrix; that is, to minimize cracking

DA SENE VLY

in the payload direction.
3.5.3.2 Composite Cylinder Model Results for an LiH-SS Honey-

comb Matrix. Analogous to the analysis of the LiH-A1 matrix, the

PO

CCM was used to evaluate the unit cell material properties of an LiH-SS
matrix. The results are presented for a matrix at room temperature and
’: at 600 K. The properties of LiH and SS used are identified in

g? Table 3.5-6. Tables 3.5-7 through 3.5-9 provide sensitivity analyses
in examining the validity of treating the LiH-SS matrix as an isotropic
structure. This data is also presented in graphical form in Fig-

ures 3,5-6 through 3,5-8.

From Tables 3.5-7a and 3.5-7b, the treatment of the LiH-SS matrix

ot il

as an isotropic material is quite reasonable (~1% error) at room tem-

perature, provided the value of v is very close to that of stainless

LiH
steel. At room temperature, as the difference in Poisson ratios
between the two materials increases, the error in the isotropic approx-
imation increases to unacceptable levels for the unit cell Poisson's

ratfo.

At 600 K, the isotropic approximation is seen to be highly inaccu-

rate for any volume fractfon or Poisson's ratfo of LiH, The material

-_w_&_
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TABLE 3.5-6: LiH and SS Properties Used in Composite Cylinders
Model Analysis

Room Temperature, T = 293 K
LiH:

E = 72.4 GPa
G = 27.8 GPa
v = 0.30-0.20

Stainless Steel - 316

E = 190.0 GPa
6= 73.0 GPa

v = 0,305

Elevated Temperature, T = 600 K

LiH:
E=2.1 GPa
G = 0.81 GPa
v =030

Stainless Steel - 316
E = 175.0 GPa
G= 67.3 GPa
v= 0,305




TABLE 3.5-7a: Effect of Temperature on Isotropic Properties of

Max & Difference from ROM

.
»
i
y
b
:
h. «
.‘
M)
‘]
i

T = Room Temp T = 600 K
995 .4 .3 .7 23.4 25.9 32.8
99 7 6 1.1 45.2 511  69.2
: 98 1.3 1.3 1.8 84.5 99.3 146.3
I 97 1.9 1.9 2.6 119.9 145.0 225.5
' 96 2.4 2.5 3.3 152.2  188.4  305.0
95 3.0 3.1 4.0 182.2 229.8 383.2

TABLE 3.5-7b: Effect of Temperature on Isotropic Properties
of an LiH-SS Matrix with VLiH = 0.2

Max % Difference from ROM

Py |

T=Room Temp T=600 K

O LR F L B Sy My

: 0.995 6.0 0.3 27.7 30.4  26.0  54.0
3 0.99 6.3 0.6 22.7 53.1  51.6  93.0
0.98 6.9 1.3 22.8 93.3 100.6 177.4

0.97 7.4 1.9 22.9 128.9  147.0  263.7

0.96 8.0 2.5 23.0 161.3  191.3  349.1

0.95 85 3.1 23.1 191.3  233.4  432.2
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Table 3.5-8:

Effect of Uncertainties in LiH Elastic ioduli at
600 K of an LiH-SS Matrix witn ViUiH * 0.3

[EoLiH = 2,1 uPa]

0.995
0.99
0.98
0.97
0.96
0.95

0.995
0.99
0.98
0.97
0.96
0.95

0.995
0.99
0.98
0.97
0.96
0.95

Maximum % Difference From ROM

Eit

E in/EoLgy = 3.0

7.8
15.2
29.3
42.5
54.9
66.5

ELin/EorLin * 2.0

11.5
22.7
43.6
62.9
80.7
97.3

ELin/EoLiy™ 1+0

23.4
45.2
84.5
119.9
152.2
182.2
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.Eil

8.3
16.2
32.4
47.8
62.6
76.8

12.6
25.1
49.3
72.5
94.6
115.8

25.9
51.1
99.3
145.0
188.4
229.8

_\ii

10.4
21.0

42.9
65.4
88.0
110.6

15.2
31.8

66.7
102.6
138.9
174.9

32.8
69.2

146.3
225.5
305.0
383.2




Table 3.5-9: Effect of Uncertainties in VLiH at 600 K for an
L1H-SS Matrix with E 4y = 2.1 GPa.

0.995
0.99
0.98
0.97
0.96

0.995
0.99
0.98
0.97
0.96
0.95

0.995
0.99
0.98
0.97
0.96
0.95

Maximum % Difference From ROM

B 8y
Vi " 2
30.4 26.0
53.1 51.6
93.3  100.6
128.9  147.0
161.3  191.3
VijH = 25
27.0 26.0
49.3 51.3
89.3  100.0
124.9  146.1
157.3  190.0
187.3  231.7
iy = -3
23.4 25.9
45.2 51.1
84.5 99.3
119.9  145.0
152.2  188.4
182.2  229.8
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JFl

54.0

93.0
177.4
263.7
349.1

41.8
79.5
160.4
243.6
326.5
407.6

32.8
69.2
146.3
225.5
305.0
383.2




Figure 3.5-6 Effect of Temperature on Isotropic Behavior of
LiH-SS Shield with Vg * a.3

Max X Difference from Rule of Mixtures

0.47 T T i i “M
0.95 0.96 0.97 0.98 0.99 1
VUOLUME FRACTION OF LIH
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“fgure 3.5-7 Effect of Temperature on Isotropic Behavior of

Max % Ditferance from Rule of Mixtures

.4

L1H-SS Shield with v . = 0.2

LiH

N

Q. Or'? 0. 58 0}9
VOLUME FRACTION OF LIH

1
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Figure 3.5-8 Effect of Uncertainties in ELi
LiH-SS Matrix

H at 600 K of an
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properties are highly directionally dependent and an orthotropic com-

pliance matrix is required in the stress-strain analysis. The basis
for this directional dependence is included in Table 3.5-10, which
lists the CCM results for the LiH-SS matrix at 600 K for a 99% volume
fraction of LiH.

The discussion of the LiH-Al matrix regarding the effect of a
smaller modulus in the r-o plane than the axial plane is even more
pertinent for the LiH-SS matrix. From the engineering standpoint that
a low radial moduli fs desirable to minimize neutron streaming to the
payload, the lower LiH Poisson's ratio of Table 3.5-10 yields excellent
results. This conclusion is obtained from the following data: for
v = 0,3, the ratio of Err/Ezz = ,69; and for v

LiH LiN
of E",/Ezz = 0.65, Table 3.5-10 data also shows that the 1% of stain-

= (0,2, the ratio

less steel increases the effective unit cell stiffness by 19% in the I'-
¢ plane and 83% in the axial plane. (as defined by the coordinate
system of Figure 3.5-2).

Thus, the use of CCM theory for the LiH-SS matrix has shown that
the structure is highly anisotropic at elevated temperature and such
material behavior must be included in the constituitive equations. The
stiffness modulus of the unit cell will be significantly increased with
only 1% of stainless steel, particularly in the cell axial directional
(corresponding to the radial plane in the actual reactor shield geom-
etry).

3.5.4 Constitutive Equations for an Orthotropic Material. As

shown using CCM theory, the "homogenized" LiH-Al matrix may be con-
sidered isotropic for some conditions; whereas, the LiH-SS matrix must

be treated orthotropically for all volume fractions and temperatures.
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TABLE 3.5-10:
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CCi Results for an LiH-SS$ Matrix at 600 K with an
LiH Volume Fraction of 99% (All Moduli in GPa)

LiH

2.10
2.10
0.381
0.81
0.30
0.30
0.30

2.10
2.10
2.10
0.81
0.20
0.20
0.20
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SS

175.0
175.0
67.3
67.3
0.305
0.305
0.305

175.0
175.0
67.3
67.3
0.305
0.305
0.305

Unit Cell

2.64
3.83
0.98
1.15
0.207
0.301
0.351

2.50
3.84
0.97
1.15
0.15
0.23
0 29




Therefore, any numerical codes developed in this research must be

capable of handling the more general orthotropic case in an axisymmet-

ric geometry.

Before presenting the constitutive equations for the axisymmetric
material, it may be helpful to show how the cartesian coordinate system
of composite cylinders model relates to the cylindrical coordinate
system represented in the constitutive equations., The relationship for
a single LiH-Honeycomb matrix unit cell is shown in Figure 3.5-9., The
actual material properties mapping from the local cartesian to the .
global cylindrical systems are included in Table 3.5-11, When two
properties were combined in transforming from local cylindrical to
global cylindrical, the mean value was used, (This actually turned out
to be a minor assumption, as the two values to be combined differed
only in the 3rd significant number, This was true for both the

Poisson's ratios and the shear moduli of Table 3.5-11.)

TABLE 3.5-11: Mapping of Material Properties from Local
Cartesian to Global Cylindrical Coordinates

Local Local Global
Cartesian Cylindrical Cz1indrica1
e Bz Err
E22 ExR €z
Va1 YRz Ver

v v

v12 vZR } vrz
23 R

623 Gre f 6
G G zr
12 ZR
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Figure 3.5-9: Relationship of Composite Cylinders Axes (Local)
to Axisymmetric Axes of the Reactor System
(Global)

Global

Shield

Local . Local Global
Cartesian Czlindrical Czlindrical

X r '

Xz g
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The constitutive equations for an axisymmetric material take the

following matrix form:

Co
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(3.5-28)

Because the strain energy must be positive definite (which implies

that a potential function exists), the compliances and stiffnesses must

be symmetric.

vérse]y isotropic media, lead to the following relations:

v = VvV
ir 9
v a2 Vv
rz g2
v = vV
ro or
E = E
rr qgg
v v v
2r . orz . sz
E E E
22 rr rr
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The requirement, along with the assumption of a trans-
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Figure 3.5-14 Comparison of Finite Element and Exact Solutions for
Stresses Due to a Radial Temperature Distribution
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Table 3.5-12: Test Case Input Data

Elastic Modulus 4,1368 x 105 N/cm?
Coefficient of Expansion 3.0 x 10-® cm/cm-K
Poisson's Ratio 0.3

Radius of Cylinder 10.0 cm

Internal Heat Generation 0.5 W/cmd

Thermal Conductivity 0.05 W/cm-K

Figure 3.5-13 Numerical Mesh used to Calculate FEM Stresses
for Test Case

10.0
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The temperature solution from Equation 3.5-45 is:

qlll az '.2
Hr) = T +=——m——(1-—) (3.5-46)
0 4k al

Substituting Equation 3.5-46 into Equations 3.5-41 and 3.5-42,
which are then substituted into Equations 3.5-38, 3.5-39, and 3.5-40,

results in the following solutions for thermal stresses:

Ea q''" a? r2

g = ( - 1)
rr (1-v) 16k a2
e q''' & 3
- - 3.5-48
Po0 (1) 16k -V ( )
o = Hagt'@ (, 22, (3.5-49)
2z (1-v) 8k ( a »))

The numerical mesh of Figure 3.5-13 was used in SHLDSTR to compare
the exact solution with the approximate solution. The simple mesﬁ
consisted of 15 nodes and 16 glements. The mesh was not optimized for
minimum bandwidth or star clustering of elements to reduce the stiff-
ness associated with triangular elements.

The fnput data of Table 3.5-12 was used for the comparison., The
results of the FEM and exact solutions are included in Figure 3.5-14.
The numerical results plotted are the stresses for the elements of fig-
ure 3.5-13 which straddle the geometric centerline (z = 5.0 cm), This
accounts for the alternating high-low numerical values when compared
with the exact solution curve. The excellent agreement between the

numerical and exact solutions for this simple mesh, shows why FEM codes

have gained such widespread use in numerical computations.
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surface and completely restrained for axial movement. All material

properties are constant and the cylinder is isotropic.
Starting with the constitutive equations for a 3-D, axisymmetric
body, the following relationships can be derived for stresses in the

solid cylinder:

O E"’z" T-T,) (3.5-38)
— E’u‘ - —-—
a Ea (T - T(r) T-T,) . (3.5-39)
000 i ( J 2 i
Sy * ;:" v T - T(r) (3.5-40)
-V
where:
T = _i? J3 Tlrirar (3.5-41)
T, = -.":? IT Ttrirdr (3.5-42)
B o= & (3.5-43)
= :
a = (lw)a (3.5-44)

The governing equation and boundary conditions for the temperature
distribution is:

1 4 (rk %I— )+q''' = 0 (3.5-45)

Subject to:

a. T = Ti atr =90
b, T = Tb atr =2
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Figure 3.5-12a Thermal Conditions for Stress Test Case (Plain Strain)
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Figure 3.5-12b Displacement Conditfons for Stress Test Case
(Plain Strain) ‘
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Two types of convergence checks are employed in SHLDSTR. The

inner loop convergence criteria is a check on the incremental displace-
ments calculated with tne N-R iteration and takes the form:
1(ad » aU,
1y, U,

< (3.5-36)

According to many respected researchers, convergence based on displace-

ment criteria is preferable to an energy convergence criteria for the
N-R iteration (Bergan and Clough, 1972). A]thouéh in this research, it
was generally observed that for a well-behaved solution, displacement
and energy convergence accompanied each other.
The outer loop convergence criteria was based on an energy bal-
ance, and takes the form:
1 (R-KW, U,
1R, U,

(3.5-37)

The energy convergence criteria is a scalar measure of the work
done by residual forces to work done by applied forces (Cook, 198l1).
while convergence according to this equilibrium check does not insure
accuracy of the solution (Noble, 1969), the combination of convergence
over displacement and energy balance provides a stronger basis for
confidence in the results (Bathe, 19é2).

3.5.6 Vvalidation of Stress Code. The accuracy of the stress

code, SHLUSTR, was analyzed by comparison of the numerical stresses
with an exact solution. The problem setup of Figures 3.5-12a and b
were used as the test case, consisting of a solid cylinder with insu-
lated ends, a constant internal heat source, and heat flow in the rad-

ial direction. The cylinder is free to expand at its outer radial
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Figure 3.5-11: Flowchart of Solution Method Used in
Stress Code, SHLDSTR
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3.5.9 Stress Analysis Code, SHLDSTR. The temperature code,

SHLOTEMP, was adapted to calculate the 3-D, axisymmetric stresses,
strains, and displacements for the bilinear, orthotropic shield. The
resulting stress code, SHLOSTR, uses the same 3 node triangular ele-
ments, Newton-Raphson iteration, and a choice of an LDLt Direct Solver
or the Pre-conditioned Point Jacobi Method with Conjugent Gradient
Acceleration to solve the system of equations for nodal displacements.
Figure 3.5-11 is a flowchart describing the solution method cur-
rently coded in SHLDSTR. The stress code differs from the temperature
code in several aspects. For stability reasons described in Sec-
tion 6.3, the solution method in SHLDSTR allows for the option of
eitner a full or modified Newton-Raphson iteration. The user can spec-

- ify the maximum number of inner iterations allowed before the stiffness

matrix is updated to account for any elements changing their stress
state (compressive to tensile, or visa versa).

With two degree of freedom per node, the matrix for the system of
equations is twice the size for the stress problem than the temperature
problem (for the same mesh). Oue to the size of the problem, the

matrix was too large to be assembled in-core on the VAX 11/780. For

this reason, the matrix entries are located directly into a vector,
with the diagonal element locators in a separate vector. This assem-
blage procedure resulted in approximately two orders of magnitude sav-
1ng§ in required storage {~10* vs ~10%) for a 1500 degree of freedom
problem. With the more efficient assemblage, an in-core assemblage and

solution was possible.
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3.5.4.3 Constitutive Equations Used in This Research. For this first

cut at the thermal stresses in the LiH-honeycomb matrix, the approaches
used by Jones and ldelsohn, et al. were combined in formulation of the
material matrix. Jones' weighting functions for off-diagonal elements
based on principal material axis stresses were used directly in the
formulation of the materfal matrix for an axisymmetric LiH-honeycomb
matrix (homogenized using composite cylinders model theory). Using the

following axes reference frame:

Subscript 1 = R axis
2 = o axis
3 = Z axis

the material matrix elements assume the following form:

cij if gy 2 o, Ipp > 0, 933 > 0 \
c” = {

c”" 1f g, €0 ,0, <0 ,035<0

Cyyt  1F agy> 0
Cyy =1

" If oy, <0

t c
kjicji + ljicji if 011 >0 » UJJ <0

Cji = C1J = |
kJicjic + 111CJ1t if 011 <0 ’ CJJ >0
where:
K . 'U.HI
I ogyl + Iyl
lo 44l
yy 74 (3.5-35)
qu.'l + 'OJJl
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3.5.4.2 ldelsohn, et al. Constitutive Equations for Bilinear

Material. Idelsohn, et al., (1982) recently proposed another criterion
for maintaining symmetry in the bilinear material matrix, while working
in principal stress axes. They identified different weighting factors
which operate on the off-diagonal elements of the material matrix
directly, instead of the compliance matrix as Jones presented. The
material matrix now takes the form:

t
CiJ 1f g > 0 P

11
g =1
C

(3.5-34)

c
t c
cji cji + Bji cji if aii >0 ’ OJJ <0

agyCyS +8yy €y 1F 0y <0, 0y 50

where @44 and BJi assume values based on the particular material
type and geometry. The subscripts 1 and j refer to a material axis and
do not imply a summation.

Furthermore, they assume that the shear moduli in orthotropic
directions are the same for tension and compression. Unfortunately,
unless experimental data is available to determine the values of “Ji
and BJ,. any values used will be completely arbitrary. Therefore,
Jones approach of weighting coefficients for off-diagonal elements
based on the calculated stresses in principal material axis directions

appears more valid for an unknown material.
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The compliances of Equation 3.5-32 were assigned the following

weights:
ifo,>0anda > 0: s”pq = s”tpq
‘3-5-33)
i Pq Pq
ifop<0and aq< 0: S'U S”c
ifo,>0anda, <0: su"“ a sutpq
Pq pq Pq
S12 "k s12t * ke,
Pq . Pq
S22 Szzc
. Pq
S61 Sslt
Pq . Pq
S62 stszc
) pq . Pq
if cp < 0 and oq > 0: S11 sllc
Q.
512 kpS12, * kq S12,
Mg . pq
S22 ‘522t
. Pq
S61 ss1c
- Pq
S62 562t
where:
C . Iopl
P lo | + ol
p q
. laq]
| q
!
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FIGURE 3.5-10: Bilinear LiH at 600 K

matrix for plane étress, working in principal material axes.
Idelsohn et 51. (1982) presented a different criterion for generating
the off-diagonal elements of the material matrix, working in principal
stress components. In this research, Jones and ldelsohn's treatment of
the constitutive equations were extended to an axisymmetric, ortho-
tropic structure to model the LiH-honeycomb matrix portion of shield.

3.5.4.1 Jones Constitutive Equations for Bilinear Material. As

with the thermal conductivities, the assumption was made that the
global axes of the shield (r-z axes) coincide with the principal axes,
as well. Jones proposed the following stress-strain relations for
bilinear, orthotropic materials in principal material coordinates under
plane stress:

Pq

sp = Sll q

. < Pq Pq .
q $12 9% + 522 % (3.5-32)

= Pq Pq
561 ap + 562 cq

Pq
'°p + 812 (/]

Vpq
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rnfl m’zr) n(vm+nvzr) ""zr‘l"'“ro) 0

D = f22 av_+mv2 ) n(1-nvZ )  nv__(l+v_) 0

- R ro  zr zr zr ro
(lwm)(l-\)m-Zmzr
2
"“zr(1+“ru) "“zr(1+“ro) (l-vro) 0
0 0 ) 0
_ m(iwm)
: '(_l-vm - 2nvzr)

(3.5-31)

At this point, another difficulty in the constitutive equations must be
addressed: specifically, the bi-modularity of elastic moduli for LiH.
The difference between the tensile and compressive moduli was shown
with Equation 3.5-27. At elevated temperature, there will be some
dissociation of Li and H. Because the melting point of Li is only
450 K and the shield will operate well above this temperature, there
will be some 1iquid 1ithium throughout the LiH which causes different
stiffness for tensifon and compression. Because of this difference in
moduli, the symmetry of Equations 3.5-29 and 3.5-31 will not be pre-
served. Thus, the approximations of bilinear elasticity theory must be
used. Figure 3.5-10 is a stress~-strain curve for the bilinear LiH with
different tension and compression moduli at 600 K.

Ambartsumyan was the first credited with addressing the constitu-
tive equation dilemma of bilinear theory for isotropic materials
[Idelsohn, et al., 1982]. However, his results did not preserve sym-

metry in the material matrix. Jones (1977) further developed the the-

ory preserving symmetry for both an isotropic and orthotropic material
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", However, Vv__ % v
- 2r rz

Equations 3.5-28 may now be rewritten:

: € — 1/E -v JE -v [E 0
; rr rr or’ rr r 22
- 1 -
€oo Vor/Epp /85 V'€ 2z 0
- - 1
. €2z vzr/Ezz vzr/Ezz /Ez2' 0
3 1
: Yrz B 0 0 0 /G
. (3.5-29)
. Defining,
. n = E JE_and m = G /E
y rr’ "2z rz’ "2z
' Equation 3.5-29 can be inverted to determine the stresses as a function
. of the strains. This results in,
g=Ct ¢
or,
4 3 - - 7 Y
g €
rr rr
. ) %a0 J’ = ) €90 | (3.5-30)
°oa D ezz
$ T y
N rz rz
. . J L 4 U %)
N
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4.0 EFFECT OF TEMPERATURE ON ENERGY DEPOSITION IN THE SHIELD

The theory of the previous section was utilized in the analyses of
radiation shields for the SP-100 space reactor. The results of this
research are broken into two major focus areas:

-a. The effects of temperature feedback on energy deposition due
to changes in nuclear properties.

b. The effects of shield configuration on témperature distribu-
tion due to the coupling of radiation transport with thermal transport.

The second focus area, shield configuration effects on tempera-
ture, 1s the ultimate goal for a thermal analysis of the radiation
shield. The significant findings of this focus area will be presented
in Section 5.0. However, before accepting temperature distributions as
final, the first major focus area must be analyzed in detail. Should
temperature have a significant effect on energy deposition in the
shield, then the difficult task of including temperature feedback
effects must be included in the analysis each time the shield configu-
ration or boundary conditions of the shield are slightly modified. On
the other hand, should the energy deposition-temperature feedback cou-
pling prove to be weak, then the computational requirements of the
thermal analysis of the shield are greatly simplified. The effects of
temperature on energy deposition in an SP-100 reactor shield will now
be discussed.

4.1 SP-100 Reactor Design Concept. Before presenting these

results, the reactor concept for which the shield was designed, shall

be discussed.
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The SP-100 reactor design concept considered in this analysis was

a fast reactor fueled with 93% enriched U0, and coupled to thermoelec-
trics for converting thermal energy to electric energy [General Elec-
tric Company, 1983]. Control of the reactor core was provided by
8,C/Be0 drums external to the reactor and contained in the radial
reflector.3 An inner annulus, filled with BeO during operation, was
fncluded in the design. Heat removal from the core was accomplished
via 1iquid 1ithium pumped through the core to a heat exchanger external
to the core-shield system. As discussed previously, the radiation
transport portion of this analysis was performed in two parts. First
the core was modelled with a fine grid to solve for the fundamental
mode eigenvalue. The neutron and gamma fluxes were read onto tape and
used as input for the determination of fluxes throughout the shield.

The basic reactor and shield model used in the present analysis is
included in Figure 4.1-1. The volume fractions for each region of the
system during steady-state operation are included in Table 4.1-1.
Number densities were calculated with these volume fractions and physi-
cal densities at e1evat§d temperatures.

A1l results generated during this research were based on either
59 group or 38 group BUGLE cross section libraries in AMPX format
[ORNL, 1976]. The 59 group set, consisting of 41 neutron groups and 18
gamma groups, was used in the 1-D fluence calculations. The 38 group
1ibrary, consisting of 24 neutron groups and 14 gamma groups, was used
for all 3-D, axisymmetric analyses for energy deposition in the shield.
A1l cross sections are based on ENDF/V data. Tables 4.1-2 and 4.1-3

11st the range for both sets of cross sections.

3 More recent reactor designs include control rods in the core.
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Figure 4.1-1 Core and Shield Design Modelled in UNM Analysis
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The initial fine mesh core eigenvalue calculation was made with a
36 x 51 node mesh. The average grid spacing in the core was ~.5 cm
(radial) by 1.0 cm (axial). The 38 group cross section library was
generated by running the criticality problem with the 59 group cross
section library, then using the flux spectrum from the core as a
weighting function in co'lapsing the 59 group 1ibrary to 38 groups.

The same spectrum was used to collapse the BUGLE cross sections 1in
MACK IV to 38 groups 1n generating the heating kermas. The 38 group
library was then used in FEMP2D to calculate the heating rates through-
out the shield.

The eigenvalue of the fine mesh core with reflectors was calcu-
lated as A = 1.031163 using volume fractions as recorded in
Table 4.1-1. Twelve outer iterations were required for a 10~* error
tolerance on the eigenvalue. The maximum number of inner iterations
was 60 for a 10 error tolerance for each energy group. The system
was well-conditioned as 53.2 was the largest condition number
encountered during any {iteratfon.

Figure 4.1-2 shows the neutron leakage from the core, and outer
radial and axial surfaces of the reflectors. For an operating power
level of 1.66 thh, there are 1.248x10'7 source neutrons generated. Of
this total, some 42.1% leak out of the core over a 4 © geometric fac-
tor. About 18.4% of the total source neutrons leak out the outer radi-
al surface, and 2.2% leak out the top axial reflector surface directly
into the shield. As expected, the leakage flux spectrum is quite hard
over these surfaces with almost 20% of the neutrons with 1 Mev or

greater energies.
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Figure 4.1-2 Neutron Leakage for the SP-100 Reactor
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Tne results that follow were based on thi; reactor design, which
is typical of the space based reactors currently on the drawing boards
of SP-100 planners. Section 4.2 will discuss the importance of includ-
ing temperature feedback effects in radiation transport calculations
for determining the energy deposition throughout the shield. The feed-

back mechanisms specifically include the temperature effects on number

densities and on the microscopic cross sections at thermal energies.

4.2 Temperature Feedback Effects on Energy Deposition. The

effect of temperature on energy deposition in the radiation shield is
an important design consideration. If the effect is significant, then
the coupled radiation transport-temperature calculations must be re-
calculated each time any engineering parameter is changed. For exam-
ple, if the ambient temperature of the space environment is varied, a
new set of energy deposition values throughout the shield must be
determined. With three to four hours of CPU time consumed on a

VAX 11/780 for a one cycle of radiation transport-heat transfer calcu-
lations, a single set of heating rates can easily require 12 or more
hours of CPU time.

On the other hand, if the temperature effect on energy deposition
is only weakly coupled, the conditions of the shield analysis can be
varied (i.e. ambient temperature or surface emissivity) and the same
set of heating rates used again. Thus, from an economic as well as
engineering viewpcint, the strength of the temperature-energy deposi-
tion coupling is a significant concern,

The discussion of section 3.3 provided the theoretical background
for the results that are presented here. Basically, the temperature
effects on energy deposition can be broken down into the following

areas:
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«Change in density of shielding materials'

*Change in neutron absorption and total cross sections at low
energies

* Inclusion of upscatter cross sections at low energies
As we recall, temperature has no effect in a medium characterized

by a pure Maxwellian flux. Equation 3.3-24 showed that the decrease in

absorption cross section is accompanied by the same increase in thermal
flux, resulting in a constant reaction rate. Of course, this conclu-
sion assumes that the change in number densities &ue to temperature
fncreases has already been included in the reaction rate. For a non-
Maxwellian medium, temperature effects are less obvious. The thermal
cross sections must be calculated using free gas scattering kernel (or
some other scattering kernel such as harmonic oscillator) to calculate
the new thermal flux, which serves as the weighting function in the
cross section collapse.

The principallnuclides of materials found in the neutron atten-
uation portion of an SP-100 type reactor shield are included in
Table 4.2-1, along with each molecule's volume percentage, isotopic
abundance, and l/v cross section indicator.

From Table 4.2-1, several observations can be made. On a volume
or atom percent basis, the LiH temperature effect behavior will domi-
nate the shield as there are few stainless steel nuclides in the medi-
um. When LiH is used which has been enriched to 100% Li-7 (referred to
as LiH [Depl]), the flux shape will be Maxwellian and temperature will
not have any appreciable effect on energy deposition (other than

changes in nuclide densitfes).
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Tab]é 4,2-1. Principal Muclides Found in Neutron Attenuation
Portion of an SP-100 Type Reactor Shield

Abundance Abundance Absorption

of of Isotope Cross
% Volume Isotope in molecule, section
Nuclide in Shield atom % atom % (barns) 1/v
LiH(nat) 99.5 )
L H 100 50 332 No
sLi’ 7.4 3.7 .045  No
4L18 92.6 - 46.3 945 Yes
LiH(Uepl) (1) 99.5
L H 100 50 .332 No
sLi7 100 50 ~.045 No
$S-316: 0.5
Fe (2) 62-69 2.55 Yes
Cr (2) 16-18 3.1 Yes
Ni (2) 10-14 4.6 Yes
Mo (2) 2-3 <.3 Yes
Mn (2) 2 13.3 Yes
Si (2) 1 .16 Yes

(1) Li enriched to 100% Li-7.
(2) tach element of $5-316 has a number of isotopes naturally
occuring in nature.
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For an LiH shield with naturally occurring LiH (referred to as

LiH[Nat]), the presence of only 3.7% of Li-6 atoms will dominate the
temperature response of lhe shield because of the large absorption
cross section at thermal energy (945 barns at 0.025 ev). The micro-
scopic absorption cross section of LiH at low energies is plotted in
Figure 4,2-1. The major contribution of Li-6 to heat rate even with
its low natural isotopic abundance of 7.4% can be easily demonstrated
with a simple calculation. The heating rate (HR) can be expressed as:’
HR ~ NooE
which represents the reaction rate times the energy released per reac-
tion, At thermal energies, the major interactions resulting in energy
deposition in an LiH(Nat) shield are the (n,a) reaction in Li-6, radi-
ative capture of Li-7 and the immediate decay to two alpha particles,
and the radiative capture and elastic scattering of H. Assuming that
all reaction energies are deposited at the point of interaction, the
contributions of the respective reactions are included in
Table 4.2-2.

The contribution to heating rate of elastic scattering is based on
the assumption that the average neutron energy is 1 Mev and all this
energy is deposited at one ]ocagion. This is obviously an extremely
conservative assumption. Nevertheless, from Table 4.2-2, one readily
sees that the dominant contribution to energy deposition in an
LiH(Nat) shield is the Li%(n,a)T® reaction.

On the basis of the previous discussion of this section, the tem-

perature feedback on energy deposition was examined by investigating

this effect in a W-LiH(Nat) shield of the SP-100 reactor. The 4 cm of
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Table 4.2-2.

Reaction Nt

Li%(n, a)T3 0.037
Li’ (n, v)Li® .463
Lit 2% 2

H(n, v)H .5
Elastic Scatt .5

Major Contributions to Energy

Deposition in an LiH (Nat) Shield
= HR
oo () R THR-e
(barns)  (Mev) Li-6
945 4,78 172¢ 1.0
.045 2.05 0.24¢ 0.0014
9.31
.332 2.23 9¢ 0.052
18 1.0

1 Number densities normalized to one

2 Based on AE = Amc?
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tungsten at the front of the shield will provide a "softening" effect
on the hard neutron spectrum emerging from the core axial reflector.
With natural LiH throughout the remainder of the shield, a wide temper-
ature range could be anticipated within the shield. Thus, if an ele-
vated or widely varying temperature distribution does influence the
energy deposition in a highly absorbing, non-Maxwellian medium, this
shield design would reflect such a feedback effect.

4,2.1 Temperature Feedback Problem Setup. Figure 4.,2-2 sets up

the problem analyzed to investigate the temperature effects on energy
deposition in an SP-100 reactor radiation shield.

The dimensions of the shield were presented earlier in
Figure 4.1-1. Regions 1 and 2 of Figure 4.2-2 were made of tungsten,
and regions 3 through 10 were natural LiH , cold pressed in a stainless
steel matrix,

4.2.2. Temperature Effects on Energy Deposition in a M~B Medium.

As shown previously, the LiH(Nat) region is non-Maxwellian because of
thg heavy absorption of the Li-6. However, for the purpose of ver-
ifying the theoretical prediction that the reaction rate remains con-
stant for a 1/v medium characterized by a M-B flux, the temperature
feedback effects can be examined with this shield using M-B theory.
Figure 4.2-3 flowcharts the methodology used to examine the temperature
feedback of the M-B medium. The results of this section will also be
of interest for comparing how energy deposition in a non-M-B medium
differs from the M-B medfum,

For the M-B medium, the effects of temperature on energy deposi-

tion is defined as the change in heating rates throughout the shield
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Figure 4.2-2 Isrob'lem Setup for Temperature Feedback Analysis
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Figure 4.2-3.

E————————

Flowchart of Temperature Feedback Effects
Calculation Methodology for a Maxwell
Boltzmann Flux Medium

Calculate Fluxes, Heating Kermas,
and Energy Deposition Using
Room Temperature Material
Properties

Calculate Temperature
Distribution Throughout
Shield

|

Adjust Heating Kermas
and Absorption X-Sections
for Temperature Using
M-8 Theory

|

Recalculate Fluxes and
Energy Deposition
Throughout Shield

Convergence of

Energy Deposition

Yes
- END
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after accounting for material density changes due to elevated tempera-
tures. This definition may be considered somewhat 1imiting since mate-
rial density changes are indeed temperature related and, hence, should
be included. However, a counter argument is that the elevated temper-
ature properties can be pre-estimated and accounted for in the inftial

calculation. Without passing judgement on the wisdom of either school

of thought, the cold start and elevated temperature differences will be
- included in the next section dealing with non-M-8 mediums.

Therefore, using elevated temperature material properties the
energy deposition can be compared with and without the temperature
effects on absorption cross section as calculated with Equation 3.3-22
for an M-8 medfum. As we recall, this equation showed that the absorp-
tion cross section varfed as 1/ T for a 1/v nuclide characterized by an
M-8 flux. The results of applying this correction and utilizing the
methodology of Figure 4.2-3 are included in Tables 4.2-3 and 4.2-4.

The zones of these tables correspond to those included on Figure 4.2-2.

The energy deposition va]ue; of Table 4.2-3 did not change for the
calculations with and without the temperature feedback effect on the
thermal group absorption cross section. Of the 10 kW of heat deposited
in the shield, slightly less than half (4.92 kW) was due to neutron
interactions. And of this total, only 0.03 kW was attributable to
neutron interactions in the tungsten. Over 63% of the total energy
deposited occurred within the first 15 c¢cm of the shield and over 55% of
the heat generation due to neutron interactions occurred within this
region, as well. Over the last 29 cm of the shield (of a total thick-
ness of 75 cm), only 0.12 kW of neutron energy and 0.38 kW of gamma

energy was deposited.
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Taole 4.2-3. Energy Deposited in a W-LiH(Nat) Shield
With and Without MB Temperature Feedback
Included in Absorption Cross Sections
(Same for Both Cases)

Energy Deposited [kW]

Zone Material HY Hn Htot Summary
W
1 W .738 .025 1.763, H, 2 =3.175
2 " 1.437 013 1.450 H = .038
3 LiH(Nat) 110 L2l 1321 H . L3 913
4 " .318 1.482 1.800 LiH‘Nat):
S " .128 040 .174 HY =],751
6 " .329 .888 1.217 H,  =4.888
7 " .135 .003 -138  H, . =6.639
8 " .494 1.138 1.632
9 " .146 .007 .153
10 " .243 .113 .357
Total 5.078 4.926 10.004

Legend:
HY - Energy deposited by Gammas

Hn - Energy Lepostied by Neutrons

Htot * Hy * Hn
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Table 4.2-4: Reaction Rates for W-LiH(Nat) Shield
With and Without Temperature Feedback

MB Temperature Feedback Included

th
a

W

LiH!Nat)

U
ot b

-
NANANOTOVEDAN
WO RANWO LD O =

NNNN!\)NNNO\O

Temp

W 9.42-1

N 9.42-1
LiH(Nat) 3.65

" 3.73
3.69
3.76
3.73
3.77
3.74
3.76

th

Iy

*
gamw:-‘mbmo

NRINONON

oot w W
L]

w
[« -}

th

1
U N

1
ch( )

2.547+12
6.373+12
5.948+13
5.593+13
2.405+12
3.351+13
1.202+11
4,189+13
2.908+11
4.512+12

th
ZaQ

1.58+12
4,10+12
1.46+14
1.48+14
6.16+12
9.15+13
3.19+11
1.16+14
7.79+11
1.,23+13

Feedback Removed(2)

1.226

1.22
6.21
6.36
6.30
6.40
6.36
6.42
6.37
6.40

1.315+12
4.823+12
4.012+13
3.999+13
1.663+12
2.441+13
8.546+10
3.080+13
2.088+11
3.288+12

1.24+12
4.54+12
1.46+14
1.49+14
6.14+12
9.18+13

3.19+11

1.16+14
7.81+11
1.24+13

£T¢th
2.36+12
5.90+12
2.99+14
2.95+14
1.24+13
1.80+14
6.35+11
2.27+14
1.54+12
2.43+13

1.61+12
5.88+12
2.49+14
2.54+14
1.05+13
1.56+14
5.44+11
1.98+14
1.33+12
2.10+13

¢ represents thermal flux (¢<0.1 ev) integrated over

volume of zone.

Temperature effects on number densities included, but
room temperature absorption cross sections used.

168




4
r
r
3
1
!
3
4 A
;
3 i
3 £A3] ASYIN3 .
HOF g0t g0t Lo cob L0t o ' 10l zot
RN e it bttt L1009
I TVR
TR v 100
> N
/ , e
C\ >
w
ﬂ -y
"

P1-318°F  1oauT
i 1ADUNI b d o0

Vedee-s ' nma
80194 ONI1¥3S ju A

e -

YREIN LV3H GNY ‘XMJ ‘NOILISOd3Q AD¥3INI QIZMYNYON

PLaLYyS
(3°N)H}T1-M 404 uajsbun) uj pajjsodag Abasu3l ¢-z2°p a4nbpy




M Bl Y

T

Y

s VL L VO TR

F AP S e e 4

e W
VIEIY TR x

21~306°1 Uy
r9+380°L ADNINI

rie3E6 3  1XN14
.mwmmucu IS

TN3] AJNINI

PLALYS (IeN)HIT-M

fot

L so0s

403 uoibay Hi1 43uul ujp pajyjsodag Abaaul G-z°p d4nbjy

VRNU3IN LYIH ONY "XMTS 'NOILISO43a ADYINI GIZITYNEON

170




CN3] ADNIMNI

PL2JYS (IN)HLT-M

..8. uojpbay H}1 493nQ u} pajjsodag Abaau3l 9-z2°p aanby4

NO— ﬂO—. mOw VQp QOP NO— —O—. —IO— NlO—
- Igdw HU BAMAAA Ao RS Madesas, Saaasaa PrTTTes MasiaAA A Besasas 4 Astesas 1000
YHEIR T8I x m
T
I IO v *_ .-
usba a
P 1 X W 8
! g
. oo 3
P!
1 o
d m
b
&
' v 3
¢ o
. x
p €
21-388°3  19NyIN ’ for X
00+3€0°6 tADNINI ‘ :
214308°F 1X014 & [ -]
1SYOLOV DNITYIS W z
»
r, o 5
x
& \& ]
! ' (20|
. .ﬂ%u; %mx /F & 88a.-0 £
Looos

171




LR W Rl i gl A S A )

Figure 4.2-7. Flowchart of Temperature Feedback Effects
Calculation Methodology for a non-Maxwell
Boltzmann Flux Medium

Calculate Fluxes, Heating Kermas
— and Energy Deposition Using
Room Temperature Material

Calculate Temperature Distribution
Throughout Shield

\
Using Free Gas Scattering Kernel,

Calculate Fundamental Mode Flux
Shape over Thermal Energies (<lev)

Collapse Total, Scattering, and
Absorption X-Sections Using Fundamental
Mode Flux Shape at Elevated Temperature

Adjust Heating Kermas over Thermal
Energies To Account for Changes
in X-Sectfons

Recalculate Fluxes and Energy
Deposition Throughout Shield

|

No Convergence of
Energy Deposition

[ Yes

~ END
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Table 4.2-8. Energy Deposited in a W-LiH(Nat) Shield With
Temperature Feedback Effects Included In Cross
Sections Using Free Gas Scattering Kernel

Energy Deposited [kW]

Zone Material H H H
Y n tot

1 N 1.751 024 1,776 LE
2 " 1.434 013  1.447 HY = 3.185
3 LiH(Nat) 094 1,230 1.324 Hn = ,037
4 “ .262 1.465 1.727 Heot = 3.202
5 " .109 .054 .1A3 LiH(Nat):
6 “ .272 .898 1.170 HY = 1,593
7 " .115 .004 .119 Hn = 6,542
8 416 1.160 1.576 Htot = 6,542
9 " .127 .008 .135
10 " .208 .121 .329

Total 4,778 4,977 9.765

Legend:

HY - Energy Deposited by Gammas
Hn - Energy Deposited by Meutrons
Heot = 1 * Ha
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Table 4.2-7. tnergy Deposited in a w-LiH(iNat) Shield Using
Room Temperature Material and Nuclear Properties

Energy Ueposited [kW]

Zone Material HY Hn Htot Summnary

1 W 1.745 025 1.770 W:

2 " 1.427 013 1.440 H . =3.172
3 LiH(Nat) A12  1.238 1.350. Hn = ,038
4 " 312 1.478 1.790 Htot =3.210
) " .129 .040 .170 LiH(Nat):

6 “ .322 .887 1.209 HY =].88
7 " .135 .003 .138 H, =4.911
8 " 490 1.146 1.636 Htot =6.797
9 " .146 .007 .153
10 " 240 .112 .352

Total 5.058 4.949 10.007

Legend:
HY - tnergy deposited by Gammas

Hn - Energy Uepostied by Neutrons

Htot' HY+ Hn
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Table 4.2-6.

Upscatter Cross Sections for a LiH(Nat) Medium
at Elevated Temperature Using Free Gas
Scattering Kernel

Upscatter Cross Section [em=1]

TempCK] 21 3 p 32
748.3  6.08 x 10™*  6.67 x 105  3.33 x 10-2
693.7  5.21 x 10=* 4,22 x 10=°  3.04 x 10°?
652.7  4.60 x 10+ 2,85 x 10-5 2.81 x 10~2
619.7  4.13 x 10=* 2,01 x 10-° 2.62 x 10~?
605.9  3.95 x 10™* 1.71 x 10~ 2.55 x 1072
Legend:

z; ranges from 1.855 to 0.411 ev
zs ranges from 0.411 to 0.10 ev
zi ranges from 0,10 to 0.00001 ev
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to determine the collapsed group differential scattering cross sec-
tions. Of particular importance were the upscattering cross sections
which are not included in the BUGLE cross section library. Selected
values of upscattering cross sections for the LiH(Nat) medium are
included in Table 4.2-6. These upscatter cross sections were included
in the radiation transport calculation to determine the new energy
deposition througnout the shield with temperature feedback effects
included in the input. In comparing the differential scatterings of
Table 4.2-6 with the cross sections of Figures 4.2-9 through 4.2-11,
one observes that the largest upscatter cross section is about two
orders of magnitude less than the absorption and scattering cross sec-
tions for LiH at thermal energies. Hence, upscattering effects would
not be expected to be significant.

Using both room temperature and temperature adjusted nuclide den-
sities, cross sections and heating kermas, the new energy deposition
values were generated with the radiation transport code using the
coarse mesh core / fine mesh shield model. The energy deposition
througnout the shield by zone are included in Table 4.2-7 for room
temperature properties and in Table 4.2-8 for elevated temperatures
using the free gas scattering model. In comparing the results of
Tables 4.2-7 and 4.2-8, it is somewhat surprising that the room temper-
ature case has only .13 kW less energy deposited than the elevated
temperature case, for a difference of 1.3%. This was a relatively
insignificant difference when one considers how thermal absorption
cross sections were shown to decrease with temperature anywhere from
3.7 to 41% (see Table 4.2-5), and all cross sections (total, scat-

tering, and absorption) decreased over all energy due to a decrease

184

e b PO d

i e a2

.v—f‘-‘.‘ﬁ“..-—-_.--—'w"“’li

LRI

e




the neutron energy increased to the thermal energy threshold (~1 ev),

the opposite was true and the temperature effect on absorption was more
pronounced for the non-M-B medium. The decrease in absorption in the
MB medium above 0.1 ev was due to density decreases in the LiH as the
temperature increased. Thus, for the temperature range of 600 K to
750 K, a decrease in absorption of about 3.7% to 6.8% was due to
temperature effects on material density for LiH. Any additional
changes in group cross sections above the 3.7% to 6.8% in the thermal
energy range was attributable to the shift in the fundamental mode flux
shape over energy at the higher temperatures from the original flux
shape used in the original group collapse of the cross section
l1ibrary.

Recall that the original 59 BUGLE cross section set was reduced to
38 groups with a weighting based on the average flux shape. The flux
weighting spectrum was determined from the criticality calculation of
the core and reflector system (fine group core) without the shield.
Therefore, the further decrease in absorption cross sections at thermal
energies above those due to density decreases, occurred because of
spectral hardening resulting from the large absorption of Li-6. With-
out the presence of Li-6, some spectral softening will occur which
reduces the temperature effect on absorption. This, in turn, leads'to
the well known conclusion that in a medium in which scattering effects
far exceed absorption, the effect of temperature on cross section will
be 2nd order (at most) and have negligible impact on the cross section
magnitudes.

In addition to the temperature dependent absorption scattering,

and total cross sections, the free gas scattering kernel was also used
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The flux shape in Figure 4.2-8 is quite interesting. In solving

for the flux from the radiation transport code, FEMP2D, the three group
fluxes below 1,855 ev showed only a monatonic decrease in magnitude
with decreasing energy. This behavior was seen in Figures 4.2-5 and
4.2-6 for LiH(Nat). However, as the resolution of the solution over
energy was increased dramatically from 3 groups to 100 groups, one
actually observed a Maxwellian type peak in the flux at very low
energy. In comparing the non-M-B flux for LiH(Nat) with a pure M-R
flux shape, we see an expected strong shift toward higher energy. The
M-B flux at a temperature of 693.7 K peaks at 0,06 ev and effectively
decreases to zero by 0.45 ev; whereas, the free gas derived thermal
flux peaks at a slightly higher 0.105 ev, with a relative magnitude
weighted heavily toward the upper part of the thermal energy range.
With a stronger shift toward higher energy for the thermal flux,
one might expect significantly different group averaged cross sections
at elevated temperatures than the M-B temperature feedback equation
provided, Figures 4.2-9, 10 and 11 plot the group collapsed absorp~
tion, scattering, and total cross sections for LiH(Nat) using the free
gas scattering kernel. To gain an understanding of how temperature

affects cross section of the non-M-B medium, Table 4.2-5 compares the
differences in absorption cross sections of the LiH(Nat) medium using

the free gas scattering kernel and the Maxwell Boltzman model at ele-

vated temperature with the absorption cross section at room tempera-
ture.

From Table 4,2-5, one observes that the reduction in absorption
cross section caused by elevated temperature was less in a non-M-B

medium at very low energies (<0.1 ev) than in a M-B medium, However,
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medium. For a non-M-8 medium, the simple, analytic expression of tqua-
tion 3.3-22 is not appropriate for determining elevated temperature
cross sections. Instead, the temperature dependent flux shape over
thermal energies (< 1 ev) must be calculated and used as the weighting
function in the collapse of multi-group cross sections for use in the
radiation transport calculation. Figure 4.2-7 flowcharts the method of
analysis used to evaluate the non-M-B medium.

The 24 neutron group cross section library used in tne radiation
transport calculation has three energy groups below 1.855 ev, which
served as the thermal energy threshold throughout this analysis. The
lowest bound energy in the BUGLE library is 10-3 ev. Using the free
gas model, the thermal flux shape was determined based on a 100 group
subdivision over the range of 1.855 ev to 10~° ev. The non-symmetric
system of equations as identified by Equations 3.3-43 was solved for
each zone of Figure 4.2-2 containing L{H(Nat) using an average tempera-
ture, determined by a spatial weighting of all elemental temperatures
for a given zone.

An example of the temperature dependent zone flux and source is
plotted in Figure 4.2-8. The source curve vividly shows the effects of
neutron downscatter from higher energies by the heavier lithium atoms
and the lighter hydrogen atoms. From Equation 3.3-40, below an energy

of a (where a is the collision parameter for Li-6) the only

L1-6Eth
source of neutrons from nigher energies is due to downscattering by

hydrogen. Because the collision parameter for hydrogen is zero, the

source term below a, ;_oE;p 1s a constant.
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and lithium atoms. The net result was that the relative contribution

of thermal energy neutrons to total energy deposition was reduced in
‘3 the outer regions of the shield. Thus, temperature effects on energy
. deposition were not felt even close to the edge of the shield (where
leakage effects come into play).

In conclusion, the decrease in absorption cross section as temper-
ature increases for a 1/v medium characterized by a Maxwell Boltzmann
neutron flux shape was accompanied by an increase in flux of the same
proportion. The net result was that the absorption reaction rate

remained constant at elevated temperature. This, in turn, resulted in

B p-p

a total decoupling of the internal heat generation and temperature
feedback for a 1/v medium in which absorption is the dominant mechanism
for energy deposition.

4.2.3 Temperature Effects on Energy Deposition in a Non-M-B

Medium. In a'strongly absorbing medium, the departure of the flux from

a M-B shape can be extreme. For such a medium, the conclusions of the

S A

previous sectfon may not be valid. The theoretical framework necessary
to examine the temperature effect on energy deposition of a non-M-B
medium was discussed in detail in Section 3.1. The free gas scattering
kernel was used to generate energy transfer cross sections for deter-
mining temperature feedback effects. This section presents the results

of applying the free gas kernel to the sample shield consisting of W-

>

LiH(Nat) to quantify the effects of temperature on energy deposition.
The methodology required to examine temperature feedback in a

non-MB medium differs from that presented in Figure 4.2-3 for a M-B
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energy deposition due to neutron interactions occur. The outer LiH

region of Figure 4.2-6 includes zones 9 and 10, .r.e final 29 cm of the
shield. The values for all three figures have been normalized to the
respective figures lowest energy group value.

From Figure 4.2-4, the hardness of the neutron spectrum is readily
apparent, with the neutron flux almost four orders of magnitude less
in the thermal energy range than in the Mev range. The resonance peak
in tungsten at about 20 ev is also quite obvious from this plot. While
the cross sections were not processed for doppler broadening in this
analysis, the contributions to energy deposition from neutron inter-
actions below 41 ev were less than 2% of the neutron heating in the
tungsten. Thus, the consequences of not processing this resonance to
account for self shielding effects were negligible.

Shifting one's focus to Fiqure 4.2-5, one immediately observes
the expected softening of the flux in the hydride material. While the
neutron flux remains relatively hard (2 orders of magnitude larger flux
at 1 mev than at thermal energy), the contribution to energy deposition
from thermal energy neutrons was significantly increased due to the
higher heating kerma at low energies caused by the Li-6 absorption
effect. While thermal energy deposition was significant in this
region, we have already seen that the absorption reaction rate remains
constant due to the 1/v cross section and the short neutron mean free
path resulting from Li-6 presence.

The outer LiH region of Figure 4.2-6 showed a hardening of the
neutron spectrum farther into the LiH. This occurred because the
slower neutrons had been absorbed early into the LiH at a rate higher

than the thermalization caused by elastic scatterings from the hydrogen
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To better understand why temperature nad no effect on energy depo-
sition in the M-8 medium, the reaction rates for each zone are included
in Taple 4.2-4. From this data, one sees that as the thermal absorp-
tion cross section decreased at elevated temperatures, the flux experi-
enced a corresponding increase in magnitude. Summing over the entire
LiH portion of the shield, the absorption reaction rate changed by only
0.26% with the temperature effect on thermal absorption included.

Since the thermal group (¢< 0.lev) accounted for .only 10% of the total
energy deposited in the shield, the temperature effect on energy depo-
sition proved to be negligible.

Worthy of note is the fact that absorption reaction rate changed
considerably in the tungsten at elevated temperatures, with an increase
of 27% in the hotter portion (zone 1) and a decrease of 10% in the
cooler, outer portion (zone 2) of the shield. This effect is attribut-
able to the substantially larger mean free path of the thermal neutron
in tungsten (1.11 cm) than in the LiH (0.128 cm). With a total thick-
ness of 4 cm, leakage became a factor in the W which was not accounted
for in the infinite medium M-B calculation of Equation 3.3-22. How-
ever, as noted earlier, the energy deposition due to neutron inter-
actions in the tungsten is so small (and this was over all neutron
energies) that the temperature effect on total energy deposition is not
felt at all.

To put the contribution of neutron interactions at thermal ener-
gies into a clearer perspective, Figures 4.2-4 through 4.2-6 plot the
flux, heat rate, and heating kerma for selected regions of the shield.
The tungsten of Figure 4.2-4 includes zones 1 and 2. The inner LiH

region of Figure 4.2-5 includes zones 3 through 8, where 90% of the
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Table 4.2-9. Effects of Elevated Temperature on Energy
Deposition for W-LiH (Nat) Shield

Volumetric Heat Generation (W/cm3)

i q''', Room q''’ Density/
N Z, cm r, cm Temperature Density X-sections
' 51.0 0.0  1.023 1.023 1.024
o (Core-W Interface) 9.0 .0796 .0796 .0797
g 18.3 .0467 .0467 .0467
’ 27.5 .0157 .0157 .0157
. 55.0 0.0 .1333 .1188 .1222
(W-LiH Interface) 9.0 .1210 .1077 .1106
¥ 18.3 .0700 .0625 .0641
X 27.% .0261 .0236 .0245
65.9 0.0 .0143 .0157 .0166
(10.9 cm into LiH) 9.0 .0131 0142 .0151
18.3 .0096 .0100 .0106
- 27.5 .0074 .0072 .0074
y
. Legend:
. q''', Room temperature - No temperature feedback effects
: considered on densities or cross sections
¢ q''', Density - Only temperature feedback effects on densities

considered

q''', Density/X-section - Temperature feedback effects on
densities and cross sections considered
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in nuclide density at higher temperature. (The decrease in material
density of LiH from 293 K to 650 K is about 5.8%.) The comparison of
total energy deposition might lead one to conclude that the maximum and
minimum temperatures of the LiH were not significantly in error by
neglecting temperature effects on material and nuclear properties.
However, before making such bold assertions additional data must be
presented.

Volumetric heating rates as a function of radial position are
given in Table 4.2-9 for the core-W boundary, the W-LiH boundary, and
for 10.9 cm into the LiH. From this table, the three sets of internal
heat generation represent varying approximations in considering temper-
ature feedback effects on energy deposition. The q''', Room Temp data
set represents heating rates calculated with room temperature proper-
ties, in which no temperature feedback on either material densities or
thermal cross sections were considered. The q''', Density heating
rates were calculated with temperature dependent number densitfes.
Again, no temperature effects on thermal microscopic cross sections
were included. The final set of heating rates, q''', Density/X-Sec-
tions were calculated with temperature feedback effects on both density
and thermal microscopic cross sections.

From Table 4.2-9, neglecting all temperature effects on energy

deposition results in an overestimation of internal heat generation

ranging from 8.7% to 6.1% along the radial plane of the shield at the
W-LiH interface. Approximately 11 cm into the LiH portion of the

shield, neglecting temperature effects results in an underestimation of

the heat generation ranging from 16.3 % to 0 % as the shield radius

increases. However, because the magnitude of the energy depositfon had
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* decreased by almost an order of magnitude within this first 11 cm of

the LiH, the differences in energy deposition at a relatively short
distance into the shield were not significant.

From the comparison of q''', Density and q''', Density/X-Sections

PLAEL L

data sets of Table 4.2-9, it is seen that neglecting temperature
effects on thermal microscopic cross sections results in an underesti-
mation of energy deposition throughout the shield. While the differ-
ences are not great, ranging from -2.8% to -3.7% {at the W-LiH
% boundary) and -5.4% to -2.7%(at 11 cm into the shield), the increase in
energy deposition due to temperature effects on thermal cross sections
- 1s not intujtively obvious. However, recalling from Table 4.2-5, the
lowest group (En < .1 ev) absorption cross section had a smaller decre-
ase from room temperature using the free gas model (for a non-M-B med-
ium) than the M-B medium. Since the absorption reaction rate for an M-
o B medium was not affected by temperature, it is obvious that the tem-
perature absorption reaction rate for the non M-B medium will be higher
when temperature effects on cross section are considered. To reinforce
this effect, the two higher thermal energy groups (1.855 to 0.411 ev
and .411 to .1 ev) also experienced a larger reduction in absorption
f cross section with elevated temperature. Thus, more neutrons escape
this energy range and become avajlable for capture in the lowest group,
where the larger heating kerma results in more energy deposition. This
effect was verified with the larger absorption reaction rate observed
for the radiation transport results with complete temperature feedback,
when compared with results from temperature effects on number

densities-only run.
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When spatial dependence was removed by integrating the volumetric
heat generation over the shields volume, the results already presented
. in Tables 4.2-7 and 4.2-8 were obtained. Using the energy deposition
¥y represented by the data of these tables, the effect of neglecting tem-
perature feedback effects on material and nuclear properties resulted
in an overestimation of maximum temperature of 15 K, or ~2.2% of the
local temperature value. The minimum temperature of the shield was
overestimated by ~11 K, or ~2.5% of the local temberature value. When
i including temperature effects on the nuclide density but neglecting
‘ cross section temperature feedback (on both heating kerma and radiation
transport), the energy deposition throughout the shield varied by only
0.4%. This difference resulted in only ~3 K (0.2%) overestimation of

maximum and minimum temperature of the shield. Thus, we move a bit

UL,

closer to concluding that there is a weak coupling between temperature
and energy deposition an SP-100 baseline design radiation shield.

To gain a better understanding of why the temperature effect on
energy deposition was so slight, the energy deposited by neutrons
throughout the.LiH is recorded in Table 4.2-10. The flux, heating
kermas, and energy deposited for the 24 neutron groups are listed for
; each groups average energy value. The % TOT column represents the
contribution of the groups energy deposition to the total energy depo-
. sition for all neutrons. The CUM % represents the cumulative total of
energy deposited, starting with the highest energy group. All fluxes,
kermas, and energy deposition values are normalized to their respective
lowest energy group value (E< 0.1 ev). From Table 4.2-10, one observes
that over half the energy deposited by neutrons occurred at energies

less than ~40 ev and one-quarter of the neutron energy occurred below

YA
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TABLE 4.2-10:

G,
xu
<
[

PO NI DD Nt o ot e Pt b fos et P o
SEWNFHFEOLVWOENOUC HLWNFHOOW ONOO,MBWNE

P

AVERAGE
GROUP
ENERGY

0.1316E+08
0.8607E+07
0.6065E+07
0.3867E+07
0.2231E+07
0.1287E+07
0.8627E+06
0.6080E+06
0.3019E+06
0.1426E+06
0.6735E+05
0.3143E+05
0.1906E+05
0.1033E+05
0.4880E+04
0.2305E+04
0.8480E+03
0.2144E+03
0.6144E+02
0.1994€+02
0.4449E+01
0.8762E+00
0.2034E+00
0.2250E-01

FLUX
0.3356E-06
0.3114E+01
0.1527E+02
U.3036E+02
0.1012E+03
0.1075E+03
0.5524E+02
0.7113E+02
0.1492E+03
0.7270E+02
0.1125E+03
0.4592E+02
0.4537E+02
0.6701E+02
0.6358E+02
0.5778E+02
0.9062E+02
0.1007E+03
0.5499E+02
0.5511E+02
0.5417E+02
0.2294E+02
0.1039E+02
0.1000€+01

HEAT KERMA
0.3818E-01
0.3512E-01
0.3258E-01
0.2493E-01
0.1804E-01
0.1325E-01
0.1038E-01
0.8708E-02
0.8900E-02
0.5215E-02
0.3373E-02
0.2603€E-02
0.2536E-02
0.2789€E-02
0.3569£-02
0.5024E-02
0.8134E-02
0.1574£-01
0.2995€-01
0.5263€-01
0.1091E+00
0.2344E+00
0.4785E+00
0.1000€+01
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ENERGY OEPT
0.3673E-08
0.3135€-01
0.1426E+00
0.2169£+00
0.5230E+00
0.4083E+00
0.1644E+00
0.1775E+00
0.3805€+00
0.1087€E+00
0.1088E+00
0.3426E-01
0.3298E~01
0.5358E-01
0.6506E-01
0.8320E-01
0.2113e+00
0.4542E+00
0.4721E+00
0.8313E+00
0.1694E+01
0.1541E+01
0.1425e+01
0.1000E+01
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the thermal threshold (1.855 ev). While the lowest energy group flux
was over two orders of magnitude less than the 673 Kev group flux and
less than one-third of the 8.6 Mev group flux, almost 10% of the energy
deposition occurred within this group (<.l ev). The strong contribu-
tion of the 1/v absorption cross section of Li-6 accounted for this
result. .

As shown earlier, energy deposition in LiH(Nat) at Tow energies is
dominated by the (n, a) reaction in Li-6. Furthermore, the effect of
temperature on microscopic neutron cross sections was felt only by
cross sections below the thermal threshold energy (1.855 ev for the
preﬁent neutron cross section library). The other effect of
temperature was the decrease in nuclide densities due to the decrease
in material density of the LiH, as temperature increases. These two

effects on energy deposition can expressed analytically as:

= 2aHD

tot (402"1)

o u
WHyoe = WHeoe

where:

% change in total energy deposited due to all temperature

WVH
tot effects

. 1 R T
(Hioe = Hege) Moy X 1008

3
=
-

% change in %H due to temperature effects on thermal
neutron cross ssgiions

T T
("tot - H?:ot)/Htot

% change 1n %H,,, due to temperature effects on number
densities

RT
tot

x 100%

B
O
a

"

i T
(u"wt - WL I/HY . x 1003

H:It = total energy deposited [kW] using room temperature properties
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“got = total energy deposited [kW] using elevated temperature
number densities, but neglecting temperature effects on cross
sections

HI . = total energy deposited [kW] including temperature effects
tot
on number densities and cross sections.

The difference of 2.48% between total energies deposited of
Tables 4.2-7 and 4.2-8 represents the complete temperature effect on
energy deposition for a W- LiH(Nat) shield. To quantify the portion of
this difference due to temperature effects on croés sections
(zHY

tot
also run with temperature dependent number densities, but no tempera-

of Equation 4.2-1), the radiation transport calculation was

ture feedback effects on cross sections. The total energy deposited
was 9.474 kW, or a decrease of 3.0% from the full temperature effect
deposition value of 9.765 kW. These results are summarized in

Table 4.2-11 and Figure 4.2-12.

Table 4.2-11: Results of Temperature Effects on Energy
Deposition for a W-LiH(Nat) Shield

Total Energy deposited [kW] %Change
RT D T N D
Htot Mot Htot BHgr  WHpor  BHpot
10.006 9.474 9.765 +3.22 -5.69 -2.48

From Table 4.2-11 and Figure 4.2-12, several important conclusions can
be derived. The temperature effects on energy deposition due to den-
sity decreases were more significant than those due to decreases in
thermal microscopic cross sections in LiH(Nat) for the temperature

range of an SP-100 shield. Considering only temperature feedback
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Figure 4.2-12 Results of Temperature Feedback Effects on
Energy Deposition in a W-LiH(Nat) Snield

kelative
Energy leposited

p & o at room temperature

1.0
0.975 p(T) fé:li
o(T) ]
U.943 . —
5.7%
Legend:

péT) 2 Temperature Dependent Density
T) = Temperature Dependent Cross Sections

effects on number densities results in an underestimation of the total
energy deposition. The effect of temperature feedback on thermal
microscopic cross sections was to increase the energy deposition due to
the increase in the absorption reaction rates. This effect somewhat
offsets the decrease in total energy deposition due to density
decreases.

The net result is that the total energy deposited in an W-LiH(Nat)
shield for an SP-100 type reactor is decreased by only a few percent
due to temperature feedback effects on number densities and thermal
neutron microscopic cross sections. For a shield in which the total
energy deposited is on the order of 10 kW, the 2-3% change in energy
deposition in the shield will not appreciably change the temperature
distripbution. However, for a reactor operating in the multi-megawatt

range, a 2-3% change in energy deposition could possibly result in a
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significant temperature change in the shield. (Energy deposition is
roughly 6% of the total reactor thermal power.) Although, the tempera-
ture feedback effects on energy deposition have been shown not to be a
major design consideration in engineering analysis of an SP-100 reactor
shield, these results should not be taken as universally applicable to

any shield design.
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5.0 APPLICATION TO SP-100 SHIELD DESIGN

Having shown the limited effect of temperature on energy deposi-
tion in a shield comprised of tungsten and lithium hydride at SP-100
power levels (~1.66HNth), the coupling of radiation transport and tem-
perature was investigated. The need for layering the shield at high
core power level was recorded in the later design of the SNAP program.
However, these optimizations were based on radiation dosage require-
ments without regard to thermal considerations. The results of this
section are intended to address this gap in our understanding of the
space reactor shield design.

The earlier results regarding temperature effects on energy depo-
sition can be considered as microscopic phenomenological coupling;
whereas, the coupling effects due to the layering configuration pre-
sented in this section may be considered as macroscopic feedback
effects. To examine the macroscopic effects, several different shield
configurations were analyzed. The details of each configuration are
included in Table 5.1-1. The thickness of tungsten is decreased some-
what as the gamma layer is moved back into the shield in order to main-
tain the same mass of tungsten for all configurations.

The key geometric parameters for shield configurations 1 and 2
(W Tocated at front of shield) were already presented in Figure 4.2-2.
The only difference between these designs was the substitution of
LiH (Depl) for LiH(Nat) in the region extending from the W-LiH inter-
face to the back portion of the shield which faces the thermoelectric
conversion panels (2=97.67 cm). The most important geometric param-

eters for shield configurations 3 and 4 (W located 13.4 cm into shield)

are included in Figure 4.1-1.




Taple 5.1-1: shield Configurations Used in Analysis of Layering
Effects on Radiation Transport-Temperature Distribu-

tion
Shield Centerline Thickness, cin
# Configurations W(l)  LiH(Depl) LiH(Nat)
1 W-LiH(Nat) 4.0 --- 71.0
2 W-LiH(Dep1)-LiH Nat) 4.0 42.7 28.3
3 LiH(Nat)-W-LiH(Nat) 3.86 . --- 13.4/57.74(2)
4 LiH(Depl)-W-LiH(Nat) 3.86 13.4 57.74
Notes:

1., A1l W thicknesses tapered to 2 cm at the radiative
surface of the shield.
2. Thickness before/after the W layer.

In analyzing the shield configurations of Table 5.1-1, the complete
radiation transport temperature feedback effects (densities and thermal
cross sections) for the non- M-8 LiH(wWat) portion of each shield were
incorporated into these results. In addition, a 1-D transport calcula-
tion of the reactor and shield assembly was performed to estimate the
neutron and gamma fluences at the 25 meter dose plane. After the final
temperature distribution was determined, the thermal stresses and
strains were calculated for the most promising shield design. These
results are presented in the following sections.

5.1 Neutron and Gamma Fluences at 25 m Dose Plane. To gain an

understanding of tne effectiveness of the shield configurations on
dosage, a P, transport calculation was performed using the 1-D version

of FEMP. The nigher order Legendre terms in the expansion of the flux
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~are particularly important for a deep penetration calculation in a fast

reactor shield, as the scattering is highly anisotropic in the LiH
region.

The number densities for the 1-D calculation were obtained by
weighting the 2-D number densities by the respective volume ratio over
the entire radius of the system for a given axial plane. This approach
is shown in Figure 5.1-1. The accuracy of this volume weighted
approach should be higher for a fast reactor than for an equivalent
thermal reactor (for same power level) because the volume of the first
is much smaller. Therefore, the homogenized number densities have less
of an impact on dosage calculations at the 25 m axial dose plane.

The number densities used for the dosage calculations were based
on the volume fractions shown earlier. The one exception to this rule
was the region which included the B,C control drums, outside the radial
core reflectors. Because of the high enrichment of B-10 (80 atom %) in
the B,C and its extremely large absorption cross section (3837 barns
at 0.025ev), the smearing of B,C for a given axial plane would appreci-
ably alter the neutron spectrum throughout the core. Hence, as shown
in Figure 5.1-1 the B, C was not included in the homogenized 1-D number
densities for the axial regions subtended by the core. The effect of
leaving out the B,C was a slightly super critical core (keff~1.07) and
resulting fluences would be slightly higher than exact values.

Leakage out radial surfaces was incorporated into the 1-D calcula-
tions with transverse buckling. The 2-D shadow shield geometry does
not lend itself to an exact 1-D equivalent modelling. Instead, the

slightly different geometry as shown in Figure 5.1-2 was used. The two
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Figure 5.1-1 Example of Collapse of 2-D to 1-D Densities for
Py Transport Calculation
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Table 5.2-3: Energy Deposition Throughout a Shield
Consisting of LiH(Depl)-W-LiH(Nat) for
an SP-100 Reactor Operating at 1.66 MWy,

Energy Deposited [ki]

Zone Material Hy Hp Hy ot Summary
1 LiH(Depl) 097 .299 .397 LiH(Depl):
2 " .050 .107 .157 HY = ,.498
3 " 193 241 434 Ho = .875
4 " .158 .228 . 386 Htot = 1.373
5 W 922 .013  .935 W:
o " 1.436 .015 1.451 HY = 2.358
7 LiH(Nat) .161 .028 .189 Hn = ,028
8 " 492 1.521  2.013 Htot = 2,386
9 " .127 .008 .136 LiH(Nat):
10 " 539 1.246 1.785 HY = 1.319
Hn = 2.?03
Htot = 4,122
Total 4.175 3.706 7.881

HY - Energy deposited by Gammas
H - Energy deposited by Neutrons

= H1+Hn
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Table 5.2-2: Energy Deposition Throughout a Shield
Consisting of LiH(Nat)-W-LiH(wat) for
an SP-100 Reactor Operating at 1.66 MW,

Energy Deposited [kiW]

Zone Material HY Hn He ot Summary
1 LiH(Nat) .081 1.747 1.828 LiH(Nat):
2 " .053 .406 .459 HY = 434
3 " .143 .991  1.134 Hn = 4.005
4 " .157 .861 1.018 Htot = 4,439
5 W .505 .000 505  W:
6 " 1.134 005 1.139 HY = 1,639
7 LiH(Nat) .169 .021 .190 Hn = 005
8 " .539 1.459 1.998 Htot = 1.644
9 " .136 .008 .144 LiH(Nat):
10 . .590 1l.216 1.806 HY = 1,434
Hn = 2,704
Htot = 4,138
Total 3.507 6.714 10.221

Legend:
HY - Energy deposited by Gammas
Hn - Energy deposited by Neutrons

Htot * Hv * Hn
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Tanle 5.2-1: Energy Ueposition Throughout a Shield
Consisting of W-LiH(Depl)-LiH(Nat) for
an SP-100 keactor Uperating at 1.66 MW,

Energy Deposited [kW]

Zone Material HY Hy He ot Summary
1 W 2.220 039 2.259 N
2 " 1.657 017 1.674 HY = 3.877
3 LiH(Depl) .189 .209 .398 Hn = .056
4 " .383 .394 777 Htot = 3.933
5 " .196 .015 211 LiH(Depl):
6 " .394 .227 .621 HY = 1.923
7 " .183 .001 .184 H, = 1.131
8 " 578 .285 .863 Heot = 3.054
9 LiH(Nat) .185 .009 .194 LIH(Nat):
10 " .310 .208 .518 HY = 495
H = 217
tot ™ 712
Total 6.295 1.404 7.699
Legend:
HY - Energy deposited by Gammas
H - Energy deposited by Neutrons

n
Htot B HY * Hn
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with the remaining energy deposition occurring in the W. Furthermore,
tne 6.274 kW of energy deposited in zones 1 tarough 4 (shield center-
line thickness of ~15 cm) accounted for 64% of the total energy depos-
ited.

With the W-LiH(Depl)-LiH(Nat) shield configuration, gamma heating
accounted for 6.295 kW of the 7.699 kW deposited, for an 82% fraction.
The gamma heating in the tungsten rose by 0.69 kW to 3.877 kW. What
occurred was an increase in scattering of lower energy neutrons into
the tungsten due to the absence of the Li-6 nuclide (which reduces
backscattering into the W). The slow neutrons then were absorbed by
the W-184 and W-184 nuclides which produced Tow Mev gammas. Many of
the gammas were then absorbed by the high-Z tungsten, resulting in an
increase in gamma heating. The thermal neutrons which did not re-enter
the W were available for radiative capture in the Li-7 and H. Many of
these gammas subsequently escaped from the low Z LiH, resulting in a
higher gamma fluence for the W-LiH(Depl)-LiH(Nat) configuratiocn.

Tne LiH{Depl) and LiH(Nat) accounted for 3.766 kW of the 7.699 kW
deposited, or a 49% fraction. Thus, we found that not only was there a
reduction in total energy deposited, but a greater percentage of the
heating occurred in the highly thermally conductive material, tungsten.
Furthermore, the 5.108 kW of energy deposited in zones 1 through 4
represented a decrease of over 1 kW of heating in the front portion of
the shield with the substitution of LiH(Depl).

Thus, we found some marked advantages from a thermal transport
standpoint in replacing the nighly absorbent LiH(Nat) in the front
portion of the shield. The total energy deposition was reduced, a

greater portion of the energy deposition occurred in the tungsten, and
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the prioritized 1ist of shield configurations will be substantially

different which, in turn, requires trade-offs between radiation trans-

port and thermal management of tne shield.

5.2.1 Energy Deposition Results. Tables 5.2-1 through 5.2-3

include the energy deposition for each zone of shield configurations 2,
3 and 4 of Table 5.1-1. The energy deposition for shield configura-
tion 1 (Table 4.2-8) was presented in Section 4.2. With the tungsten
moved into the shield, the zoning of shield configuration numbers 3

and 4 do not correspond directly to the zoning configuration numbers 1
and 2. Thus, a direct comparison of zone heating between tungsten at
the front and tungsten moved into the shield, is not valid.

To understand-the importance of shield configuration to total
deposition, the effects of replacing LiH(Nat) with LiH(Depl) for a
given location of W were examined, then the effects of moving the W
into the shield were analyzed, as well. With a good understanding of
the relationship between shield configuration and energy deposition,
the resulting temperature profile for each shield will follow in the
next section.

A comparison of Tables 4.2-8 and 5.2-1 shows changes in total
heating with replacement of the first 42 cm of LiH(Nat) with LiH(Depl),
when the W was at tne front of the shield. The total energy deposition
was decreased by slightly more than 2 kW, or 21%. However, the ¥ con-
tribution to total energy deposition by gamma interaction changed sub-
stantially. For the shield comprised of all natural LiH, gamma heating
accounted for 4.778 kW of the 9.765 kW deposited for a 49% fraction.

Of this total heating value, the LiH accounted for 6.542 kW, or 67%,
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absorption of thermal neutrons by Li-6 eliminates any chance of second-
ary gamma generation from radiative capture reactions in the W and LiH
with these slow neutrons. The optimum design is shield configuration

3 from the Table 5.1-1 based on radiation transport considerations.
However, substitution of LiH(Nat) with LiH(Depl) before the W still
meets the fluence requirements of the SP-100 program.®

Thirdly, the rate of gamma attentuation with increased shield
thickness is much less than the equivalent rate of neutron attenuation.
With the stringent weight and volume constraints associated with reac-
tors deployed in space, optimization of the shield configuration will
result in significant improvements in the gamma attenuating capabil-
ities of the shield.

With a basic understanding of the radiation transport performance
of the SP-100 reactor shield, the next section shall present the
results of the thermal performance of these same shielding configura-
tions. Should there be a change in preference of order of shield con-
figuration based on Figure 5.1-5, then thermal design considerations
must become an integral part of the design process in space reactor
radiat}on shielding.

5.2 Results of Shield Configuration Effects. In the last sec-

tion, a layered shield consisting of LiH(Nat)-W-LiH(Nat) was shown to
be the optimum design of the four shields analyzed based only on radia-
tion protection performance. In this section, the optimum configura-

tion in terms of thermal performance is identified. As shall be shown,

“ At the start of this work, the gamma fluence was 1 MRAD at the

25 meter dose plane. This requirement has recently been changed to

0.5 MRAU for the SP-100 Program, which can be met by an additional 1 cm
of W. Ctven with the extra W, the relative position of tne shield con-
figurations of Figure 5.1-5 remains the same.
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damage response functions below ~10 Kev threshold cause no damage to
silicon [Bendel, 1977]. Since the configurations of Table 5.1-1 differ
predominately from the standpoint of removing tnermal neturons (and

secondary gammas), the impact on NVT fluence is minimal.

Another conclusion one may draw from Figure 5.1-4 is that the

application of a removal cross section for determining fast neutron
attenuation is quite reasonable. The linearity of this curve on a
semi-log scale is indicative of the exponential attenuation of fast
neutrons tinroughout the shield.

The radiation transport consequence of changing the shield config-
uration is vividly seen in Figure 5.1-5. The effect of moving tung-
sten 13.4 cm into the shield is readily apparent by the lower gamma
fluence of shield configurations 3 and 4. The physics of why the gamma
fluence is dramatically reduced with W moved into the shield is based
on changes in radiative capture (low energy) and inelastic scattering
(high energy) of neutrons in Li-7, radiative capture (low energy) of
neutrons and gamma removal in W, thermal neutron absorption in Li-6 and
radiative capture in hydrogen. While 1-D results should be used only
for a conceptual understanding of the shield, these results agree well
with more detailed 2-D Monte Carlo calculations performed at Los Alamos
National Laboratory (Carlson, 1985).

Several general conclusions can be made based on the results of
Figure 5.1-5. Firstly, there is a decrease by a factor of 3-5 times in
the gamma fiuence with the movement of the W into the shield. In fact,
the SP-100 gamma fluence requirements may not be met for shield config-
urations 1 and 2 with for a 75 cm thick shield.

Secondly, the use of LiH(Depl) in place of LiH(Nat) results in a

decrease in the radiation protection performance of the shield. The
209
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The variable 6, Db’ and x are identified in Figure 5.1-3. The

scaling factor (SF) for extrapolating the 1-D fluence from the back of
the shield to the dose plane follows from Equation 5.1-10 as:

2
SF a—1 ﬁ’% D, (5.1-11)
32

The value of D, for the SP-100 reactor shield would be 27.5 cm if
no neutrons or gammas reached point P from the rear angled surfaces of
shield (Surfaces AB and CD in Figure 5.1-3). For the sake of conserva-
tism, let's assume that all gammas and neutrons leaving these surfaces
and subtended by the solid angle w also reach point P, Since the dis-
tance from the center of the core to the back of the shield is very
close to 100 cm, the value of x (back of shield to dose plane) is
2400 cm. The value of cos® (cosine of radius of shield to distance
from back of shield to dose plane) is very nearly one. The scaling
factor then becomes:

1 (2 x 55.83 cm)?

SF = = 6,76 x 10-5
32 (2400 cm)?

With this scaling factor, the Pys neutron and gamma fluences at the
25 meter dose plane are included in Figures 5.1-4 and 5.1-5 for the
four shield configurations being considered.

The first observation one can make from the NVT fluences of Fig-
ure 5.1-4 is that for the baseline design shield thickness of 75 cm,
neutron dosage is well below the SP-100 requirement of 10'2 NVT
[JPL, 1982]. Another Tess obvious result is that the particular con-
figuration of W and LiH has little effect on NVT, as long as the total

mass of the gamma and neutron attenuating materials remains constant.

The reason for this result lies in the fact that the magnitude of the
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Substituting Equation 5.1-2 into Equation 5.1-3 and carrying out inte-

gration results in:

2

OI(E’Zb) = (5.1‘4)

Recalling that the ¢, component of the flux represents the current, the

portion of flux exiting the shield, ®ps is:

1
¢ (Eszp) = - 99 (E,2y) (5.1-5)

Since fluence is calculated from the ¢, component of flux,
the ¢; portion of fluence at the back surface follows directly from

Equation 5.1-5:

1
FplEzy) = — Fol(E.z,) (5.1-6)

The fluence at point P can be determined by substituting Equation
§.1-6 into Equation 5.1-1, resulting in:

Fwo=J | J F_(E,z. ) dodSdE
DP E'S w M b

. 1 ’
Fop *lglsla -E;-FO(E.zb)dn ds dE (5.1-7)
2
1 cosd 'Db
=)g — Fo(E,2pl—r ——dE (5.1-8)
& x2 4

The multi-grouping of energies in the radiation transport calcu-

lation leads to the following relationship for fluence:

loow o M6 5120
Fae— D F(E .2 5.1-9
oP 32 R b <« '0'"g*%

1 cos 2

32 x
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fluence on the 25 meter dose plane (Point P on this figure). Mathe~

matically, the 25mn maximum fluence was obtained from:

Fop = jEJS [ JFo(Es z) * dudSdE (5.1-1)
j where:
y Fn = Component of fluence at back surface exiting shield
: FUP = Fluence at dose plane
- z, = Distance from axial mid-plane of core to shield
. back surface
S = Surface area at back surface
w = Solid angle from point P to Surface S
Since the fluence calculated at the back surface was based on the
flux at each radial position along this surface, the directional compo-
nent of the flux toward point P must be separated out. This was accom-
plished by assuming that the directional dependence of the flux (from
the back surface to the point P) is linearly anisotropic and can be
approximated by the first two terms of expansion using Legendre Polyno-
mials, or:
o” L
a The component of flux leaving the shield from the back vertical
E- surface then corresponds to any neutron or gamma with an angular cosine
B greater than zero. Using a Marshak boundary condition, the current
leaving the back surface toward the dose plane is determined from [Bell
and Glasstone, 1970]:
0
f-l ¢(E,Zb, u) l‘dl-l = 0 (5.1‘3)
"
“
S
‘
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tungsten locations correspond to either shield configurations 1 and 2,
or 3 and 4. The shield was then subdivided into zones corresponding to
the 2-D centerline zones, and temperature dependent numpber densities
from the 2-0 problem were used for 1-D calculations. The radius used
to calculate tne transverse buckling for each zone was based on the
average outer radius of each zone, with an extrapolation length based
on diffusion tneory added.

The dosage calculations were made with a criticality determination
of the combined reactor and shield system, with the FEMP1D transport
code. The fluxes at each axial position were then used to calculate
the neutron and gamma fluences, respectively. For neutron and gamma
doses, the silicon damage response functions of Bendel (1977) were
used. The neutron damage effects (due to both ionization and displace-
ment) are normalized to a 1 Mev equivalent dosage [Namenson and
Wolicki, 1982].

The gamna and neutron fluences were calculated for each axial
position throughout the shield. The specific values corresponding to
the back of the shield must then be extrapolated to tne 25 meter dose
plane to compare the fluences for a given shield thickness with the
prescribed dosages for the SP-100 reactor system. By considering each
neutron and_gamma ray exiting the shield at its back surface as a point
source, the dose plane fluence can be determined by integrating the
individual point sources over the entire back surface and subtend the
solid angle to the point on the 25 meter dose plane experiencing the
largest fluence. Figure 5.1-3 diagrams the geometric relationship of

the radiation sources at the back of the shield to the point of maximum
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less energy was required to be removed from the hot part of fhe low
conductivity LiH. The question as to whether the same thermal advan-
tages apply to the configurations with W moved into the shield was tne
next issue to be addressed.

With the tungsten moved 13.4 cm into the shield, the gamma flu-
ences were shown to decrease comfortably below the 1 MRAD requirement
for the 75 cm thick shield baseline design. The energy deposited for
the two configurations analyzed with the tungsteh moved-in were
recorded in Tables 5.2-2 and 5.2-3. The effects of replacing the first
13.4 cm of LiH(Nat) with LiH(Dep1) will now be discussed.

The neutron spectrum entering the shield is quite hard, witnh some
thermalization occurring in the beryllium and beryllium oxide reflec-
tors. Much of the spectrum softening which occurs in the reflectors is
offset by the absorption of thermal neutrons by the lithium coolant in

- heavy concentration in the upper plenum located between the core and

the shield. Therefore, differences in energy deposition between con-

e 272 2 AT

figurations 3 and 4 must be due primarily to spectrum softening occur-
ring witnin the first 13.4 cm of the shield.

From Table 5.2-2, the total energy deposited in the LiH(Nat)-W-
LiH(Nat) shield s 10.221 kW, with 4.439 kW (~43%) occurring in zones 1
through 4. From Table 5.2-3, the total energy deposited in the
LiH(Depl)-W-LiH(Nat) shield is 7.881 kW with 1.373 kW (~17%) occurring
in zones 1 through 4. The heating in the W increased by 0.742 kW for
the shield with the LiH(Depl). This increase in heating, due to the

higher thermal neutron flux entering the W, when combined with the net
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: decrease of 3.06bo kW between the two designs for zones 1 through 4
(natural or depleted LiH), accounted for the net decrease of 2.34 kW
(~23%) in total energy deposited with the substitution of LiH(Depl) for
tne first 13.4 cm of the shield.

Gamma heating accounted for ~34% of the total energy deposited for
the LiH(Nat)-W-LiH(Nat) shield and ~53% for the LiH(Depl)-W-LiH(Nat)
; shield. The reason for the increase with the LiH(Depl) at the front
; was basically the same as discussed previously for the W-LiH shields.
2 With less neutron absorption due to removal of the Li-6 nuclide in the

3 front portion of the shield, there were more capture reactions occurr-

ing in the Li-7, H, and W. Thus, the net result was an increase in
gamma heating. However, the relative contribution of gamma heating was
significantly decreased with the movement of W into the shield. Recal-
ling that this movement was initiated to minimize the generation of
secondary gammas, this decrease in relative contrioution by gammas was
quite understandable.

When comparing the total energy deposition of W-LiH(Nat) with the
LiH(Nat)-w-LiH(Nat) shields, it was quite remarkable how the total
heating values differed by less than 0.5 kWw. The difference in energy
deposition between the W-LiH(Depl)-LiH(Nat) and LiH(Depl)-W-LiH(Nat)
shields was less than 0.2 kW. However, the relative contributions to
total heating by gamma and neutron interactions was seen to be signifi-
cantly different when the tungsten was moved into the shield. Because
a gamma mean free path is quite larger than the neutron mean free path

- in LiH, one might expect very different temperature distributions,

despite these small differences in total energy deposition.
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In summary, the interaction of radiation with matter is a compli-

cated process in itself. The effects of these interactions on energy
deposition are further complicated when one must consider tne resulting
changes on reaction rates, heating kermas, charged particle and second-
ary gamma generation. The net result of simultaneously applying all
these effects are beyond the level of understanding provided by simple
analytic expressions. Hence, one is forced to adapt the capabilities
of computational analyses using complex computer codes on digital com-
puters.

The coupling of the radiation transport to the heat transfer for
the four shield configurations will be presented next. What has been

shown thus far is that the radiation protection performance of the

shield is strongly influenced by the relative location of the tungsten,
and to a lesser degree with the substitution of LiH(Nat) with LiH(vepl)
in the front portions of the shield. The effect of moving the tungsten
into the snield had a slight effect on the total energy deposited, and
the use of LiH(Depl) resulted in a decrease of ~23% in energy deposi-
tion for either location of tungsten. The remaining issues focus on
how these energy deposition results translate into temperature distri-
butions and whether a shield optimized for minimum fluences meet the
thermal performance requirements of the tungsten and LiH/stainless
steel honeycomb.

5.2.2 Temperature Oistribution Results. The volumetric heating

rates corresponding to the four shield configurations of Table 5.1-1
were used to generate the temperature distribution throughout the 3-D

axisymmetric radiation shield. For the baseline case, the radiative
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surface coating was taken as cromium oxide, which for the temperature
range of interest in this analysis has a constant emissivity of 0.83
[Touloukian et al., 1972].5 The view factor was assumed ideal with a
value of 1.0.5 A final assumption was that the reactor was operated in
a 300 km orbit, which has an equilibrium ambient temperature of 200 K
[Stevenson and Grafton, 1961]. With these operating conditions, an
optimum shield design (based on radiation transport and heat transfer
analyses) was selected. ‘

At this time the effects of long term exposure at low earth orbits
are not clearly understood. There is some uncertainty associated with
mafintaining these baseline assumptions over the seven year design life-
time of the SP-100 reactor system. For example, recent shuttle flights
have experienced surface etching from oxygen atoms striking its surface
[Cross and Cremers, 1985]. The effect of this etching phenomenom on
the chromium oxide emissivity over the operating 1ifetime of the reac-
tor remains to be determined. Because of this type of uncertainty,
sensitivity analyses were performed by varying baseline values of emis-
sivity, view factor, and equivalent ambient temperature to determine
changes in maximum and minimum shield temperatures (based on the LiH

temperature 1imits previously discussed).

5 Ceramic oxide coatings are favored materials for heat rejection in
the space environment because of thefr low absorbtivity of short wave-
length radiation and high emissivity at thermal radiation wavelengths
[Stevenson and Grafton, 1961].

6 An actual shield deployed in space will have some energy exchange
with surrounding celestrial bodies and other objects in space. Calcu-
lation of view factors to model this exchange must include reactor
orbit, orientation within an orbit, position along an orbit, and any
rotational spin of the reactor system. The magnitude of this energy
exchange will be small in comparison with the earth-shield heat
exchange, which is fncorporated in the energy balance at the radiative
surface as an equivalent ambient temperature.
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Figure 5.2-1 Temperature Distribution in a W-LiH(Nat) Shield
for a Fast Reactor Qperating at 1.66 mth
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Figure 5.2-3 Temperature Distribution in a W-LiH{Nat)-W-LiH(Nat)
Shield for a Fast Reactor Operating at 1.66 mth
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Figure 5.2-4 Temperature Distribution of a LiH(Depl)-W~LiH{Nat)
Shield for a Fast Reactor Operating at 1.66 mth
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The front and back surfaces of the shield were adiabatic as in

Figure 4.2-2 for all results presented in this section. The final
temperature distributions for the four configurations of Table 5.1-1
are included in Figures 5.2-1 through 5.2-4. The 3-0 plots present tne
steady state temperature of the shield as a function of radial and
axial position. Both radial and axial coordinates are the same as
identified in Figure 4.2-2.

Figures 5.2-1 and 5.2-2 present the temperature distributions for
the W-LiH(Nat) and W-LiH(Depl)-LiH(Nat) shields, respectively. From
Figure 5.2-1, the maximum and minimum temperatures for the all natural
LiH shield were 772 K and 540 K, respectively. Recalling that ~64% of
the energy deposition occurred in the first 15 cm of the shield, the
large amount of internal heating in the LiH exceeds the material’s
ability to transport heat out, resulting in a peaking of the tempera-
ture about 2 cm into the LiH(Nat).

The maximum and minimum temperatures for the W-LiH(Depl)-LiH(Nat)
shield were 680 K and 535 K, as obtained from Figure 5.2-2. The
effects of 21% less energy deposited for the substitution of LiH(Depl)
was readily apparent with the 92 K decrease in the maximum temperature
of the LiH. The enhanced ability of this shield to transport its heat
to the cooler surface was shown with the elimination of the temperature
peaking inside the shield.

While neither of the W-LiH shields were attractive based on their
ability to satisfy ganma fluence requirements, the W-LiH(Depl)-LiH(Nat)
shield was quite acceptable based on its thermal performance. Even the
W-LiH(Nat) shield could meet thermal requirements. While the maximum

temperature of 772 K for the W-LiH(Nat) shield would cause some concern
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regarding stainless steel-lithium interactions (and lithium-1ithium

nydride interactions, as well), the rapid drop in temperature that
occurred beyond the 27.5 cm radial position could make this shield
design (with separate inner and outer LiH canned regions) admissible
from a thermal standpoint. Thus, the contribution of the highly con-
ductive tungsten in hottest portion of the shield somewhat minimizes
the benefits of the significant 21% reduction in energy deposition.
The conclusion follows that the gains in thermal performance with the
W-Lih(Depl)-LiH(Nat) would not be worth the sacrifice in terms of
decreased radiation protection provided by the shield.

Figures 5.2-3 and 5.2-4 present the temperature distributions for
the other two shield configurations with the W moved 13.4 cm into the
shield. The results from these two plots were quite startling and
served as the basis for making some very important conclusions regard-
ing radiation transport-heat transfer coupling.

Focusing attention first to Figure 5.2-3, the maximun temperature
for the LiH(Nat)-W-LiH(Nat) was recorded as 1074 K, and the minimum
temperature as 565 K. With a melting point of 960 K for LiH, this
shield was totally unacceptable based on thermal considerations. Upon
melting, the LiH undergoes an expansion of ~24% in volume. This magni-
tude of increase {n occupied space could lead to structural damage.
Thus, without even considering the chemistry kinetics that would occur
in the snield above 800 K, the concept of a molten shield remains unac-
ceptable to the system designer for the SP-100 reactor system.

Returning to Figure 5.2-3, the region of difficulty was confined

to a small area within the LiH at the very front portion of the shield.
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Kecalling that tne energy deposition for this configuration was domi-

nated by neutron interactions (with its small mean free path), one can
conclude that thermal hot spots are more likely to occur in shields in
which the major mechanism for energy deposition is neutron interac-
tions. Beyond this confined region of intense thermal spiking, the
temperature distribution was quite uniform. Thus, the LiH(Nat)-W-
LiH(Nat) shield design was the optimal from a radiation performance
viewpoint, but worst from a tnermal performance viewpoint.

Transferring focus to Figure 5.2-4, a remarkable engineering feat
nad occurred. By substituting the first 13.4 cm of LiH(Nat) with
LiH(bepl), the maximum temperature was reduced to 715 K, a decrease of
359 K. The basis for this dramatic decrease was due to radiation
transport considerations. The energy deposited in the front portion of
the shield was reduced from 4.439 kW to 1.373 kW. This energy decrease
was attributanle directly to fewer neutron interactions, meaning that
the thermal spiking source was reduced significantly. Specifically,
the elimination of the (n, &) reaction in Li-6 accounted for this
effect.

The highly thermally conductive tungsten was moved out of the
hottest region of the shield. Thus, the effectiveness of the reduction
in energy deposition in this region was significantly enhanced. This
point is very important and unique to shields for space reactors.
Because of the concern for minimizing weight, the metal hydrides (and
in particular, LiH) have been shown to be the optimun choice for the
neutron attenuation portion of the space reactor shield. Despite its

Tow thermal conductivity, LiH will remain the favored shielding

226

A IS A LA Y RN R S LI g e e
RELTSERTLLA L AR R DI RN




material for the next generation of space reactors, and the highly

conduct ive tungsten will remain the favored gamma attenuation mate-

rial.

sesides serving an important radiation protection function, the
location of the tungsten nas been demonstrated to provide an important
thermal transport function, as well. When this ‘'thermal fin' was moved
from the hottest portion of the shield to a cooler location 13.4 cm
back, the coupling between neutronics performance and thermal manage-
ment of the shield became even more critical. Any decrease in energy
deposition assumed greater importance with the removal of the tungsten
from the front of the shield. This was the reason why the substitution
of Lir(Nat) with LiH(Depl) over the first 13.4 cm of the shield
resulted in a decrease of 348 K in maximumn temperature when comparing
configurations 3 and 4; whereas, the replacement of 42 cm of LiH(Nat)
with LiH(Depl) at the back region of the shield resulted in a decrease
of only 92 K in maximum temperature when comparing configurations 1 and
2.

To gain more insight into the effects of removing the W from the
front of the shield, Figures 5.2-5 and 5.2-6 plot the axial temperature
for selected radial positions of the W-LiH(Nat) and the LiH(Nat)-W-
LiH(Nat) shields. The upper two curves of each figure correspond to
the shield centerline and the 14 cm radial position throughout the
shield. The effect of tungsten moved into the shield is most evident
from these upper curves. From Figure 5.2-6, the heat removal capacity
of W is simply not 'felt' by the LiH at the insulated front surface of
the shield, resulting in the extremely high temperatures at the core-

shield interface. The effects of the back insulated surface are
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Figure 5.2-5 Axial Temperatures in a Shield Comprised of
W-LiH(Nat) for Selected Radial Positions
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Figure 5.2-6 Axial Temperatures in a Shield Comprised of
LiH(Nat)-W-LiH(Nat) for Selected Radial Positions
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Figure 5.2-12 Regions of Concern of the Optimized Shield
from Stress Analysis with Outer Radial Surface
Free to Expand
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radial surface pinned. The shield was discretized into 1283 elements

and 1330 degrees of freedom. Because the purpose of this phase of the
research was intended only to point out potenttal structural problem
areas of the shield, the results are presented as shown in

Figures 5.2-12 and 5.2-13.

The regions of high tensile and high compressive stressing are
recorded on each figure. A stress was defined as nigh when its magni-
tude exceeded the ultimate stress for the respective stress state. The
general sparseness of shading on either of the figures was the most
immediate reaction to these results.

The case in which the radial surface was free to expand was inten-
ded to model the LiH not in contact with its outer casing. The radial

surface region of LiH(Oepl) before the W, experienced very

Table 5.2-5: Material Properties of Homogenized LiH-SS
Honeycomb Matrix (99.5% LiH) Used in
SHLUSTR Analysis

Property Tension Compression

Err[N/cmz] 4,656 x 10* 3.820 x 104
EZZ[N/csz 4,077 x 10 3.230 x 104

g, [N/em®] 1.713 x 10* 1.361 x 10"

Szr
Vor 0.183 0.179
V2 0.211 0.214
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Figure 5.2-11 Displacement Conditions for SP-100 Shield
for Stress Analysis
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Table 5.2-4: Matsrial Properties for SP-100 Shield
a3 Function of Temperature

material(l), ) 2%
LN (Compression)
€ ?)
. (’)
4
QTP) 1.26 » 10~
v(®) 108
LN (Tensien)
gt 0) 724,000
. %3
e 18%
o) 1.26 2 108
v (%) 108
s e
€ f.l7) 1.90 x 100
-“#’ 31,400
Il{g.lﬂﬂ') 62,100
t.r(')
v(’) .08
Sraphite,
c—niul Electrodes(?)

g & (// t aats)

.lr  to anfs)

. (/7 t» axis)

Y

*r

Touperature
on 9% sex
$62,000 29,200 1,700
2,764 4,830
9,000 3,20 1,510
1.26 z 10°% 1.26 x 10~* 1.2¢ x 10+
.20

37,600 21,500
1347-153¢  586-810

1.26 x 10°% 1.26 x 10~% 1.26 x 10~¢
.20

1.81 x 10* 1.75 x 10°

20,000
47,600
308 x 10°% 912 x 10°% 1.07 x 10~

276,000 277,000

704,000 430,000

102,000 108,000
1,580-2,520 1,650-2,600
7.0x10% 7.2x 0%

39.6 x 3108 39.3 x 108
15,000 13,500
37,500 35,000

4.4 2 10°° 4.4 x 10°

204 208

() A1 madul{ and streagens given tn (W/cm?l.
@) A1 Yinear sxpansion cosfficfents gfven fa [al/L-K].

) Lundbery, 1962.
) weleh, 1967%¢.

®) y ter it a elevetad tomperature based o
AN A TR AN

{*) Rescter Nendbeok, Voloume 1, for v st 239 X; Estimated for v

at 539 K.

(7) Narks Menddosk, Sth Edition.
(®) Teulowktan et 2), Volume 12, 1975.

(*) A)1 Grephite dats from Reactor Handdook, Volume I, 1960.
{39) A1) Tungsten dota from Meta)s Mendbook, 9th Editfon.
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The boundary conditions for the shield are documented in Fig-
ure 5.2-11. The front and back surfaces of the shield were pinned, and
the front angled surface was free to expand. The radiative heat trans-
fer surface was run with either a pinned or free to expand boundary
condition. These initial displacement conditions were based on the
proximity of other reactor subsystems to the shield, and to gain an
understanding of the significance of the boundary conditions at the
radiative surface.

The material data used in this analysis are included in
Table 5.2-4. There are many data gaps in the open literature for LiH.
For example, experimental values for LiH elevated temperature tensile
moduli, yield and ultimate tensile strength were not found, and engi-
neering estimates based on compressive properties were constructed.

For shield designs with temperatures exceeding the high 600 K range,
neither tensile nor compressive data was found. Because of the uncer-
tainty in the material data inputted to SHLDSTR, the effort required to
incorporate the temperature dependent moduli and Poisson ratio's was
deemed unproductive, and stress analyses were conducted with the 539 K
data of Table 5.2-4.

Using the composite cylinders model and the transformation from
local to global coordinates, the LiH and SS-316 data of Table 5.2-4
were homogenized with a 99.5% volume fraction of LiH. The weighted
material properties for the L{H-SS matrix are included in Table 5.2-5
for the bflfnear, orthotropic material (using 539 K data).

Using the temperature distribution for the graphite shield and the
539 K materials properties of Table 5.2-4, the stress distribution was

determined for conditions of the radial surface free to expand and the
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(Barattino et al., 1984}, and the tensile and compressive material

properties are not the same. Furthermore, the availability of elevated
temperature properties in the open literature is severely limited for
this weapons grade material. |

Given the assumptions and limitations just mentioned, a first
order analysis was made to determine the stress distribution in the
SP-100 reactor shield based on the temperature results of the previous
section. The tungsten was treated as an 1sotrop16 material, while the
graphite and 1ithium hydride were considered orthotropic. For the
graphite, the material direction parallel to the extrusion axis was
coincident to