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ABSTRACT

This report describes progress that has been made on the
design of a High Fluence Fast Pulse Reactor (HFFPR) through
the end of calendar year 1977, The purpose of this study is to
present design concepts for a test reactor capable of accommodat-
ing large scale reactor safety tests. These concepts for reactor
safety tests are adaptations of reactor concepts developed earlier
for DOE/OMA for the conduct of weapon effects tests., The preferred
driver core uses fuel similar to that developed for Sandia's ACPR
upgrade. It is a BeO/UOz fuel that is gas cooled and has a high
volumetric heat capacity. The present version of the design can
drive large (217) pin bundles of prototypically enriched mixed
oxide fuel well beyond the fuel's boiling point. Applicability
to specific reactor safety accident scenarios and subseguent
design improvements will be presented in future reports on this
subject.
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CHAPTER 1
Introduction

The progress made on the design ¢f a High Fluence Fast Pulse
Reactor (HFFPR) through December, 1977 is documented in this
report. This design study conducted on behalf of NRC/RSR is
an adaptation of an earlier design study conducted on behalf of
Sandia's ERDA/DMA program for a weapon effect simulation facility
capable of performance beyond that of the upgraded ACPR. A reactor
of the type described wonld provide a unique capability for large-
scale reactor safety research tests as well as for the conduct of
the initial requirement--weapon effects tests. However, many
weapon effects applications would require an external cavity and
other features not emphasized here. This report will not discuss
the specifics of the experimental capabilities of HFFPR but will
only document some initial design concepts.

The development of a new reactor facility for defense appli-
cations would include as a part of the design a large central
cavity, about 25 cm in diameter, and an even larger external
cavity. During the conceptual design phase of such a facility,
performance goals for reactor safety tests were also incorporated.
These consisted of an average energy deposition of 2500 joules/gram
for a subassembly size test and a radial peak~to-minimum ratio of
less than 1.15. PFor this study it was considered desirable that
the normalized spectrum be peaked within the energy range of 100~
400 keV, for the miniwmum positive period to be 1 msec, and for the
pulse width to be on the order of 5 msec. Performance based on

these initial specifications may not be sufficient for the conduct
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of certain types of reactor safety tests. However, as the per-
formance goals for reactor safety tests evolve and as the future
directions of advanced reactor safety research become better
defined, future designs should reflect these considerations.

Sandia has a successfui history of design and development
of pulse and steady state reactors for defense-related research
programs and more recently for reactor safety research experi-
ments. The history includes the fast burst reactor series (SPR,
SPR-II and SPR-III), the steady state Sandia Engineering Reactor
(SER), the Annular Core Pulse Reactor (ACPR) and recently the
ACPR Upgrade. These facilities have enjoyed a degree of high
utilization and have contributed greatly to the development of
radiation-hardened weapon systems and components vital to the
national defense as well as to LMFBR safety research.

The reactor design concepts for the weapon effects facility
as well as those presented here are compatible with the reactor
building originally built for the now decommissioned Sandia Engi~-
neering Reactor (SER). The design is based on the modification
of the lower part of the SER vessel to an outside diameter of
approximately 1.25 meters. SER was originally a water-cooled
steady state research reactor prior to being decommissioned in
1969. Existing piping, prior utilization of water coolant at
the facility, and reduced costs were strong incentives for

investigating water-cooled HFFPR designs. However, it was

clear that large energy deposition with flat power bundles in
large test components or bundles as well as spectral tailoring

for such tests are much easier to achieve with a hard spectrum

18



gas-cooled driver core whose spectrum could be moderated and,
therefore, both concepts have been pursued. Slow neutron fil-
ters and fueled converters were introduced into some of the
models to achieve better power distribution in the test section,
but this always resulted in significant sacrifices in total energy
deposition. The filter/converter concepts have great potential,
particularly with larger, more dilute cores, but optimization of
the filter/converter concepts was beyond the scope of this report.

At this time, the favored core for the HFFPR design is a
gas-cooled Class I system. A Class I system is defined as one
which is capable of generating a power burst, or some form of
shaped transient, without the need for significant reactor heat
removal during the test; although post test heat removal is
required to lower the initially high core and clad temperature.
Modest cooling capability would be produced by a helium cooling
system operating at 10 atmospheres, and would be sufficient to
allow steady state operations sufficient for post accident heat
removal experiments, but preconditioning at prototypic power
levels would not be possible with the design presented here.

The design choice for the reactor fuel at this point in
our study is 35 w/o0 (or 14 v/o) uo, in a BeO matrix. The UO,
is 40% enriched. This is a higher loading than the ACPR Upgrade
fuel which has 21.5 w/0, 7 v/0 and 35% enriched uo, in Be0O. It
is expected that the harder spectrum of the gas~coo’ed system
and the nearly flat fission profiles across the driver fuel cell
will allow these locading increases without difficulty, but addi-

tional fuel testing work will be required to substantiate this

19
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fact. Sandia has just completed the fuel development of the

ACPR Upgrade fuel and has contributed to the develcpment of the
converter fuel for the Argonne STF.* The HFFPR fuel would be a
logical result and possible extension of our experience with the
ACPR Upgrade fuel development. At this stage in the calculations,
the fuel elcments are roughly 1.8 m high and consist of an active
core region of 1.2 m with graphite axial reflectors making up

the difference. The outer diameter of the core is <1 m, and the
inside diameter of the cavity is 0.287 m. A 20 cm graphite radial
reflector surrounds the core. Reference design data at this point
in cur study are described for gas and water-cooled systems in
Tables 1-1 and 1-2.

The principal performance criteria for this stage in the
design as applied to reactor safety tests has been an average
radial energy deposition of 2500 j/gm into a 217-pin sodium
cooled fuel bundle with a period of 1 msec. The cell geometry
of the fuel bundle and the isotopic concentrations of the heavy
nuclides in the mixed oxide fuel were modeled after the Clinch
River Breeder Reactor Project (CRBRP) fuel at the beginning of
equilibrium cycle (BOEC), i.e., the Pu-239 fraction and the
total fissile fraction of heavy isotopes were 0.30 and 0,31,
respectively.

The conceptual design, as reported here, falls slightly
short of simultaneously meeting the 2500 j/g energy deposition

and flux depression requirements for full subassembly test

* Safety Test Facility




bundles of prototypic enrichment (<1.15). This is due primarily

to constraints on core size (<1,2 m OD) and excess reactivity re-~
quired for fuel motion slots. Extensive core, converter/filter,

or experiment optimization have nct been done, however. There is
ample excess reactivity to reduce the fissile loading of the driver,
for example, and thereby increase the energy deposition in the test
assemblies by another 5-10%. If the depositions can be boosted
sufficiently, filters can be utilized to reduce the radial peak-
to-minimum ratio. Future efforts should be directed toward these
ends.

Moreover, the design, as presented, will satisfy energy and
flux depression requirements for a majority of the desired safety
tests using intermediate size bundles (37 pins) of medium enrich-
ment., The cooling capacity of the reactor is determined by the
steady-state heat removal requirements for PAHR type experiments.

The reactor has been desianed with sufficient excess reac-
tivity to accommodate two viewing slots through the driver fuel
for observation of fuel motion in the test section. These slots
are nomirally 10 to 12 cm thick. The fuel motion diagnostic
technique has not been selected at present but would likely be
selected from coded aperture or x-ray cinematography.

Applicability of these reactor concepts to specific reactor
safety accident scenarios is not diacussed in this report.
Specific test reqguirements will continue to be an evolutionary
process and this evolution is expected to impact the final per-

formance requirements for an HFFPR if ever developed. Subsequent

21



design improvements conducted in the final stages of this study
and applications to reactor safety tests will be discussed in

future reports on this subject.
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TABLE 1-1

INTERIM REFERENCE REACTOR DESCRIPTION -- GAS COOLED

1 Region Driver

FUEL: BeO/UOz

Molecular Ratio of BeO to UOp
Enrichment of UO

Volume percent U%z

Weight percent UO,

Peak Operating Temperature

CLAD
COOLANT
DIMENSIONS

Cavity I.D.
Core 0,D.

Core Height
Core volume

RADIAL REFLECTOR (GRAPHITE)

Thickness
Outer Diameter
Volume fraction graphite

AXIAL REFLECTOR

Thickness
Volume Fraction Graphite
Volume Fraction Gas Coolant

NEUTRONICS & KINETICS

Kegg (no control elements or slots)
Generation time

Min. period

Pulse width

Reactivity insertion

Begs

Core energy release

Average isothermal temperature
coefficient (300K-900K)

20/1
40%
14%
35%
1500°C

8S 316 or Inconel 718

He at 10 atms. pressure

1.184
12 usec
1 msec
4.5 msec
$3.00
0.0069

3000 MJ (ACPR = 108 MJ)
-0.39 ¢/°C

23
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REFERENCE REACTOR DESCRIPTION -~ GAS COOLED
1 Region Driver (Cont'd)

MASS OF BeO/UO2 Fuel -- no converter 2120
Mass of UO 740
Mass of 0—535 Heavy Metal 260
Mass of BeO 1380
¢ of elements (3/4" Qdia.) 1520

kg
kg
kg




TABLE 1-2

INTERIM REFERENCE REACTOR LCESCRIPTION -- WATER COOLED
2 Region Driver

FUEL: Be0/002

. Molecular “Ratio 35/1
Weight Percent uo, 23.57%
Enrichment of UO3 20%
Volume Percent UO, 15.56%
Peak Operating Temp. 1500°C

CLAD: Ss 304, Ss 316

COOLANT: H,0
Volume Percent 15%

CONVERTER: Fe-17 w/o Cr,
4 w/o UO, 93% Enriched

Peak Operating Temp. 1200°C

Coolant Air
DIMENSIONS:

Converter 1.D. .28 m

Cavity I.D. .38 m

Core 0.D. 1.12 m

Core Height l.22 m
RADIAL REFLECTOR: BeO

Thickness 0.10 m

Outer Diameter l.22 m

Volume Fraction BeO 0.6602
AXIAL REFLECTOR: BeO

Thickness 0.3 m

Vvolume Fraction 0.6602
MASS OF Be0/002 FUEL:

BeO/U0O3 2540 kg

Mass of UO, 600 kg

Mass U-235 120 kg

Mass BeO 1940 kg

- NEUTRONICS AND KINETICS
L 30 usec
i Beff 0.0069
Min., Period ' 1 msec
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Chapter 2

Description and Comparison of Candidate Fuels -- Gas Cooled System

1
H
H
1
{

A number of fuel materials were considered as potentlial drivers
or convertars, A sampling of these is glven in Table 2-1. The con-
verters consisted of U0, and U0, dispersions in iron as well as in
fron-aluminum, nickel-aluminum, and iron~chromium alloys, plus metal-

lic solid solutions of niobium and uranium. The driver fuels were

principally limited to a range of Uo, loadings and enrichments in BeO
and A1203. There was some one dimensional exploration of mixlng metal-
lic/ceramic fuels within core regions in varying fractions from the

inside to the outside [envisioned in practice as alternating pellets

in the appropriate ratio within a fuel element) as an alternative to
separate converter/driver regions for hardening the spectrum. These
concepts showe¢ promise of improved energy deposition for a given -
radial peak-to-minimum in the test section but this idea was not

pursued because of time limitations, generally low reactivity worth

of the few configurations selected, and the uncertainty of problems
associated with such a design.

A number of two-region cores of the driver/converter type were
calculated with a one-dimensional transport code and cell-weighted
Bansen-Roach 16 group cross sections during the early phase of this
study. Within each region the fuel-clad-coolant cell was homoge-

nized according to the volume fractions in Table 2-2.

" Eased on initial studies (typical parametric results are repor-
ted in References 1 and 2) niobium clad for BeO/U02 gas cooled sys~
tems and Nb-U cermet fuels were rejected because they could not meet

reactivity requirements. The BeQ/U0, fuels with stainless steel or

27
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TABLE 2-~1

Survey of Gas Cooled Fuels Censidered

Favorable Unfavorable
Fuel Points Points
Be0O/U0, High volumetric heat Spectrum is fairly hard

Molecular ratio
Range: 15 - 70

Enr ichment:
30~-93

Fe-A 1/U02
converter
U0y wgt. per-—
Cent ~12.5
Enrichment 40~
60%

Nb/U

aAl,04/U0
2Mglec%1ar ratio
9.4/1

Enrichment ~50%

capacity.

High Temperature
Good Reactivity

Fuel Development
exper ience available
at Sandia.

Good volumetric heat
capacity due to high
prr atom heat capacity
of iron and good atom
density.

4 atom percent aluminum

in iron melts at ~151u°C
and does not have the o

phase transformation at

910°C observed fot pute

iron,

Metallic, solid
solution fuel.

High temperature,
Sandia had studiea
mater ial properties
far previaus reactor
applications,
Considered as a
possible uriver,

Gives hard spectrum, flat
peak-to-min, good energy
deposition based on steady
state neutronics.

Alp03 is a widely used and
well-characterized material.

but filters or converters
may still be required.

ARdditional fuel develop-
ment work is required.

Fuel development effort
required. Properties
not well known.

Reactivity too low at
low fissile loadings
required for a reason-
able figure-of-merit,

Low reactivity worth.

No history as a reactor
fuel. Development
effort required.

Poor negative tempera-
ture coefficient as
presently modeled.



Favorable Uniavorab?~

Fuel Points Points
Ni-Al alloys High melting point. Brittle, properties
Higher than either con- not well known.

stituent, and single

phase for 50% Al and 50%

Ny, T = 1038°C.

melt

Inconel 718 clad stood out as the most promising driver fuel candi-
date from the initial neutronics and materials evaluation. The
spectrum of the BeO fuel was softer than we desired as shown in
Table 2-3 and Fig. 2-1, but other criteria from Table 2-1 could
easily be satisfied. The Al,05 fuel was selected for more exten-
sive finite geometry evaluation because it did yield a harder
spectrum and the properties of the A1203 material are well known,
However, the negative temperature coefficient of reactivity ana
the k  of the Alzo3 fuel were both lower than desired. A descrip-
tion of the fuels, as studied, is given in Table 2-4., All fue:is
wiil require a fuel-development or test program to verify their
performance under repeated pulsing conditions.

Figure 2-2 is a graph of the integrated fissions using the
fission cross section of D-23% and four multigroup flux spectra
representative of the BeO and A1203 driver fuels, the Fe~Al con-~
verter fuel and the mixed oxide test fuel. At any given energy,
decreasing along the abcissa, one can evaluate the fraction of
the total fissions that occur above and below that energy for each
fuel type. The mixed uvxide test fuel (curve 1) has the hardest

spectrum and in order to have reasonably flat radial energy depo-

sition profile {P/M £ 1.15}) in the test section, the free-field

29
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TABLE 2~2
Cell Descriptions for Gas-Cooled Models .
Cell Region Volume Fraction Radium, cm
fuel 0.66 (to 0.71) 0.9525
gap (void) 0.035 0.9779
clad 0.055 1.016
gas coolant (void) 0.25 (to 0.20) 1.1732
!
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TABLE 2-3

Comparison of BeO/UO, and A1203/U02 Energy Spectrum®*

Gp

10
11
12
13
14
15
16

{gas cooled)

Lower Energy Bound
of the Group

3.0 mev
1.4 mev
0.9 mev
0.4 meV
0.1 mev
17 kev
3 kev
0.55 kev
100 ev
30 ev
10 eV
3 eV

1 ev
0.4 eV
0.1 eV
0.025 eav

*Darived from S, calculations using the rnference fuels described in

Table 2-1,

Normalized Flux

BeO

0.u243
0.0774
0.0399
0.0947
0.1556
0.2106
0.1361
0.1292
0.u816
V.0zY4
0.0103
0.0V56
0.0u37
0.0010
0.0005

0.0

A1203

U.Uz0S
0.0634
0.0481
0.1238
0.2269
0.2434
0.1404
0.0782
0.u272
0.0058
0.u016
0.00U5
0. ULz
0.0

0.0

v.0

i R L,
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TABLE 2-4
Reference Fuel Specifications for BeC and Al,04 and Fe-Al Fuels
(gas cooled)
BeO/UOz ceramic fuel - k, (from XSDRNPM cell calculation,
123 groups) = 1,53
(infinite media, H-R X-sects) = 1.41

Molecular ratio, 20/1
Weight percent uoz, 34.9%

Uo2 Enr ichment, 40%
Fissile atom fraction, CD' 0.0093
Composite fuel density, 3.998 g/cc
Peak operating temperature, 1500°C
A]203/UO2 ceramic fuel - k, (from XSDRNPM) = 1,39

Molecular ratio, 9.4/1
Weight percent UC,, 21.85%

uo, Enr ichment, 50%
Fissile atom fraction, CD' 0.01
Composite fuel density, 4.567 g/cc
Peak operating temperature, 1250°C
Fe-Al/Uo2 metal converter - k_ (16 group CHILE celculation) = 1.33

4% Al in iron
Weight percent uo,, 12,5

uo, enr ichment 50%
Fissile atom fraction, Cpr 0.0133

Composite fuel density, 7.81 g/cc
Peak operating temperature, 1250°C
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cavity spectrum for the experiment should be at least as hard as
curve 4 for the unfiltered 20-to-1 BeO/Uoz (40% enriched) driver.
The radial peak-to-minimum for the unfiltered BeO/UO2 driver is
1.2,
A comparison of the performance characteristics of the vari-
ous fuels and fuel concepts, gas-cooled, is presented in Table 2-5.
Details of the neutronics calculations used in deriving these

results are presented in subsequent sections.
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Table 2-5
Compar ison of Gas Cooled Reactor Characteristics
(Non-Optimized)

Characteristic Be/UO2 BeO/UO, BeO/UO2 A1203/U02 Nb/U
with
Converter (Filter)

Energy 1.19 1.03 - 1.04 <1.0
Deposition

(profile

(P/M))

(308 Pu-239)

Energy 2380 1720 - 2410 750
Deposition

(Maximum)

i/79

Min. Period 1.0 1.0 <4.0 -

(msec}

Core Volume 0.8 1.09 - >1.35 3.2
(m2)
Neutron 12 12 12 2-20 0.2
Generation

Time (psec)

Max imum 1500 1500 Driver g4, 1250 1400

Temperature 1250 Converter
(°C)



Chapter 3
Description and Comparison of Candidate Fuels ~ Water Cooled System

As with the gas cooled system, a number ot fuel materials
were studled as potential drivers or converters (see Table 3-1).

The converter was limited to fully enriched UO, dispersed in 55430
(Fe/17% Cr). The driver fuel of greatest promise was the Be0/002
ceramic fuel, although the A1203/Uoz and Fe-A1/002 fuels were studied
as possible fuel candidates.

Two region cores of the driver/converter type for the light
water cooled cores and one region driver cores with cadmium filters
for both light and heavy water cooled cores were studied. Specifi-
cations of the fuels studied can be found in Table 3-2. Volume
fractions for the homogenized fuel cells can be found in Table 3-3,

The A1203/002 and Fe-Al/Uo2 fuels were not considered for the
1ight water system because of the possibility of severe peaking in
the fuel cells. However, they were studied for the heavy water sys-
tem where they showed some promise because of their harder spectra
which leads to lower peak-to-minimum in the test package. A set of
histograms in Figure 3-1 show the spectra from heavy and light water
moderated BeO fuel along with the harder spectrum from the center-
line of the test fuel.

Because of the softness of the BeO spectrum, it is necessary
to have some method of hardening the cavity spectrum. This can be
accomplished by the use of a dry converter or a filter. Also, one
can use a moderator/coolant with a lower moderating power. Table
3-4 is a comparison of light and heavy water moderated drivers with

a cadmium filter.
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Fuel

BeO/UOz

Al,04/U0,

Fe-Al1/U0,

Ait-cooled
converter:

Fully enriched
U0z in 85% dense
55430
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TABLE 3~1

Survey of Water Cooled Fuels

Favorable Points

High volumetr ic heat
capacity

High temperature
Goad reactivity

Fuel development
exper ience avail-
able at sandia.

Hard spectrum

Flat P/M ratio for D,0
moderated system.

Alp03 is a widely used
and well-characterized
material.

Hard spectrum

Flat P/M ratio for D0
system.

Good.volumetric heat
capacity.

Fuel development studies
from ANL-STF.

Hard spectrum low P/M
ratios,

Potential converter fuel

Unfavorable Points

Soft spectrums for water
systems. Filters or con-
verters reguired to
reduce P/M ratios.

Additional fuel develop-
ment work is required.

Low reactivity worth

high 6-235 loading re-

duces energy deposition
in test package,

No history as reactor
fuel, fuel development
effort reguireq.

Peaking problems pos-
sible in the fuel cell
for Hy0 moderated sys-
tem.

Fuel development needed.

Peaking problems pos-~
sible in fuel for HZO
moderated.

Fluence reduction in
cavity due to converter
presence.

Air cooling required.
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TABLE 3-2

Candidate Fuel Specifications for Water Cooled HFFPR

BeO/Uo2 ceramic fuel

Molecular Ratio = 35/1
- We ight Percent uo, - 23.6%

Vo, enr ichment = 10%-50%

Fissile atom fraction CD = 00,0014 - 0.0068

composite fuel density = 3,620 g/cc

Peak operating temperature = 1500°C
A1203/U02 ceramic fuel

Molecular Ratio - 9.4/1
Weight Percent vo, - 21.9%

U0, enr ichment - 25%-50%

Fissile atom fraction Cp = 0.0050 - 0.0100

composite fuel density 4.57 g/cc

Peak operating temperature 125¢°C
Fe-Al/UO2 metal fuel

Molecular Ratio 34.5/1
Weight Percent U0 - 12.5%

U0, enrichment - 50%-93%
Fissile atom fraction Cp = 0.0069 - 0.0129
composite fuel density 7.81 g/cc
Peak operating temperature 1250°C
Fully enriched U0, in Fe/17% Cr (SS430) metal converter

Molecular Ratio - 35/1
Weight Percent U0, 6.48%

U0y enrichment - 93.15%
Fissile atom fraction Cp = 0.0128

Composite fuel density 6.77 g/cc
Peak operating temperature 1200°C
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TABLE 3-3

Cell Description for Water Cooled Models

Region Volume Fraction Radius

Fuel 0.6602 2.24 cm

Gap 0.1055 2.41 cm

Clad 0.8423 2.54 cm

Coolant 0.1500 2.76 cm
TABLE 3~4

Compar ison of relative spectra for H,0 and D0 moderated core with

BeO/UO, fuels, and cavity spectra after filtering with cadmium.

Driver: Be0/U0, = 35/1 Driver: BeO/UO, = 35/1

Gp Lower Energy
Bound 20% Enriched H 0 Mod. 25% Enriched Dzo Moder ated

Dr iver Cavity Driver Cavity
1 1.35 MeVv 0.1184 0.1126 0.0829 0.0749
2 0.40 Mev 0.1330 0.1566 0.098U 0.1090
3 B6.5 KeV 0.1394 0.1689 0.1375 0.1489
4 0.13 Kev 0.3206 0.3773 0.4960 0.5129
5 1.86 ev 0.1326 0.1469 0.1396 0.1353
6 0.65 ev 0.0320 0.0311 0.0214 0.0168
7 0.16 ev 0.0366 0.0033 0.0155 0.0019
8 0.06 ev 0.0444 0.0014 0.0063 0.0003
9 0.005 ev 0.0430 0.9020 0.0028 0.0002
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It should be noted that the cavity spectrum after filtering
with cadmium for the Dzo moderated system is slightly harder than
faor the H,0 moderated system., This in turn will lead to better
peak-to~minimum raties In the test package.

Figure 3-2 1is a graph of the integrated fissions in the driver
cores (light and heavy water moderated) and the test package center
line. As is apparent, the driver core spectra for both the light
and heavy water moderated cores are much too soft to give reasonable
peak-to-minimums in the test package.

A comparison of the performance characteristics of various
ReO/Uoz fuels, light and heavy water moderated, and converter/filter
svstems is found in Takle 3-5.

Figure 3-3 is a comparison of the volumetr ic energy deposition
in a H 0 cocled two region core dr iver/converter type and a D,0 one

region core with cadmium filter.

Further details of the neutronic calculations and more exten-
sive results will be found in subseguent sections for the water-

cooled concept.
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TABLE 3-5
Compar ison of Water-Cooled Reactor Designs for 61 Pin Bundle Tests
Driver Core
Convertor/ Cuter Energy Profile K
Fuel En.s Mod Filter Diameter, m Depositian, (P/M) eff
J/a
1. U0 - BeoO 20 HO 5.08 cm Fe 1.22 1100 1.18 1.17
2 2 (Dry)
2. U0 =~ BeO 20 HO 2.54 cm Fe 1.22 1375 1.60 1.17
2 2 (bry)

3. U0 - BeQ 20 HO *Cd Filter 1.22 1375 1.47 1.16

2 2
4. UO - BeO 10 HO *Cd Filter 1.83 1625 1.74 1.05

2 2
5. U0 - BeO 25 b O *Cd Filter 1.63 1950 1.17 1.07

2
6. U0 - BeO 50 DO *Cd Filter 0.91 1550 1.05 1.06

2

* Areal density = density * thickness = 8,65 x 10'5 g/cm.
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REFLECTOR AND 2 inches DRY
CONVERTER,

2 Do0 COOLED BeO/UOo CORE
BeO/UO2 RATIO 35/1, 25%
ENRICHED, NO OUTER REFLECTOR,
CADMIUM FILTER
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FIGURE 3-3 COMPARISION OF VOLUMETRIC ENERGY DEPOSITION OF
H20 COOLED BeO/UOz CORE AMD DZO CQOLED BeO/U02 CORE
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Chapter 4

Cross Section Development

Temperature dependent multigroup cross section sets were
developed for use in the neutronic calculations. The modulav
code AMPX [3] was used to process the raw ENDF/B data in order
to catalog the necessary temperature dependent cross section
sets., The AMPX modules can be used to (1) generate multigroup
neutron cross section sets; (2) generate multigroup gamma cross
section sets; (3) generat. gamma yields for gamma producing neu-
tron interactions; (4) produce coupled neutron, gamma, and gamma
yield cross section sets; (5) perform one dimensional discrete
ordinates transport or diffusion theory calculations for neutrons
and gammas and also use the one dimensional results as weighting
functions for rollasping the fine group cross sections to broad
group structure; and (6) output multigroup group cross sections
in convenient formats for other codes. The basic modules in AMPX
that were used to produce the temperature dependent, multigroup
neutron cross section sets were (1) XLACS, (2) NITAWL, (3) XSDRNPM,
and (4) AID. Special modules that were employed include (1) JUANITA,
(2) CONVERT, ard (3) LAVA. The Sandia version of AMPX is described
in Reference 4.

XLACS was used to reduce the ENDF/B data to a 123 energy group
master iibrary. XLACS can be used to produce neutron cross sections of
desired group structure, scattering order, and a variety of weighting
functions. For most resonance nuclides, XLACS will perform a pre-
liminary processing of the resonances and pass any unresolved parame-
ters to NITAWL for final resonance resolution. NITAWL is used to pro-

duce an AMPX working library that is suitable for use in XSDRNPM and
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also KENO-IV {[5]). For resonance nuclides with unresolved parame-
ters, NITAWL uses the Nordheim Integral treatment to reduce any
unresolved resonance parameters. XSDRNPM is a one-dimensional
discrete ordinates code that has the capability of doing spectrum
weighting and collapsing of the fine group ¢ross section sets to
broad group structure, These collapsed sets can be produced as
cell-weighted or a variety of region-weighted sets. The cross
sections from XSDRNPM were in ANISN format, suitable for use in
the code TWOTRAN-II [6]. AID was used to convert from ANISN
format to DIF format and also to label che sets as to fuel type
(driver, converter, test package, etc.).

JUANITA and CONVERT were used to process cross section sets
from an old XSDRN library to sets compatible with the format now in
use in the AMPX modules. These sets were in the form of a master
library and could then be updated onto the master library produced
from XLACS.

LAVA was used to produce AMPX working libraries from ANISN
cross section sets. The working libraries were then concatenated

with NITAWL so that they could be used in KENO-IV.




Chapter 5
Reactor Studies

5.1 General

Since final fuel element design was beyond the scope of this
report and since the general neutronic properties are not particu-
larly sensitive to the cell model in a gas-cooled system, a single
cell geometry was selected and used in generating all cell-dependent
cross sections. Initial:y in the 1-D calculations the fuel/coolant
volume fractions were adjusted, as noted in Table 2-2, to increase
or decrease reactivity, but a 0.66 fuel fraction was used in all
of the 2-D calculations reported here.

The basic 1-D and 2-D calculational models are shown in Figs.
5.1-1 and 5.1-2, The central irradiation cavity of 28 cm was assumed
for all cases, but the outer core radius and the reflection thicknes-
ses were varied as part of a parametric study.

The fuel cell specifications used for the generation of cell-
we ighted cross sections were fixed for all of the neutronic calcula-
tions. The fuel element size was chosen by considering the thermal-
hydraulic, stress, and heat removal characteristics of a combination
of fuel materials, fuel element diameters, gap sizes, gap fill gases,
clad thicknesses, and coolant heat transfer coefficients under both
pulse and steady state operating conditions. See Chapters 2 and 3
plus Section 5.3.

The analytic tools and approach to the reactor design are
presented in Table 5.1-1. A brief description of the coaes is
given below:

DTF-1IV [7] was used for the performance of survey calcula-

tions, It solves the multigroup, one-dimensional Boltzmann
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Table 5.1-1

Analytic Approach for HFFPR Design Studies

Survey Calculationg ~---

Preliminary Design Calculations

Kinetics

Heat Transfer --

Cross Sections ---

1D -~ DTF

1D - DTF
2D ~ TWOTRAN-II
3D - KENO=-IV

KENO-IV ~ (£)
SAK ~ (a)
TWOTRAN-II (a)
PK1D, SAK (Kinetics)

TACED
PK1D, SAK

AMPX (ENDF)
{Bansen/Roach)




transport equation, including anisotropic scattering. TWOTRAN-II (6]

was used to solve the two dimensional multigroup transport egua-
tion. Like DTF it uses the SN discrete ordinates formulation of
of the Boltzmann equation.

KENO IV |5] is a multigroup Monte Carlo criticality program
which calculates k , lifetime, energy dependent leakages and
absorptions, fluxe:ffand figsion densities. This code was used
primarily for calculating prompt neutron generation times and to
confirm some TWOTRAN-II results for k .

Kinetics calculations were done :Esn the help of the SAK
and PK1D computer codes [8].

The Sandia Kinetics code (SAK) is a one-dimensional, time
dependent code which couples thermal hydraulic with neutronic
analysis in order to simulate reactor transients. Time dependent
changes in material properties are provided for, as is radiative
heat transfer. The Point Kinetics One-Dimension Heat Transfer
Code (PK1D) solves the point kinetics equations. It uses the
same heat transfer routines as SAK, and couples the heat transfec
equations with the point kinetics equations by the temperature
dependent reactivity feedback.

The prompt neutron generation time for SAK and PK1D were
drrived from KENO IV and the temperature feeaback coefficients
for PK1D were derived from SAK. 1Isothermal temperature coeffic-
ients were obtained from TWOTRAN II as a check on the SAK results.
SAK allowed for distributed temperatures in the core,

Heat transfer calculations were also performed with the TAC2D

code (9], a two-dimensional code for calculating steady state and
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transient temperatures by the finite diffcrence method in rectan-
gular, cylindrical, or polar coordinates. As in the SAK code, the
thermal properties may be functions of time, local temperature, or
local position.

Operations required to generate and collapse multigroup neu-
tron and gamma cross section sets are provided by the AMPX system
{13], which utilizes neutron and gamma cross section data obtained
from ENDF/B libraries, Use of the AMPX system to generate cross

section sets is discussed in Chapter 4.

: ,.i.:..-.:‘-%:‘.:L..:::')L‘V" EC




5.2 Neutronics Calculations - Gas Cooled System
5.2.1 General

During the development of our ENDFB-IV/AMPX, temperature-
dependent cross section library, described in Chapter 4, infinite
media, as well 3s 1-D and 2-D §, calculations were performed using
the Hansen-Roach (HR) cross sections [10]. These results will not
be reported in detail here, However, in order to make compar icons
and to illustrate certain trendes that we feel are important, we
have chosen to include some of the results calculated with the HR
cross sections. 1In such cases, graphs will be clearly marked and
table entries will be footnoted to alert the reader to inconsis-
tencies between these results and later calculations with the newer
cross section sets, For the gas cooled systems, the group structure
selected for the AMPX-generatud cross sections was matched as closely

a3 possible to the sixteen group HR energy boundaries.

5.2.2 Single Region Driver Cores

On the basis of the two-dimensional neutron transport calcula-
tions with the HR cross sections, several single region driver cases
were selected for evaluation with the new cross sections. The 2-D
model was introduced earlier in Fiq. 5.1~2.

A description of the variovs systems and their performance
characteristics, including comparisons using the HR cross sections,
are given in Table 5.2.2-1. The fuels used in the calculations are
described in Table 5,2.2-2. All cases were normalized to the peak
operating temperatures of the driver fuels.

Note that for the BeO fuel, the newer cross section set results

in a softer spectrum, a higher eigenvalue (6%), a steeper radial
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Table 5.2.2-1
Performance Characteristics of Initial BeO and A1203 Driver Fuels

Driver
tuel wenecat on wdyge
. Qutside Time Energy EGge-to- Axial Peak-
Driver Diameter  Radial K A Deposition Center Ratio to-Min. at
Descriptiun (cm) Reflector?  eff (10-6 s) (J/gm) at_Midplane €, Comnent
Beo-1° 121.92 Ni 1.236 2.7 2315 1.21 2.24 ( ) inaicates
£ (1.160) - (2578) (1.12) (2.47) using hansen—
BeO-~2 121.92 Ni 1.184 3.1 2582 1.22 2.24 Roach X-sects.
BeO~1 115.92 Ni 1.222 - 2333 1.20 2.24
BeO-1 103.92 Ni 1.185 2.7 2370b 1.135 2.26
BeO-1 103.92 Ni 1.210 -— 6752 1.43 2.09 Test bumale is
is fully enrichea.
BeO-1 121.92 " on 1.222 2.6 2327 1.21 2.24
(1.148) (2586) (1.12) (2.44) H-R compar ison case
BeO-1 121.92 4-in.
Graphite 1.213 4.8 2336 l.2v 2.08
BeO-1 121.92 8-in.
Graphite 1.253 12.0 2300 1.21 2.04
(1.200) - (2519} (1.13) (2.14) B-R camparison case
BeO-1 121.92 BeO 1.258 10.4 2313 1.21 . 1.87
BeO-1 121,92 Be 1.254 13.3 231z 1.21 1.92
al03-1fF 12192 Ni 1.098 2.3 2410 1.04 2.06 o
A1203-1 121.92 Ni 1.141 - 7486 1.19 1.974 Test bundle is
fully enriched.
Al503-1 121.92 Iron 1.073 2.1 2507 1.u5 2.11
Al504-1 121.92 8-in.
Graphite 1.141 17.3 1986€ 1.06 1.87
Al,04-1 121.92  BeO 1.155 15.7 20334 L7 1.65
Al;03-1 121,92 Be 1.150 20.7 1788¢ 1.07 L7

Reflector thickness is 4 in. (101.6 mm) except where indicated otherwise. Axial reflectors are the same
material but have a fixed neight of 12 in. (305 mm) and a volume fiction of U.6592 to match that of the
fuel elements.

The 217-pin test bundle for this case contains fully enriched (93.2%) UO0,.

Limited by thermal flux peaking at the outer edge of the driver. This can be reduced by reducing the
reflector size, Normalizing to the interior driver hot spot gives Z446 J/gm as the potential yield.
Same as above but peaking less severe, Potential yield 2452 J/gm.

Same as above but peaking more severe than the BeO. Potential yield 2459 J/gm.

See Table 5.2.2-2 for definition of these fuel types.

T ey
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Table 5.,2,2.-2
- Fuel Specifications and Core Volume Fractions

- A -- Fuel Specifications

Molecular Composite We ight Fissile Peak
Fuel Ratio Density Percent Atom Operating
Title HOST/UO2 (gm/cm ) UO2 Ent ichment Fraction Temperature
BeO-1 20/1 3.998 34.9% 40% 06.0093 1500°C
BeO-2 20/1 3.998 34,9% 35% 0.0081 1500°C
A1203-1 9.4/1 4.567 21,.85% 50% 0.01 lz50°C
Prototypic

Test Bundle ~- 10.0 Mixed Oxide Heavy Atom_ 8
30.16 Pu-237

4.06 Pu-240
0.59 Pu-241
0.07 Pu-242
0.15 U=-235
64.97 U-238

Enriched
Test
Bundle - 10 1008 93.2 U-235
6.8 U-238
B_-- Volume Fractions

Dt iver: Fuel 0.6292
Gas Coolant + Gap 0.2856
N Clad 0.0552
Test Section: Fuel G.4340
. Gap 0.1426
Clad 0.0113
Na Coolant 0.4111
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profile (7%), and a lower energy deposition (10%). So basically,
except for the self-multiplication factor, the performance predlc-
tions are lower with the new cross sections. One can improve on
the design by optimizing the fuel loading and the BeO/Uo2 molecular
ratio., The energy deposition can be increased by reducing the
driver fissile “uel loading since there is plenty of excess reac-
tivity in the reference cases. The radial profile can be reduced
by reducing the BeO/002 molecular ratio, increasing enrichment,
filtering, or using a converter, any of which will harden the spec~
trum; but these changes will also reduce the deposition, The excess
reactivity exhibited indicates that there is room for substantial
improvement with the BeO fuel, Some additional calculations show-
ing the effects of enrichment reduction and converters are given in
Section 5.2.3.

The A1203 fuel {s not as reactive hut due to its harder spectrum
its radial and axizl profiles are much less severe, and the deposi-
tion values meet the design goals of 2500 j/qg and 5000 j/g for pro-
totypic and fully enriched test fuels, respectively.

Table 5.2,2~-1 indicates that a flexible range of neutron gen-
eration times--2 to 20 microseconds-~is possible with different
reflectors. The generation times were calculated with KENO IV [5].
Kinetic studies indicate that these generation times are sufficient
for producing 5 msec pulse widths at the desired energy levels; see

Section 5.3.3.

The efrect of the neutron multiplication factor, k , on the
eff

calculated prompt neutron generation time was investigated for a

single region ae0/U02 driver using the 20~to-1 molecular ratio and



a 40 percent enrichment. The ref'ector was graphite, The excess
reactivity was controlled by introducing poison into an annular
control ring and also by reducing the outside diameter, The data
is shown in Flg. 5.2.2-1. A least squares fit of the data gives
the following relationship for prompt neutron generation time as

a function of k .
aff

Awgsec) = 46.32 - 27.6 k ’ 1.0 < k < 1,253 (5.2-1)
eff eff

The calculated generation time increases from about 12 usec at a
multiplication factor of 1.25 up to 18.8 at an excess of 1.005.
The reason for the change is that fissions occur more readily in
the more reactive system, thereby reducing the average generation
time of a prompt neutron. An average generation time in the range
of expected reactivity required for pulsing is appropriate for
point kinetics analysis.

The neutron losses through the test assembly for the single
region 41,04 driver {relatively hard spectrum} and the BeO driver
{softer spectrum) are shown in Figure 5.2.2-2. These results were
obtained by monitoring the fission activity in a uniformly dispersed

U-235 tracer material,
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5.2.3 Effect of Converters

The purpose of introducing a converter region is to harden the
spectrum, perhaps at some sacrifice in energy deposition, in oraer
to reduce the radial peak-to-minimum across the test bundle. Opti-
mally, the ficsile loading in the driver and converter are appro-
priately matched so that the peak temperatures occur simultaneocusly
in both regions, It Is likely that performance in one or both
regions may be sharply peaked due to changes in the neutron spec-
trum and this condition will limit performance. The severity of
the peaking may be reduced by grading the enrichment. The conse-
quence is a more evenly distributed flux profile, a higher average
temperature for the driver a~d converter and, thus, improved cavity
fluence,

Figures 5.2.3-1 through 5.2.3-2 show calculated .esults for
two types of converters, The results were derived from 1-D S,
calculations using the HR cross gections and, therefore, indicate
slightly optimistic performance compared to later, two-dimensional
results with the new cross sections. The figures, however, indi-
cate the tradeoff in radial peak-to-minimum and energy deposition
in the test fuel bundle as a function of increasing convertetr
thickness. The converter loadings were held constant in all cases
shown. At these loadings, the driver and converter maximum tem-
peratures are fairly well matched at about Z.54 cm (one irnch)
thickness for the Fe-Al converter and at slightly less than ane
inch thickness for the U0, converter. Ac a thickness of 4 inches
performance was limited by the driver temperature rather than by
the converter temperature, Specifically, for example, decreasing

the loading in the driver could have increased the energy deposition
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by ~180 j/gm with a 4 inch Fe-Al converter, but the core diameter
would have to be increased to maintain the same excess reactivity.

Performance characteristics derived from two-dimensional
parametric calculations and AMPX~processed cross sections are
shown in Figures 5.2.3-3, -4, and -5. These figures include
both single region and driver/converter configurations. The
reflectors are graphite or nickel. Figures 5,2.3-3 and -4 show
radial peak-to-minimum and energy deposition as a function of
driver fuel enrichment. Converter and no converter cases are
shown at two different keff values., The Kefg values were changed
by modifying the outside core radius. The reflector thicknesses
were not changed. The converter thickness (10 cm) and loading
(0.001 U-235 atoms per cc in the fuel) were constant for the con-
verter cases and, therefore, performance was limited by the con-~
verter temperature at low driver enrichments and by the driver
temperature at higher driver enrichments. The upper edge of the
band on Fig. 5.2.3-4 is the performance normalized to the peak
temperature of the opposite fuel. At the left edge of Figure
5.2.3~4 performance near the top of the band could be obtained
by reducing the fissile loading in the converter. At the right
side, steps must be taken to flatten the flux in the driver more,
possibly by using a larger reflector, This would help to match
the driver and converter maximum temperatures for optimum per-
formance at the top of the band.

Notice that the lower eigenvalue systems (keff = 1.0) exhibit

better performance than the higher eigenvalue systems.
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Figure 5.2.3-5 is a composite of Figs. 5.2.3-3 and -4. The
reader can see the direct tradecff between energy deposition
{degired to be as high as possible) and radial peak=-to-minimum

- (desired to be as close to 1.0 as possible),

The volumetric energy daposition profile in a 217 pin mixed
oxide test bundle and the driver core ig shown in Figure 5,2.3.-6.
One set of data is for a single region BeQ driver with a graphite
reflector; the other curve is for the same driver and converter
plus a 10 cm (4 inch) Fe~Al converter, The peak-to-minimum in the
test fuel is 1.19 for the first case and 1.03 for the second case.

The self-multiplication factor, k , as a function of the

eff
size of various driver-converter-reflector combinations, is shown
in Fig. 5,2.3-7, The reference design is plotted at a core radius
of 48 cm and a keff value of 1.18. Notice that addition of 5 v/o
of 84C in the core control region of this model reduces keff to

1.05.
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5.2.4 Reactivity Addition Due to Test Fuel Compaction

The reactivity addition due to test fuel compaction was cal-
culated for 25, 50, and 100% compaction. Only one driver configu-
ration and one test bundie loading have been investigated thus far
and the results are shown in Figure 5.2.4-1. The driver fuel was
BeO-1, the reflectors were nickel and the test package was a 217
pin, prototypic mixed 239 oxide fuel bundle (heavy atom fraction
of Pu is 0.3). The compaction was modeled by dividing the top half
of the test fuel bundle into two equal regions and moving fuel from
the top region into the region above the midplane, Because of sym-
metry, fuel is alsoAassumed to move from the bottom of the test
subassembly into a region just below the midplane., For 1¢0% com-
paction, the fuel volume fraction in the central region was doubled
from 0.434 to 0.668 while it was reduced to 0.0 in the end region.
Sodium is nearly al! expelled from both the inner and the outer
regions. The volume fraction of sodium always goes from 0.4111
to 0.8111 in both regions but is unchanged in the axial blanket.
For 50% compaction only 50% of the fuel was moved from the outer
to the inner region and so forth. As shown in Figure 5,2.4-1,
there is a 64¢ reactivity addition at 100% compaction for a 217
pin prototypic bundle.

A 50% compaction even at very high rates will only produce an
extra 3U~40°CAT in the driver fuel if the compaction occurs after
the peak of the pulse. This is a performance penalty of less than
3% for 50% compaction with prototypic fuel, 'If the 50% compaction
occurs simulteneously wi;h the pulse, it produces an extra 280°CAT

increase in the driver fuel or a 21% performance penalty.
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5.3__Kinetics and Thermal Hydraulic Analysis - Gas Cooled System

5.3.1. General

BeO/UOz and A1203/U0z fueled, gas cooled systems have been
analyzed and compared with respect to material properties, energy
deposition, and temperature profiles, Parameter surveys to inves-
tigate the effects of fuel diameter, gap material, gap thickness,
clad thickness, coolant heat transfer coefficient, and heat genera-
ation rate on the temperature distribution in the driver fuel in
steady state operation, have been carried out with the TAC2D heat
transfer code. Transient calculations for BeO and Alzo3 systems
were performed with the SAK and PK1D point kinetics codes which
were used to compare energy deposition, yield, and pulse width
information of the two systems as well as to obtain temperature
profiles and other heat transfer information.

In these models, the core is 4B™ to 54" high. Helium coolant
at 10 atm pressure was assumed in all of these studies. The heat
generation rate in the TAC2D calculations was modelled with a
truncated cosine distribution in the axial direction with a peak
to minimum ratio of 1.8.

In order to drive fuel elements of various diameters (from
3/4 inch to 2 inches) to operational limits on fuel and clad tem~
peratures and stresses, the input heat generation rates (peak)
ranged f-om about 9 watts/g (for the 2 inch diameter element with
a 30 mil gap and 30 mil clad) up to 37 watts/g (for a 3/4 inch
element with only a 5 mil gap and a 15 mil clad under steady state
conditions. The first case is limited by fuel temperature and
the second case by clad temperature. The optimum element aesign

should not be limited too strongly by any single design parameter



(e.g. stress, fuel temperature, etc.) and the design must also
satisfy limiting conditions for heat transfer under pulsing con-
ditions as will be discussed later.

The effect of radiation on the heat transfer rate was accounted
for by an emissivity in the radlal direction of .5. The adaition of
this factor had no effect on the temperature distribution of the
TAC2D calculations.

The heat transfer coefficient for a helium gas cooled system

was calculated from equation 5.3-1 [11]:

k

h = .023 £ (re)’® (pr)¢ Btu/hr-ft2-°F (5.3-1)

where k = thermal conductivity, Btu/hr-ft-°F

o
]

equivalent diameter, ft

Dvp

Re = u , the Reynolds number

dimensionless

C .
Pr = ﬁ ., the Prandtl number

™
L]

Nu, the Nusselt number, dimensionless

The properties were taken at 600°F and 10 atm pressure. At
these conditions, the heat transfer coefficient is dependent only
upon coolant velocity. This dependence is graphed in Fig. 5.3.1-1.
The effect of velocity varlation on fuel and clad temperatures
for a fixed geometry and heat generation rate is shown in Fig. 5.3.1-2.
For this figure the fuel diameter was 3.8 cm (or 0.7% inch), the gap
thickness was 10 mils, the clad thickness was 15 mils, and the heat
generation rate was 11.25 watts/gm at the peak of a truncated cosine

distribution (P/M = 1.8).
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The sonic velocity of helium at lu atms pressure is 427 ft/sec.
A helium velocity of 650 ft/sec represents an upper limit for sub-
sequent calculations. This velocity gives an h value of 0.31
watts/cmz-x {or 550 BTU/ht—ft2—°F).

With helium (10 atm) as the gap filler, the heat generation
rate, the fuel diameter, the SS3U4 clad thickness and the gap wiath
ware varied and the effect on gteady state temperature distribution
was determined with TAC2D. For this parametric evaluation, gap clo-
sure was not modeled; thus, the gap thicknesses are considered to be
at operational temperatures rather than for clean, cold conditions.

Fuel elements with 2 inch, 1.5 inch and .75 inch fuel diame-
ters were compared, with gap and clad widths ranging between 5 ana
30 mils. The narrower fuel elements with smaller gaps are limited
by clad temperatures rather than by fuel temperatures. An increase
in gap thickness does increase fuel temperatures, but it does not
reduce the steady state clad temperatures significantly. However,
increasing the fuel diameter results in lower clad temperatures
for a given fuel temperature limit.

More specifically, small (5 mils) changes in clad thickness
were found to cause negligible change in the maximum clad and fuel
temperatures. However, incrnasiny the gap width by 5 mils resulted
in small decrrases in the maximum clad temperature (<1l%) and large
increases in fuel temperatures {(~75°C for the larger elements and
smaller increases for the smaller elements). The gap temperatures
themselves increased by 6-10% for a 5 mil increase in gap width,

The highest percentage increase corresponds to the narrowest gap

width (5-10 mils).



Effects of power density and fuel element diameter on steady
state fuel and clad temperatures are shown in Fig. 5.3.1-3. 1In
this set of data, coolant parameters, clad thickness, and gap
thickness were held constant for each fuel element diameter curve,
Only the internal heat generation rate was varied to represent
different power levels of the reactor. The heat generation func-
tions are given in terms of Q, where Q represents a truncated
cosine distribution with a peak value of 7.5 watts/gm.

A second graph, Fig. 5.3.1-4, shows the effect of varying clad
and gap thickness for a fixed fuel diameter. Only the gap varia-
tions result in noticeable temperature changes. Two curves with
the same gap (10 mils) but different clad thicknesses lie on top
of one another.

These figures indicate that the best simultaneous matching of
fuel and clad temperatures under steady-state operating conditions
is obtained with a helium filled gap of 15 to 20 mils for the ele-
ment diameters investigated. The maximum heat generation rate
under optimum conditions is ~37 watts/g for the 1.9 cm element and
16 watts/gm for the 3.8 cm element., From TWPTRAN II calculations,
the peak and average specific heat generation rates in the driver
are 11.3 and 7.86 watts/g, respectively, at 16.7 MW total power.
This power produces ~6 w/g in a debris bed of prototypic enrich-
ment and produces a maximum cavity flux of ~1.2 x 1014 n/cm-sec
at the core midplane. Thus, any element in Fig. 5.3.1-3 that can

produce 1.5 Q or better without exceeding either the clad or fuel

temperature limits will satisfy the steady state design criteria.
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The 1.9 cm element has the largest safety margin and it was selec-
ted as the model for pulse-mode analysis. Patametric analysis of
the fuel element design for pulse-mode operation was beyond the
scope of this report. However, the 1.9 cm {3/4 inch) element
selected for kinetic analysis (gsee following section) exhibited
well-balanced fuel and clad behavior such that failure tempera-
tures or yield stresses of one do not occur significantly‘before
the other. This is important because the max imum pulse is aeter-
mined by the failuve threshold of either the fuel or clad {with
allowances, of course, for an appropriate safety margin).

There are several conflicting design objectives that arise
when a reactor is to be operated in both pulse and steady state
modes, If the performance criteria in one mode is sufficiently ;

harder to meet than the other, then the element design will be

well-balanced for only one mode of operation. Although a gquan-
titative optimization was peyond the scope of this report, the
design considerations are well understood and are discussed below.
For pulse operation a larger element than the one used in cur
neytronic studies may be preferred for the following reasons:
1. The fuel is heated almost adiabatically so thermal resis-
tance and cooling rates are determined by clad temperature

limits and stress consiaerations rather than by fuel tem-

perature,

2. A larger element generally allows for a larger fuel vol- .
ume fraction and, thus, the fissile loading can be less, Eg
the clad fraction is less, and the critical size will be g
smaller, §



3. Fabrication costs are generally lower (fewer elements).
4. Lower inner and outer clad temperatures are generally
possible due to larger gap and clad thicknesses. This

can be used to improve the safety margin fo clad melt in

the case of a gas-cooled core or for DNB* + th a liquid-

cooled core,

} However, the disadvantages of the larger element size are:

; 1. Longer cooldown time between pulses.

2. If there is a non-uniform fission prof le within the
element, the stress could be larger with a larger element

(particularly if the element is wate -cooled). If smaller

elements are chosen, however, fiss = loading must be
lncreased, thereby compromising some of the advantages

of going to the smaller size with respect to stresses.

3. Steady state power densities would be restricted compared
to smaller elements but for HFF ‘R steady state fluence is
not the critical performance riterion.

Similar contlicts occur in specifying the thermal resistance of
the gap between the fuel and the clac. A smaller gap means better
heat transfer out to the clad and c¢ olant. This is fine for
steady-state operation, but not for pulsing because of the threat

- of clad melt or DNB. Therefore a larger gap is preferred for

pulsing operations.
A parametric study perform~d for Sandia by the Nuclear Engi=-

neering Department of the University of Arizona [12] provided

*DNB means departure from nucleate boiling.
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useful correlations with regard to stresses in the fuel and clad

as the fuel diameter, clad thickness, and heat transfer coeffic-
ients are varied. For example, with a large heat transfer coeffic-
ient (h = 4000 w/mz-K), the yield stress in the fuel may be exceeded
during ccoldown for BeQO fuel pins greater than 2.54 cm in diameter.
Max imum stress decreases with decreasing fuel diameter and heat
transfer coefficient. Maximum stresses can also be controlled

by increasing the thermal resistance in the gap.

In addi%ion, peak cladding temperatures during pulse and steady
state operation were determined fcr 3 different fuels: BeO/UOz,
BGZC/UC, and Nb/U by the Arizona group. Peak cladding temperatures
for a wide range of cooling conditions were derived and condensed
inte individual graphs by plotting the heat transfer coefficient

as a function of the dimensionless parameter,

T(max) - 7T
clad bulk ,
T centerline = Tpyuik i

for a family of hot gap resistances. 1In this way, a range of fuel
pin characteristics may be described on 2 single graph for a given f
material and fuel pin dlameter.

A time-dependent, coupled, thermal-neutronic analysis was
done at Sandia for a single element design using the S5AK and PKID
ki.ietics codes [8). The one dimensional heat transter model used
in these codes was similar to the TAC2D model. The fuel element

consisted of a 1.9 cm (3/4 inch) fuel diameter plus a cold helium

gap of 10 mils and a stainless steel clad thickness of 15 mils.
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The coolant was helium at 10 atmospheres pressure.

of these results is presesnted in Section 5.3.3.
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5.3.2 Temperature Coefficients for BeQ and Alzg, Systems

Temperature feedback coefficients calculated with the SAK
kinetics code [8) are shown in Fig. 5.3.2~1. The cross sections
were processed at 300K, 900K and 1200K. This figure illustrates
the substantial difference in magnitude of the temperature coef-
ficients of the BeO/UO, and A1203/UO2 fuels. The alpha of the
ACPR Upgrade is included in Fig. 5.3.2-1 as a standard for com-
parison. Alpha can be converted to $/°C units by dividing the
decimal units on the graph by Bags = .0069. The coefficient of
this gas-cooled BeQ system is similar in magnitude to the Upgrade's
at low temperatures while it is a factor of 3 higher than that of
the A1203 system, The relatively low value of the A1203 temper a-
ture coefficient makes it impractical as a reactor fuel uynless
design changes are made to improve its poor kinetic performance,
The low values at higher temperatures result in higher power tails
and are therefore undesirable. A combination 51203 and BeQ system
is a possible alternative also. Parasitic resonance absorption
occurs mainly in 0238. Thus, the negative temperature coefficient
of reactivity can be increased by decreasing the enrichment of

the uranium in the fuel, thereby increasing the amount of v238,

Another way to raise the temperature coefficient is to make the

spectrum softer, t' ts increasing the potential for upscattering.
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5.3.3 Kinetics Analysis

In the SAK and PK1D codes [8]) one can specify N heat transfer
models and designate how many elements i eacl type are present in
the reactor. A relative average power densi*y .5 uwsigned to each
model, In our calculations four relative pow : -»gions were modeled
but the element geometry was identical in all of the regions. One
of these elements was modelled so that the peak tempzrature was
reprasentative of the maximum power density. Total reactor power,
yield, and average fuel temperature are calculated on the hasis of
the number of fuel elements assigned to each region and the input
power distribution specified by the user, The fuel element geome-
tries of the BeO and A1203 fuel elements are given in Table 5.3.3-1.
There were 1522 elements in the reference BeD core and 2542 elements
in the A1203 core,

Max imum and average temperature histnries of both types of
systems were calculated for a reasonable range of neutron genera-
tion times and reactivity insertions. The two reactivity functions
used are shown in Fig, 5.3.3-1. Reactivity was withdrawn according

to a sine squared function:
2=t
plt) =py +p, sin (—5—) ‘ p<t<

The withdrawal was divided into two time zones so that long time
steps could be used initially. In Case I the control rods were
removed in 50 msecs and left out. 1In Case II the reactivity was
withdrawn as in Case I, held out for 500 msec, and then reinserted
in the next 50 msec interval. The response of the system was

followed for up to 20 seconds for Case I and for £7 seconds for
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Table 5.3.3-1

. Geometry for BeO and Alzo3 Fuel Elements in SAK and PK1D
Parameter Dimension

Fuel Radius, cm 0.9525
Gap Thickness, cm 0.0254
Clad Thickness, cm 0.0381
Height, cm 121.92 and 137.16
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Cagse II in order to observe peak temperatures of both seguences.
Prompt neutron generation times of 2.7 usec, 12.0 pusec, and

20.0 usec were modeled. These generation times correspond to
reflector materials and thicknesses alscussed in Section 5.2.2
and do not imply changes in ¢%“= fuel material itself.

The majority of the reactor kinetics calculations were done
with the PK1D point kinetics code [8]. The temperature-dependent
feedback coefficient of reactivity for PK1D was derived from the
spacetime SAK code [8) with temperature dependent cross sectiors
from AMPX [3]. The prompt generation time was derived from KEN@
IV, a Monte Carlo criticality code [5). The fluence and yield
normalization factors were from two-dimensional neutron transport

calculations (TWPTRAN II code) [6].
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5.3.3.1 BeO Kinetics

The transient characteristics of the reference BeO fuel
system are described in this section. Several different prompt
neutron generation times were used to simulate cifferent reflector
designs., The temperature coefficient was not varied parametrically
to simulate different fuel desligns. A comprehensive description of
a wide range of BeO fuei design possibilities was beyond the scope
of this report.

Table 5.3.3-2 summarizes the PK1D kinetics calculations for
the BeO fuel. Reactivity insertions from $2.50 to $3.U0 were
modelad for systems with prompt neutron generation times of Z.7,
12.0 and 20.0 microseconds. These generation times simulate
reflector designs ranging from a 4 inch metal reflector up to
a twelve inch graphite refiector (see Table 5.2.2-1).

The relationship for the minimum positive period, 7 L is

min
.
min ©

, where g= 0.U069 (5.3.2)

as predicted by simple kinetics models for super-prompt critical
excucrsions, The pulse width &t half maximum {as determined by
PK1D) is slightly larger thar that predicted by the Fuch's model
due to a temperature dependent cp, etc. There is some uncertainty
in the pulse width, however, due to the choice nf print fregquency
specified for the output. From the data we can say that

PWHM 2 4.2 7 (5.3.3)
min

The relationship of peak fuel temperature as a function of mini-

mum period is shown graphically in Fig. 5.3.3-2. The data is

from Table 5.3.3~-2.
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Table 5.3.3-2

Summary of Kinetics of BeQ System

T Yield

Minimum max (MJ) Energy tEnergy

per iod 4 PWHM (°cC) at time Deposition Deposition

(msec) {$) (msec) at time t(sec t(sec) j/g9 in tail

0.366 2.50 ~1.50 840.5 @ 1.78 1592 @ 3.0 1273 24% rod drop
0.333 2,75 ~1.75 950.5 @ 1.53 1841 @ 3.0 1472 24% rod dro,:
0.310 3.00 ~1.50 1060 @ 1.38 2091 @ 3.0 1672 25% rod drop
1.159 2,50 ~53,.00 947.3 @ 1.55 1906 @ 5.0 1524 22% rod drop
0.992 2.75 ~4,25 1129 @ 1.25 2337 @ 5.0 1869 20% rod drop
0.869 3.00 ~4,00 1328 @ 1.35 2817 @ 5.¢ 2252 19% rod drop
0.774 3.25 ~3.5 1554 @ 1.2 3386 @ 5.0 2708 183 rod drop
1.930 2,50 ~8.25 944.9 @ 1.6 1902 @ 5.u 1521 22% rod drop
1.652 2.75 ~7.50 1126 @ 1.3 2331 @ 5.0 1864 20% rod arop
1.449 3.00 ~6.50 1323 @ 1.3 2808 @ 5.0 2245 19% rod drop
0.366 2,50 ~1.50 1022 @ 6.0 2186 @ 6.0 1748 45% no rod arop
0.333 2.75 ~1.50 1161 @ 6.0 2549 @ 6.0 2038 45% no rod drop
0.310 3.00 ~1.50 1308 @ 6.0 2941 @ 6.0 2351 46% no roa drop
1.159 2.50 ~5,.00 1093 @ 6.0 2391 @ 6.0 1912 38% no rod drop
0.992 2,75 ~4,25 1281 @ 6.0 2902 @ 6.u 2320 36% no rod drop
0.869 3.00 ~4.00 1492 @ 6.0 3493 @ 6.0 2793 35% no rod arop
1.930 2.50 ~8.25 1092 @ 6.0 2389 € 6.0 1910 38% no rod drop
1.652 2.75 ~7.00 1279 @ 6.0 2897 @ 6.0 2316 36% no rod drop
1.449 3.00 ~6,50 1488 @ 6.0 3484 @ 6.0 2786 35% no rod Aarop
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&k power trace for a $3.00 pulse is shown Fig. 5.3.3-3 (A =
12 pusec). The peak power for the pulse was greater than 5 x 10ll
watts, The peak occurred at 61 msec, just lU msec after the reac-
tivity insertion was completed. The 1522 elements in the core
thus produced an average power of 3.3 x 108 watts per element at
the peak of the pulse. The hottesgt element produced 4.6 x 108
watts at the peak of the pulse. The inflection in the tail of
the pulse at about 600 msec Ls a result of reinserting the control

elements. Peak powers for other reactivity values for the BeO

system are given in Table 5,3.3-3.

Table 5.3.3-3 Peak Power for Selected Pulses, A = 12 usec
BeQ Core, 1522 elements

Time at Peak

Po, s Peak Power, watts Power, msec
11
2.50 2.6 x 10 66
11
2.75 3.7 x 10 63
11
3.00 5.0 x 10 61
11
3.25 6.5 x 10 59

The average and maximum temperature history of the BeO fuel
is shown in Flgures 5.3.2=3a and -3b for the $3.00 reactivity inser-
tion. A $3.00 pulse is expected to be slightly below the maximum
pulsing level, Figure 5,3,3-3a depicts the temperatures resulting
from the normal pulsing mode (Case II) where the control elements
are reinserted. When the control elements are held out of the
reactor (Case I), the maximum and average fuel temperatures are

higher by about 150°C. Figures 5.3.3-3a and 5.3.3-3b are for a
L]
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prompt neutron generation time of 12 microseconds, but the energy
yield and peak temperatures do not vary much over the range of
prompt neutron generztion times of interest for HFFPR, 12 to 2v
microseconds. Simple relationships derived from the Fuch's

model for reactor kinetics explain why this is so.

2(Po -8)

E = ak , cal/gm of fuel (5.3.4)

also,
{5.3.5)

E = C,AT
P fuel
where Py is the input reactivity, decimal units of reactivity
a i5 the temperature coefficient of reactivity, decimal
units per °C

is the effective delayed neutron fraction, 0.0069

I
K is the inverse heat capacity, l/cp, gm-°C/cal
Cp is the heat capacity of the fuel, cal/gm-°C

AT is fhe average temperature rise of the fuel, °C

The Fuch's model predicts that energy yield and temperature
rise atre independent of lifetime and depend only on reactivity if
the fuel parameters, a and Cpr are not changed. We found this to
be true except for the shortest neutron generation time, 2.7 usec.
In that case the power began to rise sufficiently fast that some
heating took place in the fuel before all the reactivity was inser-
ted. This w’ll be described in more detail later in this section.

The clad temperature history following a $3.v0 pulse is shown

in Pig. 5.3.3~4. The heat transfer coefficient representing an
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upper limit of .B sonic velocity for the helium coolant was assumed
here. The pressure was lU0 atmospheres. The reactivity function
was that of a normal pulse (Case II}. The maximum fuel terperature
is reproduced here for comparison. The opetating limits of the fuel
and clad are 1500°C and 725°C, respectively. For a $3.0VU pulse,
the fuel reaches a maximum temperature of 1328°C at 1.3 sec and

the clad reaches a maximum temperature of 588°C at 2.5 sec, The
important feature to be pointed out here is that for large pulses,
fuel failure will not occur appreciably before clad fillure and
vice versa. The depenaence of peak clad temperature n coolant
velocity is illustrated in Figure 5.3.3~5. The effect on fuel tem-
petature is negligible, This fiqure shows that the helium cooalant
must flow at a velocity of at least 350 ft/sec in order not to
exceed the clad operating limit.

The radial temperature profile across the BeO fuel is des-
cribed in Fig. 5.3.3-6 for three time frames following a $3.00
pulse., One profile is before the fuel reaches its peak tempera-
ture (at t = 1 second) and the second profile is at 3.4 seconds,
2.1 seconds beyond the peak fuel temperature. The clad tempera-
ture has peaked but considerable heat is still being transferred
to the clad and its temperature is 580°C. The third profile is
at 5.9 sec and the clad temperature has decreased to 555°C.

The performance of the BeO systems in terms of maximum energy
deposition in a prototypic test bundle, minimum positive period,
and reactor yield are graphed in Fig. 5.3.3-7. The Case II reac-
tivity function was used for all cases in this figure, The maximum

pulse limit of $3.19 produces a peak fuel temperature of 150u0°C
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and a peak clad temperature of 693°C (the clag limit is 725°C}).

Peak temperatures for the $3.00 pulse were given previously in
Fig. 5.3.3-3., Minimum periods in the range aof U.§ to 1.2 msec
produce energy depositions of 2600 j/gm on a $3.19 pulse.

Approx imately 20% of this energy is in the tail (i.e., t > 100
msec). The short generation time (2.7 usec) curve is lower than
expected because not all of the reactivity was inserted before
fuel heating took place. At peak power only 5$2.56 of the 53.00
input reactivity function had been introduced. The peak occurred

at 45 msec and the reactivity function was programmed for a 50 msec

insertion time, The effective reactivity value of the preinitiated i
pulse was probably somewhere petween $1.75 (prior ta any fuel heat

ing)} and $2.56. Such phenomena are characteristic of short genera-

tion time systems and, therefore, such systems are impractical for

M e e o

a test reactor that must produce predictable, reproducible pulses.

(Fast burst reactors such as the Sandia Pulse Reactors, A = 10 nano-

sec, operate on stachastic kinetics and are pulsed from zero power
to avoid this preinitiation problem), This was not a problem with
the longer generation times. Therefore, our main interest is in i
systems with A > 12 usec. For these systems maximum reactor yields f
are on the order of 3000 MJ, a factor of 10 over the ACPR Upgrade. ;
performance of BeO systems for the Case I reactivity function
is shown in Fig. 5.3.3-8. Since the rods are held out, the total
yield and energy depositions are higher than in the previaus
figure by about 25%. This additional energy is generated in the :

tail of the pulse and represents a hypothetical situation where all
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of the rods might be jammed after ejection preventing planned
reinsertion. This type of scenario may dictate the maximum
allowable reactivity insertion for pulse operation. This would
be approximately $3.05.

In using the results from PK1D the following assumptions
were made to simplify production tuns for a large number of cases.
It was assumed that neither the temperature coefficient of a given
driver fuel, the conversion factor used to calculate the energy
deposition for test fuel (not modeled in PK1D), nor the yield of
the driver reactor depended too strongly on the neutron genera-
tion time, which was varied. The neutron generation time depends
on the reflector, however, and the reflector alters the flux dis-
distribution which in turn affects the yield.

The first two assumptions can probably be justified particu-
larly since a representative flux distribution was used as a base
case (e.g., the 12 usec lifetime for the BeQ fuel). The yieid of
the driver will depend strongly on flux distribution, however,.
Thus, the yield may be high by ~20% for the 2.7 usec system and
low by ~15% for the 20 usec system. The energy deposition in the
test fuel was derived feom the yield through a conversion factor
obtained from the TW@PTRAN II calculations. There is less error
in the energy deposition than in the yield, however, since the
12 usec conversion factor was used for all three different gen-
eration times. The actual conversion factors for the 2.7 usec
and 20 usec cases vary inversely to the actual yield from those
cases, so the product is not in error as much as the yield itself.

The adiabatic energy deposition values from TW@TRAN 1I provide a




conservative lower limit energy deposition value for compar ison.
The estimated error in the PK1D depositions is less than 9%. These
considerations do not affect the 12 usec base case.

Similar assumptions are applicable to the Al,05 systems which

are described in the next gection,
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5.3.3.2 .51293 System Kinetics

Table 5.3,3-4 summarizes the kinetics calculations for the
Al,03 fuel systems, As with the BeO systems, three prompt neutron
generation times represented different reflector designs. See
Table 5,2.2-1 for a description of the reflector types.

Power history for three reactivity insertions are shown in
Fig. 9.3.3-9, The generation time for all three cases was 12 gsec.

Ti 2 maxlmum temperature history of the Al,0; fuel for a
12.0 usec lifetime is graphed in Fig. 5.3.3-10 for reactivity
insertions of $1.15, $1.25 and $1.50. At 18 seconds, all the
temperatures in Case 1 situations had either reached a maximum
or were rising slowly (£10°C/sec). Since the temperature coef-
ficient for A1203 is so small (See Fig. 5.3.2~1), the response of
this system to reactivity insertion was relatively slow. Reac-
tivities of $2.00 and over exceeded the temperature range within
whick the material propertias were valid. The BeQ system, on the
other hand, reaches a maximum temperature in about 6 seconds for
the Case I reactivity function and in about 1.2 to 1.8 seconds
for the Case II reactivity function, The temperature profile
across a 2 cm OD fuel pin as a function of radius is depicted
in Fig. 5.3.3-11 for PK1D A1203/UO2 fuel., The normal pulse
reactivity function (Case IIl) was used for three reactivity
insertion values. The neutron lifetime was 12.0 usec. A 20.0
psec lifetime gave similar final temperatures for $1.15 and §$1.25.
These temperature profiles are shown at a time of 19 sec. The
fuel temperature is at its maximum value or is rising slowly

(<10°C/sec).
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TABLE S5.3.3-4: Summary of Kinetics of A1203 System

LIFETIME T REACTIVITY T TIME OF YIELD ENERGY $ ENERGY CONTROL
(uSEC) MIN ($) MAX T (MJ) DEPOSITION IN TAIL RODS .
(MSEC) {°¢) MAX (joules/gm} IN OR OUT
(sec)
2.7 2,236 $1.15 1199 21.4 3925 3300 993 ouT
2.7 1.519 $1.25 out of range -- - -- - out
2.7 .732 $1.50 out of ranye - -- - - ouT
12.0 6.004 $1.1% 1197 21.4 3903 3280 - (11 ouT
12.0 4.979 - $1.25 1394 21.4 4685 3940 848 ouT
12.0 3.244 $1.50 2450 20.2 7114 5980 768 our
20.0 8.303 s1.15 1197 21.5 3492 3270 BT oyT
20.0 7.113 $1.25 1393 21.4 4676 3930 B3% ouT
20.0 4.998 $1.50 2075 21.1 7uY96 5970 75% ouT
2.7 2.236 $1.15 461 5.7 1171 1000 623 IN
2.7 1.519 §1.25 625 5.7 1660 1400 55% IN
2.7 .782 $1.50 1060 5.7 3017 2500 . 85% iN
2.7 .534 $1.75 1747 7.0 4738 3yyu 37% IN
12.0 6.004 §1.15 428 5.7 1067 9yu 57% IN
12.0 4,973 $1.25 6UB 5.7 1592 1340 45% In
12.0 3.244 §1.50 1048 5.7 2975 2500 418 IN
12.0 2.288 §1.75 16u0 6.0 473% 3980 361 iR
£ 20.0 8.303 §1.15 397 5.7 976 32u 51% w
20.0 7.113 $1.25 584 5.7 1532 12yv 4% I
20.0 4.999 51.50 1033 5.7 2930 2460 398 N
20.0 3.697 $1.75 1554 5.9 4652 3910 338 IN

ANt D43 e
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Temperature histories of the fuel and clad for a 1.9 cm
element and a $1.50 normal reactivity insertion are shown in Fig.
5.3.3-12 (A= 12 uysec). A heat transfer coefficient representing
an upper limit for coolant flow (.8 sonic velocity) was assumed
here., These curves illustrate the effects of a sustained high
power tail on the fuel and clad temperatures, The temperatures
do not start decreasing in a reasonable time after the peak of
the power pulse. The fuel temperature is also proportionately
much closer to its operating limit (1250°C) than the clad tem-
perature is to its limit (725°C).

The effect of coolant velocity (and thus heat transfer coef-
ficient) on the maximum clad temperature is illustrated in Fig.
5.3.3-13. The helium is required to flow at velocities no smaller
than 200 ft/sec in order for clad temperatures to remain within
reasonable limits.

The performance of the Al,0, systems in terms of yield, minimum
period and er.ergy deposition in a test bundle are shown in Figures
5.3.3-14 and 5.3.3-15 for Case II reactivity functions. The reactor
yields are larger than in the Be0 systems for two reasons. First,
the system is larger (more fuel); and secondly, the feedback coef-
ficient is smaller, resulting in wider pulses and higher power
tails for any given maximum temperature of the fuel,

The energy depositions for the test section are misleading
since 35-40% of the energy is in the tail. This is unacceptable
from the standpoint of performance requirements. 1In an attempt
to explain the poor pulse performance of these systems and suggest

possible improvements, we artificially varied the heat transfer
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coefficient and the reactivity ceefficient, «. The results of this
analysis are tabulated in Table 5.3.3-5. It can be concluded that
raising the heat transfer coefficient to even as high as 5 times
its value does not influence the temperature response strongly
enough ta change the slope of the tempe.ature before 6.5 sec.
Increasing «, however, had a far greater effect and produced an
eventual temperature decay for the reactor, although the behavior
was still sluggish., Multiplying a by S caused the temperature to
peak at 4.35 sec, but at low temperatures. It can be concluded
that our prablems with the A1203/U02 fueled reactor were due to
the low value of the temperature coefficient, and that a higher
one is necessary to make this concept practical.
Possible design modifications that would improve the A1203
performance are suggested below:
1. Use a reactivity control function to shape the pulse and
reduce the high power tail.
2. BSoften the spectrum in the outer core, grade the enrich-
ment or use a completely different fuel type (e.qg. BeO,
Z2tH) in the outer core to impirove the feedback coefficient,
3. Design in a strong axial expansion feedback to supplement
the Doppler faedback.
4. Decrease the enrichment to increase the Doppler feedback

from U-238.
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Table 5.3.3-5: Effect of Varying the Heat Transfer

Reactivity Coefficients*

Condition

Same a; doubled h
Temperatute at 6.5 sec

Tempecature rise at 6.5 sec

Same «, bh
Temperature at 6.5 sec

Temperature rise at 6.5 sec

Original h; doubled o

T
max

Time at T
max
Original h; 5«

T
max

Time at T
max

*A Case II reactivity

time was 12 usec.

Reactivity Insertion

$1.75

1595°C

11°C/sec

1594°C

l0°C/sec

670°C

6.23 sec

265°C

4.19 sec

$2.00

(out of range)

(out of range)

874°C

6.29 sec

function was used and the neutron generation
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5.4 Neutronics Calculation - Water Cooled Systems

5.4.1 General

Initial studies of the water cooled systems, infinite media
and 1-D S, calculations, were performed using the H~R cross sec-
tion sets. These studies were involved mainly with light water
moderated, 390/002 ceramic fuel, two region cores of the driver/
converter type. One of the main concerns was the matching of the
dr iver and converter such that operating tempecatures in the two
regions were clase to the desired max imum opecating tempecratures
of 15090°C in the driver and 1200°C in the converter,

Because of the steep profiles across large test bundles with
the light water cooied, BeO/Uo2 ceramic fuel, two region driver/
converter cores, it was decided to investigate other systems. The
ficst was a one region core with a cadmium filter and the second,

a heavy v¢.*%er modecrated core. Two other fuel types, A1203/UOZ and
Fe-Al/U0,, were also investigated.

The watetr moderated systems showed poor performance and because
of this the studies were limited to mainly one dimensional parametric
studies. It was concluded that two dimensionsl studies of the water

cooled systems were not warranted at the present time.

5.4.2 Parametric Studieg

The parameters that were taken in%o consideration include (1)
the moderator; (2) fissile atom fraction; (3) core size; (4) method
of hardening the cavity spectrum; and (5) fuel type. Variations in
these parameters lead to variations in (1) energy aeposition in the
test package; (2) edge to center line ratio of the energy deposition

in the test package; and (3) k of the system.
eff




5.4.3 General Trends in the Parametric Studies

The following general trends were observed. An increase in
fissile atom fraction produced a decrease in energy deposition in
the test package and an increase in k . An increase in core size
for a fixed driver fuel loading reauligg in a decrease in energy
deposition and an increase in k . Aﬁ increase in the hardness of
the cavity spectrum resulted 1ne§fdecrea5e in both the energy depo-
sition and edge to center ratio in the test package, A change in
moderators from Hzo to Dzo produced an increase in energy deposition

and a decrease in both the edge to center ratio and keff'

5.4.4 Results of Parametric Studies - Water Cocied Systems

Figure 5.4-1 shows the results of the parametric study of the
H,0 moderated core and variable width converter. The fuel is
BeO/UOz (35/1) with a 20% U-235 enrichment. It can be seen that
an increase in either core outer diameter or converter thickness leads
to a decrease in edge energy deposition. A decrease in the edge to
center line ratio is acnieved by increasing the converter thickness.
An increase in k is observed with increasing outer diameter.

As an examplzfgf the use of Figure 5.4-~1 suppose one wishes to
have a k of 1.17 and an edge to center line ratio of 1.20. One
finds chifa k of 1.17 occurs at an outer diameter of 4 ft, and
an edge to ceniif line ratio of 1.2 corresponds to a 2 inch converter,
Looking to the edge energy deposition line for a 2 inch converter, one
finds that at an outer diameter of 4 ft the edge energy deposition is
approx imately 1100 j/g with a k of 1.17.

It is evident from Figure Sfffl that for an outer diameter less
than 10 feet, it is not possible to achieve an edge energy deposition

of 2500 j/g in prototypic fuel with an edge to center line ratio that
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is acceptable (E/¢ £1.25). In order to meet these criteria, the
fissile atom fraction of both the driver core and converter would
have to be lowered. This would then entail increasing the outer
diameter of the core in order to achieve a large enough k .

An alternative to the dry converter for hardening theeggvity
spectrum is the use of a filter materlal. Figure 5.4-2 shows the
results of the parametric study of the H,0 moderated core of BeQ/U0,
fuel with a molecular ratio of 35/1 and variable U-235 enrichment.
To use Figure 5,4-2 one needs to supply at least one of the follow-
ing variables: k , edge energy deposition, outer diametecr, or
fissile atom fracifgn, to get an estimate of the range of the other
variables of interest.

Figure 5.4-2 exhibits the general trends that were discussea
earlier. It is evident that in order to achieve an edge energy
deposition of at least 2500 j/g one needs to go to even lower fis-
sile atom fractions and larger core than are shown in Figure 5.4-2.
It should also be evident from Figure 5.4-2 that the edge to center
line ratio is greater than would be acceptable.

In an attempt to increase the edge energy deposition and lower
the edge to center line ratio, it was decided to investigate a sys-
tem with a less effective moderator such as D,0. D0 is still a
very effective moderator and with its lower absorption cross sec-
tion would result in a leakier system. In Table 3-4 one can see
that the D,C moderated core does have a slightly harder spectrum
than the H,0 moderated core.

Figures 5.4-3, 5.4-4, and 5.4-~5 show the results for the Dzo
moderated cores with driver fuels of Beo/UOz, Fe-Al/UOz, ana

A1203/002. The same general trends again hold for each of the

three fuel types.
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To shov the improvement in adge energy deposition that is
achieved by going to a 020 moderated cotre a comparison of Figures
5.4-2 and 5.4-3 will ba made., Assuming that one would like a k
of approximately 1.10, from Figure 5.4-2 it is found that the m::E—
mum edge energy deposition is about 1400 j/g with Hzo as the modera-
tor, while for the D20 moderated core the maximum edge energy deposi-
tion is about 1800 j/g with a 25% enriched fuel of Beo/Uo2 with a
molecular ratio of 35/1. Along with an improvement in edge energy
deposition, there is also a vast lmprovement in edge to center line
ratio for the DO moderated core. Since the filter on both the D,0

2

and H,0 moderated cores is the same, the edge energy deposition of

2
the D,0 moderated core can be increased even more by decreasing the

amount of filter material. This, of course, would also increase
the edge to center line ratio and care would have to be taken to
insure that this ratio did not become unacceptable.

One can see from figures 5.4-4 and 5.4-5 that the Fe-Al/UO,
fuel and the A1203/U02 fuels do not perform as well as the Be0/002
furls. Although the edge to center line ratios are very low, their
edge energy depositions are much lower than for the Be0O/UO, fuels.
Their lower edge energy depositions are due in part to their much
lower volumetric heat enthalpies. The enthalpy for BeO/UOz, molecu-
lar ratio = 35/1, at 1500°C is about 1900 cal/cc while for the Fe-
Al/UO2 fuel at 1250°C the enthalpy is about 137U cal/cc and for the
A1203/U02fue1 at 1250°C is about 1324 cal/cc. Peaking in the harder
spectrum fuels is much more severe than with the BeO fuel and could

well act to further limit the performance of these fuels.
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5.4.5 Kinetics Analysis of BeQ/UC, Core for D,0 Modet zted HFFPR,
Nordhe im~Fuchs Model
In order to get an estimate of the kinetic performance of the
water cooled HFFPR, it was decided to look at the D,0 moderated
HFFPR with a BeO/UO, core. The BeO/UOz ratio is 35/1, and the U-235
enr ichment is 258. The core outer diameter is 8 ft, and the cavity

spectrum hardening system is a cadmium filter,

Table 5.4~1 is a listing of k versus fuel temperature. These
points were fitted to a quadratic.efgowever, since the initial slope
of this equation was positive, it was necessary to estimate the range
of a, the temperature coefficient of reactivity. The high end of the
estimate was taken to be the siope of the straight line connecting

the 300°K and YUU°K points. The low end of cthe estimate was -aken

as the average of the quadratic and linear approximations. This

procedure can be seen visually in Figure 5.4-6.

Table 5.4-1

k versus Temperature for BeQ/U0; = 35/1, 25% enrichment. 020

eff
Moderated, 8 ft outer diameter core,

kK -1
P = eff
Temperat ire k k
(°K) eff off
300 1.104 U.0942
900 1.076 0.0706
1200 1.030 0.0291
a=- _=-9 51,178 x 107°%a X 3.932 x 107°
T 7 T&r

AT A e

Tl
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The generation time was computed by using the Monte Carlo code

KENO-IV. From KENO-IV, the generation time, £, is 2.02982 x 107° +

2.88718 x 10°".

From Hetrick {13} the initial excess reactivity, po, is given

as
po = LEE+ B, (5.4-1)
where,

negative of the temperature coefficient of reactivity [ec-1y,

o

reciprocal heat capacity [g-°C/cal],

core hot spot energy [cal/g],

B = Delayed neutron fraction.

Before the feedback of the system becomes significant the power
vise is small, but rises exponentially with a short period. The

reciprocal period, «, during this interval is given in Hetrick as

w = , (5.4-2)

where,
! = generation time [sec].

The period, 7T, is thus

T=1/p . (5.4-3)
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The width, v, of the power burst at half height is given in Hetrick

as

7 =4 cosnlyz » 132 (5.4-4)
The peak power ¢f the pburst, E , can be estimated as
peak
L2 .
Epeak = 7ok ° (5-4-3)

Table 5.4-2 contains a listing of input values for the Nordheim-

Fuchs model and a listing of the results from the analysis.

i A kL o it P
i e i o R Y 8 M i e e ik - 4



TABLE 5.4-2

Nordhe im-Fuchs Analysis - Input Parameters and Results

d Input parameters
E = 550 cal/g
= 0.0075

5

B
K = 2.727 g-°C/cal
£ = 2.030 x 102 gec

Results
; Case #1 (a = 3.932 x 1075 Case #2 (a = 1.178 x 10°5)
Po = 0.0370 or $4.93 Po = 0.0163 or $z.18
: w = 1452.56 sec’! w = 434,99 sec”l

_ T=6.88 x 1074 sec = 688 usec 2.30 x 1073 sec =
: 2,30 msec

I T=2.426 x 1072 sec = 2.426 msec T = 8.101 x it ¥sec =
¢ : 8.1vl msec
Epeak = 0-836 MW/g fuel Epeak = 0.2503 MW/g fuel

133-134




Chapter 6

Cooling System Considerations

6.1 Heat Exchangers and Pumps

A thorough analysis of the heat exchangers reguired for a
gas cooled system has been carried out in Ref, 14, The helium to
water heat exchanger is of the U-tube type because of its simplicity
and ability to withstand thermal stresses, The structural design
guide for the helium heat exchanger is code case 1592 (Class 1
components in elevated temperature service), Section III of the
ASME Boiler and Pressure Vessel Code.

The analysis of the water heat exchanger has also been carried
out in Ref. 14. The mass flow rates through both hea% exchangers
are given in Fig. 6-1, The results of the linear ana:ysis, as well
as the manufacturer'’s results, indicate that the size of both heat
exchangers will be on the order of 3 feet in diameter and 10 feet
in length.

Mechanical Technology Incorporated (MTI) has considerable
exper ience in the manufacture of helium pumps. MTI manufactured
the helium blowers for the UHTREX reactor [15) and is now designing
similar blowers for Union Carbide and ORNL.

The circulator can easily handle 26,000 lb/hr of helium at
150 psia and 6V0°F with a head rise between 2,5 and 5 psi. The
approx imate horsepower would be 110 at 2.5 psi head and 220 at
5 psi head.

Water pump 1, located between the two heat exchangers, will
operate at i speed of 1750 RPM and will have about 7-1/2 horsepower.

Water pump 2, serving the cooling tower, will be about 5u horsepower
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and will run at 1750 RPM. Further details on the pumps are given

in Ref, 14.

6.2 The Cooling Tower

The cooling tower is a Marley series 15 forced drought tower,
It is able to handle 450,000 1b/hr of water and drop the water
temperature from 150°F to 100°F, It will cover an area of 20 feet
by 16 feet and will stand 17 feet tall. The fan will be powered

by a 20 horsepower motor.

6.3 The SERF Reactor Vessel as a Component of the KFFPR

A preliminary survey was made of the SERF reactor vessel to
determine if it might be used with the HFFPR. Analysis indica-
ted [14] that the design strasses of this vessel will be greatly
exceeded if it is subjected to temperatures on the order of 1200°F.

The vessel is locked in strong concrete with very little room
for expansion., It should not be subjected to a temperature hlgher
than 350°F., Even if a design scherme is devised whereby the vessel
can be retained and not subjected to temperatures greater than
350°F, it should be cut off at the concrete so that there will be
no overhang. Extreme pressures would be present in an overhang if

it was present.
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It may be possible to devise a scheme where the existing
water cooling system for the vessel can be modified to keep its
temperature below 350°F. 1If this is possible, then the vessel

may be usable for the HFFPR.

6.4 HFFPR System Layout in the Sandia SERF Building

It is suggested that the helium/water heat exchanger be
placed in the Beam Rocl north of the irradiation cell and on the
same level, Here it will be adequately shielded while being suf-
ficiently close to the reactor,

The secondary heat exchanger may be placed in the pump house
together with the two water pumps., The pump house is a new addi-
tion to the SERF building.

Finally, the helium purification system should be constructed
as a modular unit and placed in lock 1, west of the irradiation
cell and on the same level, after it has been provided with a gas-

cight liner. Further details may be obtained from Ref. 14,



Appendix A

Performance Requirements and Design Criteria for HFFPR
For the purpose of a preliminary design evaluation, a table
of performance requirements and features is given in Table A-1.
THBLE A-1

Performance Requirements and Features for HFFPR

Adiabatic Energy Deposition in Prototypic

Mixed Oxide Test Fuel (20-3u% Pu-239 Fraction) ~2500 j/g
Energy Deposition Capability for Fully Enriched 5000-700u j/g*

Test Fuel
Radial Peak-to-Min Across Large (61< pins<217) <1.15

Bundle
Steady-State Power Genera ion for PAHR-Type Tests 6 w/g
Minimum Per iod/Minimum Pulse widath 1 ms/5ms
Radial Fuel Motion Slects 2 slots
Cavity Size 0.28 m diameter x 1.22 m
Overall Core Size Less than 1.25 m {diameter)

by 1.8 m

Delivering such petformance repeatedly and consistently
places severe demands on the driver or driver/converter combina-
tions, Desirable properties useful for screening potential driver

fuels are given in Table A-2.

*The lower figure is derived from a short period pulse performance
requirement; the high figure is the upper limit for scme shaped-
burst accident scenar ios.
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General Category

Neutronic

Thermal

Mechanical

Table A-2 Desirable Neutronic, Thermal, and Mechanical Properties

of Driver Fuels?®

Desired Property

low absorption cross section

high scattering cross section
moderate-to~low slowing down power
high packing density of matrix atoms

high k, with only moderate-to-low
fissile atom densities

good negative temperature coefficient
of reactivity

short neutron generation time (<35 usec)
high melting or failure temperature

high thermal conductivity

high heat capacity of matrix material

strength and stability at high temperature

low thermal expansion coefficient

Advantage

a hard spectrum

with fair-to-good
reactivity

reduced leakage, improved
volumetr ic heat capacity
and best FOM at a fixed
core size

safety, control, reduced
effect of experiments

short pulse capability

high performance

low steady state operating
temperatures and resistance
to thermal cycling

high deposition per °C
temperature rise of the
driver

reduced fuel failure

resistance to thermal cycling

a
In addition to these desired properties, the fuel must be compatible with the clad and
coolants selected.
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An ideal material possessing all of these properties probatly
does not exist. However, this set of general criteria is helpful
in compar ing and narrowing down the types of fuels best suited for
a given set of performance requirements and the modes of operations
required.

When applying these criteria and making comparisons one can
quickly eliminate a number of fuel candidates from the list. A
LASL STF design study {16] contains a good discussion of this sub-
ject and although their performance requirements included a more
stringent Class III operation*, their comparison of fuel properties
is valid for our case as well. Independerit investigations at Sandia
concentrated initially on Niobium-Uranium cermet fuel, uo, fuels
(for fully enriched tests only), and BeO/UOz fuels. This was later
expanded to include A1203/Uoz and UO, dispersions in iron and iron-
alloys. We o« d not devote any effort to the graphite based fus2ls
investigated by both Argonne and LASL because of disadvantages of
system size and inability to perform the short period puises that
were of interest in our experimental program.

By dropping the requirement for Class III operation, helium
gas became the preferred coolant for our study. This is consis-
tent with Argonne's choice of gas cooling in their proposal for
STF. Watercooled concepts were also investigated, however, and

these results are discussed in Chapter 3 and Section 5.4,

*A Class III facility is defined as one which has the capability
of tunning for an indefinite period of time at full power before
the initiation of a burst or any othet experiment, such as loss
of flow.
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Infinite medium calculations coupled wich a simplified analytical
model derived by Ostensen |17] were used to zero in on the molecular
loadings and enrichments for driver fuel candidates that would yield
acceptable enerqgy depositions in the test fuels. The infinite media
multigroup calculations were performed using tha CHILE code [1d]
which includes an optional leakage correction term. CHILE also esti-
mates the prompt neutron generation time of the fuel, The Ostensen
model was used to estimate the approximate upper limit for tha flssile
atom fraction in the driver fu:'® matrix necessary to match the most
sttingent performance requirement in the test fuel without exceeding
an acceptable temperature rise for the driver fuel,

The general criteria established to evaluate the infinite media
parametric studies are shown in Table A-3. The limits on k,  shown
in Table A-3 were based partially on some one-uimensional calcula-
tions that permitted estimation of finite geometry leakage effects
and partly on qualitative evaluations* of the excess required for
slot worths, control, etc. The excess reactivity alotted for
radial slots and control was 7 to 10% Ak/K each for a total of
14-208. The leakage rffects were estimated to be worth 15 to 25%
Ak/k for nominal core diameters and reflectar thicknesses. To be
conservative, the ky, lower limits were set at 1.4 for the lower-

leakage Be0Q fuels and 1.45 for other fuels.

*Monte Carlo calculations by LASL for maximum negative slot worths
on their sodium cooled Class III design [16] and on their softer
spectrum Phoebus design [1Y] were 0.006 Ak/k for 3 slots and 0.134
Ak/k for two wider slots, respectively. The Class III design
slots were ~9 cm and ~5 cm wide and the Phoebus slots were 12 cm

wide.



TABLE A-3

Criteria for Zerc Dimensional Analysis of Fuel Candidates

Description Desired Value
- Normalized Spectra:
Peak Energy Rar .o 100 - 400 KkeV
Fraction in Peax Group >20%

Fissile Atom Fraction Required to
deposit 2500 j/g in 20% entiched
U0, test fuel:

Be0/U0, driver fuel? <0.011

Other fuelsbt <0.0093

Fissile Atom Fraction required to
deposit 5000 j/g in 93% enrtiched
UO2 test fuel:

BeO/UO2 driver uel <0.026

Other fuels [Al?03/002, Nb-U, FeUO5) <0.022
kao

Be0/00,¢ >1.4

Others (see above) >1.45
Prompt Genetration time ~1 pusec to 3U pusec
Desired Kinetics:

Minimum positiv~ period 1 msec

Pulse width 5 msec

a
1500°CAT Operating limit was assumed.

1250°CAT Operating limit was assumed.

c
The atom density of the BrO fuel is relatively high and these fuels
therefore have high:r non-leakage probabilities in finite geometries.
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Appendix B

Material Propetties

The driver fuel should ideally have a low parasitic absorp~
tion cross section, a high scattering cross section, a hard spec-
trum, high melting point, high thermal conductivity, and stability
at high temperatures. The thermal c~nductivities and specific
heats of BeQ, U02, and A1203 are compared in Figs. B-1 and B-2.

It can be seen that BeO is the best conductor of the fuels and

that the contribution of U0, is so small that it can be virtually
neglected in both BeO/U02 and A1203/U02 fuels. The physical prop-~
erties used in this design stvdy are from References 11, 20 and 21.

Stainless steel 316 and 304 have been modeled as the cladding
in this study. Recent papers [22,23,24], however, have emphasized
a preference for high nickel austenitic steel (35-60% nickel).
Inconel 718 and a Nimonic alloy, 16Pe, have been of particular
interest. These have an operating tempevature of 825°C, which
is ~100°C higher than that of ss316.

Two gap filler materials have been consideved for this design:
nitrogen and helium, A comparison of the physical praperties of
these twa gases at 10 atm pressure in Figs. B-3, B-4, and B-5
indicates that helium has significantly better heat transfer
properties than nitrogen. A comparison of one set of otharwise

identical TAC2D runs gave the results indicated in Table B-1.

Table B-1
He L
Max. BeO/UOZ fuel temp: 975°C z20v2.2°C
Max. gap temp: 886.11°C 1990.55°C
Max. S5 clad temp: 369.44°C 368.3°C

H
b
H
4
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SPECIFIC HEAT (CRL/CC - DEG.C)
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appendix C

Mater ial Compositions and Mixture Specifications

Material compositions and mixture specifications for the gas-
cooled reference reactor and test assembly are given in Tables C-1

and C-2, respectively.
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Table C-1 Material Composition for the Reference Gas-Cooled HFFPR

Region

Test Assembly
Core Region

Test Assembly
Axial Blanket

Test Assembly
Coolant

Test Assembly
Stainless Steel*
containment

Air

Reactor Cavity
Liner

Homogen ized
Driver Core
Cell

Homogenized
Axial Blanket
of Driver

Radial Reflector

and Test Assembly Regions

Mater lal

Mixed Oxide Fuel

Na Coolant

Gap (volid)
Clad-Stainless Steel*

Depleted U0,

Na Coolant
Gap

Clad

Na

Fe 171 w/o
Ni 10 w/o
Cr 19 w/o

N 76.7 w/o}
0 23.3 w/o

Fe 71 w/o'
Ni 10 w/o
Cr 19 w/o‘

Be0/U0, Fuel

Gas Coolant

Gap (Vvoid)
Clad-Stainless Sterel*

Graphite
Gas Coolant
Gap (void)

Clad-Stainless Steel®*

Graphite

volume

Fraction

0.434

0.4111
0.0113
0.1436

same

as
above

100%

100%

10u%

100%

0.6592
0.25

0.0356
0.0552

0.6592
0.25

0.0356
0.0552

100¢%

Density (g/cc)

10.0
0.82

7.92
same

as
above

0.82

7.92

0.976 x

7.92

7.92
1.7

7.92

1.7

*Stainless steel 304 was substituted for stainless 316 in the neutror
transport calculations because our molybdenum cross section tape was

defective,
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Table C-2

Mixture Specifications for the HFFPR and Test Assembly Regions

Heavy Atom $

agion Nuclide {where applicable)
a
amogenized Pu-~239 30.16
Trst Pu-240 4.06
Assembly Pu-241 .59
Region Pu-242 0.07
u-238 64.97
1-235 0.15
0-0x ide
Na-coolant
Fe
Ni
Cr
Mo
Mn
»5t Assembly U-238 99.3
Ax ial Blanket U~235 0.7
O-~ox ide ’
Na
Fe
Ni
Cr
Mo
Mn
“odium in Test Na
Section at 1000°F
Steel Containment Fe
and cavity Ni
liner Cr
1 atm air .
at 5000 ft o}
elevation
url converter Fe
rtegion Al
(not used in U-235 50
rel.cence u-238 50
design 0
and not N
optimized) o]
Fe
Ni
Cr

152

amixture for beginning of eguilibrium cycle (BOEC)

bsee foaotnote next page

Atom Densities

(Atoms per

Barn-Centimeter)

2.917
0.393
0.u57
6.9

6.284
0.014

19.34

8.834
8.711
1.167
7.503

Lo L R T R I I )
WWwWwWwwww o www

oEmommmEBiumeEm

9.661 E-3
D.U6% E-3
19.46 E-3
6.834 E-3
8.711 E-3
1.167 E-3
2.503 E-3

0.02148

U.06066
0.00813
0.01743

3.222 E~5
0.8563 E~5

0.94761
0.00198
0.00072
O.uut72
0.00288
9.2 E-6 (1.1
2.4 E-6
0.00335
V.uu045
0.00096



Table C-~2-~Cont'd

. Heavy Atom %
° Reg ion Nuclide (where applicable)

Dr iver Cote U~235 40

U-238 60
Be
6]
He
N
[o]
Fe
Ni
Cr
Mo
Mn

Homogenized C
Driver Axial He
Reflector N

(o]

Fe
Ni
Cr
Mo
Mn

Radial Reflector C

Atom Denslities
(A~oms8 per

Barn-Centimeter)

0.00083
0.00123

0.04129

0.04542

9.2 E-6 1.1 E-6\b
2.4 E-6 0.1 E~6
0.00335

0.00045

0.00096

PNumbers in brackets represent ait in gap of fuel element. Total value
reprasents gap plus 1 atm air in the coolant channel,
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