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ABSTRACT

The work performed by Westinghouse Electric Corporation under the sponsor-
ship of the USAEC (Contract AT(30-1)-3589) is reported. This work included
the identification of the problem areas, and the analyses and evaluation

of the performance characteristics of the Bundle Controlled Expansion (BCEX)
concept in the Westinghouse Large Fast Breeder Reactor using a modular,
carbide-fueled core. The dynamic behavior of a second concept, fuel rod
Clad Controlled Expansion (CCEX), was also studied briefly in the carbide-
fueled modular core. The dynamic performance of the BCEX and CCEX concepts

were also briefly investigated in a gas bonded, oxide-fueled core.

The results of all the transient analyses performed in this investigation
demonstrated that utilization of either of the axial thermal expansion
concepts, CCEX or BCEX, significantly improved the core transient behavior
over that of the non-CEX (zero thermal expansion) core. Both BCEX and CCEX
can potentially provide ceramic-fueled fast reactor cores with a predictable,
negative, axial expansion, reactivity feedback mechanism that will contri-
bute significantly in terminating a power excursion by supplementing the

Doppler coefficient.

If predictable fuel thermal expansion due either to expansion of its clad
(CCEX) or expansion of the solid column of fuel can be demonstrated, the
BCEX concept appears to offer only marginal improvement over CCEX in
terminating various nuclear excursions in either a carbide core or an
oxide core. CCEX has a simpler mechanical design, due to elimination of
the half core-length fuel bundles and the cermet rod asrray. For these
reasons, the CCEX concept is an attractive alternate to BCEX, and it is

recommended that further development work be carried out on the CCEX concept.

If predictable ceramic fuel thermsl expansion cannot be demonstrated, then
BCEX offers a significant improvement in the dynamic behavior of a non-CEX
core. Therefore, both concepts - BCEX and CCEX - should be further investi-
gated in parallel to permit the selection of the more attractive concept

for ultimate application to commercisl fast breeder reactors.
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SUMMARY

General

Safety is a key problem area in the development of economical fast breeder
reactors. Various design arrangements have been proposed for enhancing
the safety of fast reactors. One arrangement is utilizing controlled,
structural, thermal expansion to provide a reliable, negative reactivity
feedback, which is the principle of operation of the controlled expansion,
CEX, concept. Controlled expansion, CEX, can be achieved in various
ways. One of these, the Bundle Controlled Expansion, BCEX, fuel assembly

concept is the main subject of this investigation.

This study constitutes the first step of a program to develop a controlled
expansion, CEX, fuel assembly for fast breeder power reactors that will
contribute a reliable, negative power coefficient to supplement the Doppler
coefficient for inherent control and safety. The scope of this study
includes the identification of the problem areas of the BCEX concept, and
the analyses and evaluation of its performance characteristics, in a ref-
erence large fast breeder reactor. It alsc includes a brief study of the

dynamic behavior of a second concept, fuel rod Clad Controlled Expansion
CCEX.

?

The reference reactor design selected for this study is the Westinghouse
Large Fast Breeder Reactor using a modular, carbide fueled core. This
reactor is the Westinghouse-AEC 1000 MWe Fast Breeder Reactor design with
an uprated core power density and lower operating temperatures which pro-
vide improved fuel cycle costs. The performance of the BCEX and CCEX

concepts are also briefly investigated in a gas-bonded oxide-fueled core.

Summary of Concept Description

The BCEX fuel assembly is a modification of a conventional ceramic fuel
assembly. It consists of two half core-length bundles of ceramic fuel

rods attached to an array of full core-length cermet rods. Thus, the two
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fuel bundles are in series, and are attached only at the ends of the
cermet rod array. This entire assembly is hung from the top of the fuel
assembly can, with the lower end left free to expand and contract with
temperature changes. The fuel content of the cermet ensures that the
cermet rods will expand more rapldly with power than the clad around the
ceramic fuel. Therefore, an increase in power, which causes the cermet
rods to expand, results in pulling the two ceramic fuel bundles apart.
This removes fuel having a high worth from the core center and reduces
the total reactivity of the core. Controlled bowing of the fuel rods is
another advantage of the BCEX concept. Thus, the BCEX concept can intro-
duce a fast-acting negative reactivity coefficient into the reactor core

by two means: axial thermal expansion, and radial bowing.

In the clad controlled expansion, CCEX, concept, the clad expansion of
compartmented fuel i1s utilized as a major contributor in terminating a power
excursion. In this concept, the stack of active fuel pellets are divided
among compartments of appropriate length so that the fuel moves with the
cladding. The clad is stainless steel, which has a well known and pre-
dictable expansion behavior. With the selection of the appropriate com-
partment length, the CCEX concept should always provide ceramic fueled

cores with a dependable, negative, axial-expansion, reactivity coefficient

during a power excursion.

Summary of Problem Areas of BCEX

The BCEX fuel assembly is a complex structure in which the desired effect -
a negative power ccefficient - is the net result of several, interacting,
positive and negative effects, each having a different time response
behavior. In BCEX, the contrclled axial expansion is achieved by using a
cermet fuel rod array which moves the upper and lower fuel bundles apart,
thus displacing fuel material from the center of the core. However, this
cermet outward expansion reactivity worth is partially counteracted by the
positive feedback from the movement of compartmented fuel toward the center

of the core due to clad expansion. Detailed transient analyses must deter-
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mine the dynamic behavior and effectiveness of these interacting, time-

dependent, positive and negative effects.

The cermet-rod cluster functions as a structural member of each fuel
assembly and as a small, low power, fuel subassembly within each fuel
assembly. These two major functions, to be performed successfully within
the reactor core environment, provide a series of design problems which

are either unique to the BCEX concept or are significantly more important

in BCEX design than in conventional fuel assembly design. Structural
integrity of the cermet rods is essential to a successful BCEX fuel assembly
design. The effects of many parameters on the structural integrity of
cermet fuels must be determined. Important parameters which govern burnup
lifetimes of cermet fuels are fuel volume fraction, fuel particle size,
percent of theoretical density of the fuel particle, fuel enrichment, neutron
flux level and energy spectrum and operating temperature. A thorough under-
standing of the effects of these parameters is required for BCEX concept
adaptation. Unfortunately, the presently available data in the unclassified
literature is gquite inadequate, thus it does not permit confident design

of the cermet structures for BCEX application.

The low melting point of cermet, relative to ceramic fuels, and cermet fuel
burnup imposes an inherent limitation to the BCEX concept. Because of

this limitetion, the allowable volumetric heat generation rate in cermet
fuel rods of comparable sizes must be less than 50% of that in the ceramic
fuel. This slightly reduces the thermal power rating in the core (2.5 to
4.5%). The heat generation rate in the cermet fuel is an important design
parameter in determining BCEX effectiveness. A BCEX element using "cermet"
rods with zero volume fraction of fuel would be structurally acceptable,
but would not provide sufficient negative reactivity feedback. As the fuel
loading in the cermet i1s increased from zero, the negative feedback which
it can contribute increases, but the length of time during which the cermet

will perform satisfactorily as a structural member in the reactor decreases.
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A BCEX fuel assembly is certainly a more complicated mechanical design
than & conventional ceramic fuel assembly. Because of this, some pro-
blem areas requiring resolution are: 1) galling, fretting or self-welding
due to relative motion of subassemblies, 2) cermet array buckling unless
adequate lateral support is provided, 3) fuel and cermet subassembly
attachment to each other and to the fuel assembly can to obtain structural
integrity while not inhibiting desired subassembly movement, 4) establish-
ment of optimum number, size and relative positioning of the rods of the
cermet structure, 5) dynamic and static loading of the cermet structure,
6) selection of the most appropriate cermet clad bond, and, 7) design of

fuel assembly to best utilize the advantageous bowing feature.

Balancing of the relative coolant flow rates around the cermet and ceramic
fuel rods is an important engineering development problem in the BCEX
fuel bundle design, because less heat generation occurs in the cermet rods.
Overcooling of the cermet rods will somewhat inhibit BCEX response and

increase the amount of ineffective coolant flow in the reactor core.

Summary of Results

Transient Analyses

A parametric study was performed to investigate the transient characteris-
tics of the two controlled axial expansion concepts (BCEX and CCEX) using
two different fast reactor cores: the reference sodium-bonded, carbide-
fueled core and a gas-bonded, oxide-fueled core. A core having zero
axial expansion was selected as the base line from which to evaluate the
merits of BCEX and CCEX. The oxide-fueled core was designed to have the
same fuel volumetric power density as the carbide-fueled core. This was
achieved by adjusting the oxide fuel pellet diameter to ensure tolerable
fuel temperatures. As the overall height and diameter of the oxide core
are approximately equal to those of the carbide core, the temperature-
dependent reactivity coefficients of the carbide core were assumed to be
applicable to the oxide core. Thus, the differences in behavicr of BCEX
and CCEX in the carbide and oxide cores is due solely to the differences

in their thermal properties.
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Three postulated accidents were also analyzed to study the transient

characteristics of BCEX and CCEX in the reference carbide core:

1. Refueling accident - dropping & fuel assembly into a just
subcritical core.

2. Expulsion of a control rod at 100 percent core thermal power,
and

3. Loss of electrical power to all primary pumps at 100 percent

core thermal power.

A cermet rod diameter of 0.360 inches 0.D., and a volumetric heat genera-
tion rate of 30% of that of the carbide fuel, were used in the accident

analyses.

Both BCEX and CCEX were found to provide ceramic fueled fast reactor

cores, which possess assumed zero axial expansion, with a predictable,
negative, axial expansion, reactivity feedback mechanism that will contri-
bute significantly in terminating a power excursion. In terms of reactivity
fractional worth, during the initial stages of an excursion, BCEX is more
effective in the oxide core in assisting the other negative reactivity
feedbacks to terminate the excursion. In the carbide core, the effectiveness
of BCEX is greatly reduced during the initial stages of an excursion by

the rapid expansion of the clad on the fuel rod. The carbide fuel rod

time constant is 0.47 seconds, compared to 0.79 seconds for the cermet

rod, and 2.08 seconds for the oxide fuel rod. Thus, the clad on the oxide
fuel rod has the slower response; this prevents a sharp reduction in the
fractional worth of BCEX in the oxide fueled core during the initial stage

of the excursion.

As new equilibrium thermal conditions are approached in the core after the
reactivity input has been terminated, the reactivity feedback fractional
worth of BCEX is greater in the carbide core than in the oxide core. The
BCEX fractional worth may be 80% greater than the Doppler's fractional

worth, depending upon the cermet rod diameter and volumetric heat generation
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rate. In the oxide core, the BCEX fractional worth is less than the

Doppler worth.

If the compartmented fuel moves in a predictable manner with the clad, the
performance characteristics of CCEX in the carbide core are - depending upon
the reactivity insertion rate - as good as, or better, during an excursion
than those of BCEX. This is especially true in the early stages of an
excursion, when the temperature overshoot characteristic of BCEX in & carbide
core may become guite large. For example, in the CCEX analysis for a two
dollar insertion at a rate of 20$/second in the carbide core, only the

CCEX core was not damaged. The response of CCEX decreases with an increas-
ing fuel rod time constant. In an oxide core, CCEX is a less effective

accident terminating mechanism than in a carbide core.

The net reactivity worth at equilibrium conditions of BCEX using metal~
lurgically bonded cermet rods ranges from 50% to 65% of the cermet's out-
ward expansion reactivity worth. In other words, the effect of the fuel
clad inward-expansion is to downgrade the gross cermet's reactivity worth
by 35% to 50%. The BCEX performance characteristics are improved by
using a fuel clad material having a lower linear expansion coefficient,
or increasing the cermet rod diameter, cermet volumetric heat generaticn
rate, and/or the cermet-to-clad contact resistance (inverse of conduc-

tance).

In the study of the expulsion of a control rod (one dollar at an accelera-
tion of 100 ft/secg) from a carbide core, BCEX and CCEX are equally effec-
tive in terminating the excursion. However, in the refueling accident,
when the maximum worth fuel assembly ~ two dollars - is dropped under one
g acceleration into a just subcritical carbide core, BCEX is much less
effective than CCEX in controlling the resultant power excursion during
the important first few milli-seconds. The assumed initial refueling
power level and flow rate used were 0.5 percent and 20 percent of rated
conditions, respectively. The transient characteristics in the BCEX core

resulted in a temperature overshoot sufficient tc exceed the nominal
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coolant boiling temperature at the outlet of the hot channel. In the
CCEX core, the maximum coolant temperature was well below the boiling tem-

perature at a pressure of 40 psia.

The net reactivity feedback from BCEX during the loss of all electrical
power to the primary pumps was found to be always negative for the assumed
flow decay characteristic, even though the clad inward expansion slightly
exceeded the cermet expansion. Since the sodium temperature coefficient
is negative, it prevents BCEX and CCEX from demonstrating their excursion

terminating effectiveness in this type of accident.

Mechanical Analyses

The mechanical design of the reference BCEX fuel agsembly was investigated.
This assembly consists of four main components; the full-length central
cermet subassembly, identical upper and lower half-length fuel bundles,
and the subassembly can. Each hexagonal fuel bundle consists of 120
(Pu,U)C, compartmented, sodium-bonded, vented fuel rods with 0.01 inch
thick clad with a 0.300 inch 0.D. arranged on a triangular pitch on 0.L426
inch centers. The central cermet subassembly consists of seven rods con-
taining mixed oxide fuel particles dispersed in a stainless steel matrix
which is metallurgically bonded to a 10 mil thick stainless steel clad.
The hexagonal shaped can, which is approximately 5.1 inches scross flats
and has a wall thickness of 0.093 inches, encloses each fuel assembly to
support the fuel and to provide an autonomous flow channel for efficient

orificing.

The dynamic response of the reference BCEX fuel assembly was analyzed

to determine its performance characteristics for both terminated and
unterminated transients. It was found that for any characteristic times
(i.e., transient ramp periods) longer than 0.023 and 0.016 seconds, for
the terminated and unterminated transient cases respectively, the stresses
in the cermet rods due to inertia forces and the post-transient reactivity

fluctuation due to bundle vibration, will be negligible. None of the
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characteristic times for any of the terminated or unterminated transients
which were analyzed in this study were less than 0.050 seconds. The
effects of such BCEX design parameters as number of cermet rods, cermet

rod length, cermet sonic velocity, weight of cermet rod bundle, weight of
fuel bundle, cermet and fuel density and cross-sectional area, and cermet
elastic modulus are also presented. Large variances from any of the values
of the reference design parameters are required before any significant

inertial forces occur in the cermet assembly.

The cermet rod design was examined for all recognized failure modes.

The cermet surface strain due to internal heat generation is between 0.3
and 0.4 percent. Column loading from a buckling standpoint is negligible
during any of the transients postulated. Stresses due to vibration,
bending due to bowing induced by core radial temperature gradients, bundle
flow drag and static weight, and axial temperature gradients were found to
be negligible. The lack of cermet ductility and other pertinent data, and
the lack of an accurate solution to the fuel swelling and fission gas pres-
sure problem in this as well as in other investigations, presently, makes
it difficult to predict definitely the cermet integrity from an analytical
point of view. Discussion of the cermet design from an empirical point of
view 1s presented, where it is concluded that the cermet design appears

to be adequate for the desired lifetime and operating conditions based

upon available data.

Each carbide fuel rod is vented to the sodium coolant. This eliminates
clad stresses due to coolant or fission gas pressure. Stresses and
strains still arise in the fuel cladding. The following specific causes
of stresses and strains in the nuclear reactor core were investigated:

(a) restraint to bundle bowing, (b) non-linear radial bundle temperature
gradient, (c) clad radial temperature gradient, (d) clad axial temperature
gradient, (e) static weight and flow drag, (f) rod vibration in parallel
flow and bundle vibration in parallel flow. The resulting stresses and
strains were evaluated with appropriate fracture criteria. The largest
single component of strain due to any postulated loading was found to be

approximately 0.001 inches per inch, caused by the radial temperature drop
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across the clad wall. The maximum calculated superimposed strain was
0.00134 inches per inch. Cumulative usage factors of .0016 or less and

minimum times to long-time stress rupture of greater than 100,000 hours

were found.

The mechanical design of the hexagonal shaped can which encloses each

fuel assembly was investigated. Railsed bosses are provided on the can
outer surface to contact similar bosses on adjacent cans. From a check

of the static internal pressure loading against the Fermi design and condi-
tions, a comparable can wall thickness is obtained. Creep deflections of
less than 0.001 inches were also calculated. Negligible strains are

developed due to can internal heat generation.

Various modes of fuel assembly bowing were analyzed. The effect of such
parameters as number and location of restraints, effect of a clearance,
and operating level changes (0 to 100% power and 100% to 200% power) were
investigated for the reference core incorporating the BCEX fuel assembly
design for anticipated operating conditions. An alternate method of
restraint was also investigated. On the basis of the bowing analyses per-

formed in this study:

a) Two judiciously located upper can restraints appear
adequate to provide the most realistic method for
controlling thermal bowing of the BCEX fuel assemblies.

b) Both the reference and alternate designs for conditions
between zero and 200 percent power were found to have g
net reactivity effect due to thermal bowing between zero
and minus 10 cents, and

¢) The maximum bending moment and shear forces required for
acceptable bowing restraint induced in the fuel assembly
can to restrain '"free bowing' in the reference and alter-
nate designs are -25,000 and -17,000 inch-pounds and
7,000 and 3,000 pounds respectively. These loads are

considered acceptable.
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Thermal and Hydraulic, Nuclear and Materials Analyses

Supporting work was performed in the areas of Thermal and Hydraulic,
Nuclear, and Materials analyses to provide the required input data for
the two main areas of analysis performed in this study: transient and

mechanical.

The burnup temperature history of the UO2 - 316 stainless steel cermet

was compared to ORNL empirical estimates. Using a burnup criterion based
upon average cermet temperatures, for an anticipated 100,000 MWD/MT average
burnup of fuel, the volumetric heating ratio of the cermet to ceramic fuel
is limited to 0.30 and 0.25 for 0.300 and 0.368 inch 0.D. cermet rods,
respectively. Sufficient data is not presently available to substantiate

such a criterion, but it is a logical approach to conservative data.

The magnitude of the transverse coolant temperature gradients within the
reference fuel assembly design was investigated as a function of coolant
mixing and as a function of the axial and radial position of the assembly

in the core and blanket. For the worst time in life for zero transverse
coolant mixing, the maximum can-wall to can-wall exit coolant temperature
differences in the core was TT7°F in the outer radial ring of fuel assemblies.
Much larger transverse temperature differences were calculated for the

innermost zone of the radial blanket.

The nuclear characteristics of the reference BCEX core pertaining to the
BCEX concept and related safety features were calculated using standard
Westinghouse Atomic Power Division fast reactor calculational procedures.
The following reactivity coefficients were utilized in the transient

analyses (at beginning of equilibrium fuel cycle, 33,000 MWD/MT for the

reference core. The Doppler coefficient, T %%3 = -0.00335, the total

core sodium coefficient, p %%3 = +0.016L4, the BCEX cermet expansion

coefficient, L %%3 = -0.762, the BCEX fuel rod clad back expansion coef-

ficient L dk/dL, = +0.368, the CCEX fuel rod clad expansion coefficient,
dk

L aT = —O.39h; and the bowing coefficient, R dk/dR, = -0.5255.
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For the reference core design, the fuel clad and core structure material
is 316 L stainless steel and the fuel material is uranium-plutonium mono-
carbide. The properties of these materials and sodium environment effects

on 316 L stainless steel are reviewed and tabulated.

Cermet fuel, consisting of (U,Pu)O, in a 316 L stainless steel matrix with

316 L stainless steel cladding, hai been selected for the control element
in the BCEX assembly. Generally, the properties of cermets are linear
functions of matrix content; therefore, they are strongly governed by the
volume fraction of ceramic particles present. For a given composition,
the method of fabrication exerts far more control over properties than any
other factor. There is little information available on long term proper-

ties such as creep and stress rupture, and even less on post-irradiaticn

properties of the cermet matrix material.

An evaluation of cermet selection characteristics shows that particle
size, particle density, and volume percent ceramic are important factors.
The reference design particle size was selected as 250-350 py: Smaller
particles will give thinner matrix ligaments for restraint of strain.
Even larger sizes would be desirable; however, data for larger particle
sizes were not reported. The reference particle density was selected as
85 percent because a) a low density is desired to obtain more space to
accommodate fuel swelling and fission gas, and b) 85 percent is the lowest
density which the literature indicated any confidence of achieving. The
design limit for the volume percent ceramic was selected as 35 percent

due mainly to lack of data at higher percentages.

Empirical burnup limits are defined as a function of operating tempera-
ture. Design considerations show the primary mode of failure to be fuel

swelling augmented by pressure from fission gas buildup.
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Conclusions and Recommendations

In determining whether the cost of developing CEX, and the higher fuel
cycle cost with CEX, are justifiable, the crucial question is: what is
the degree of effectiveness, or worth, of CEX in controlling the dynamic
behavior of the reactor. This investigation quantified some of the infor-
mation required to judge the effectiveness of two CEX concepts, BCEX and

CCEX.

In all transient analyses performed in this investigation, utilization

of either the BCEX or the CCEX concepts (axial thermal expansion) signifi-

cantly improved the core transient behavior over the non-CEX (zero expan-

sion) core. Both BCEX and CCEX will provide ceramic fueled fast reactor
cores, which possess assumed zero axial expansion, with a predictable,
negative, axial expansion, reactivity feedback mechanism that will contri-

bute significantly in terminating a power excursion.

The relative value of the component time constant is a good indicator of
early dynamic response. The relative values of the time constants of the
carbide fuel rod, cermet rod, and oxide fuel rod are 0.47, 0.79 and 2.08
seconds, respectively. Thus, the clad on the oxide fuel has the slower
response. This fact makes a) BCEX relatively more effective in an oxide
core than in & carbide core, and b) CCEX more effective in a carbide core
than in an oxide core during the initial stages of a power excursion.
However, in case (a), the dynamic response is considerably different for
quasi-steady state conditions, where the reactivity feedback fractional

worth of BCEX is greater in the carbide core than in the oxide core.

The simplest way to obtain effective negative control in the dynamic
behavior of fast reactors through the use of axial thermal expansion is
expansion of the solid column of fuel, itself. However, it has not been
demonstrated that operating fuel behaves in a predictable manner (hence
the assumption of zero expansion in the analysis). It was found in this
study, that the behavior of the fuel can alter significantly both the
absoclute and relative values of CCEX and BCEX. Fuel and clad properties
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which enhance BCEX will adversely effect CCEX, and vice versa. Further
work is recommended to establish the optimum compartment size and the
resulting performance of CCEX and BCEX. This work should include experi-
mental determination of the range of fuel expansion properties and
emphasize design parameters which potentially offer improved safety per-

formance.

If predictable fuel thermal expansion due either to expansion of its clad
(CCEX) or expansion of the solid column of fuel can be demonstrated,

the BCEX concept appears to offer only marginal improvement over CCEX in
terminating various nuclear excursions in either a carbide core or an
oxide core. CCEX has a simpler mechanical design, due to elimination of
the half core-length fuel bundles and the cermet rod array. TFor these

reasons, the CCEX concept is an attractive alternate to BCEX, and it is

recommended that further development work be carried out on the CCEX concept.

If the technical and commercial feasibility of predictable fuel thermal
expansion cannot be demonstrated, then BCEX offers a significant improve-

ment in the dynamic behavior of a non-CEX core. Therefore, both concepts

BCEX and CCEX - should be further investigated in parallel to permit the

selection of the more attractive concept for ultimate application to com-

mercial fast breeder reactors.

The further development tasks for BCEX should include the evaluation of
alternates to the reference BCEX design concept. Alternates which may
significantly improve BCEX performance characteristics are 1) using fuel
rod clad material having a linear expansion coefficient lower than that
of 316 L stainless steel, 2) changing cermet-to-clad contact resistance,
3) designing the BCEX fuel assembly so that the cermet and fuel clad
expansions are additive, and 4) using an alternate cermet matrix material.
Investigation of these alternates were not within the scope of this study,

but are warranted in the future.
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An important requirement for further investigation of a cermet fuel for

a particular application is the establishment of a reference process and
product design including development of optimum size fuel particles. Sub-
stantial effort is required in this area of development. for this ref-
erence process and product design, typical non-irradiated thermal and
mechanical properties must be determined. Long term mechanical properties
such as creep, stress rupture, and fatigue must be well established. Cermet
irradiation studies, both analytical and experimental, must receive major
emphasis, as cermet irradiation properties must be extensively investigated
to obtain more positive assurance of cermet structural integrity. Present
data do not provide the required assurance to permit design of a fuel
element with a specific lifetime for specific nuclear, thermal, and mech-

anical conditions.

Inertial stresses in the reference cermet rods due to any of the transients
postulated in this study are negligible. Large variations from any of the
values of the reference design parameters are required before any signifi-
cant inertial forces in the cermet assembly would be obtained. It can be
concluded that all stresses and strains for the reference fuel clad and
assembly can designs for the reference reactor conditions are well within
allowable limits. The can wall thickness of 0.096 inches is sufficient

for the reference operating conditions for a 25,000 hour lifetime. Thus,
the reference BCEX fuel assembly design is considered quite adequate from
a transient as well as all other mechanical design viewpoints for all

conditions postulated in this study based upon the limited availgble data.

Friction, galling and wear between moving parts of the fuel assembly must

be fully evgluated in a sodium environment at design conditions.

A prototype BCEX fuel assembly should be built and tested in-pile to study
the feasibility of the fabrication and operation of the bundle controlled

expansion assembly design.
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Thermal bowing of the reference core incorporating BCEX fuel assemblies
can be controlled so as to have a net reactivity effect between zero and
minus 10 cents. Fuel bowing for the range of actual reactor design condi-
tions must be further investigated. TFurther analyses are required to
determine the optimum method of supporting (location and number of
restraints) the fuel bundles within the can so as to minimize bundle
restraining forces and not impede BCEX response capabilities. As the
choice of location and number of support points greatly affect the net
movement of fuel, bowing analyses should be closely correlated with physics
calculations to obtain a zero-to-negative bowing reactivity coefficient.
The bowing analyses illustrated the importance of minimizing initial
clearances between fuel assemblies. Bowing analyses should be extended to
cover the full range of power levels anticipated. This is important as,
until sufficient bowing of the fuel has occurred to take up initial clear-

ances and reach a stable geometry, unusual effects may be observed.

Coolant mixing schemes must be devised to obtain adequate coolant mixing
between ceramic fuel rods and cermet fuel rods. Schemes which will enhance
transverse mixing of the coolant across the fuel assembly thereby reducing

fuel bundle bowing are also required.

Continued improvement of calculations for Doppler and sodium void effects
will be necessary to accurately evaluate the need and relative benefits
of fast breeder reactor safety features such as the CEX concepts. The
measureﬁent of the reactivity effects of either the bundle controlled
expansion, BCEX, or the clad controlled expansion, CCEX, using existing
critical facilities (ZPR-III, ZPR-VI) is an obvious early step in pinning

down the ccefficients and evaluating the analysis technigues.

In the CEX concept, fissile material is removed from high importance

regions of the core (e.g., the core center) and placed in low importance
regions (e.g., the core-blanket interface). When this is recognized, it
becomes clear that the reactivity worth of various fissile materials, as

a function of position in the core, is a key quantity. In numerous
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experiments, notably with ZPR-IIT, this quantity has been measured and
reported in the literature. An extensive comparison between calculations
and experimental determinations of reactivity worths would either increase
confidence in present calculational methods or indicate that these methods
need improvements. This may well be the next logical step before design-

ing a critical experiment test on the CEX concept.

This study was limited to the Westinghouse Large Fast Breeder Modular
Reactor. Analysis of the reactivity effects in reactor cores with other
geometries, i.e. pancake, right circular cylinder cores (L/D iy 1), ete.,
may prove that the CEX concept is the automatic control device that changes
a marginal reactor into a safe reactor. This would allow the use of
reactors with superior economic advantages but with otherwise marginal

safety characteristics.
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PROBLEM STATEMENT

Safety is one of the key problem areas in the development of fast breeder

reactors.

One of the methods which has been proposed to assist in the solution of
this problem is to provide a negative power coefficient to supplement the
Doppler coefficient by utilizing structural, thermal expansion in a con-
trolled and predictable manner. This is the Controlled Expansion (CEX)
Concept. One of the CEX concepts is the Bundle Controlled Expansion (BCEX)
concept. The use of the BCEX concept has been proposed in references 1
through 9%as a means of obtaining a distinct, in-core, thermal expansion
characteristic. This characteristic provides a supplementary, inherent,

safety and control mechanism for fast breeder reactors.

The potential merit of the BCEX concept was recognized in 1964 by the AEC

(10)

evaluation of the four design studies of a 1000 MWe FBR which included

the following summary statement about the BCEX concept:

"the feasibility of devices such as the controlled expansion
fuel element which substitutes mechanical motion for
materials properties to achieve a negative temperature
coefficient of reactivity should be studied. This fuel
element may offer an alternate to enhancing the Doppler

effect by BeO addition."

This study is addressed to the problem of determining the feasibility

of controlled expansion fuel elements, as recommended by the AEC.

This study constitutes the first step of a program to develop a fuel
assembly for fast breeder power reactors which will contribute a
negative power coefficient to supplement the Doppler coefficient for
control and safety. Specifically, this first step should 1) identify
the problem areas of the BCEX concept and 2) determine and evaluate

the performance characteristics of the BCEX concept for a large FBR

¥References appear at the end of the section.
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core. The overall problem then, of which this study is the first step,

is 1) the determination of the feasibility of the use of the controlled
expansion concept for Large Fast Breeder Reactor application, and 2) the
development of a practical controlled expansion fuel assembly design which

can be utilized in a commercial fast breeder power reactor.
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II.

TII.1

I1.1.1

INTRODUCTION

Authorization and Scope of Contract

Authorization and Objectives

This study was authorized under United States Atomic Energy Commission (AEC)
contract AT(30-1)-3589. It is being administered by the New York Opera-
tions Office of the AEC. The contract initiation date was August 2, 1965,
This study constitutes the first phase of a program to develop a con-
trolled expansion (CEX) fuel assembly for fast breeder power reactors

that will contribute a negative power coefficient to supplement the

Doppler coefficient for control and safety.

This study consists ofia) analyses and evaluation of the performance

characteristics of a bundle controlled expansion (BCEX) fuel element in
a large fast breeder reactor (FBR) core; b) the preliminary design of a
bundle controlled expansion (BCEX) fuel element assembly for testing in
EBR-II, and c) recommendations of development requirements for the BCEX

concept. The results of a) are reported in this topical report.

This study has the following objectives:

1. To identify the problem areas of the BCEX concept.

2. To determine and evaluate the performance characteristics
of the BCEX fuel element for a large FBR core. (In the
work program for this study, the reference core was
designated as either the Westinghouse-AEC 1000 MWE FBR
modular core or an uprated version of this core.)

3. To prepare a preliminary design of a BCEX fuel element
assembly for testing in EBR-II.

L., To evaluate projected results for BCEX fuel element
test assembly operation in EBR-IT.

5. To recommend future development of BCEX fuel elements.
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This study constitutes an important first step in determining the
behavior of a CEX fuel element in a fast reactor, thus contributing
to the ultimate development of this concept as a supplementary fast

reactor safety and control mechanism.

Scope

In the contract, the scope of the technical work for this study is

worded as follows:

"The contractor shall perform the work generally in accordance

with the technical details described on pages U4 through 11

(phase I) of the contractor's proposal for '"Controlled
Expansion Fuel Development Program" dated May 1963(1)*
)

revised December 19614<2 and further revised by the letter

and

from the contractor to the Commission (Rees to Shaw) dated

March 2, 1965(3). The work shall include:

(1) Analytical studies of (a) the parameters describing
the operational characteristics of the controlled
expansion fuel element, and (b) the physical proper-
ties, including the effects of irradiation, of materials
suitable for use in the controlled expansion fuel
element to obtain design information and establish
design criteria for a fast breeder nuclear power reactor
controlled expansion fuel element assembly.

(2) Preliminary design of a controlled expansion fuel
element assembly for demonstration and performance
testing in a nuclear reactor to be designated by the
Commission, and a design report for the CEX test
assembly will be furnished; and

(3) Development of a program presenting the scope of work
for detailed design, fabrication, demonstration test-
ing and performance testing of the designed assembly,

and the estimated cost and schedule for the program.

¥References appear at the end of the section.
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The aforesaid parametric studies of operational characteristics,
studies of materials properties, and preliminary design of the
controlled expansion fuel element assembly shall include con-
siderations of mechanical, thermal, hydraulic and nuclear
design. The fuel element assembly design shall have as a

prime objective the demonstration and performance testing of
the criteria established to describe the fast breeder nuclear

power reactor controlled expansion fuel element assembly."
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Initial Design Bases and Groundrules

The Westinghouse Large Fast Breeder Modular Reactor (WLFBMR) was
selected as the reference reactor design for the analysis of the
performance characteristics of the bundle controlled expansion (BCEX)
fuel assembly concept. This was the most significant ground|rule
established for the study. The Westinghouse Large Fast Breeder Modular
Reactor Core is the Westinghouse-AEC 1000 MWe Fast Breeder Reactor
modular core design developed under AEC contract AT(30-1)-3251 and

reported in WCAP—3251—l(h) with an uprated power density and lower

cperating temperature as outlined in WCAP—2638(5). The WLFBMR core
was selected as the reference design because, as a result of reduced fuel
inventory, its fuel cycle cost is more than 20 percent lower than that

for the original Westinghouse-AEC 1000 MWe FBR core.

The basis for the design of the reference Westinghouse Large Fast

Breeder Modular Reactor core is outlined in the "Liquid Metal Fast

(4)

, and in the "High Power Density, Stain-

(5)

less Steel Reference FBR Core Design" . A summary of this basis

Breeder Reactor Design Study"

follows:

1. The design philosophy for the Westinghouse-AEC 1000 MWe
FBR Study(h)
tions which are also applicable to the WLFBMR:

was predicated upon the following considera-

Maximum utilization of existing technology.

Adoption of advanced concepts that offer significant
technological and economic gains and reasonable
probability of achievement.

c. Recognition of calculational uncertainties and
observance of a prudent course with respect to
safety; and

d. Exploitation of the economic potential of the large
fast breeder power plant to the maximum, consistent

with the above considerations.
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The objective of the Westinghouse-AEC 1000 MWe FBR
Studyw> was to develop a conceptual design for the
nuclear portion of a 1000 MWe fast breeder power
reactor such that a prototype plant could be under con-
struction before 1975. These targets are still pertinent.
The reactor is a fast spectrum-breeder which provides
gafe and stable operation. Inherent reactor dynamic
stability is reguired. A seven modular core was
selected to provide a safe, economic design. The
reactor is sodium cocled and has a high breeding ratio
and short doubling time.

The reactor thermal energy output is based on an average
carbide fuel linear power rating of 15.6 kw/ft, which
was determined to be acceptable in previous Westinghouse
investigations (reported in references 5 and 6).

The thermal and hydraulic imposed limitations used to
determine the acceptability of this core are defined
later in this section. This power rating specified a
module (excluding blanket and cermet rods) power output
of LoL Mwt.

The core and fuel assembly mechanical design from the
Westinghouse-AEC 1000 MWe Study(u) is adopted for this
study. The reference core design is described in
Section III-1. The mechanical design emphasizes design
simplicity, ease of fabrication and maintainability; it
provides inherent and controlled safety, and does not
unduly limit or compromise the reactor performance.
Plutonium-uranium carbide fuel, thermally bonded by
sodium to the clad and vented to the coolant, is
utilized.

The core coolant mixed mean outlet temperature is 1100°F,
and the coolant inlet temperature is 850°F. The reactor

operating conditions are further described in Section III-1.
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8. The average carbide fuel burnup is 100,000 MWD/MT.
9. TFuel clad material is stainless steel, type 316 L.
10. The cermet fuel material is (Pu—U)O2 fuel in a 316
stainless steel matrix material.
11. Both upper and lower axial blankets are 12 inches thick,
and fueled with depleted UC.

12. A one-year refueling pericd is assumed.

Certain thermal and hydraulic imposed limitations which established the

reference reactor core design used in this study are:

1. The steady state fuel clad surface hot spot temperature
is limited to approximately 1300°F at 100% power.

2. The steady state fuel surface hot spot temperatures
should be less than 1500°F at 100% power. This is
more than 100°F below the boiling point of sodium at
one atmosphere pressure.
The carbide fuel hot spot temperature is limited to 2450°F.

4, Core pressure loss is limited to 90 psi so that the total
primary system pressure drop will be less than the avail-
able head from a single-stage impeller pump.

5. An adequate DNB ratio is required to prevent the occur-

rence of burnout.

Some initial ground rules which were established for this study are:

1. The materials effort will consist of a literature review
and updating of past work on 316 stainless steel clad,
cermet and carbide fuelﬁto provide estimates of materials
engineering properties for design purposes in this study.
This materials effort should be limited to obtaining the
information readily available and to the broad requirements

of the contract scope of work.
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The nuclear analyses will be performed on the "Hybrid" or
"average" module whose neutron flux boundary conditions
represent a weighted value between a completely reflected
module, i.e. the center module of seven modules, and the

partially reflected modules, i.e., the outer six modules.
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II.3

II.3.1

II.3.2

II.3.3

CEX Concept Background Information

Summary

Table II.1 summarizes the history of the CEX concept.

Conception

The controlled expansion (CEX) fuel assembly concept, which provides
& supplementary, inherent, safety and control mechanism for fast breeder
reactors, was conceived in January 1963 by F. M. Heck of Westinghouse

(7). A bundle controlled expansion (BCEX) fuel

Atomic Power Division
assembly design for a fast reactor core application was developed by
H. Keller and H. N. Andrews of Westinghouse Atomic Power Division in
January 1963(8). Westinghouse patents on these two inventions are

presently pending.

Fermi Proposal

In February 1963, the first application of the CEX fuel assembly con-
cept was proposed in the '"Westinghouse Proposal for Fast Reactor
Development Program tc the U.S. AEC,"(9). In this document, the develop-
ment of the CEX fuel assembly for fast breeder application (Enrico

Fermi reactor) was proposed, and the following four principal safety

features of the BCEX assembly concept were suggested:

Axial expansion of fuel out of the center of the reactor.

b. Radial bowing of rods away from the center of the reactor
core.

c. Provision of sufficient volume of U-238 to produce a
negative Doppler coefficient of reactivity.

d. This increased amount of U-238 will also provide addi-
tional delayed neutrons from fast fission and will permit

an in-core breeding component.
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Table II.1

Summary of CEX Concept History

Note: Dates only approximate

CEX Concept Conception
CEX Fuel Assembly Design Conception

W Fermi Proposal (incorporated BCEX fuel
assembly design)

Initial CEX Development Program Proposal
W Funded BCEX Mechanical Design Studies

Second (three-phase fuel development) BCEX
Program Proposal

W-AEC 1000 MWe FBR Study, Contract
AT(30-1)-3251

W Evaluation of Four AEC 1000 MWe FBR Studies

W 1000 MWe FBR Upgrading (to high power density
core)

W 200 MWe SFR Prototype Design Study
Revised CEX Development Program Proposal

W "SAFER" Design Study

Hallam Proposal
W FBR Right Circular Cylinder Core Design Study

W AEC CEX Fuel Element Development Program
(Phase I) Contract AT(30-1)-3589

II.9

January 1963
January 1963
February 1963

March 1963
March-December 1963
May 1963

June-December 1963

April-July 196k
May-July 1964

May 196L-March 1965
December 1964

November 196L4-
May 1965

March 1965

May 1965-January 1966

August 3, 1965-
present
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The proposal describes a '"conceptual" BCEX fuel assembly to be
inserted in the Enrico Fermi Reactor, its special features, and its
mechanical design problems. A recommended testing program to develop
this concept was also described. Preliminary thermal and hydraulic,
nuclearband transient performance analyses, and some materials pro-

perties aspects were also discussed.

First Published Reports on CEX

In March 1963, the BCEX concept design features and description were
published in '"Westinghouse Fuel Assembly for Fast Breeder Reactor

(10)

Application" and "Westinghouse Fuel Assembly for Fast Breeder

Reactor Application (Rev.)"(ll). These two reports are an introduction
to the CEX concept and discuss many of its features. They describe

the "conceptual' BCEX fuel assembly designed for "Fermi"; discuss cermet
fuel design considerations, and the results of preliminary investigations
of controlled axial expansion and bowing of the BCEX fuel assembly;

they also present a very preliminary discussion of stability analyses

and of development requirements for the CEX concept.

Westinghouse-AEC 1000 MWe FBR Study (AEC Contract AT(30-1)-3251)

In this investigation, which is well documented in the "Liquid Metal
Fast Breeder Reactor Design Study",(h) the BCEX fuel assembly was
selected as the reference design to provide an inherent negative
reactivity coefficient by fuel axisl motion for a mixed Pu-U carbide
fueled, 1000 MWe, fast breeder reactor utilizing a mecdular core. This
investigation included a study of some of the nuclear, thermal and
hydraulic, transient, and mechanical characteristics and features of

the reference 1000 MWe FBR core with BCEX fuel assemblies.

Nuclear reactivity coefficients were obtained for a 1/2 inch and for a
1 inch center gap in the fuel assembly from one-dimensional multi-
group analyses in the axial direction for the reference 1000 MWe reactor

core design. The reference BCEX assembly consisted of seven centrally
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located cermet rods (full core length) with volumetric heat generation
rates of 20 percent of that of the carbide fuel, and 120 carbide fuel
rods, all of 0.300 inch diameter, on 0.426 inch pitch. The carbide

fuel rods were half-core lengths of about 51 inches spaced to provide

for the "BCEX" operation. The rods were vented to the coolant with a
sodium bond between the fuel pellet and clad. All structurals were 316 L
stainless steel. Round ferrules were utilized for spacing and were

brazed with the fuel and cermet rods into a single stable structure.

Some transient analyses were performed on the 1000 MWe reactor "CEX"
core. In particular, the effects were studied of such variables as the
cermet volumetric heat generation rates, reactivity feedback worths

per unit of temperature rise, cermet rod diameters, and coolant inlet
temperatures. The use of cermet rods to provide a strong, negative,
mechanical (expansion) temperature coefficient in a ceramic-fueled core
was found to enhance core stability and response to reactivity changes.
The physical and mechanical properties of cermet fuel were reviewed

very briefly during this study.

II.3.6 Westinghouse Funded CEX Mechanical Design

A mechanicel design study was conducted during 1963 based upon the
original Westinghouse 1000 MWe FBR fuel assembly design. This work was
reported in references 12 and 13, and at the 1963 ANL Fast Power

(1)

Reactor Conference . Some nuclear parameters were generated at this

time as required by this study.

During this study, a "BCEX" fuel assembly design was developed.

Several problem areas associated with the design were explored,
including: "BCEX" fuel assembly hold down device concept; BCEX fuel
assembly can wall stresses; fuel assembly - can lateral support; fuel
assembly thermal bowing; clad thermal stresses; and, cermet fuel
assembly dynamics. In this latter area of investigation, a simple
analytical model was set up to describe "BCEX" fuel assembly performance

following a sudden step insertion of excess reactivity.
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Some additional, unpublished, mechanicel design analyses, which are
pertinent to the development of the CEX fuel assembly, were performed

during the first half of 1965 in the following areas:

Bowing of fuel assemblies under radial thermal gradients.

a
b. TFuel assembly hold down latch.

(o]

Vibration of fast reactor fuel rods in parallel flow.
d. Pressure stresses in reactor fuel assembly cans.

e. Fuel assembly spring grid design.

Some of these analyses extended the work performed in 1963.

Recent, Westinghouse Funded, FBR Design Studies Which Investigated or
Utilized BCEX

Since completing the Westinghouse-AEC 1000 MWe Fast Breeder Reactor
study, Westinghouse has performed numerous fast breeder reactor design

studies which utilized and investigated BCEX fuel assemblies.

In 1964, Westinghouse evaluated the four AEC 1000 MWe FBR studies. The
results and conclusions of the Westinghouse evaluation are summarized
in WCAP—2635(15). One conclusion was that '"the CEX fuel assembly gave
the Westinghouse design a distinct, superior, thermal expansion charac-
teristic'". The AEC evaluation of the four design studies of a 1000
MWe FBR(l6) included the following summary statement about the CEX

concept:

"the feasibility of devices such as the controlled expansion
fuel element which substitutes mechanical motion for
materials properties to achieve a negative temperature
coefficient of reactivity should be studied. This fuel
element may offer an alternate to enhancing the Doppler

effect by BeO addition."”

In a subsequent company funded study, the Westinghouse-AEC 1000 MWe
FBR core was upgraded to a '"high power density" FBR design, which
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became the reference Westinghouse Large Fast Breeder Modular Reactor
core. The results of this study are presented in WCAP—2638(5). The

core size and configuration (including BCEX fuel assemblies) were
identical to that of the Westinghouse-AEC 1000 MWe FBR study; however,
specific power density, kw/kg metal, was optimized by parametric

thermal and hydraulic analyses for private ownership of the fuel material.

In summary, the following significant results were achieved:

a. Fuel rod linear power outputs were increased from 12
to 15.6 kw/ft.

b. Coolant inlet and mixed mean outlet temperatures were
selected as 850° and 1100°F, respectively.

c. Fuel costs (private ownership) became 0.57 m/kwh, a

20% improvement over the Westinghouse-AEC study results.

The BCEX fuel assembly design was alsc incorporated into the Westing-

(1)

This study entailed the design, analysesyand fuel cost investigation

house 200 MWe Sodium Fast Reactor Prototype (SFRP) Design Study

of a 200 MWe SFRP as a "hook-on'" plant with turbine inlet steam condi-
tions of 1800 psig/1000°F, The core, blanket, and reflector design of
this reactor approximated one module of the Westinghouse-AEC 1000 MWe
FBR core design; the operating conditions approximated the Westinghouse
"high power density'" FBR. During this study, the original one-dimen-
sional calculation of the reactivity worth of the BCEX mechanism was
checked by a two-dimensional calculation. In the Westinghouse-AEC

1000 MWe FBR study(u), original calculations by one-dimensional analyses
indicated a negative insertion of 0.75% Ak for a 600°F temperature rise.
The two-dimensional analyses predicted a 40% reduction in the original
0.75% Ak value. If realizable, this is still an appreciable contribu-
tion to FBR safety.

The clad controlled expansion (CCEX) concept is not new. Westinghouse
first reported the results of transient studies on the use of the clad

controlled axial expansion (CCEX) concept for fast reactor
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application in "Conceptual Design and Preliminary Accident Analysis

of a Sodium Cooled, Carbide-Fueled, Large Modular Fast Reactor",(6)
presented at the Fast Reactor Conference, Argonne National Laboratoryj
in October 1965. 1In this study, compartmentation - where the fuel
moves with the clad - was adopted to obtain fuel axial expansion.
Compartmented nuclear fuel was originally utilized by Westinghouse in
Yankee Core 1(18) as a precautionary measure to minimize fuel slumping.
Throughout these aforementioned studies, the reactivity effects of

BCEX and CCEX were found to be geometry dependent, being a maximum for
a tall "skinny" core or for other designs featuring high radial leakage.
It has also been established that the fabrication cost of a core utiliz-

ing a CEX fuel elements will be somewhat higher than a ceramic fueled

core with no compartmentation or separated fuel bundles.

Listed below are additional, recent, Westinghouse-funded studies, which
incorporated the CEX principle, and which included nuclear, thermal and

hydraulic, mechanical and transient analyses:

1. The Westinghouse FBR right circular cylinder core design
study.

2. 30 MWt Sodium Advanced Fast Experimental Reactor (SAFER)
Plant Design and Program(l9).

3. Proposal to USAEC to design a fast reactor core for the

Hallam plant(zm).

Westinghouse CEX Concept Proposails

Based upon the preliminary work described in references 10 and 11,
Westinghouse proposed a "Study Program on Controlled Expansion Fuel

Assembly for Fast Breeder Reactor Application”(2l)

to further investi-

gate the desirability of the CEX concept, identity the problems to be
solved, and advance the development to where CEX fuel could be used

with a high probability of success. This proposal was presented informally

to the AEC in March 1963.
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A more comprehensive, three-phase, program to develop and demonstrate
the CEX concept for fast breeder power reactor fuelv”The Controlled
Expansion Fuel Development Progrmn"ug was presented to the AEC in May
1963. Appendix 2 of this proposal contained WCAP-2237 Rev. - "Westing-

house Fuel Assembly for Fast Breeder Reactor Application"(ll).

In December 1964, the proposal was revised at the request of the AEC(2).

The concept feasibility part of the program was deleted and the proposed
program became a fuel assembly design demonstration effort. Phase I

of the proposed program consisted of the preliminary design of a suitable
test element for insertion in the FARET reactor. Phase II consisted of
the detailed design, fabrication, testing and interpretation of the
results of the CEX test assembly. Minor changes were submitted to
reference (2) in March 2, 1965 by letter(B) to M. Shaw, AEC Headquarters.

These changes involved the introduction and description of Task 2, model

analysis, in reference 2.
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IIT, DISCUSSION AND RESULTS

IIT.1 Reference Westinghouse Large Modular Fast Breeder Reactor System Description

IIT.1.1 General

This section summarizes the design and performance highlights of the
Westinghouse Large Modular Fast Breeder Reactor. This reactor concept
is the product of numerous Westinghouse studies of fast breeder reactor
systems and components. Detailed descriptions of the Westinghouse

Large Modular Fast Breeder Reactor are reported in references (lf through

(7).

The 1000 MWe Fast Breeder Reactor which utilized a modular core and
bundle controlled expansion (BCEX) fuel assembly design, prepared by
Westinghouse under AEC sponsorship and reported in WCAP—3251—1(1), with
an uprated power density and lower operating temperatures as outlined
in WCAP—2638(2), was employed as the reference reactor design for the
analytical studies on the BCEX concept. This higher power density core
has a substantially lower fuel cycle cost than the Westinghouse-AEC
1000 MWe Fast Breeder Reactor core design. The basis and limitations
for the design of this uprated, high power density Large Modular Fast

Breeder Reactor core are summarized in Section II.Z2.

III.1.2 Reference Reactor Design Description

Reactor System

The Westinghouse Large Fast Breeder Reactor primary system consists of
three identical loops to transfer heat from the reactor core to the
intermediate sodium system. The general arrangement of a loop is
presented in Figures III.1l-1 and III.1-2. Each of these loops consists
of a circulating pump, the single intermediate heat exchanger, con-
necting double walled piping, hot and cold traps for impurity control
and removal of fission products, and instrumentation for operational

control of the system. The pump suction is connected to the inter-

¥References appear at the end of the section.
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mediate heat exchanger shell, while the pump discharge is connected

to the reactor vessel top inlet. The top discharge from the reactor
vessel is connected to the intermediate heat exchanger. All system
equipment that contains sodium is heat-traced. All primary system
equipment is located inside the primary reactor contaimment. The entire
primary system is doubly contained in an inert gas atmosphere to

minimize the consequences of a primary leak.

The reactor system layout stresses accessibility and ease of maintenance,
These two factors contribute significantly to long-term plant safety.
High accessibility permits thorough routine inspection and increases

the probability of locating small or incipient problems before they
become major problems or incidents. ZEase of maintenance permits more
routine maintenance to be accomplished, and increases the probability

that maintenance or repair work will be successful.

Modern steam conditions can be produced by the plant powered by this

reactor system.

Reactor Core

The Westinghouse Large Modular Fast Breeder Reactor concept design

used in this study is based on plutonium-uranium carbide fuel, contained
in bundle controlled expansion (BCEX) fuel assemblies, and incorporated
into a modular core array as shown in Figure III.1-3. The modular core
geometry was selected because it enhances the breeding by exposing most
of the radial blanket assemblies, with their high fertile material
density, to core leakage flux from two sides. A graphite barrier also
provides local blanket moderaticn which enhances the competition of
fertile material for neutrons without softening the spectrum of the

core region. Another advantage of the modular concept is that by the
addition of modules the thermal power rating can be extended, in units
of a module, to a wide range of desired powered levels. This flexibility

in the concept removes all apparent size restrictions confronting fast
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reactor cores. The modular concept can easily be prototyped through
the use of a single module for a demonstration plant. A further
advantage 1s that the safety coefficients, particularly the sodium
temperature and voiding, can be adjusted to any desired value by
changing the dimensions, height and diameter, of the individual modules
to obtain the necessary neutron leakage. In addition, the neutron
coupling between modules can be controlled, within limits, by adjusting

the radial blanket thickness between modules.

The complete reactor core for the Westinghouse Large Fast Breeder Reactor
consists of seven distinct, identical-~sized, hexagonal cells or modules
arranged in a hexagonal pattern separated by an annular graphite reflect-
ing region and coupled by the neutron flux. The module is approximately
8.5 feet tall by 4.5 feet (across the flats). Each module contains a
central core region approximately 34 inches in diameter and T2 inches
tall. Surrounding the cores are fertile, axial and radial blankets.

The fuel and blanket assemblies are replaced on the usual refueling

schedules.

Each reactor core module consists of 37 fuel assembly positions, one
(the center position) is occupied by a safety rod. Each of the 36
hexagonal fuel assemblies contain 120 ceramic and 7 cermet fuel rods
with a 0.300 inch 0.D. arranged on a triangular pitch on 0.426 inch
center. The ceramic fuel rods are compartmented. Each compartment
consists of stacks of stabilized (U-Pu)C pellets contained in 10 mil
thick stainless steel clad. The stabilization provides compatibility
with the clad by chemically tying up the offending free element. The
axial blankets, consisting of depleted uranium carbide pellets, are

integral with the fuel rods.

The carbide fuel pellets are sodium bonded to the clad. The carbide
rods are vented to the sodium coolant. These two features (sodium
bonding and vented fuel) alcong with long fuel cycle lifetimes, 100

MWD/kg, are necessitated by econcmic considerations. The sodium bonding,

II1.6



plus the high thermal conductivity of the carbides, permits low fuel
temperatures. The low fuel temperatures reduce fuel swelling and thus
allow longer fuel life. The sodium bond allows the use of unground
pellets, and permits fuel swelling to be accommodated, with associated
cost reductions in fabrication, loss of fissionable materials and
allowable lifetime. Vented fuel eliminates fission product gas pressure
buildup, hence does not require the neutron embrittled clad to accept
large strain at the end of fuel life. The presence of some fission
products in the primary sodium adds only a small increment to the cost
of maintaining a sodium system, which is already highly radioactive,
on a time schedule consistent with large fast breeder reactor downtime

costs.

The cermet fuel consists of mixed oxide fuel particles dispersed in a
316 L stainless steel matrix. The matrix is metallurgically bonded to

a 10 mil thick stainless steel clad. The fuel rods are brazed into
hexagonal bundles measuring about 5 inches across the flats. These
bundles are then fabricated into BCEX (bundle controlled expansion) fuel
assemblies (see Figure III.1-4) to provide a supplementary negative

power coefficient.

A variable flow orifice is provided at the upper end of each fuel assembly.
Each fuel assembly is contalned in a hexagonal can which is approximately
eleven feet long (including end fittings). Each can latches into the
lower core plate by a mechanical gripper which functions in a manner
analogous to certain ball point pens. Operation of the gripper is
illustrated in Figure III.1-4. As the fuel assembly is inserted into

the core plate, the 3 gripper fingers bend inwards. The assembly is
pushed downwards against spring force until the grippers emerge from

the bottom side of the core plate. At this point, the gripper fingers
are released, permitting them to snap back to their original position,
thus locking the fuel assembly in place. Latching is tested by an

upward pull. To remove an assembly the assembly 1s pushed downwards
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approximately 1 inch past its installed position. This pushes a
holding ring over ramps in the gripper fingers, deflecting the grippers
inward. With the grippers in, the fuel assembly may be pulled upwards
and free of the core plate. As the fuel element is being withdrawn,
the spring acting through a resetting ring pushes the holding ring to
its initial position. The installation-removal sequence may then be

repeated with no further adjustment.

A detailed description of the BCEX fuel assembly and carbide and cermet

fuel rod designs are given in Section III.L.

Surrounding the fuel assemblies are 54 radial blanket assembly posi-
tions, of which six are occupied by control rods. The radial blanket
assembly shown in Figure III.1-5 consists of 91 rods of 0.420 inch 0.D.,
depleted uranium oxide, pressed and sintered, pellets clad in 0.020
inches of 316 L stainless steel, having an outside diameter of 0.46k
inches. These rods are spaced on a regular triangular pitch pattern

by wire wrap and fabricated into assemblies. The blanket rods are full
core length. The tubing or clad is dry-gas filled and hermetically
sealed. The radial space between pellet and clad, and particularly the
end chambers, are used to accommodate fission gas storage. The radial
blanket assemblies are externally identical with fuel assembly cans with
smaller diameter latches to prevent insertion of fuel assembly cans

into blanket positions. Oxide fuel is specified in the radial blanket
because carbide properties are not required there and the oxide is

cheaper to fabricate.

Moderation between modules improves the nuclear as well as the heat
transfer conditions (by flattening the blanket power distribution).
Thus, each module is surrounded along the entire vertical side by 36
moderator-reflector assemblies, each of which is shared by an adjacent
module except on the outer periphery of the reactor. The reflector
assembly cans are dimensionally similar to fuel assembly cans. The

reflector cans contain short lengths of graphite logs. These cans do
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not depend upon the graphite for support. They are helium back filled
and welded shut. The reflector cans have end fittings which socket
into the core support structure at the bottom and into the reflector
support grid at the top. The reflector support grid positions the
reflector around each module as shown in Figure III.1-6 and limits

the lateral movement of fuel and blanket cans. The perimeter moderator-
reflector assemblies are permanent and not ordinarily replaced. In its

location the reflector can does not interfere with refueling.

A one-quarter reactor core layout illustrating the core, blanket and

reflector arrangement is shown in Figure III.1-T7.

There are a total of 49 control rods, 7 rods per module, in the reactor
core. The central rod in each module is a safety rod and the six
peripheral rods, located in the first row of radial blanket assemblies,
are used for power regulating and shim control. The total worth of the
49 rods is 6.9% k against an estimated reactivity requirement of 6.3% k.
The control rod assembly consists of a hexagonal array of tubes occupy-
ing the center section of the modified fuel assembly. The absorber,
th powder, bearing tubes are segmented, with a horizontal grid at
about one foot intervals making a unit assembly of the tube array.

The top grid from which all rods hang is provided with a vertical con-
necting member to the control rod drive coupling. The radial spacer
grids permit differential linear expansion of the inidivdual rods to
eliminate any bowing which might otherwise develop due to flux gradients
around the control rod perimeter. OStrips attached at the spacer grids

provide running surfaces against the control rod guide tube.

Reactor Vessel

The reactor vessel shown in Figure III.1-8 is of double walled construc-
tion, consisting of a primary vessel and a secondary vessel, and is
fabricated entirely from type 304 stainless steel. The primary vessel

provides containment for the reactor core and serves as the support
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ONE QUARTER REACTOR CORE SECTION

36 Fuel Assemblies/Module
252 Fuel Assemblies Total

7 Control Rods/Module
49 Control Rods Total

48 Blanket Assemblies/Module
336 Blanket Assemblies Total

174 Reflector Assemblies
Graphite with Free-standing Clad

Figure III.1-T7
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member for the core and core barrel. The upper end of the primary vessel
is welded to the vessel support ring. The secondary vessel provides
sodium containment in the unlikely event of a failure of the primary
vessel. Three inches of stainless steel reflective insulation covers

the outside of the secondary vessel.

A radial gap between the primary and secondary vessels is provided so
that if drainage of sodium from the primary to the secondary vessel
occurs, the core will remain submerged in sodium. During power operation
this gap is filled with stagnant nitrogen. At shutdown, the sodium
within the vessel is heated by circulating hot nitrogen between two

vessels.

The sodium coolant enters the reactor vessel above the top of the core,
and flows down an annulus within the vessel to maintain the outer vessel
wall at the lowest possible temperature. From the annular downcomer,
the sodium flows through variable orifices into two plenum regions in
the bottom of the vessel. One plenum feeds the core regions; the other

feeds the blanket regions.

The core support structure is attached to a core barrel suspended from
the upper part of the inner reactor vessel. The reactor vessel head

is a composite plug comprised of blast absorbing material on the bottom
and radiation absorbing material above. Control rod drives mechanisms
are located on top of the plug. Access to the reactor for refueling

or maintenance is obtalned by uncoupling the control rod drive lines,
unlatching the plug from the vessel, hoisting the plug by means of a

traveling hoist, and rolling it to one side.

Shield Plug

The shield plug shown in Figure III.1-8 has three major functions:

1. Provide a full diameter opening at the top of the

vessel capable of containing the full design pressure.
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2. Provide shielding to attenuate neutron flux and
gamma radiation.
3. Provide support and alignment for control rod drive

mechanisms.

The total plug shield thickness is five feet and consists of the follow-
ing materials listed from top to bottom: U inches of carbon steel,

12 inches of stacked 3 w/o boronated graphite block; a layer of carbon
steel shielding (not a structural or pressure containing component);

a type 304 stainless steel structural member; 12 inches of boronated
graphite block; a type 304 stainless steel structural and pressure
containing member; and 24 inches of blast absorbing crushable material.

The total minimum thickness of the four steel plates is 11-1/2 inches.

The two lower stainless steel plates, above the crushable material,
provide the structural support for the plug assembly and the design
pressure loading. The space between these two plates contains ribs or
similar stiffening members to enhance the load carrying capability of

the assembly.

Reflective stainless steel insulation is attached to the bottom of the
plug assembly as required to reduce the rate of heat transfer through
the plug and to promote satisfactory temperature distributions through-

out the upper region of the vessel and support structure.

Nitrogen is provided for plug cooling in order to maintain the upper plug

surface and seal at temperatures below 130°F.

Shield Plug Closure

The vessel closure is sealed and secured in place during normal operating
conditions (15 psig) by a low-melting point metal alloy. Cerroben, a
lead-cadmium-tin-bismuth alloy, is typical of several possible seal
materials. It has a density of 0.339 lb/in3, and a melting point of
158°F. A shear strength of around 3500 psi makes it adequate for
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closure hold down at many times the normal operating pressure of 15

psig.

4 rotating shear block closure, provides a backup hold down and is
capable of securing the plug at pressures of at least 150 psig. This
mechanical closure is simple in design and will have the capability of
being operated remotely by pneumatic cylinders mounted to the refueling
cell floor. Additional beams across the plug hold the plug in place in
the event a large explosive energy release occurs. Human access to the
closure mechanism during plug removal is contemplated only under unusual

conditions.

Axial Thermal Shield and Meltdown Pan

An axial thermal shield and meltdown pan assembly is supported at the
bottom of the vessel below the core support structure. It consists of
a 304 stainless steel dished head with a conical piece welded to it.
One inch in diameter by 6 inch in length 1.0 w/o natural boron type 30L

stainless steel rods are welded to the assembly.

Control Rod Drive System

The control rod drives, rack and pinion type, are located on the top of
the upper plug and are completely enclosed by gas tight shell. Power,
control and gas supply lines form helical coils which are suspended
from the ceiling of the refueling cell. This arrangement makes it
possible to remove the top plug from the reactor and hoist it up and
move the plug to its storage position without disconnecting any cables

or gas supply lines.

A positive pressure of inert gas is maintained in the containment shell
around the drives to prevent contamination of the mechanisms by the
cell atmosphere. Bellow seals similar to those used on Fermi and EBR-II

isolate the control rod drive components from the reactor cover gas.
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An inert gas pressure higher than the reactor cover gas pressure is
maintained in the mechanism housing as further insurance against con-

tamination.

The rack, which is attached to the control rod, is driven up and down

by a pinion. As the rack moves up a spring is compressed.

The motor torque is transmitted through a gear reduction unit and an
electromagnet clutch to the pinion. Provision is made in the drive

train for continuous control rod position indication.

A scram is initiated by cutting the power to the electromagnetic clutch
which allows the rack and control rod to fall freely. The spring in
the rack housing provides an initial force to accelerate the control rod
more rapidly at the beginning of a scram. A spring or pneumatically
operated dash pot within the rack housing decelerates the control rod

train at the end of its fall.

The lower end of the rack assembly is attached to the control rod with
a latch.

Pumps

The three primary, sodium, variable speed, circulating pumps are double
suction, vertical, centrifugal units of the free surface type consist-

ing of:

A pump drive motor mounted on a shield deck.

2. A pump volute located in the primary sodium system
piping below the shield deck.

3. A pump impeller located in the volute and connected to
the motor by a shaft.

4., A vertical column between the shield deck and the volute

to contain the shaft.
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The vertical column contains a sodium pool, argon cover gas chamber,

gas shaft seal and other necessary pump components.

All parts of the pumps in contact with sodium are stainless steel
except the bearings and other special parts. Each pump is equipped
with a smaller auxiliary motor connected to a separate power supply to

insure adequate minimum sodium flow in the event of loss of power.

Intermediate Heat Exchangers

The intermediate (Na to Na) heat exchangers are of the vertical shell
and tube type with the primary sodium on the shell side of the heat
exchanger, entering and leaving through two diametrically opposed
horizontal nozzles. Intermediate sodium flows through the tubes. The
shell side contains a free sodium surface covered by argon gas to prevent
oxidation and minimize tube sheet thermal stresses. The argon space

contains a sodium overflow line to accommodate volume surges.

The thermal center of the heat exchanger is located above the center of
the core to provide coolant natural circulation after a complete loss
of power accident. The tube sheets and tube bundle may be removed

from the shell for inspection or maintenance.

Valves

No loop isolation or pump check valves are provided. Loop isolation
valves are omitted as power operation is not contemplated if one pump
becomes inoperative. In this event, the plant would be shut down for
the necessary repairs. By eliminating shut-off valves, system com~

plexity is reduced and plant economics are improved.
Piping

The primary piping is fabricated of ASTM A-358 Type 304 stainless steel.

A wall thickness of 3/8 inch was selected for structural stability even
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though the piping code requires less than 1/4 inch. All primary piping
is enclosed by secondary containment. The purpose of the secondary
containment pipe is to limit the loss of coolant in the event of a
leak. Without a secondary shell surrounding the primary piping, a leak
in the piping could drain the pumps and other sections of the primary
system preventing circulation of sodium to remove decay heat. The
secondary containment material in the reactor plenum is stainless steel
and the rest is 1-1/4 Cr, 1/2 Mo. Leak detectors are located at the

low points of the containment.

Insulation and Heat Tracing

All equipment that contains sodium is heat-traced to prevent sodium
solidification. Selection of an ultimate heating system will be based
on detailed engineering and economic analysis. The sodium piping and

equipment are covered with insulation to minimize heat losses.

Temperatures

Temperature detectors in the hot and cold leg of each loop provide
signals for primary sodium system control during startup, shutdown,
and normal operation. The temperature signals are used by the reactor
control and protection system for control of system temperature and are

recorded in the main control room.

Sodium Level

The reactor vessel is equipped with a sodium level detector. A low or
high sodium level alarm is sent to the reactor control and protection
system to scram the reactor. Sodium level is recorded and alarm indica-

tors are located in the main control room.

Primary Sodium Flow

Flow rates are measured in each primary sodium loop cold leg. A loop

flow signal in any loop actuates an alarm in the main control room.
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The low flow alarm is sent to the reactor control and protection system,
which initiates a low flow scram if flow falls below a predetermined

value.

Cell Structures

The primary system hot cell is a gas-tight structure enclosed by 6 ft.
thick concrete shield walls lined with stainless steel. The floor and
ceiling are also lined with stainless steel. Periscopes and lead glass
windows are provided in the walls and ceiling for viewing critical
operations. Provisions are made to heat the cell walss during refueling

operations to prevent sodium vapor condensation.

A shield door closes off one end of the cell, providing a maintenance
area for the refueling machine. With the door closed, air may be
admitted to the maintenance area. Air leakage to the rest of the cell
is prevented by introducing inert gas between two sets of door seals

at a pressure slightly higher than that in either cell area. Normally,
this maintenance area will be used only when the reactor spent fuel
storage pool plugs and the reactor top plug are in the place in order to
protect the sodium from possible air leakage. Maintenance inside the
hot cell will be performed by personnel wearing breathing apparatus

and protective clothing. The cell will not be supplied with air except
for major maintenance when the sodium in the reactor vessel and storage

pool must be covered or removed.

Reactor Plug Crane

The reactor plug crane is a remotely controlled bridge crane designed
to 1ift the top plug from the reactor, move it aside for refueling,

and replace it after refueling. Four separate hoists are provided to
1lift the plug; and a bridge drive is provided to move to move the crane

along the rails.
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The control rod drives are lifted integrally with the plug after remote
disconnection of the drive shafts. ZElectric cables connected to the
drives have enough slack to allow the plug to be 1lifted and moved with-

out disconnecting the cables.

The crane hoists are permanently connected to the plug top. During
reactor operation, the crane is parked directly over the reactor.

The lifting cables are rigged through sheaves over to the hoist mechanisms
located on the end of the bridge in the equipment tunnel. The four
separate hoists are driven by variable speed DC motors, with speed
adjustment circuits in the control system that allow the motors to be
driven individually or balanced to function together. Each hoist drum
has two separate drive units connected to the drum by electric clutches.
Power is carried to the hoist and bridge drive through a feed rail in
the ventilation corridor. Circuits are provided for each motor so that
a complete dual drive system is available for the hoists, bridge drive

and clutches.

When replacing the plug, the reactor plug crane is positioned over the
reactor, by driving against fixed stops. Level indicating instruments
are located directly on the plug top and readings can be checked through
a wall periscope. Corrections to level the plug are made by driving the

hoists individually.

Fuel Handling

The reactor is refueled by a remotely controlled refueling machine
operating in the shielded, inert atmosphere cell. The refueling machine
accomplishes all the fuel handling operations, from the introduction of
new fuel assemblies into the cell, to the final loading of the spent
fuel into the transfer cask. In addition to handling fuel, the refuel-
ing machine alsoc removes and replaces reflector elements and control
rods. All core components except control rods have lifting fixtures

identical to the fuel.
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The refueling machine is a remotely controlled rectilinear crane that
carries a verticay telescoping mast. Fuel assemblies and control
assemblies are transported between the reactor, storage pool, entry and
discharge ports with this machine. Inert gas cooling with backup is

provided for spent fuel elements during transfer.

The bridge and trolley are driven by variable speed drive units powered
and controlled from supply lines and control leads hung in festoons along
the cell wall. The mast of the machine is made in telescoping sections
with provision to prevent rotation. A gripper for engaging and lifting
core components is attached to the bottom of the mast. In addition to
the lifting function, the mast must be capable of exerting a downward
force of at least 200 1lbs. in order to unlatch the fuel assembly from

the support structure. The gripper mechanism is actuated with a pneumatic
(nitrogen) cylinder located well above the sodium level. The gripper is
designed so that it remains closed (latched) unless the pneumatic system
is pressurized; even then 1t is not possible to open it if a weight

exceeding 200 pounds is hanging from it.

The method of powering all refueling machine motions is through use of
pneumatic (nitrogen) piston type motors and pneumatic cylinders. All
control systems and valves are located outside the cell. Reliability,
simplicity and environment were the major factors in selecting this
type of power unit. Electric motors would require complex cooling

systems to operate in the cell atmosphere.

Cables or auxiliary power drives are provided to move the refueling
machine and unload the fuel into the storage pool in the event of a
failure of the normal motive equipment. Spent core assemblies are
cooled during transfer by nitrogen gas flow through the mast assembly

supplied from a hose trailed behind the machine.

Two cooling systems are provided with separate gas supplies. Auto-

matic controls switch from one system to the other in the event of a
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system feilure. The forced cooling system must operate continuocusly
during a spent core assembly transfer. The design provides a method
of checking the cooling system immediately after a fuel element is

withdrawn from the sodium. If cooling gas is lost during a transfer,

a fuel element could reach the boiling point of sodium in five minutes.

The refueling maechine is positioned at the desired location by align-

ing position markers attached to the machine with markers on the crane
and trolley rails by means of optical equipment. An alternate system
would use an electronic positioning system. Proper location is deter-
mined with an electrical position repeat-back system on both bridge

and trolley which indicates the position of the vertical mast in relation
to a fixed grid pattern. The electronic position indication system would
be backed up with the visual system described. The design parameters

for the refueling machine are presented in Table IIT.1-1.

Table III.1-1

Refueling Machine Design Parameters

Minimum 1ift capacity 1000 1b.

Nitrogen cooling flow 3000 #/hr at 200°F

Decay heat of hottest fuel assembly 54 kw

Meximum bridge travel speed 20

Maximum trolley travel speed 5 ft/min

Maximum vertical mast speed 20 ft/min

Positioning accuracy, linear i_l/32 in. (mast extended)

Spent Fuel Storage

Spent fuel assemblies and control rods are stored in a sodium-filled
tank located below the cell floor. Ports extend through a top cover
plate and shield down into a tank in which sodium coolant is circulated.

This provides storage space for more than a full core load of fuel and
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blanket assemblies. Because sodium is used as the coolant, the storage
pit can also be utilized for storing partially spent fuel during main-
tenance operations. The heat rejection system and heat capacity of the

spent fuel storage pit are also used to remove decay heat from the reactor.

The shield plate and the height of sodium above the fuel provides suf-
ficient gamma shielding in case the hot cell must be entered for main-
tenance. The storage pool sodium is isolated from the cell atmosphere
by seel plugs placed by the manipulator or refueling machine into the
top guide sleeves of each storage position. An inert cover gas blanket
is maintained under the top plate at a pressure slightly below that in
the refueling cell. This helps prevent contamination of the cell by
fission gases released by the stored fuel. Decay heat is removed by
circulsting the sodium through an intermediate sodium-NaK heat exchange

to maintain a temperature of 300°F.

Cover Gas System

The cover gas systems serve the general function of providing a protec-
tive inert atmosphere for the sodium coolant. In addition, the cover
gas is used as a collection mechanism for fission product gases

(released from the vented fuel), for pressure control, and for continuous
purging of the control rod drive mechanisms. There are two argon cover
gas systems used to carry out these functions. One of these is the

cover gas supply system and the other is the cover gas purification

system.

The cover gas supply system maintains an inert gas blanket in the
reactor and in all piping, vessels, or equipment where a free surface
of sodium exists. The system is designed to maintain the constant gas
pressures required in the reactor, primary system, and the primary
drain tank. Argon is also utilized as the displacement gas during

draining, filling and transferring sodium.
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The cover gas purification system serves to remove gaseous fission
products (released from vented fuel) from the argon cover gas from
primary system components. The gaseous fission products released to
the cover gas are assumed to be xenon and krypton isotopes as existing
data indicates that the halogen fission gases released from the fuel
react chemically with the coolant. The system is designed to handle

the full flow of the reactor and the fuel storage cover gas volumes
(where the fission gases are expected to concentrate) and also bleed
flow from other primary system component cover gas volumes where fission

gases that become entrained in the sodium coolant may be released.

Nitrogen System

The purpose of the nitrogen system is to maintain an inert atmosphere

in the hot cell, primary pump and pipe cells, heat exchanger cell, and
maintenance cell to minimize the possibility of a fire with radioactive
sodium. The system is also used to blanket areas where an inert atmos-
phere is desirable, such as the sodium melt stations and cyclone separa-
tors connected to the rupture disc from the steam generators. It also
backs up compressed air systems for pneumatic tools and instruments.

In addition to its use for an inert atmosphere, the nitrogen is also

used for cooling purposes.

Summary

A brief summary of the reactor mechanical design data 1s presented in

Table III.1-2.
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Table III.1-2

Reactor Mechanical Design Data

Reactor Size

Diameter 1L £t
Active Core Height 6.25 ft
Assembly Length 11 ft

Module Size

Height 8.5 ft
Diameter (across flats) L,5 £t

Core Modules

Number of modules T
Number of fuel assemblies/module 36
Number of blanket assemblies/module L8
Number of reflector assemblies/module 18
Number of control assemblies/module T

Ceramic Fuel Rods

Total fuel height, inches T2.0

Pellet diameter, inches 0.268

Clad thickness, inches 0.010

Clad outside diameter, inches 0.300

Fuel material (U,PU) C {mod.)
Thermal bond material Na

Clad material 316 L S.S.

Axial Blanket Rods (Integral with Fuel Rods)

Blanket length each end, inches 12.0
Blanket material uc

Fuel Assemblies

Type of rod array triangular
Fuel rod pitch, inches 0.k426

Type of can hexagonal
Can width across flats, inches 5.104
Carbide fuel rods per assembly 120

Cermet fuel rods per assembly 1

Fuel assembly length (approximate) inches 132
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ITI.1.3

Description of Performance and Conditions

The thermal design of the Westinghouse-AEC 1000 MWe FBR Modular core
has been revised to increase the power density to more nearly optimize
the fuel cycle cost for private ownership of fuel, 10% annual charge,
and commercial acceptability (see fuel cycle costs in Section III.1l.5).
The power density was increased by reducing the sodium outlet tempera-
ture from 12OO°F(1) to 1100°F which is still high enough to obtain
steam temperatures between 950 and 1000°F. The increased power density
raised the total thermal power rating of the seven modules from 2500
MWt(l) to 3255 MWt 465 MWt output per module for an equilibrium core
including cermet fuel and blanket. This increase in total power reduced
the fuel inventory per unit of power. The lower sodium temperature
reduces the requirements of the IHX and steam generator materials.
Concurrently, the pump size is reduced, the cost of heat exchange
apparatus is decreased, and the reliability of the fuel cladding is

increased. The resultant Large Fast Breeder Reactor plant rating

would be approximately 1250 MWe.

The reduction in coolant outlet temperature, while permitting a 30%
increase in the specific power density, kw/kg of fissile material,

allows & reduction in the clad surface hot spot temperature from approxi-
mately 1L400°F to 1310°F, with a simultaneous increase in the reactor
coolant temperature rise from 220°F to 250°F. The fuel rod average

and maximum linear powers are 15.6 kw/ft and 33.6 kw/ft, respectively.
The core average fuel temperature is approximately 1300°F, whereas

the maximum fuel centerline temperature is 2230°F. The thermal calcu-
lations are based upon an average carbide fuel thermal conductivity at
operating conditions of 10.0 Btu/hr-ft-°F. The core pressure drop is

approximately 80 psi.

A summary of the steady state thermal and hydraulic characteristics
for the reference Westinghouse Large Fast Breeder Reactor Modular core

incorporating the bundle controlled expansion (BCEX) concept is presented
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in Table III.1-3.

Data for cermet rods with a 0.360 inch diameter and

with a volumetric heating ratioc of 0.30 are used in this summary.

Table ITI.1-3

Summary of Steady State Performance Characteristics for

the Westinghouse BCEX Large High Power Density Carbide Core

I. Rating

A.

Reactor

Total thermal power (equilibrium core)
Estimated electrical output

Total primary system flow rate

Total Thermal Power per Module (Equilibrium

Core), MWt
1. After refueling

a) Carbide fuel rods
b) Cermet rods (Q=0.30, 0.D.=0.360 in.)
¢) Blanket

2. Before refueling
a) Carbide fuel rods
b) Cermet rods (Q=0.30, 0.D.=0.360 in.)
c) Blanket

Power density (core after refueling), kw/liter
Specific power (after refueling), kw/kg metal
Average fuel linear power (after refueling), kw/ft
Maximum fuel linear power (after refueling), kw/ft
Refueling period

Average carbide fuel burnup

Peak carbide fuel burnup
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~ 115

15.6
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Conditions (after refueling)

A. Temperatures at rated power

Core and blanket coolant inlet 850°F
Mixed mean outlet 1100°F
Average channel outlet 1113°F
Hot channel outlet 1277°F

Carbide fuel rod (100% mixing with cermet coolant)

a) Maximum clad surface 1310°F

b) Maximum fuel centerline 2230°F

Cermet rod (@=0.30, 0.D.=0.360 in.)

a) Maximum clad surface 1235°F
b) Maximum fuel centerline 1785°F
c) Maximum fuel average 1490°F

B. Hydraulics (per module) at rated power

Total core flow rate (per module) 18.9 x lO6
Bypass flow 5%
Effective core flow rate (per module) 18.0 x lO6
Flow area in core of module 2.99 ft2
Core average mass velocity 6.02 x 106 lb/hr—ft2
Core 6rificing (held constant through life)
&) Zone 1 1.14
b) Zone 2 1.00
c) Zone 3 0.9533
Core zone average mass velocity (held constant
(throughout life)
a) Zone 1 6.85 x 10 1b/hr-£t°
b) Zone 2 6.02 x lO6 lb/hr—ft2
c) Zone 3 5.73 x 10° 1b/hr-ft°
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Core coolant pressure drop - 80 psia

Core coolant velocities - normal channel average

a) Zone 1 37.3 ft/sec.

b) Zone 2 32.7 ft/sec.

c) Zone 3 31.1 ft/sec.
Loss coefficient per grid 0.3
Core flow channel equivalent diameter 0.0291h4 ft
Total blanket flow per module average 2.23 x 106 1b/hr

Blanket orificing (held constant through life)

a) Inner row 1.25

b) Outer row 0.825

III. Hot Channel Factors

A. Engineering

Heat flux Fi 1.04
Enthelpy rise FAg 1.15
E
Heat transfer FAT 2.00
B. Power peaking factor
Core 1.1k
Radial blanket 1.00
C. DNuclear (max. to ave.)
Core Radial Blanket
Time Radial Axial Radial Axial
Beginning-of-life 1.33 1.36 2.83 1.36
33,333 MWD/T 1.27 1.345 1.8 1.345
66,667 MWD/T 1.215 1.33 1.52 1.33
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IV. Design

A. Module
Number of modules per core T
Number of fuel assemblies per module 36
Number of blanket assemblies per module 51
Number of control rod assemblies per module 7
Equivalent module core radius 16.5 inches (41.89 cm)
Active core height 75.5 inches

B. TFuel assembly

Shape hexagonal
Carbide fuel rods per fuel assembly 120

Cermet rods per fuel assembly T

Fuel rod array triangular
Axial distance between grids 9.0 inches
Number of core grids 8

C. Carbide fuel rod

Type vented
Active fuel length T2.0 inches
Fuel pellet diameter 0.268"
Fuel clad I.D. 0.280"
Fuel clad 0.D. 0.300"
Fuel material (Pu-U)C
Clad material 316 L 8.s.
Type of fuel-clad bond sodium
Fuel rod pitch/diameter ratio 1.4k2
Total number of rods per module 4320
Percent of theoreticael density of fuel 92

D. Cermet rod

Active length T5.55 in.
Cermet material (Pu-U)O2 - 316 s8s
Total cermet rods/module 252
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Percent of theoretical density (Pu—U)O2 85
Theoretical density of 316 SS 8.0 g/cc
Theoretical density of (Pu—U)O2 11.05 g/cc
Cermet rod size
Rod 0.D. 0.360 in.
Cermet rod diameter 0.340 in.
Cermet clad I.D. 0.340 in.
Clad thickness 0.010 in.

Volume percents in core

1. v/o based on cross-section area of a fuel assembly

Fuel 29.84%
Steel 13.34%
Sodium 56.82%

2. v/o based on cross-sectional area of a fuel assembly

and corrected for axial gaps (steel and sodium) in fuel stack

Puel 28.46%
Steel 13.96%
Sodium 57.58%

3. v/o based on cross-sectional area of a fuel assembly
and corrected for axiel gaps in fuel stock and the one

control rod assembly (steel and sodium)

Fuel 27.69%
Steel 13.78%
Sodium 58.53%

Radial blanket assembly

Shape of fuel assembly hexagonal
Number of fuel assemblies 357

Rods per fuel assembly 91

Fuel rod array triangle

Fuel material UO2 (depleted)
Clad material 316 L 88
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Active blanket length 87.6 inch

Fuel pellet diameter 0.420 inch
Type of fuel-clad bond gas
Clad
a) I.D. 0.424 inch
b) Thickness 0.020 inch
c) 0.D. 0.46k4 inch
Fuel rod pitch, inch 0.496 inch
Fuel rod pitch/diameter ratio 1.07
Total heat transfer area 27,650 ft2

G. Volume percents in radial blanket (where radial blanket is

defined as encompassing a length of 87.6 inches)

1. v/o based on cross-sectional area of a blanket assembly

Fuel 54.59%
Steel 17.98%
Gas bond 1.05%
Sodium 26.38%

2. v/o based on cross-sectional area of a blanket assembly

and homogenizing 3 control rod assemblies over the 2 rows

of blanket

Fuel 51.56%
Steel 16.98%
Gas bond 0.99%

Sodium 30.47%

H. Volume percents in axial blankets - v/o based on cross-
sectional area of a blanket assembly and corrected for axial

gaps (steel and sodium in blanket stack)

Puel 29.84%
Sodium 58.82%
Structure and clad 13.34%

I1T.33



Heat transfer data
2036 ££°

6 2
1.46 x 10 Btu/hr-ft
0.677 x 106 Btu/hr-ft2
11.0 Btu/hr-rt-°F
10.0 Btu/hr-ft-°F
1.6 Btu/hr-rt-°F

Total core heat transfer area per module
Core maximum heat flux

Core average heat flux

Thermal conductivity of clad

Thermal conductivity of core fuel
Thermal conductivity of blanket fuel

Fuel-clad heat transfer coefficient in

core assembly 72,000 Btu/hr—ft2—°F

Fuel-clad heat transfer coefficient in

blanket assembly 1,000 Btu/hr—ft2—°F

Cermet-clad interface heat transfer coefficient 100,000 Btu/hr—ftg—OF

Axial blanket (upper and lower)

Thickness (upper and lower) 12.0 inches
Number of grids in lower blanket 1

Fuel material UC (depleted)
Rods per assembly 120

Clad 0.D.
Clad I.D.

Fuel

Material

0.300 inches
0.280 inches

(Pu-U)C

Maximum atom fraction burnup - 0.12 atoms fissioned/atoms heavy metal

Average atom fraction burnup - 0.10 atoms fissioned/atoms heavy metal

New fuel enrichment

III.3k

16.26 a/o

Pu-239 + Pu-24l



III.1.4 Reactor Safety Considerations

A prime objective of the design efforts on the Westinghouse Large Modular
Fast Breeder Reactor system is that '"it must be safe'". This reactor
system incorporates many design and safety features that enhance safe
operation. The following summary of some of the inherent safety features
of the Westinghouse-AEC 1000 MWe core which are also applicable to the
Westinghouse Large FBR Modular core was given in reference (1): "Safety
considerations motivated a) a modular core, which provides neutronics
similar to a small reactor in a reactor of large size, b) a negative
Doppler coefficient, c) a controlled expansion fuel assembly which
provides an inherent negative reactivity coefficient by fuel motion,

d) fuel rod separation into multiple compartments to minimize the

effect of fuel movement, e) sodium bonding to maintain low fuel tem-
perature and thus inhibit fuel motion by preferential diffusion, f) a
loss of reactivity upon complete loss of sodium and a sodium void
reactivity effect of less than a dollar under the worst possible condi-
tions, g) a design to encourage the fast fission of U-238 so as to
increase the overall delayed neutron fraction, h) a coupling between
modules which will decrease the positive effect of reactivity added
inadvertently to a single module and thus partially compensate for the
small delayed neutron fraction and the short fast neutron lifetime, and
i) moderation of radial blanket neutrons which provide increased low
energy fissions, and some of the benefits of the slow-fast reactor

concept."

An additional inherent safety feature, which has not been incorporated
into any of the transient analyses, is a negative feedback contribution
to the power coefficient from the radial structural thermal expansion
of the core. A brief summary of some of the many additional design
features which have been incorporated into the Westinghouse Large Fast

Breeder Reactor system to meet the safety objective follows.
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Each of the seven module has a safety rod in the center. The seven

of these together are worth 2% of the total reactor. Each module also
has six identical peripheral control rods - three of which are used as
safety rods and three as regulating rods. All 21 peripheral safety

rods from the seven modules together are worth 2.45% to the total reactor,
and all 21 peripheral control rods together are worth 2.45% to the

total reactor. This provides a total shutdown margin in excess of 3%
cold, and sufficient operating reactivity to permit annual refueling.
One rod drive power supply is provided for each module, which is capable
of activating only cne rod at a time. Thus the maximum number of rods,
one rod in each module, which can be simultaneously actuated is seven.
All rods can be scrammed simultaneously with a release time of 200

milliseconds (similar to Fermi and EBR-II).

Positive reactivity due to partial voiding of sodium, although highly
unlikely in the modular core concept, can be controlled by rod scram
action. The time between initiation of a power excursion and the begin-
ning of sodium boiling is sufficient to permit the insertion of fast
acting control rods. Further investigations on core voiding must be
made to fully understand the interaction and time dependency of not

only Doppler and sodium temperature coefficients, but also the dynamic
behavior of sodium under abnormal conditions of boiling, two-phase

flow, expulsion and voiding.

The reactor vessel is doubled-walled so that leaks in the reactor
vessel cannot drain the core and leave it without natural cirulcation
cooling. The inlet and outlet nozzles to the reactor vessel are
located above the core, so that leaks anywhere in the primary system
cannot siphon the core dry. The primary piping is of double wall con-
struction with sodium leak detectors located at the low points of the

containment.

Blanket assemblies have smaller lower nozzles than fuel assemblies, so
that fuel assemblies cannot inadvertently be inserted into blanket

positions.
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The shield plug is equipped with two feet of energy absorbing material
on the lower face to partially absorb the high energy release in the
event of the core meltdown accident. In addition, strong hold down
latches are located at the top of the plug to prevent the plug from

becoming a missile.

The reactor protection system is designed to detect potentially unsafe
trends and conditions and initiate corrective action. The reactor will
scram automatically when an unsafe condition develops. The functions
connected with the primary system which will automatically scram the
reactor are listed in Table III.1-4. Shutdown capability is provided
by control rods that are spring assisted into the core. The reactivity

shutdown margin is greater than 3.0% for the core with sodium.

A safety margin is provided by placing the reactor and its entire primary
coolant system in reinforced concrete cells, which are backed-up by a
low-leakage steel containment shell. The two containment barriers will
be designed to withstand conditions more severe than any that are
expected to occur. The structural integrity of both containment barriers,
reactor vessel and piping will be provided by conforming to all appli-
cable design and structural codes, laws and regulations of the appro-

priate regulating bodies.

The primary system coolant pumps are equipped with flywheels attached
to the rotor shaft of the drive motor. This provides inertia to the
system to obtain a pump coastdown characteristic giving 60% of full

flow after five seconds.

A coolant loss due to primary system rupture would, by itself, cause
no increase in pressure within the containment barriers as the reactor
operates near atmospheric pressure, 15 psig, with temperatures at least
500°F below the boiling temperature of sodium at atmospheric pressures.
Mechanisms that could increase the temperatures and pressures within

the containment barriers are: (1) a nuclear power excursion giving a
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Table ITT.1-b

List of Primary System Abnormalities Causing Scram and/or Alarm

1. Source flux level low, (A)

2. Log count-rate level high

3. Log count-rate period short or detector voltage low, (B)

4., Log N - period short or detector voltage low, (B)

5. Power range above fixed level or detector voltage low, (B)

6. Any control rod unlatched

7. Any control rod not "Full Down" (A)

8. Reactor inlet coolant flow low or rate of flow change high

9. Reactor outlet coolant temperature high or rate of change high

10. Primary pump power interruption

11. Primary system coolant level low

12. Reactor cover gas pressure high

13. Cell isolation trip (access open)

14. Manual scram

15. Reactor "noise" due to boiling or voiding in a single fuel subassembly

16. Mismatched sodium outlet temperature from the various assemblies

Notes:

(A) Effective only prior to reactor operation; bypass when control

power is available.

(B) During startup, any two out of three channels will cause scram

and alarm.
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rapid release of energy, and (2) a chemical reaction of sodium with

alr or water vapor. The effect of a chemical reaction between sodium
and air within the concrete cells is minimized by maintaining an inert
atmosphere, nitrogen, within these cells. The mechanical design of the
concrete cells provide protection in the improbable event of a nuclear

power excursion.

Many potential accidents have been studied for this reactor system.
The results of all these accident analyses have indicated that a fast
breeder reactor designed with mixed uranium-plutonium carbide fuel in
a multiple modular geometric array possesses inherently safe operating

characteristics.

Reference T reports the results of investigations on an isolated module
of several postulated accidents representative of the more severe dis-
turbances to which the reactor system could be subjected. Reference 8
reports the results of the transient behavior of two modules neutronically
coupled. The results of all these investigations indicated inherent
stability of the reference reactor core. For the most severe accidents
postulated in reference 7, the results indicated that the behavior of

the reactor would not imperil the public or the operating staff, nor

even result in economically severe damage to the plant. The most severe
accident analyzed was flow blockage to one fuel assembly. This is severe
becuase of the difficulty in detecting such a small perturbation in the
coolant flow until severe damage has been done to that one assembly.

Even this case would not result in damage to the remainder of the core
unless a large fraction of the safety rods refused to move in response

to reactor over-power, over-temperature, neutron level and neutron

period scram signals; a very improbable event.

Reference 7 concluded for this Large Modular Fast Breeder Reactor system
that "It would appear from the results of these analyses ...... .o

that the particular core concept chosen may be overly conservative.
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ITI.1.5

Future cores could be considered having less strongly pronounced safety
advantages; liberalized in terms of higher specific powers and internal
breeding ratios and lower neutron leakage, inventory requirements,

doubling times, and overall fuel cycle costs."

Fuel Cycle Costs

As previously mentioned, the Westinghouse-AEC 1000 MWE FBR core(l) con-

ditions were revised as described in reference (2) because of economic

considerations.

The fuel cycle analyses on the Westinghouse Large Fast Breeder Reactor
modular core have been placed on a more realistic basis than was directed
by the USAEC during the four conceptual design studies(l’g’lo’ll). For
example, a 10% annual charge was assumed to apply on all working capital
and inventory charges rather than the 4-3/L4% directed by the Commission
in 1963. Further, estimates on the plutonium value have been carefully
developed as a function of the commercial and technical status of the
industry(l2).

The fuel cycle costs for the Westinghouse Large Fast Breeder Reactor
using private ownership of fuel and commercial utility practice are
given in Table III.1-5. The fuel cycle cost for the design reported in
reference (1) and normalized by the Argonne National Laboratory(lB) is
given in the first column. The fuel cycle cost for this same design

(14)

column. The fuel cycle costs for the reference Westinghouse Large Fast

using typical commercial utility practice is given in the second

Breeder Regctor modular core design are given in the third column. The
reduction in the plutonium credit, which was found to decrease by about
20%, reflects a reassessment of the breeding gain using more sophisti-

cated analytical tools.

This shifting to commercial utility groundrules places strong emphasis
upon obtaining higher specific power and results in the technical changes

to the thermal design noted in reference (2). The more realistic
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Table III.1-5

Westinghouse Large FBR Modular Core Fuel Cycle Costs

Based on Oyster Creek Method(lu)

1000 Mie W-AEC Design'l)

Westinghouse
ANL(13) Using Large M9dular
. . . FBR Design
Normalization Typical (Updated Physics)
(AEC Fuel Utility (o) pdated rhyslcs
Ownership) practice
Working Capital 0.39(4>8) 0.88(c>dsT) 0.53-0.63(¢>ds%)
Fabrication 0.40 0.31 0.2-0.3
Processing 0.21 0.27(e) 0.25—0.28(6)
Py creait(® (0.39) (0.60)(a) (o.us_o.5)<b)
0.61 0.86 0.53-0.71

Based on a breeding ratio of 1.57 as reported in WCAP-3251-1.

Latest revised physics calculations.

c¢. Fuel, including bred material, fabrication and processing @ 10.4%/yr.

d. Pu @ $10/gm (fissile) as nitrate.

e. Includes processing @ $21,150/day and NFS processing rates, shipping

and reprocessing losses @ 1%.

f. Capacity factor @ 88%, typical of first fifteen years operation in

(1k)

Oyster Creek Plant analysis
g. Use charge of 4.75%/yr.
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appraisal under commercial ground rules has led to a factor of 2 or 3
increase in the fuel cycle cost, for the same design, over that reported

in reference (1) using AEC ground rules.
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IT11.2.1

III.2.2

BCEX Concept and Its Problem Areas

Introduction

This section describes the BCEX concept and discusses the many aspects
of the BCEX concept, with emphasis on the possible problem areas rele-

vant to its application in a fast reactor core.

A general description of the BCEX concept and problem areas follows.
The more specific details of this concept and its problem areas are

discussed and investigated in subsequent sections of this report.

General Concept Description

A predictable structural expansion characteristic of a nuclear reactor
core, which will provide a rapid, inherent, negative temperature coef-
ficient, is highly desirable to enhance safe reactor operation. Such

an expansion capability could contribute significantly in terminating
power excursions. Although core structural expansion can be accomplished
in several different ways, unfortunately, most of them are presently

either quite unpredictable and/or extremely complicated.

Recently, two controlled structural expansion concepts, which will pro-
vide a predictable, core axial, structural expansion behavior, have
received attention in reactor design. The first of these, the bundle
controlled expansion (BCEX) fuel assembly, is the subject of the investi-
gation described in this report. A brief study of the dynamic perform-
ance characteristics of a second concept, fuel rod clad controlled

expansion (CCEX), is also performed.

The BCEX concept, which is illustrated in Figure III.2-1, takes advan-
tage of the rapid, predictable, coefficient of thermal expansion of a
central cermet fuel structure to obtain a rapid and significant separation
of the half-length fuel bundles which are attached to the ends of this
central cermet fuel structure. This significant separation or response

is achieved because the cermet structure will operate at a higher tem-
perature level (with resultant greater AT's during power excursions)

than a non-fueled structural material (i.e., stainless steel) because of
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the much greater internal heat generation rate of the cermet fuel
structure. Rapid response is also achieved because of the instantaneous
internal, fission heat generation in the cermet rods. Controlled bowing
of the fuel assembly, which can result in a decrease in reactivity for
increases in temperatures, is another possible advantage of the BCEX

concept.

In the second concept, CCEX, the fuel assembly would be designed so
that the fuel would move axially with its clad due to compartmentation,
thus providing an inherent negative reactivity effect. In both concept

investigations, no account is taken of fuel material thermal expansion.

The BCEX assembly is & modification of a ceramic fuel assembly. Each
fuel rod is manufactured as two separate half rods, rather than as one
single full-core length rod. The upper half rods are assembled by
brazing into an upper bundle, and the lower half rods into a lower bundle.
Rods are missing from the center of each bundle. An array of full-length
cermet rods is inserted through the two fuel bundles. The two fuel
bundles are then attached to the outer ends of the cermet rods by end

fittings.

Thus, the two fuel bundles are in series, and are attached only at the
ends of the cermet array. This entire assembly is then hung from the
top of the assembly can with the lower end left free to expand and con-
tract. Thus, during reactor power operation, the cermet rods are
always 1in compression because the drag forces due to coolant up-flow
exceed the gravity forces on the bundle. Resilient stabilizers center

the bundle in the can.

The cermet rods expand and contract with power or temperature changes.
The fuel content of the cermet ensures that the cermet rods will expand
more rapidly with power than the clad around the ceramic fuel. Therefore,

an increase in power, which causes the cermet rods to expand, results in
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pulling the two ceramic fuel bundles apart at the center. This reduces
the total reactivity of the core in the same way that pulling apart
both halves of a split-table critical reduces reactivity. By this
principle, the BCEX assembly introduces a fast-acting negative reacti-

vity coefficient into the core.

The brazed fuel bundles of the BCEX fuel assembly are restrained to be
parallel to the can at the core top and bottom (i.e., they act as canti-
lever beams). When the bundles bow due to a power gradient across the
bundle, the bowing moves the center ends of the half-length bundles

away from the hot spot. This action results in a negative bowing coef-
ficient. This is the reverse of the behavior of the middle of a bundle
of end-attached, full-length rods, which move toward the hot spot or the

core center.

IITI.2.3 Problem Aress

IIT.2.3.1 General

The bundle controlled expansion, BCEX, fuel assembly is an extremely
sophisticated structure, in which the desired effect - a negative power
coefficient - is the net result of several, complex, interacting, posi-

tive and negative effects, each having a different time response behavior.

It is tempting to point to the cermet structure in the BCEX concept and

say that its structural integrity is the paramount problem. Unfortunately,
the BCEX problems cannot be simplified to this degree. A BCEX element
using "cermet' rods with zero volume fraction of fuel would be structurally
acceptable, but would not provide sufficlent negative reactivity feedback.
As the fuel loading in the cermet is increased from zero, the length of
time during which the cermet will perform satisfactorily as a structural
member in the reactor decreases. Simultaneously, the negative feedback
which it can contribute increases. TIdeally then, it is only necessary

to plot allowable cermet life versus fuel loading; then, from the reguired

life to find the maximum allowable fuel loading. By this procedure, it
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can be determined whether the loading allowed by cermet life provides
sufficient negative feedback. However, the problem cannot be handled

this easily.

There 1s considerable data on the performance of uranium oxide-stainless
steel cermets, but the interpretation of this data, especially for mixed
oxide-stainless steel cermet rods, is not clear. Furthermore, the avail-
able data is usually correlsted by plotting total fissions/cm3 versus

the cermet surface temperature. Whether these are the two most pertinent
variables is questionable. If surface temperature, or any other cermet
temperature, is used, the results are very sensitive to the overall
reactor design and plant operating temperature levels. For example,
using the common correlation, a cermet fuel loading giving adequate life
for a 1050°F reactor outlet temperature may fail when used with a 1150°F
outlet temperature. Similarly, the difference between a uniformly loaded
core and a zone loaded core might dictate success or failure. In addition,
it is not clear that the 300 series stainless steels are the best matrix
materials. Still further, s large portion of the available irradiation
data was cobtained using plate geometries, and the thermal and structural

behavior of plate fuel elements is gquite different from rod type elements.

The net negative reactivity feedback of the BCEX concept is a function of
the differences between the physical and mechanical properties of the
ceramic fuel, its clad, and its bond, and the physical and mechanical
properties of the cermet, its clad, and its bond. The net, negative,
instantaneous feedback is also a function of the reactivity insertion
rate and magnitude, the core geometry, the other power coefficients, the
coolant flow rates, and the initial power and temperature levels. As
previously mentioned, the net negative feedback depends on the ceramic
fuel material and the clad materials. For example, niobium clad on the
ceramic fuel provides a significant (v 30 percent) increase in the net

negative effect.
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The specific problems requiring investigation are described below under
the following headings: Alternates, Cermet Design and Properties, Fuel

Design and Properties, and BCEX Effectiveness.

IIT.2.3.2 Alternates

The expansion of the clad on the cermamic fuel pins of a BCEX fuel
assembly tends to move fuel material toward the axial center of the core
and thereby contribute & positive reactivity. Because this partially
counteracts the negative effect of the cermet rod expansion, it would be
desirable to minimize or eliminate this effect. The reference design
tends to maximize this effect Dbecause the 300 series stainless steel
used as a clad is estimated to have a 10% higher thermal expansion coef-
ficient than the same material used as the matrix for a cermet. The

use of alternate clad material could help to solve this specific problem.
For example, the use of niobium as a clad for the cermaic fuel is a
potentially attractive alternate because its coefficient of thermal
expansion is about one-half that of the 300 series stainless steels, and
its thermal conductivity is appreciably higher. Therefore, it would not
only expand less per degree of temperature, but it would experience a
smaller temperature rise for a given increase in reactor power. Pre-
liminary estimates place the gain in the net negative reactivity effect
at about 30 percent. Detail studies would be required to assess the
over-gll gain, as some reduction in Doppler effect and sodium coefficients
would result from the use of niobium clad. The amount of the change

would depend upon the thickness of the niobium clad.

A second clad alternate is the use of either martensitic or ferritic
stainless steels. These exhibit about 20 percent higher thermal conduc-
tivity and less than two-thirds the thermal expansion of the austenitic
stainless steels. With these materials as clad on the ceramic rods, the
net negative feedback might be increased by 15 to 25 percent. The
fabricability of martensitic or ferritic stainless steels would certainly
be an important consideration in assessing the feasibility of such an

alternate clad material.
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A different fuel bundle design is possible which would more than double
the net negative feedback by making the ceramic clad expansion a nega-
tive effect rather than a positive one. This can be accomplished by
moving the half-length fuel bundle support webs or spiders from the
extremities of the core to the core center. The support spiders would
then be connected to the extremities of the cermet rods by a two-piece
sheath around the cermet rods. While this increases the complexity of
the assembly somewhat, it provides two other advantages in addition to
doubling the negative feedback. This structure moves the upper fuel
bundle support spider from the region of maximum coolant temperature
(at the subassembly outlet) to the region of mean coolant temperature
at the center of the core. The presence of the sheath also permits better
control of the coolant flow around the cermet rods because orificing

could then be more easily accomplished.

Elimination of the clad on the cermet might improve the cermet dynamic
response, However, this was not adopted in this study because of the
possibility of exposing ceramic particles thereby contaminating the
coolant or forming a corrosion cell. Detailed analyses of these various

alternates are not within the scope of this study.

III.2.3.3 Cermet Design and Properties

The cermet rod cluster functions both as a structural member of each
fuel assembly and as a small, low power, fuel subassembly within each
fuel assembly. To perform these two major functions successfully in
the reactor core environment, several design problems must be solved.
These problems are either unique to the BCEX concept, or have signifi-
cantly greater importance in BCEX design than in conventional fuel

assembly design.
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Cermet Structural Integrity

Structural integrity of the cermet rods 1s essential to a successful
BCEX fuel assembly design. The production of a successful fuel bearing
cermet is still an art, and interpretation of the limited available
performance data is correspondingly difficult. There is some evidence
to indicate that a simple correlastion of accumulated fissions per unit
volume versus surface temperature can predict success or failure. This
would appear to be a gross over-simplification even though it seems to
correlate existing data. One expects that low density ceramic particles
surrounded with a high fraction of steel matrix which is undamaged by
recoil fission products would not fail at the same temperature and fis-
sions per unit volume as high density particles and a low fraction of
undamaged steel matrix. For example, one would also expect that a high
temperature rise from surface to center would be more adverse than a low
rise. In addition, rod fuel geometries have significantly different
structural capabilities than plates, annuli, etc. \None of these effects
can be seen in the existing data, possibly because the variations of
these factors have been small between samples from which data is reported.
Furthermore, most of the existing data was acquired from relatively
short time exposures, typically around 2500 hours or less,where a dif-
ferent failure mechanism may apply. Cermet fuel data for BCEX design
for commercial reactor application must be taken over time periods of
the order of 20,000 hours to ensure that creep effects are investigated
and understood. In addition, data for BCEX design requires that the
cermet rods be mechanically loaded during irradiation. In short, the
presently available data in the unclassified literature is quite inadequate;
thus,it does not permit confident design of the cermet structures for

BCEX application.

The following kinds of data are needed as functions of time, temperature,

and neutron irradiation level:
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Short time yield and ultimate strengths;
Short time elongation to failure (ductility);
Low cycle fatigue strength;

Static and dynamic modulus of elasticity;
Creep rupture strength;

Primary and secondary creep rates;

Elongation at rupture by creep;

Impact strengths;

Extent of blistering, cracking, swelling or distortion.

Coolant Flow Balancing

Useful values for the linear heat generation rate in the cermet rods
seem to lie in the range between 1/5 and 1/2 that of the associated
ceramic rods, depending on such factors as reactivity feedback require-
ments, temperature limitations, cermet rod fuel content limitations,
relative diameters of the rods, type of ceramic material, ete. There-
fore, less coolant is required for the cermet rods than for the ceramic
rods of the same diameter. Overcooling of the cermet rods will somewhat
inhibit their response by holding down the total temperature rise seen
by the cermet in response to a power change. (The AT in the rod is not
affected, but the coolant temperature change will be less.) Balancing
of the relative flow rates around cermet and ceramic rods is an impor-

tant engineering problem.

Several alternates have been suggested. Flow guide vanes or fingers
might be provided which would insure rapid and essentially complete
mixing across the entire fuel assembly. This has the disadvantage of

increasing the pressure drop through the assembly.

Special grid assemblies might be designed to increase the pressure drop
along the cermet rods so that the flow along the cermet rods is inhibited

and the temperature rise kept in balance with that around the ceramic rods.
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The pitch of the cermet rods can be reduced, and a flow baffle provided
around the cermet subassembly. In principle, by combining this with
appropriate cermet rod spacers, both the pressure drop and the tempera-

ture rise can be matched to that of the ceramic rods.

The diameter of the cermet pins can be increased, and the pitch adjusted
so that the coolant pressure drop and temperature rise are matched to that
around the ceramic rods. This alters the cermet response {see discus-

sion in Section III.S5).

Heat Generation Rate Versus Diameter

An important design parameter is the average temperature rise in the
cermet. This is discussed under Cermet Effectiveness. A given average
linear heat generation rate in the cermet fuel defines the average cermet
temperature rise. The necessary volumetric heat generation rate must
then be determined. The product of volumetric heat generation rate and
rod diameter squared is directly proportional to linear heat generation
rate. Thus, a trade~off is possible between volumetric heat generation
rate and cermet rod diameter. The volumetric heat generation rate
establishes the volume fraction of ceramic in the cermet for a given
enrichment and also sets the integrated fissions per unit volume which

the cermet will undergo for a given lifetime.

It is desirable to minimize both the volume fraction of ceramic in the
cermet and the integrated fission dose in order to maximize the relia-
bility of the cermet structure. This would lead to low volumetric heat
rates and large rod diameters. However, large cermet rod diameters
have an adverse effect on the kinetic response of the structure, as

the large rod has a large thermal time constant and, therefore, tends
to respond more slowly to a change in power levels. The large rod also
has a lower ngtural frequency for axial vibration. Hence, it has a
greater tendency to lag and then overshoot mechanically than does a

small dismeter rod.
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The previous discussion points out that some compromise diameter and
heat generation rate for the cermet rods must be determined for each

given ceramic fuel design, due to their different thermal properties.

Cermet Internal Time Constant

The time delay between generation of heat in the ceramic particles and
dispersion of the heat through the steel matrix is important. For
ceramic particle sizes of interest in this study, the time constants

for the particles are of the order of a millisecond. Therefore, the
effective time delay will be negligible with respect to realistic inser-

tions of reactivity, which require hundreds of milliseconds or more.

Enrichment

The preferred design for the cermet uses an enrichment level and iso-
tope(s) identical with that in the associated bulk ceramic fuel. This
maintains the relative values of cermet and bulk ceramic fuel properties
constant with time. Fabrication or structural property considerations
might suggest a higher enrichment to achieve a lower volumetric fraction
of ceramic phase in the cermet. Therefore, it would be desirable to have

some freedom in this respect.

From the practical design standpoint, considerable deviation in enrich-
ment is permissible with a relatively small effect on performance. It
is estimated that an increase of 50 percent in enrichment could cause
the relative power in the cermet to decline about 10 percent by end of
life. Taking into account that in a typical fuel equilibrium cycle

only a fraction of the assemblies are at the end of life simultaneously,
with the resultant lowered worth at that time, the effect of the 50 per-
cent increase in cermet enrichment on core reactivity response is pro-

bably of the order of 10 to 15 percent.

Substitution of a different fissile material might be attractive from

the fabrication standpoint. Tor example, enrichment with U-235 instead
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of plutonium could eliminate the need for shielding during fabrication.
This does not appear to be an attractive alternate from the performance
standpoint, because it requires almost one-third more ceramic phase

volume to achieve the same power generation rate.

Cermet-Clad Bond

In the reference design, the cermet rods have metallurgically bonded
clad. An unbonded or gas bonded clad might be used. This has the advan-
tage of reducing the degree of restraint which the clad imposes on the
axial thermal expansion of the cermet. Unbonded or gas bonded clad
reises the cermet temperature for a given power generation rate and,
therefore increases the expansion. There may be a suitable compromise
between bonding, volumetric heat generation rate, and cermet temperature

which would improve performance without shortening the life of the cermet.

A sodium bond could provide the advantage of reducing restraint without
increasing cermet temperature. It is currently Judged that the increased

fabrication cost and design complexity would out weight this advantage.

Cermet Lateral Support

As the cermet rod subassembly is a long slender column, it could buckle
under relatively small compressive axial loads unless it has lateral
support along its length. During steady state full power operation,
this could be a problem as the lower bundle, which is free to move,

is 1ifted by the coolant flow, putting the cermet structure in compres-
sion. However, any compressive loads will be smell and only a minimum
of lateral support will be required. During low flow operation and
during power excursions, gravity forces may exceed the drag forces and

the cermet structure may then be loaded in tension.

It is not practical to support the cermet structure from the assembly
can well. Therefore, it is necessary to depend upon the ceramic fuel

bundles, which in turn are supported by the can wall, for lateral supiort

III.55



IIT.2.3.4

of the cermet structure in the reference design. This will require
investigation of the performance of rubbing straps under reactor
conditions to insure that sufficient lateral support can be achieved

without galling, fretting, or welding.

Cermet Structure Geometry

The geometry of the cermet structure must be investigated to establish
the optimum number of rods, size of rods, and their relative position

with respect to each other and to the ceramic fuel rods.

Fuel Design and Properties

In subsequent sections, the performance behavior of an oxide and carbide
fueled core utilizing the controlled expansion concept will be investi-
gated and compered. The greater time constant of the oxide fuel is
significant. Because of this, it is presumed that the clad on the oxide
fuel rod will have a slower response, and its inward expansion will be
slower, thereby increasing the BCEX effectiveness during the early stages

of an excursion.

In this study, the ceramic fuel is assumed to be divided into compart-
ments so that the fuel will move with the cladding. Clad such as 316
stainless steel, whose expansion behavior is well known and predictable,
should provide ceramic fueled cores with a dependable axial expansion
characteristic during transient conditions. Thus, the controlled clad
expansion, CCEX, feature is obtained. This clad expansion of the ceramic
fuel becomes an inward expansion and thereby offsets some of the negative
reactivity obteined from outward axial expansion of the fuel bundles in
the BCEX concept.
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IIT.2.3.5 BCEX Effectiveness

The crucial question to answer in determining whether the cost of
development of BCEX and the fuel cycle cost penalty are justitiable is
the degree of effectiveness or the worth of BCEX in controlling the

dynemic behavior of the reactor.

The desirability of negative power coefficients is well recognized
from the control, stability, and incident termination standpnints.
There is no standard of value nor even a clear definition of the magni-
tude of power or temperature coefficient which is acceptable., In
addition, there is an uncertainty of plus or minus 25 to 50 percent on
the magnitude of the major inherent reactivity coefficient (Doppler).
Thus, there appears to be no definite standard by which BCEX effective-

ness can be evaluated.

In lieu of s standard, certain other questions related to effectiveness
may be asked. From best estimates, based on the available data of the
properties of the cermet, what heat generation rates in the cermet can

be achieved with respect to the heat generation rates in bulk ceramic
fuel? What negative power or temperature coefficients could be achieved?
How much negative reactivity can be generated during a transient? How
much might limitetions on reactivity for control be increased with the use
of BCEX? How much might the positive reactivity which could be inserted
in an incident be increased? How much does BCEX increase the margin

of safety from gross core damage. What is the relative performance of

BCEX with different bulk ceramic fuels?

The investigation reported in subseqguent sections of this report is an
attempt to quantify some of the information required to judge the

effectiveness of the controlled expansion concept.
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ITI.3

I11.3.1

Thermal & Hydraulic Analyses and Results

General

The Westinghouse - AEC 1000 MWe Fast Breeder Reactor modular core
design, prepared under AEC contract AT (30-1)-3251 and reported in

WCAP—3251—1(1? with an uprated power density and lower operating temp-

eratures as o;tlined in WCAP-2638(2),was selected as the reference
design for the bundle controlled expansion (BCEX) fuel assembly per-
formance analyses performed under this contract. The thermal and hyd-
raulic analyses were performed on one module of this seven module FBR
core. The module equivalent diameter and active fuel height are 2.8 ft.
and 6 ft., respectively. Each of the 36 fuel assemblies contain 127
rods: 120 fuel rods (lower and upper) and 7 full length cermet rods.

All carbide fuel rods are 0.300 inch 0.D. with a triangular pitch on

0.426 inch centers.

The thermal and hydraulic analyses were performed with the Westinghouse
Liquid Metal Cooled Thermal & Hydraulic Design (LMCTHD) Computer Pro-
gram, a steady state thermal and hydraulic design code for sodium
cooled reactors. This code divides the entire length of each coolant
channel into finite increments, and progressively solves for the con-
ditions for each increment of the entire channel. The code can sub-
divide the core (module in this case) into as many as S5 radial zones
and 10 axial increments. The fuel assemblies can be regular (all fuel
rods) or non-regular (part fuel rods and part control rods or crement
fuel rods as in BCEX). Either the actual or a chopped cosine axial

power distribution can be used.

The coolant, clad, and fuel temperatures are calculated for the average
fuel rod. Then, using the specified hot channel factors, axial power
profile, zone to core average radial power ratio (P /P )R

zone, |J core
and the maximum to normal radial power ratio within
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each radisl zone (P /P ), the coolant, clad, and fuel tem-
max. J' zone, ]

peratures in the normal and hot channel are calculated for each zone
at as many as eleven axial locations. The effects of flow orificing
can be analyzed for each zone. If the fuel rods are unvented, the
fission gas volume is calculated for the hot channel in each zone.

The pressure drop through the fuel bundle in each zone is calculated.
The fuel bundle consists of the lower and upper axial blankets, active
core, and the fission gas reservoir length. The number of grids or
brazed ferrule rows 1s calculated from a given spacing. The effect of
the grids or brazed ferrules is incorporated into the core pressure

drop calculations.

The thermodynamic and transport properties of sodium used in the thermal
and hydraulic analyses were taken from the liquid metal survey(3’h’5)

conducted by the Southwest Research Institute.

Design Basis and Ground Rules

The basis for the results presented in Section III.3.3 is outlined below.

As previously mentioned, the Westinghouse Large Fast Breeder Reactor
modular core was selected as the reference design in which to analyze
the performence characteristics of BCEX. The initial design bases and
ground rules for this study are listed in Section II-2. The reference

regctor design and operating conditions are described in Section III-1.

Listed below are some of the design bases that were selected during

this study and employed in the thermal and hydraulic analyses:

1. Hot channel factors

A. Engineering

1. Heat flux, FqE = 1.04
2. Enthelpy rise, FAi = 1.15
3. Heat transfer, FA? = 2.00
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B. Power Peaking

1. Core 1.1h
2. Radial Blanket 1.00

C. Nuclear {overall maximum to average)

Core Core
Radial Axial¥* Radial Axial
Beginning of life 1.33 1.36 2.83  1.36
33,000 MWD/T 1.27 1.345 1.80 1.345
67,000 MWD/T 1.22 1.33 1.52 1.33

¥Control rods fully withdrawn
D. Nuclear (by radial zone, beginning of life)

1. Fuel and cermet

Zone average to core average, Zone 1 = 1,27
1" 1" 1" 1" " Zone 2 = 1.10
1 1" 1" 1" " Zone 3 = 0.8)414'
2. Fuel
Maximum to average in Zone 1 = 1.05
" "o " Zone 2 = 1.10
1 " " " Zone 3 = l lr‘(
3. Cermet
Maximum to average in Zone 1 = 1.01
1" 1" 1" 1" Zone 2 = l 02
1" 1" " " Zone 3 = l 03

Core orificing factors:

Zone 1 = 11L4% flow
Zone 2 = 100% flow
Zone 3 = 0.953% flow

The carbide fuel was assumed to be 92% of theoretical density.

The average thermal conductivity of the 316L stainless steel
clad is 11.0 Btu/hr. ft °F. The clad is 0.010 inches thick
which is sufficient for corrosion, fission fragment recoil

damage, etc.
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5. The average thermal conductivity of the carbide fuel is 10.0
Btu/hr. ft °F. The carbide fuel pellets are thermally bonded
to the clad with sodium. The equivalent heat transfer coef-

ficient at the fuel clad interface is 72,000 Btu/hr—ft2 °F.

6. The clad-cermet fuel interface heat transfer coefficient is
100,000 Btu/hr ft2 °F. This assumes a) a good metallurgical
bond between the cermet and its clad, and b) that defective
areas that would greatly increase temperatures at the clad-

cermet interface are highly improbable.
T. The pressure loss coefficient for grids is 0.3.

8. The coolant by-pass flow (between fuel assemblies, control

rod cooling, etc) is 5% of the total core flow.

9. The value of the thermal conductivity of the cermet fuel as
a function of volume percent fuel, used in the T&H calculation

for this study, is shown in Figure III.3-1.
10. The cermet rods will be clad with 316L stainless steel.

11. The fuel content in the cermet rods is limited to 35 volume
percent. A change in enrichment is required, if more fuel
is required. The cermet fuel will consist of mixed oxide,
so that matched burnup of cermet fuel and ceramic fuel will

be preserved.

12, Compartmentation of the fuel rods is assumed. Thus, the fuel

moves with the clad as the clad expands and contracts.

The convective heat transfer coefficient was calculated by using the

Dwyer-Tu heat transfer correlation for triangular-spaced rod arrays.

III.61



This Dwyer-Tu correlation is:

Nu = 0.93 + 10.81(%) - 2.01 (%)2'O + 0.0252 (%)O'27 (v Pe)o’8
where:

P Rod pitch

D Rod diameter

Pe Peclet number

Nu Nusselt number

Y Dwyer's eddy transport correction

The DNB ratio was checked by using the forced convection burnout heat

(7) (8)

flux correlations of Lowdermilk and Noyes and liquid metal pool

(9) (5)

boiling correlations of Caswell and Balzhiser and Noyes

II1.3.3 Discussion & Results

The results of the thermal & hydraulic analyses are strongly influenced
by the selection of an average linear power of 15.6 KW/ft. as the
basis for the design of the carbide fuel rods. Flow orificing by zones

in the core is assumed.

In this study, an important parameter used in investigating the cermet
fuel performance is its volumetric heating ratio, Q. This is defined
as the ratio of the volumetric heat rate in the cermet fuel to the

volumetric heat rate in the ceramic fuel, or:

Tty
cermet fuel

Q= ql||
ceramic fuel

Figures IIT.3.2 and III.3.3 show the relationships between the volume
fraction, weight fraction, percent of theoretical density, and the

volumetric heating ratio in the cermet fuel. The cermet fuel burnup
relationships are illustrated in Figure III.3-4. The basis for these

relationships are presented in the curves.
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Figure II1I1.3-5 presents the steady state temperature profile for the
carbide fuel rods, based on the actual core heat flux distribution at
100% power. These conditions also assume 100% coolant mixing between
the coclant heated by the fuel and the coolant heated by the cermet
rod within an assembly. This does not assume mixing between the fuel
across an assembly. Figure III.3-6 presents the temperature drops
through the cladding of the carbide fuel at 100% power for the three
radial core zones. Both the hot and average channel temperatures are

shown on these curves.

A summary of the steady state thermal and hydrauvlic data for the ref-
erence Westinghouse Large Fast Breeder Reactor Modular Core incorpor-
ating the bundle controlled expansion (BCEX) concept was presented in

Table II1.1.3 in section III.1l.3.

The variations in the circumferential steady state temperature of
the 0.300 inch 0.D. carbide fuel rods, with a 0.426 inch pitch were
checked with the AXTHRM(IO) code. DNegligible, 3-6°F, temperature

variations were calculated around the periphery of a fuel rod.

Thermal and hydraulic analyses were performed on the cermet rods to
establish their steady state temperatures. Figures ITT.3-T7 thru III.3-12
presents the results of the analyses of the 0.300 inch 0.D. cermet

fuel pins at beginning of life conditions and at 100 percent power.

A chopped cosine power profile was used in these calculations. Figure
III.3-7 illustrates the effect of (1) the fuel coolant mixing frac-
tion into the cermet channel and (2) Q, the volumetric heating ratio#
on the maximum cermet centerline, hot channel coolant outlet, and aver-
age coolant outlet temperatures. Figure IIT1.3-8 shows the effect of

Q only on various parameters at 100 percent mixing. Figures III1.3-9,
I1T1.3-~10, I1I.3-11, and III.3-12 present the steady state hot and aver-
age channel temperature profiles for @ = 0.20, 0.25, 0.30 and 0.40

¥Which is defined as the ratio of the volumetric heating rate in the
cermet fuel to the volumetric heating rate in the ceramic fuel.
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respectively; these profiles assume 100 percent mixing of the cooclant
heated by the cermet rods with the coolant heated by the ceramic fuel
rods. The thermal conductivity which was used for the cermet rod in
these analyses is presented in Figure ITII.3-1. Since 35 volume percent
fuel in the current material was established as a design limit, the
thermal conductivity at this value was used for values of Q which require
8 greater volume percent when equal enrichments in cermet and ceramic
fuels are assumed. For example, for the case of Q = 0.30 (assuming

85 percent of theoretical density for the uo,, particles), 43 volume
percent cermet would be required if equal enrichments were assumed in
the cermet and ceramic fuel. Thus, in order to remain below the design
limit of 35 volume percent, the enrichment in the cermet particles must
be increased to approximately 123 percent of the ceramic fuel enrichment.
(The effect of this difference in enrichments on burnout is studied in
Section III.6.) Thus, because of the design limit at 35 volume percent,
the thermal conductivity at this value was used for the cermet rods for
values of Q which require a greater volume percent (when equal enrich-
ments in cermet and ceramic fuel are assumed). For the cases when the
required volume fraction would be greater than 35 volume percent for

the equal enrichment assumption, it was assumed that cermet fuel enrich-
ment would be increased as required and the fuel content limited to

35 volume percent, to obtain the required amount of heating in the cermet
rod. A design value of 85 percent of theoretical density for the ceramic

fuel in the cermet was assumed for these analyses.

In the previcus discussion, the cermet rods have the same diameter

and pitch as the fuel rods. Unless there is substantial intercoolant
mixing, different heat generation rates in the cermet and fuel rods
will cause the coolant temperature around a fuel rod to differ sharply
from the coolant temperature around a cermet rod. This situation can
be relieved by changing the cermet rod diameter and pitch to adjust
the coolant flow rate around the cermet rods so that each pound of
coolant picks up as much enthalpy around the cermet rods as around

the fuel rods.
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Calculations were performed to determine whether the seven central
cermet rods could be arranged to satisfy the above criterion within
the existing fuel assembly design, that i1s, for a fuel rod diameter
of 0.300 inch and a pitch of 0.426 inch. It was found that each pound
of coolant would pick up the same amount of enthalpy around all the

elements in a fuel assembly with the following approximate cermet

dimensions:
Volumetric heating ratio, Q 0.25 0.30 0.L40
Cermet rod 0.D., in. 0.368 0.360 0.345

pitch of center cermet rod to 0.kh27 0.kho7 0.ha7
other six cermet rods, in.

pitch of six cermet rods to 0.k425 0.k425 0.L25

first ring of fuel rods
Figure ITI1.3-13 gives the calculated cermet rod diameters required
to obtain equal enthalpy pickup for a Q between 0.15 and 0.60.
These analytical results will certainly have to be substantiated by

experimental flow tests.

Figures II1T.3-13 thru IIT,3-17 presents the results of the steady

*
state thermal and hydraulic analyses for the "fat" cermet fuel pins
for the actual core heat flux distribution at beginning of life con-

ditions and 100 percent power.

Figure III.3-13 shows the effect of Q on the average and peak heat
flux, the average linear power, and the peak cermet center temperature.
For the range of volumetric heating ratios presented, the peak clad
outer surface temperatures range from 1230°F to 1245°F, and the peak

cermet surface temperatures range from 1245°F to 1265°F.

Figures IIT.3-14, ITII.3-15, ITI.3-16 and III.3-17 present the "fat"
cermet rod steady state temperature profile for Q = 0.20, 0.25, 0.30
and 0.L40, respectively.

*¥"pat" will be the term used to identify the cermet rods with outside
diameters greater than 0.300 inches.
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The total pressure drop across the core module, including the 12 inch
thick axial blankets, is 80 psi at 100 percent power conditions. This
pressure drop includes orificing to obtain 114 percent rated flow in

the inner six fuel assemblies.

The critical heat flux was checked for the reference core conditions
by using various existing correlations. Using the Noyes(8) correla-
tion for forced convection critical heat flux for sodium, and the
Lowdermilka7) correlation for forced convection critical heat flux
for water, Ehe minimum DNB ratio-based upon a local system pressure

of one atmosphere is greater than 2.0.

(5)

Using Noyes critical heat flux correlations at a local system

pressure of one atmosphere, the DNB ratio for sodium pool boiling is
approximately 1.3. Using Caswell and Balzhiser(g) pool boiling cor-
relation for alkali metal burnout, the DNB ratio is approximately

1.1 at a local system pressure of one atmosphere.

The magnitude of the transverse coolant temperature gradients within
a fuel assembly were calculated for use in the analysis of the ther-
mal bowing phenomenon. To generate the required information, it was
assumed that there would be no transverse coolant mixing within a
fuel assembly. This condition will give the maximum temperature gra-
dient across an assembly, and hence produce the maximum possible ther-~

mal bowing of the assembly can.

Two types of curves were generated. The first type of curve, e.g.
Figure I1I.3-18,is a plot of the temperature of the coolant leaving
a fuel assembly as a function of transverse position (from one can
wall to the other) at the assembly outlet. The second type of curve,
e.g. Figure I11.3-19, is a plot of the difference in coolant temper-
ature across an assembly {can wall-to-can wall) as a function of
axial position along the assembly (from assembly inlet to assembly

outlet). The two types of curves were generated for an assembly in
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each of the three core rings (or zones) and for two conditions:
beginning-of-reactor life, and equilibrium loading (33,333 MWD/T)
power distribution (see Figures ITI.3-18 thru III3- 23). The curves
generated for an assembly in each of the two blanket zones are only
for the 33,333 MWD/T power distribution, because the first core
loading would require a special blanket design. No curves were gen-
erated for an equilibrium discharge (66,666 MWD/T) power distribution
because the coolant temperature gradients would be less at this time
in life due to the flattening of the power profile as the fuel burns

down.

For an assembly in the third zone with a beginning-of-reactor life
power distribution, the maximum temperature difference across a core
assembly is T7°F. For a 33,333 MWD/T power distribution, the maximum
temperature difference across the first row of blanket assemblies is
202°F. The maximum can wall-to-can wall temperature difference across
the second ring of blanket assemblies is 5T7°F, but due to the power
distribution across this ring, the maximum temperature gradient in

the can wall occurs over only part of the assembly (see Figures ITII.3=22

and IIT.3-23).

The burnup-temperature history of the UO2 -316 stainless steel cermet

is plotted in Figure III.3-2L. Two carbide fuel burnups are considered.
These correspond to the anticipated core average and peak burnups of
100,000 and 120,000 MWD/T, respectively. A burnup criterion based on
1964 ORNL(ll) estimates, extrapolated to cermet rod average tempera-
tures, is superimposed on Figure III.3-24. This was done by adding
50°F to the ORNL data, which is basically for plates, to translate the
absc¢issa from peak fuel surface temperature to peak fuel average
temperature. Sufficient data is not presently available to substan-
tiate such a criterion, but is is a logical approach to what is felt

to be conservative data. Justification by theory, and ultimately by

experiments, is certainly required in this area.
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Using the aforementioned design burnup criterion, only the 0.300
inches 0.D. cermet rod with Q = 0.30, and the "fat" rod with Q = 0.25
for 100,000 MWD/MT burnup, remain stable. The other cases investi-

gated exceeded this criterion.
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Mechanical Design and Analysis

Fuel Assembly Description

The entire fuel assembly, shown on Figure III.L-1, consists of three
main subassemblies: (Part 1) the 7T-rod central "cermet" sub-assembly;
(Part 2) identical upper (Part 3) and lower half-length, 120-rod,

fuel bundles or sub-assemblies. The central T-rod cermet sub-assembly
extends through the entire length, from top to bottom rod support
grids, and holds the two half-length fuel bundles or sub-assemblies
together. The fuel sub-assemblies (top and bottom halves) are sep-
arated in the center of the assembly to provide for bundle controlled

expansion (BCEX).

Fach half-length, 120-rod, fuel sub-assembly (Figures III.Lh-2 and
III1.4-3) consists of an array of compartmented fuel-filled rods
spaced by round ferrules and brazed into a single stable structure.
Forty-eight of the fuel rod end plugs (the rods on the outer row and
under the three spokes) extend and are fastened into the end grid.
This 1s most easily accomplished by plug-welding from the end after
the basic cluster is completely assembled and tested. The fuel rod
bundles or clusters are made in processes similar to those employed
for Yankee Cores 1, 2, and 3. The cluster consists of an array of
fuel rods and spacer ferrules brazed into a unit structure. When
installed, the brazed ferrule system supports the inner rods that are

not directly supported from the end grids.

The entire fuel assembly is suspended from the top grid (Part L)

which is attached to the side walls of the can. A heavy rigid fitting
at the top of the can provides a coolant outlet and a fuel handling
grip. The fuel assembly hangs straight down in the can (Part 5). At
zero or partial flow, the weight of the lower fuel sub-assembly is
supported by the cluster of seven central cermet rods. At full flow,
the hydraulic drag forces are greater than the weight of the assembly.
Thus, the fuel assembly is under compressed loading. Figure III.L-1

III .9k
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depicts a scheme for fastening the lower end of the fuel assembly to
the can. A stack of leaf springs center the lower end of the cermet
rod structure in the can, yet offer relatively little resistance to
cermet axial movement. TFor an axial movement of 0.20 inches, approxi-
mately 120 1b. axial force is required; 23,000 psi bending and tensile
stress is induced in the springs, and 12,500 psi in the can. Lateral
support by leaf springs minimizes the possibility of bundle-to-can
rubbing with subsequent welding of the fuel bundle to the can, which

would inhibit proper BCEX performance.

The hexagonal shaped can encloses each fuel assembly to support the
fuel and to provide an autonomous flow channel for efficient orific-
ing. Minimum dis;ortion of the can is desired to maintain adequate
clearances to assure free movement of the lower fuel bundle during
power transients and adequate clearance between assemblies for ease

of refueling. Core pressure drop creates a pressure gradient across
the can, tending to bulge the can panels into contact with adjacent
fuel assembly cans. The maximum pressure difference occurs at the
lower core plate, and decreases lenearly with distance above the lower
core plate. The maximum can wall deflection is less than 0.009 inches.
Can internal heat generation creates negligible strains of around 0.01%,

in the outer fibers of the can.

Figure III.4-1 shows the lower end (Part 6) of the fuel assembly can
inserted into its orificed position in the core support structure.
The core plate (Part 7) is shown to be about 13-1/3 inches thick.
The fuel assembly is inserted and latched into it. The fuel assembly
is located by its position in the core plate and held securely by

latches. Neither top-of-core hold-down nor positioning is required.

1II1.98



III.4.2 Carbide Fuel Rod Description

Each fuel bundle consists of 120, (Pu U) C fuel rods. The carbide
fuel rods (Figure III.L.4) are half-core lengths of about 51 inches,
and are spaced to provide for the "BCEX" (bundle controlled expan-

sion) operation. The rods are vented to the coolant. Consequently,
there is a sodium bond between the fuel pellet and clad. The stack
of active fuel pellets in the fuel rod are divided among compartment

so that the fuel will move with the tube wall.

Three 12-inch columns of fuel (Plutonium-Uranium Carbide) pellets
occupy the center of the core chambers of each half-length fuel rod.
At one end of each half-length rod (top and bottom of core), there

is a 1l2-inch column of depleted UC which acts as the axial breeder
blanket. The chambers are separated by hollow tube discs, with

a 0.40 inch average axial pellet expansion space provided in each
chamber. Tube discs are locked into the tube wall as shown in the
drawing and by brazing. The discs are brazed at the same time as the
fuel assembly spacer ferrules. This process is similar to that used

for Yankee Reactor Cores 1, 2, and 3.

The tube wall is 0.0l-inch thick, Type 316L stainless steel. The

mass transfer of nickel in this clad is discussed in detail in the
Materials Review Section of this report. In this design, the clad
provides for mechanical location of the fuel pellet columns in a
stable core array. Because of the vented rod design, there is no
internal hoop stress on the clad due to fission gas release. Fission
gas released from the fuel will evolve upward through the sodium fil-
led tube, through the hollow tube disc locks, then out of the fuel rod
through the vent hole in the top end plug. In each half rod, only one
vent is provided in the top end plug. Therefore, no cooclant flows

through the fuel rod due to either pressure or thermal gradients.

ITT.99



6 TIONS@ 72.0 -ENRICHED FUEL_SECTION UC 75.55 | KET
os A SECT/ON UC

r’” r%r-—/z,o—-] /2.0 — + l;—/zo——*.m-
.20

00T III

[T S =N [ :g:-t‘—‘?\%“*"}fﬁﬁa‘“

l——-—-so e L—— FUEL E
A

r——JB7TW?
—1 VENT

40
.30
.25 rve VENT
.50 rvR
/02.074
e 10/ ,824
.0/0 CLAD
— CENTRAL FUEL TUBE
OTHERW/SE SAME AS PERIMETER
VENT Nz GAP.006R (NOM.) AN
—+-4 25—
TUBE DISC LOCK /NG
DETAIL
DIMENSIONS ARE AT ORPERATING
SECTION A-A TEMRERATURE

Figure III.4-4  Fuel Rod




IIT.h.3

The fuel pellet is pressed and sintered to 92% of theoretical density
to a nominal size of 0.268 inch diameter. The following allowances
are provided in pellet-to-clad clearance. Pellet swelling at 2%

A V/V per atom % burnup is equal to approximately 20% for 100,000
MWD/ton burnup. One-half of the 20% A V/V is absorbed into the pel-
let porosity; or 8% A V/V clearance is already provided within the
fuel for swelling. An additional allowance of + 0.0025-inch is made
for idameter deviation of pressed and sintered unground pellets.
There is also a *+ 0.0005-inch allowance for the inner diameter of the
tube., No additional clearance is needed for differential pellet-to-

clad thermal expansion since they are of equal magnitude.

Each fuel rod consists of three compartments separated by tube disc
locks, installed progressively as each fuel rod is loaded. The com-
partments are mechanically locked in position by rolling the tube
wall into the circumferential groove in each disc lock. The disc lock
is plated with a brazing material, so that when the assembly is fur-
nace brazed, the disc locks are brazed at the same time, thereby
re-inforcing the mechanical crimp. No insulation disc is needed
between these lock discs and pellet stack as there is internal sodium
bonding to the 1400°F (peak) wall, and because of the relatively cool
(2000°F) pellet center temperature.

Controlled Expansion Feature

The Bundle Controlled Expansion fuel assembly (BCEX) consists of upper
and lower half-length bundles of fuel rods which are gttached to a
central structure of full-length cermet rods. During a rapid increase

in core power level, the cermet rods heat up and separate the two bundles

axially due to differential thermal expansion.
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Because of its inertia, the bundle tends to resist this axial movement.
This resistance to movement causes compressive stresses in the cer-
met rods. These stresses are proportional to the difference in the
unrestrained thermal displacement and the actual or restrained ther-
mal displacement of the fuel bundle. This situation is analogous to

a mass (bundle) on a spring (cermet rods), where the spring end oppo-

site to the mass is given a displacement which varies with time.

The detailed analyses, which are presented in Appendix A, of fuel
assembly response to changes in cermet temperature are divided into
four sections. In the first section the cermet rods are considered
to be representative of an isotropic, elastic continuum with zero
body forces. The assumptions inherent to this model are pointed out.
Further simplifying assumptions are introduced and discussed. The
second section applies appropriate boundary conditions to the con-
tinuum, including the reaction forces in the bundle-to-cermet connec-
tion. The resulting equation is that of the undamped harmonic oscil-
lator. The third section discusses two types of cermet temperature
programs, and the fourth section derives the response of the fuel ass-

embly to these programs.

Analyses were performed on the BCEX fuel assembly to determine its
performance characteristics for both terminated and unterminated
transients. TFigures III.L4-5 thru III.4-10 present the results of

the mechanical dynamic analysis of the BCEX fuel assembly. ZEquations
(A—ll)* and (A—l2)*, solved for the bundle displacement, X; are plot-
ted in Figure ITI.4-5 for three values of characteristic transient
time, wt.w is the natural frequency of the fuel bundle-cermet assembly,
and 1 is the characteristic response time to achieve terminal or
total free cermet rod expansion, YT. The instantaneous, free, cermet
thermal expansion is designated as Y. The amplitude, A, of the BCEX

fuel bundle vibration is shown in dimensionless form. For wt=7n/2,

*®
See Appendix A
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BUNDLE DISPLACEMENT vs. TIME FOR THREE TERMINATED TRANSIENTS
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the bundle does not follow or "track" the free cermet expansion nearly

as well as for wr = 2 . This reduces the effective, anticipated,
negative reactivity cnntribution of the cermet; increases the trans-
*%
ient stress in the cermet rod (o =k 7 /L) 3 and, could intro-
max max
duce some undesirable fluctuations in reactivity, at times greater

than T.

Equation (A—lS)* is plotted in Figure III.L-6 for A/YT versus wt for
a terminated transient. For wt greater than 10, the amplitude of post
transient bundle oscillation is less than 2% of YT, and the bundle
essentially tracks free cermet expansion; the cermet transient stress
is negligible for YT less than 3/4 inches, and post transient reac-
tivity fluctuations due to bundle vibration are small. For w = 430
radians per second and wt = 10, t = 0.023 seconds. Thus, for char-
acteristics times, T (i.e. transient ramp times) greater than 0.023
seconds, the stresses in the cermet rods due to inertia forces, and
the post transient reactivity fluctuations due to bundle vibration,
will be negligible. Since none of the ramp times resulting from the
transient analyses in section III.5 were less than 0.050 seconds, it
can be concluded that inertial stresses in the cermet rods, due to

any of the terminated transients investigated, are negligible.

For the terminated transient case, Figure IIT.4-7 shows the effect

of the number of cermet rods on the characteristic transient time

for the reference fuel assembly design. This is shown for two
values of A/YT, the ratio of the bundle displacement minus the free
cermet expansion to the free cermet expansion. A reduction in the
number of cermet rods per fuel assembly would increase the character-
istic transient time. Figure III.L-T reveals no great reduction in
the characteristic transient time for significant increases in the
number of cermet rods. Furthermore, when the number of cermet rods
is reduced to as few as three per assembly, the characteristic trans-

ient times are well below .050 seconds. Thus, stresses due to inertia

EX)
See nomenclature in Appendix A

* See Appendix A
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forces are still insignificant in the cermet rods for any of the tran-
sients studied in this investigation, for cermet rod assemblies having

three or more rods.

Figure III.4-8 is a more generalized plot of BCEX fuel assembly para-
meters for the terminated transient case. This figure illustrates

the effect on the cermet inertigl forces of such parameters as cer-
met length, cermet sonic velocity, characteristic transient times,
weight of cermet rod bundle, and weight of fuel rod bundle. The
effect of cermet and fuel density and crossectional area can be deter-

mined from this curve.

Figure III,.L4-9 shows the effect of the Elastic Modulué and the speci-
fic weight (density) of the cermet fuel material on the minimum char-
acteristic transient time for the terminated transient case.

From equation (A—l6)*, the disparity between bundle displacement and
free cermet expansion is approximately 2% for wT, = 7 in an unter-
minated transient. 1T, is the characteristic time for the untermina-
ted transient. Thus, for a bundle natural frequency of 430 radians
per second, the characteristic time equals 0.016 seconds for the
unterminated transient. In other words, cermet rod stresses due to
inertia forces will be insignificant for any ramp involving a time of

greater than 0.016 seconds. None of the unterminated transients

studied in section III.5 were this low in value.

System parameters were substituted for w in equation (A—l6)*, and
the resulting Figure III.4-10 is a general parameter plot of the BCEX
fuel assembly characteristics for the unterminated transient case.
These curves illustrate the interrelated effect of such parameters
as cermet length, cermet sonic velocity, transient time, weight of

fuel rod bundle and cermet and fuel density and rod size.

%
See Appendix A
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The effect of restraining forces on bundle controlled expansion

(BCEX) response is also investigated in Appendix A. The fuel rod
bundles are considerably less rigid than the can. If close clearances
are maintained at many points between the can and the bundles, the
bundles will bend to match the can contour. Can to bundle forces
will be generated in the process. The effect of these forces on the
response of the lower bundle to transients was calculated. It was
concluded that the magnitude of these forces must be minimized. This
can be accomplished by supporting the lower rod bundle at only two
places. The bundles are then free to assume their unrestrained cur-
vature, and no restraining forces are generated. In the reference
design, the lower bundle is supported at its lower end from the fuel
assembly can, and at an upper point from the cermet bundle. The upper
rod bundle is completely restrained by the can. An alternate design
was investigated where both upper and lower bundles are supported at

only two points from the can.

In conclusion, in none of the terminated or unterminated transients
studied in section III.5 does the characteristic transient time
approach a value as small as 0.025 seconds. Thus, the reference
fuel assembly design is considered quite adequate from a transient
mechanical design viewpoint for all transients investigated in this
study. In addition, large variances in the values of the cermet
elastic modulus or density will not increase this minimum character-
istic transient time (point at which there is still insignificant
stresses in the cermet rods) to a value as large as any transient

investigated in this study.

Fuel Clad Stresses and Strains

Each carbide fuel rod is vented to the sodium coolant. This eliminates
clad stresses due to coolant or fission gas pressure. Stresses and

strains still arise in the fuel cladding due to:
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a temperature gradients,
b static weight,

(@]

)
)
) flow drag, and
)

[o7]

flow induced vibration.

Appendix C discusses and itemizes the stresses and strains due to
these loadings, and relates them to appropriate failure criteria.
The specific areas vwhich cause stresses and strains in the nuclear

reactor core are investigated in Appendix C.

Restraint to Bundle Bowing

The brazed fuel bundle is subjected to a core radial wvariation in
coolant temperature. The temperature gradient in the lower bundle
is small, and the bundle is allowed to bow freely. The upper bundle
gradient is much greater, and this bundle must be constrained by the
fuel assembly can to remaln straight. This constraint results in
bending strains in the bundle. Near the bundle ends the bending
strain is zero and the ferrules are subjected to shear stresses.
Since the ferrule shear area is 4 to 5 times the clad wall area,

the fuel cladding sees the higher shear stresses.

Non-Linear Radial Bundle Temperature Gradient

The core radial coolant temperature gradient across a bundle is not
linear, but has a quadratic component. This quadratic term in the
temperature profile generates stresses and strains equivalent to those

in a beam with uniform internal heat generation.

Clad Radial Temperature Gradient

Large temperature gradients exist across the clad of the carbide
fuel rods because of the high heat fluxes inherent to reactor cores.
These large temperature gradients cause clad strains due to internal

restraint.
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Clad Axial Temperature Gradient

Within a reactor core, the clad temperature varies non-linearly with
axial distance. Stresses and strains arise from the non-linear terms

in the axial temperature profile due to internal restraint.

Static Weight and Flow Drag

Each BCEX fuel bundle is supported at its extremities by 48 of the
120 total fuel rods. The static weight of the bundle on the fuel rod
cladding causes slight stresses and strain. In addition, forces are

imposed on the fuel bundles due to coolant flow drag.

Rod Vibration in Parallel Flow

Flow induced fuel rod vibration between spacer ferrules results in
an oscillating component of clad strain at the natural frequency of

the span.

Bundle Vibration in Parallel Flow

Because of flow excitation, the fuel rod vibrates between spacer

ferrules, and so does the entire bundle, causing clad strain.

Table TIT.L-1 summarizes the fuel clad strains investigated in Appen-
dix C. The largest single component of strain is approximately 0.001
inch per inch, caused by the radial temperature drop across the clad
wall of the carbide fuel rod. In the table, region 1 refers to the
second ring consisting of six fuel assemblies in the core, region 2
to the third ring consisting of twelve fuel assemblies, and region 3
to the fourth ring consisting of eighteen fuel assemblies. These
three regions or rings comprise the entire core of one module, because

the first ring is a control rod location.

Table III.4-2 compares the fuel clad strains and stresses with frac-
ture values. The stresses and strains from Table III.k4-1 are super-
imposed. The resulting total strains and stresses are compared with

the feollowing three fracture criteria:
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TABLE IIT.h.1

SUMMARY OF FUEL CLAD STRAINS

Strain Units - in/in x 100%

Region I Region IT Region III
Top Bundle Lower Bundle Top Bundle Lower Bundle Top Bundle Lower Bundle
Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.
Restraint to
Bundle Bow +.012 O 0 0 +.028 0 0 0 +.038 0 0 0
Non-Linear Rad.
Bundle Temp. +.002 0 +.001 0 +.002 0 +.001 O +.002 0 +.001 0
Gradient
Clad Radial
+. . . . . . . . . . +.
Temp. Gradient +.107 #.061 +.104 +.060 +.097 +.053 +.094 +.051 +.079 +.040 +.077 +.0L40
Clad Axial
Temp. Gradient 0 0 0 0 0 0 0 0 0 0 0 0
Static +.003 +.002 -.003 =-.002 +.003 +.002 -.003 =-.002 +.003 +.002 -.003 -.002
Weight
Flow Drag
Less Static -.003 -.002 +.002 +.002 -.002 -.001 +.001 +.001 -.001 -.001 +.001 +.001
Weight
Rod Vibration 4.006 +.012 +.006 +.009 +.003 +.009 +.003 +.006 +.003 +.006 +.003 +.006

in Parallel Flow
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TABLE III.h-2

COMPARISON OF FUEL CLAD STRAINS AND STRESSES WITH FRACTURE VAIUES

Region 1 Region II Region IIT
Top Bundle Lower Bundle Top Bundle Lower Bundle Top RBundle Lower Bundle
Max. Min. Max. Min. Max. Min. Max. Min. Max . Min. Max. Min,
Max. Operating Strain - % +.130 +.065 +.116 +.068 +.134 +,055 +.102 +.055 +.124 +.0L2 +.086 +.0Lk
¥Min. Fracture Strain - % 25 25 57 57 23 23 65 65 34 34 68 68
Start-up/Shut-down o] Q 0 0 0 0 0 0 Q 0 Q 0
Strain Range - % to to to to to to to to to to to to
.115  .057 .110 .06k .122 .050 .099 .05k .115 .037 .085  .0L3
*¥Usage Factor = -
No. of actual cycles ~< LESS THAN 10 >
cycles to failure
Operating Strain 0 0 0 0 0 0 0 0 0 0 0 0
Range - % +.012 +.006 +.009 +.006 +.009 +.003 +.006 +.003 +.006 +.003 +.006 +.003
¥Usage Factor .0016 . < LESS THAN .0016 >
¥Cumulative Usage Factor .0016 LESS THAN .0016
Primary Stress, psi -515 =310 +485 +290 -295 =180 +275 4165 225 =135 +205 +125
*m4 -
Time to Rupture =z GREATER THAN 100,000 HRS. >
(minimum)
¥Based on Operating Temperature of 1300°F.
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a) Short time tensile test elongation at rupture
b) Fatigue failure

c) Failure due to long-time stress rupture
Details of the fatigue analysis are presented in section III-T.

It can be concluded from Tables IIT.L-1 and III.k-2 that all clad

stresses and strains are well within allowable limits.

Cermet Design

The central, T-rod, cermet sub-assembly is built-up from single rods
brazed together by spacer ferrules. The fuel bundle/cermet rod
spacing and mutual positioning is accomplished at the interface be-

tween cermet bonding straps and bundle ferrules.

The cermet rod design was examined for possible failure modes. Fail-
ure may occur either from excessive distortion that would alter the
cermet performance characteristics, or from formation of cracks. Dis-
tortion may arise from asymmetric thermal gradients or forces. Cracks
may develop from excessive static, dynamic, or creep strains. The
results of the analyses of the cermet rod stresses and strains due to

a variety of causes are summarized in the following paragraphs.

An analytical model was derived which relates secondary creep strain
in the stainless steel matrix to fuel swelling and fission gas pres-
sure. As the resulting, first order, non-linear, differential equa-
tion was not solved, the analysis is not complete. The analysis is

included in Appendix D as a reference for possible future work.

Internal heat generation within the cermet rod results in g parabolic

radial temperature gradient and attendant thermal strains. The axial

(1)

and tangential strain values at the outer rod surface are given by:

0.5 o

T x (rod center temperature-rod surface temperature)

II1.116




For a 30% volumetric heating ratio in the cermet fuel, the maximum,
hot channel, temperature difference in the 0.300 inch 0.D. cermet fuel
rod is approximately 500°F. The cermet fuel linear coefficient of
expansion, o, may range from 8.5 to 11 x 10-6 per °F. Thus, the cer-
met surface strain due to internal heat generation is between 0.3 and

0.4 percent.

Column loading of the cermet rods from a buckling standpoint during a
BCEX transient is negligible. Bundle support of the cermet rod com-

plex further reduces the possibility of buckling as a failure mode.

The moment of inertia of the cermet complex is much greater than that
of a single fuel rod. Therefore, vibration amplitude and attendant

stress is negligible for the cermet rods.

Cermet axial temperature gradients are comparable to those in the fuel
clad. Fuel clad strains due to axial temperature gradients were shown

to be negligible. The same conclusion applies to the cermet rod.

Coolant mixing will be induced within the cermet complex thereby mini-
mizing core radial temperature gradients. Therefore, there is little
tendency for the cermet rods to bow. The fuel bundles are partially
constrained by the can to remain straight. Therefore, there is some
small amount of bow induced in the cermet complex from external causes

which will induce only small bending stresses.

Transient loads during the worst transient considered are negligible.

This was fully discussed in section III.L.3.

The cross-sectional area of the cermet rods which supports the fuel
bundle is about the same as the total fuel clad area. Fuel clad stresses
and strains due to bundle flow drag and static weight were negligible.

The same conclusion applies to the cermet rod.
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Lack of cermet ductility data and lack of a sclution to the fission
gas pressure problem makes discussion of cermet mechanical design dif-
ficult from an analytical point of view. The value of 0.3 to 0.4 per-
cent strain due to internal heat generation seems high when compared
to probable ductility values of approximately 1 percent. Discussion
of thecermet design from an empirical point of view is presented in
the materials review and analyses section, where it is concluded that

the cermet design appears to be adequate.

IIT.4.6 Fuel Assembly Can Stresses and Strains

A hexagonal shaped can,which encloses each fuel bundlg>supports the
fuel and provides an autonomous flow channel for efficient orificing.
Can distortion is of primary interest in maintaining adequate envelope
clearance for the free movement of the lower bundle during power tran-
sients and assuring adequate clearance between assemblies for ease

of refueling,

Raised bosses are provided on the can outer surface to contact simi-
lar bosses on adjacent cans. Bundle and can bowing is thus restricted,
and the resulting reaction forces are eventually transmitted to the
reflector assemblies. These are supported by the module perimeter top
locating griq>located around the perimeter of each core module. The
close fit between the bosses is of a local nature requiring but a
relatively small axial motion of the assembly during refueling to

break free of this close fit.

Can distortion due to can internal pressure was investigated. Core
pressure drop results in a pressure gradient across the can tending
to bulge can panels into contact with adjacent fuel assembly cans.
The maximum pressure difference occurs at the lower core plate and

decreases linearly with distance above the lower core plate.
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Removing a unit strip from a can panel and treating it as a built-in

beam with end tensile loads appears as follows:

) o w = T5 1lb/inch
i; [ 5 L | l‘ 5 i] ‘:
Yoy v b vy v Yy v v vy oy R A |
p < —=> p
1——ﬁ = ,093

From Table VI of reference (2) the maximum bending moment:

U/2 )

2
M= wi™(1 - oy U/2

The maximum deflection:

y= E%i [hU(éi;hcgjg U/2) 4 ¢°] = .0083 inches
Where:

U=1L/3; j2 = EI/P; EI = flexural rigidity
Since

P = wL cos 30° = 188 1b.
and

2L x lO6 psi = Young's Modulus for 316 SST @ 850°F

=
]

2
The bending stress (max) = 6M/t” = 35,700 psi, and the tensile stress

= 188/.093 = 2,000 psi

Thus, the maximum total stress = + 37,700 psi at the can corners
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Checking the BCEX can wall thickness against the Fermi can thickness

(reference 3) by dimensional analyses with the following expression:

1/2 s -1/2

(4 = (2 (£
t bf

where

t = BCEX fuel assembly wall thickness

t_. = Fermi fuel assembly wall thickness = 0.096 inches

b = BCEX fuel assembly panel span = 2.9 inches

b_. = Fermi fuel assembly panel span = 2.45 inches

P = BCEX fuel assembly pressure gradient = 75 psi

P_ = Fermi fuel assembly pressure gradient = 97 psi

s = ASME Boiler Code VIII allowable stress at operating tempera-
ture for 316 SST = 16,500 psi at 850°F

Sp = ASME Boiler Code VIII allowable stress at Fermi operating
temperature for 316 88T = 17,150 psi at 550°F

The comparable BCEX fuel assembly wall thickness is 0.101 inches

The can wall was checked for creep deflection. From Figure 6 of ref-
erence (L4), and from the creep data for 316 stainless steel in Figure

IIT.4-11, the following table can be constructed for a clamped/clamped

beam: 5
y, 7 12
Beam Temp., °F n € ot t "

800 11.60 5.4 x 10769
900 10.75 2.5 x 10762
1000 10.00 1.7 x 1056
1100 9.37 1.k x 10-51
1200 8.81 3.2 x 10-47
1300 8.31 2.5 x 10743
1400 7.86 8.0 x 1o'ho
1500 7.46 1.1 x 10736
1600 7.10 7.0 x 103k
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Figure III.k-11
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IIT.Lk.7

Y, is the mid-span deflection (inches) at time t (hours) due to creep.
The other symbols have been defined previously. In the bottom half
of the core, the can temperature is less than 1000°F, the pressure
difference is less than 75 psi, and Y, is less than .001 inches. In
the top half of the core, the can temperature is less than 1100°F,
the pressure is less than 41 psi, and Yo is less than .0001 inches.
Thus, it can be concluded that the can wall thickness is sufficient

to withstand the imposed pressure gradients for t = 25,000 hours.

Can internal heat generation causes a thermal gradient across the can
wall that results in can outer fiber strains of 2 a AT/3 (1wq)(l).
Where o, the thermal expansion coefficient, equals ]_O_'5 per °F, the
maximum can wall temperature difference, AT, is less than 10°F, and u,
the Poisson's Ratio equals 0.3, a surface strain on the order of

0.01 percent is developed. This strain is considered negligible.

BCEX Fuel Assembly Thermal Bowing

During operation of the EBR-I reactor, an instability was experienced
that resulted in a partial meltdown of the Mark IT core(5’6). This
instability was caused by a prompt positive power coefficient followed
by a larger negative one. The initial prompt power coefficient has
been attributed to inward bowing of the reactor fuel rods under the
influence of a radial temperature gradient. Since then, reactor core
designers have expended considerable effort to insure that thermal
bowing of fuel rods and assemblies move fuel away from the core center
line(7’8’9’lo).

A bundle controlled expansion (BCEX) fuel assembly can is shown in
Figure III.L-1. It is assumed to be rigidly attached to the reactor-
core plate at its lower end. If the upper end of the can is unres-

trained, it will bow outward under the effect of the core radial

temperature gradient. The unrestrained bowing curve is plotted in
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Figure IT.L-12, assuming no transverse coolant mixing occurs in the
fuel assembly. The outward bowing is desirable from a reactivity
standpoint, but the configuration is prone to flow induced vibrations.
It becomes necessary, therefore, to add restraints at the upper end

of the fuel assembly can.

The effects of several alternate systems of restraint are illustrated
in Figure III.4-13. Initially, calculations were made (details of
the bowing calculations are given in Appendix B) assuming that no net
movement of the can occurs at the points of restraint. One upper
restraint is unacceptable as it results in a large inward movement of
the can. Either two or three upper can restraints appear to provide
a workable solution. At 100 percent power, the deflections of the cans
and fuel bundles for two and three restraints are shown in Figures
IIT.L-14 and IIT.L4-15. There is a net movement of fuel away from the
core centerline in both the reference design (three upper restraints)
and an alternate design (two restraints). As shown in figures IIT.h-1hL
and III.L4L-15, the latter case (two restraints) results in a somewhat

greater net outward movement.

Analysis to this point has assumed that there was no net movement at
the points of restraint. In reality, manufacturing tolerances will
exist and clearances will be necessary to permit installation of core
assemblies. Experience with EBR—II(B) suggests that a net movement

of 0.010 in. at each support point is realistic. With this assumption,
the bowing curves were re-calculated (see appendix B). The results
appear in Figures III.4-16 and III.L4-17. The effect of clearances is
to considerably reduce the net outward movement of fuel in both the
reference and alternate designs. In the reference design, the reduc-

tion is sufficient to completely remove the need for the lowest res-

traint. Hence, only two upper restraints are effective for this case.
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To minimize restraining forces on the fuel assembly (so that BCEX
response is not adversely affected), both upper and lower bundles are
supported at only two points from the can, for the alternate design.
In the reference design, the lower bundle is supported at its lower
end from the fuel assembly can, and at an upper point from the cermet

bundle. The upper rod bundle 1s closely restrained by the can.

Bowing behavior during an accident or transient condition is an impor-
tant consideration. Bowing was analyzed at 200 percent power, which
corresponds to a reactivity insertion of approximately 80 cents in

0.10 sec. The resulting bowing appears in Figures III.L-16 and
TII.L4-17. It is seen that for both the reference and alternate designs,
there is a net outward movement of fuel in going from 100 percent to

200 percent power.

On the basis of the bowing analysis performed in this study, the fol-

lowing conclusions and recommendations can be made:

1. Two judiciously located upper can restraints appear to provide
the most realistic method for controlling thermal bowing of BCEX

fuel assemblies.

2. Effort should be made to minimize initisl gaps between adjacent

fuel assemblies.

3. Further work is required to determine the optimum points or axial

locations for can restraints.

L., TFurther analysis is required to determine the optimum method of
supporting the fuel bundles within the can so as to minimized
bundle restraining forces and so as not to impede BCEX response
capabilities. Since the choice of location and number of support
points greatly affects the net movement of fuel, bowing analysis

should also be correlated closely with physics calculations.
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5. Bowing analysis should be extended to cover a wide range of power
levels. This is important as, until sufficient bowing of the
fuel can has occurred to take up initial clearances and reach a

stable geometry, unusual effects may be observed.

6. Based upon the results of the bowing analyses performed in this
study, the reference and alternate designs would have a net
reactivity effect between zero and 200 percent power due to ther-

mal bowing between zero and minus 10 cents.

T. The bending moment and shear stresses induced in the fuel assembly
can to restrain "free-bowing" in the reference design case is
greater than for the alternate design case as shown in Figures

IIT.h-18 and IIT.L-19.

IIZ.4.8 Recommendations for Future Work

More positive assurance of cermet structural integrity is required.
Analytical work such as that begun during this project relating steel
matrix creep to gas pressure should be continued. Reliable structural
and mechanical properties data of irradiasted rod specimens is required

for the development of the BCEX concept.

Friction, galling, and wear between moving parts of the fuel assembly

must be evaluated in a sodium environment at design conditions.

A prototype assembly should be built and tested in-pile to study the
feasibility of fabrication and operation of the bundle controlled expan-

sion design.

A preliminary bowing investigation was performed during this study.

Further investigations of fuel bowing for the range of actual reactor
design conditions must be pursued. Further effort is required in the areas
of design and location of fuel assembly restraints so as to minimize

bundle restraining forces while not impeding BCEX response capability.
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Coolent mixing schemes must be devised to obtain adequate coolant mixing
between ceramic fuel rods and cermet fuel rods. Schemes which will
enhance transverse mixing of the coolant across the fuel assemblybthereby

reducing fuel bundle bowing are also required.
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III.5 Transient Analyses

IIT.5.1 Scope of Work

The scope of work of the transient analyses consisted of performing
analytical, parametric studies to determine and to evaluate the

transient performance characteristics of a controlled expansion fuel
element (CEX) in a large fast breeder reactor. The Westinghouse AEC-1000

MWe FBR Study(l) core and CEX fuel assembly design with an uprated power

density and lower operating temperatures as outlined in WCAP—2638(2)
(see Section III.1l), were adopted as the reference design for these
analytical studies. The analyses also included simulating several
postulated accidents that might occur in the reference reactor(l’2).
These studies were performed using the Westinghouse version of the

FORE(3) digital computer program, which was modified to investigate the
controlled expansion fuel assembly dynamic performance. The transient

analyses did not include full reactor systems transient studies.

In order to properly perform this evaluation of the CEX concepts, the
parameter study in the above scope of work included s study of the

effect of the cermet rod diameter on the transient behavior of the CEX
assembly, the behavior of a controlled expansion fuel assembly in a

gas bonded oxide fueled core,\and the behavior of clad expansion in s
sodium bonded carbide fueled compartmented core. In the ceramic fuel

rod design, the stack of active fuel pellets are divided among com-
partments so that the fuel will move with the cladding. The clad is
stainless steel}whose expansion behavior is well known and predictable

and should provide ceramic fueled cores with a dependable axial expan-
sion characteristic during transient conditions. In the carbide core,

the sodium bonding increases the carbide fuel-clad conductance sufficiently
to give a time constant less than 0.5 seconds for the heat being generated
in the fuel to reach the clad. The clad thus has a response fast enough

to be a major contributor in terminating a power excursion.
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IITI.5.2

For clarity in latter discussions, the controlled expansion using
cermet rods to move the fuel bundles is designated BCEX, and the con-
trolled expansion using clad expansion of compartmented fuel is

designated CCEX.

Computer Code Modifications

(3)

The Westinghouse version of the digital computer program FORE was
modified, as part of this study, to investigate the dynamic behavior
during a power excursion of the controlled expansion assembly utilizing
cermet rods to obtaln predictable axial expansion. The Westinghouse
program was checked with the avallable errata and addenda sheets(h’B’é)
to insure that all reccmmended corrections and modifications existed in
the Westinghouse program. Other program corrections were also made.

For example, the error in the calculation of the radial node point tem-

peratures in the fuel rod at zero time was corrected.

To incorporate the fuel assembly controlled expansion feature into the
program, extensive modifications were made to the major subroutines.

All heat transfer and coolant heat balance equations were changed from

the basis of a single rod to a mixed multi-rod, fuel and cermet, array

(1)

as would exist in the reference CEX fuel assembly The new equations
were derived assuming that the fuel rods and the cermet rods in an
assembly see the same coolant temperature, that is, 100% mixing of the
coolant exists between the ceramic fuel and cermet rods. The maximum
number of axial core sections employed in calculating temperatures

was increased to six. The temperature within the fuel and the cermet
are calculated for the same number of radial node points (a maximum

of nine and a minimum of five) as described in reference (3). The

code programming was simplified to save computer drum storage, and to

reduce computer running time.

The reactivity feedback for the BCEX fuel assembly accounts for the

negative outward axial effects due to the cermet expansion pushing the
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two core halves (bundles) apart, as well as for the positive effect
from the inward fuel movement due to thermal expansion. By an input
option, this fuel* movement due to thermal expansion is calculated by
using either changes in the fuel average temperature or the clad
average temperature for the case of compartmented fuel. The change in
length of the fuel and cermet rods are calculated and printed out to
allow a study of the gap clearance between fuel bundles as a function
of time. The utilization of the other reactivity feedbacks, Doppler,
coolant density, and so forth, remain unchanged from that given in
references 3, 4, 5, and 6. The reactivity effects from the thermal
bowing of the fuel rods and fuel cans and the clad restraint on the

cermet expansion)are not included in the computer program.

The input, termination, and output subroutines were simplified and
modified as required for the cermet rod. Any number of problems can be
run, one after the other, through the use of overlay cards which modify
the full data deck read in with the first problem.

(3)

The capability of the Westinghouse version of the FORE code is
markedly increased by these modifications. The code can now consider
an all=fuel rod or an all-cermet rod assembly, as well as a mixed
multi-rod assembly with its combinations of negative and positive
reactivity effects. An additional feature of this code provides for
a programmed reactor scram*¥* based on an input reactor power setting

with a scram control circuit delay time.

¥ In the subsequent discussion in this section, 'fuel" refers to the
ceramic fuel, i.e., either carbide or oxide whichever is being
considered.

#%¥ This reactor scram modification was completed prior to the beginning

of the modifications for the controlled expansion assembly and prior
to the CEX project initiation.
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III.5.3

The program calculates the reactor power and the fuel, cermet, clad
and structure temperatures as a function of time in response to a
programmed reactivity insertion. Lumped radial temperature profiles
are computed in specific axial sections, (maximum of 6) for the average
and peak power fuel and cermet rods. Constant axial-wise volumetric
heat generation is assumed in each axial section. The heat of fusion
which accompanies melting is taken into account for the fuel rods only.

A sample problem with its computer output is described in Appendix E.

Nuclear, Thermal, and Materials Parameters

The core geometry data used in the transient analyses is given in
Table III.5-1. The fuel rod linear power, kw/ft, in the oxide-fueled
core was one-half of that in the carbide fueled core. The fuel pellet
diameter in the oxide core was selected to make the fuel volumetric
heat generation rate, kw/ft3 of fuel, identical to that in the carbide

core. Thus the volumes of fuel and cermet in each core are identical.

The nomingl cermet rod diameter in the BCEX analyses was made identical
to the respective fuel rod diameter, or 0.300 inches in the carbide
fueled core and 0.215 inches in the oxide fueled core. 1In addition,

in BCEX, the cell flow area around the cermet rods was adjusted to
obtain the same cooclant temperature rise along the cermet rod as along
the fuel rod even if zero coolant mixing occurs within the assembly.

To accomplish this, the cermet rod outer diameter, for a cermet volu-
metric heat generation rate of 30% of that of the fuel, was increased
to 0.360 inches in the carbide core and to 0.260 inches in the oxide
core. For additional studies, the cermet rod diameter in the oxide core
was further increased to 0.300 inches, the maximum diameter which will

fit within the rod array.

In the BCEX parametric investigations, the cermet volumetric heat
generation rates studied were 20%, 30%, and 40% of that of the fuel

pellet value. From these analyses, a 30% relative heat generation rate

was selected for the BCEX cermet rod for the accident analyses.
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Table III.5-1

Core Data Summery

Core active height, inches

Fuel rod 0.D., inches

Clad thickness, mils

Fuel pellet diameter, inches

Total fuel volume, ft3

Fuel rod linear power, kw/ft

Heat generation rate, kw/ft3 of fuel
Type of fuel clad bond

Fuel-clad conductance, Btu/hr—ft2-°F

Clad-coolant heat transfer coefficient,
Btu/hr-£t2-°F

Coolant temperature, 100% power
Inlet
Outlet (mixed-mean)
BCEX cermet rod 0.D., inches
BCEX cermet rod clad thickness, mils
Cermet diameter, inches
Total cermet volume, ft3
Cermet-clad conductance, Btu/hr—ft2—°F
Metallurgical bond

Gas bond

IIT.1Lk0

Carbide

72
0.300
10
0.268
10.2
15.6
39,800
sodium
72,000
15,000

850

1100
0.300-0.360
10
0.280-0.3%40
0.65-0.95

100,000
1,000

Oxide

72
0.215
10
0.190
10.2
7.8
39,800
gas
2,000
15,000

850

1100
0.215-0.260-~0.300
10
0.195-0.240-0.280
0.65-0.95-1.29

100,000




The physical properties of the core materials, fuel, cermet, cladding,
and coolant, are given in Table III.5-2. The temperature limits used
in the analyses for computer problem terminations are assumed to be
indicative of onset of core damage, and were thus set higher than either

the melting or boiling point temperatures listed in Table III.5-2.

Using the material properties given in Table ITI.5-2, and the fuel rod
diameters, clad thickness, and heat transfer coefficient given in

Table III.5-1, the time constants associated with transient heat transfer
are given in Table IIT.5-3. The time constant is defined as the ratio
of heat capacitance to heat conductance. The carbide fuel rod time
constant is approximately two-thirds of the cermet rod value, whereas

the oxide fuel rod is nearly 2.6 times greater. Within the cermet rod,
the time constant associated with the transient heat conduction between
fuel particles with average diameter of 6 mils and the stainless steel
matrix is approximately 1 millisecond, which is small relative to the

time increments studied in this investigation.

The values used in this study for the temperature dependent reactivity
coefficients for the reference FBR core at the start of an equilibrium
fuel cycle (33,300 MWD/T) are given in Table III.S5-4. An axial distri-
bution was applied to the sodium density coefficient as given in the
footnote of Table III.5-4. The oxide core overall dimensions, diameter
and height, are essentially identical to the carbide core. The same
reactivity coefficients were used in the oxide core analyses in order
to have a common basis for comparing its transient characteristics to
those of the carbide fueled core. For the fuel clad axial expansion
CCEX analyses, the fuel is assumed to be in compartments and move with
the clad. The CCEX coefficient, Hdk/dH = -0.394, is an overall expansion
coefficient based on total change in core height and the corresponding
change in material densities. Distributing the CCEX's axial expansion
coefficient according to the axial fuel compartment was not considered

in the analyses. For the reference core, the neutron life time is
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Table III.5-2

Material Physical Properties Used in the Transient Analyses

ZHT III

Specific Thermal Linear Melting or

Density Heat Conductivity Expansion Boiling Point

1bs/ft3 Btu/1b Btu/hr-ft-°F 10-6/°F op
Fuel

{

1. Carbide, (Pu-U)C 785.1 0.0733(A) 11.&3‘A) 8.0(E) ueoo(G)
2. Oxide, (PU—U)o2 630.1 0.080(0) 1.&9(B) S sooo(G)
Clad, Fuel and Cermet Lol L 0.16 12.1 11.0 2400
Cermet, U0,-5S 517.6 0.1149(B) 7.6(B) 10.0 2400
Coolant, Sodium 51.2 0.30 38.3(D) 57.3 1800(F)

Value at 1400°F. 1In analyses is a function of temperature.

Value at 1200°F. In analyses is a function of temperature.

Value at 2000°F. In analyses is a function of temperature.

Value at 900°F.

Not used in calculating axial thermal expansion in the transient analyses.

Value at approximately two atmospheres pressure.

Average value in range of (Pu,U) composition of interest.



Table IIT.5-3

Time Constants

Defining the time constant as:

pc V

D _ Heat capacitance
U A ~  Heat conductance
surface
From Location of Average From Location of Average
Fuel Temperature (at Fuel Temperature (at
r/_ = 0.7) to Clad r/. = 0.7)
R R
o o
Midpoint to Coolant
Carbide pellet (0.268 inches) 0.47 sec. 0.57 sec.
Oxide pellet (0.190 inches) 2.08 sec. 2.15 sec.
Cermet (0.300 inch 0.D.) 0.79 sec. 0.91 sec.
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Table III.5-k4

Reactivity Coefficients Used in Transient Analyses

Beginning of equilibrium fuel cycle

Doppler, T dk/dT
Sodium, pdk/do%
Expansion, H dk/dH

A. BCEX
1. Cermet

2. Clad, fuel rod

B. CCEX
l. Clad, fuel rod

in carbide core, 33,333 MWD/T

-0.00335
+0.0164

-0.762
+0.368

-0.394

*In the analyses, the sodium density coefficient was given an axial
distribution for the core's 6 axial sections as follows:

First one-sixth (inlet)
Second one-sixth

Third one-sixth

Fourth one-sixth

Fifth one-sixth

Sixth one-sixth (outlet)

Total

IIT.1hk

pdk/dp

+0.003448
+0.002720
+0.001994
+0.001981
+0.002720
+0.003541
+0.0164



3.5 x lO_T seconds, and the effective delay neutron fraction, B, is

0.00364. 1In the analyses, six groups of delayed neutrons were used.

III.5.4 Parameter Study

The results of the parameter study on both the oxide and carbide fueled
cores will be discussed first, followed by a comparison of the performance
of BCEX and CCEX in the carbide and oxide cores. The reference reactor
used to measure the improvement in the transient behavior of a core due

to BCEX or CCEX is one with zero axial expansion reactivity coefficients
that is, a core containing only Doppler and sodium density reactivity

feedbacks.

In the parameter study, the material physical properties and the axial
expansion coefficients for BCEX or CCEX were not varied. In the BCEX
analyses for the carbide core, the Doppler and sodium density coefficients
were varied to better understand the worth of BCEX in terminating an

excursion.

In the parameter study, finite ramp reactivity insertions of eighty
cents and two dollars were used. The ramps were terminated either at
0.1 second or at 1.0 second, after which the inserted reactivity was
held constant at the above values. The selected amounts of inserted
reactivity represent the approximate worth of some core components such
as & control rod or fuel assembly. In addition, the two insertions
allow the BCEX and CCEX performance characteristics to be studied above
and below prompt criticality. Finally, the insertion times are charac-
teristic of the time period associated with an incident involving a

core component.

The computer runs for the parameter analyses were set to terminate
either at seven seconds in real time, or after exceeding one of the
temperature or power upper limits given in Teble III.5-5. The tempera-

ture limits were checked in axial section number 5 (5 of 6) in the hot
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Table ITI.5-5

a)

Terminating Limits for Transient Analyses(

Carbide Oxide
Neme Fuel Fuel
1l. Thermal power, 108 Mw 1.0 1.0
2. Fuel center temperature, °F 6000 8000
3. Fuel average temperature, °F 5500 7500
4. TFuel surface temperature, °F 5000 7000
5. Coolant temperature, °F 2000 2000
6. Cermet center temperature, °F 2L00 2Lkoo
7. Cermet average temperature, °F 2hOO(b) 2h00(b)
8. Cermet surface temperature, °F 2h00(b) 2h00(b)
Notes:

(a) The temperature values selected for problem termination are above
the melting point of the respective fuel and are above the published
values for fuel rod failure; for example 6500°F for (Pu,U)Og. The
selected values permit the center portion of the fuel pellet to
become molten. The computer code considers the heat of fusion

during melting.

(b) Lower temperature values, if desired, may be specified in input

data.
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channel. The limits were selected as being somewhat in excess of the

conditions at which core damage would occur.

IIT.5.4.1 Carbide Fueled Core

Analyses were performed on the reference reactor core using the stated
reactivity insertions for the three BCEX cermet volumetric heat genera-
tion rates and for the CCEX-clad axial expansion case. In the 80 cents

in 0.1 second analyses, the BCEX cermet rod diameter was increased from
0.300 inches to 0.360 inches which, as noted previously, is the sug-
gested cermet rod diameter along with a BCEX cermet heat generation rate
of 30% of the fuel. In additionito study the performance of gas-
bonded cermet, the cermet-clad interface conductance was decreased from the
value for a metallurgical bond, 100,000 Btu/hr-ftz—oF, to the value

for a gas bond, 1000 Btu/hr-ft2—°F. This latter analysis was performed

on a cermet rod with a 40% heat generation rate and a 0.300 inch diasmeter.

The total reactivity feedback, Ak, from all temperature dependent mechanisms
is shown in Figure III.5-1 for the 80 cents in 0.1 second reactivity
ramp, in Figure III.5-2 for the 2 dollars in 0.1l second ramp, and in
Figure III.5-3 for the 2 dollars in 1.0 second ramp. Figure III.5-1
shows that after 1 second, the total reactivity feedback is increased,
as expected, from the reference core (no BCEX -~ no CCEX) by increasing
the BCEX volumetric heat genergation rate, by increasing the cermet rod
diameter, and by decreasing the BCEX cermet-clad interface conductance.
In Figure III.5-2, the total reactivity feedback for all BCEX heat rates
from the end of the ramp insertion, 0.1l seconds, to approximately 0.k
seconds, falls below both the no-CEX reactor core as well as the CCEX
reactor core. In the following discussion,this phenomenon will be

shown to result from the feedback characteristics of BCEX. The large
feedback in the no BCEX - no CCEX core is due simply to the much higher
temperatures which were obtained in this reactor relative to the other
cores. The total feedback characteristics for the 2 dollars in 1.0

second ramp, Figure III.5-3, were not clearly established as the analyses
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NET REACTIVITY FEEDBACK AK X |0+4

| BCEX - GAS BOND 0.300" CERMET 0.D. - 4O% HEAT RATE

BCEX - 0.360" CERMET 0.D. - 30% HEAT RATF— —— 40%
—— 30% HEAT
— —== 20% RATE

-,
-~

s //
/ /’\
//
~~  CCEX-CLAD AXIAL

7~
. EXPANS 1 ON

NO BCEX-NO CCEX

| | I | 1 | 1l
| 2 3 4 5

TIME, SECONDS

TOTAL REACTIVITY FEEDBACK
CARBIDE FUELED CORE
RAMP REACTIVITY INSERTION 80 CENTS IN 0.1 SECONDS
CARBIDE FUEL ROD DIAMETER 0. 300 INCHES
BCEX CERMET ROD DIAMETER 0. 300 INCHES

Figure III.5-1
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NET REACTIVITY FEEDBACK, AK X IOM1

CCEX-CLAD AXIAL EXPANSION

-
/
/ﬂ
-
-

40% HEAT RATE

NO BCEX
NO CCEX

307% HEAT
RATE

NOTE; ALL ANALYSES BUT THE CCEX WERE TERMINATED
< 0.442 SECONDS BY A TEMPERATURE UPPER
LIMIT, TABLE ITI.5-5,CCEX ANALYSES WENT
THE FULL 7 SECONDS

© TERMINATION POINT

Z 1 1 l ] | 1 I

0.05 0.10 0.5 020 025 0.3 0.3
TIME, SECONDS

TOTAL REACTIVITY FEEDBACK
CARBIDE FUELED CORE
RAMP REACTIVITY INSERTION 2¢ IN 0.1 SECONDS
CARBIDE FUEL ROD DIAMETER 0. 300 INCHES
BCEX CERMET ROD DIAMETER 0. 300 INCHES

Figure III.5-2
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NET REACTIVITY FEEDBACK, Ak x 102

=55 — z
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| | | | | |

IN TIME

00.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
TIME, SECONDS

TOTAL REACTIVITY FEEDBACK-CARBIDE FUELED CORE
RAMP REACTIVITY INSERTION 2¢$ IN. 1.0 SECOND
CARBIDE FUEL ROD DIAMETER 0.300 INCHES
BCEX CERMET ROD DIAMETER 0.300 INCHES

Figure III.5-3
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encountered various terminating temperature limits. However, the trend
appears to be quite similar to that encountered with the 80 cents in

0.1 second insertion, Figure III.5-1.

In Figure III.5-1 below 0.6 seconds, and in Figure III.5-3 below 1.1
seconds, the CCEX total reactivity feedback exceeds the metallurgically
bonded BCEX total feedback, for all heat generation rates and rod dia-
meters studied. The gas bonded BCEX at L40% relative heat rate is the
only case studied which exceeds the CCEX feedback during these times,
(see Figure III.5-1).

As can be seen in Figure III.5-1 after 1 second, the CCEX reactivity
feedback falls slightly below that obtained with the 20% cermet heat
rate (for the 0.300 inch BCEX cermet rod). This trend is indicated in
FPigure III.5-3 for the 2 dollars in 1.0 second insertion. Thus, the
BCEX may give a significant negative reactivity feedback gain, depending
on the reactivity insertion rate, to a core having no axial expansion
feedback, and, at most, only a marginal negative reactivity feedback

gain to a core having a predictable clad axial expansion feedback (CCEX).

The cermet outward expansion and the fuel clad inward expansion, the
two components which comprise the BCEX reactivity feedback, are shown
in Figures III.5-4, III.5-5, and III.5-6, for the three reactivity
insertions studied. In all the analyses performed, in the first 0.1
second, as best illustrated in Figure III.5-5, the BCEX net reactivity
feedback is more negative than that of the CCEX. This is due to the
relatively instantaneous response of the cermet with respect to that
of the clad. During the time period between 0.1 and 1.0 seconds in all
the analyses, the fuel clad expands more rapidly than the cermet, thus
causing the BCEX net reactivity feedback to be less negative than that
of the CCEX. This latter time period is the important time period for
excursion termination. In fact, for the 2 dollars insertion in 0.1
seconds, shown in Figure III.5-5, the fuel clad expands at a rapid

enough rate to hold the BCEX net reactivity essentiglly constant
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REACTIVITY FEEDBACK,AK X 10 +
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DIAMETER 0.300 INCHES

Figure III.5-4
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Figure III1.5-5
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Figure III.5-6
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for spproximately 0.150 seconds. The shorter time constant, Table III.5-3,
between the carbide pellet and clad, 0.47 seconds compared to 0.79

seconds for the cermet to clad, is the reason why the fuel clad expands
faster than the cermet. This same trend holds true for all the carbide
core BCEX analyses,regardless of the reactivity insertion or the relative
heat generation rate -—as can be seen in Figure III.5-T for an 80 cents

in 0.1 second insertion. Figure III.5-T shows the CCEX relative to BCEX
behavior for a range of heat generation rates and cermet rod sizes as

well as BCEX performance with gas bonding.

The fractions of the total reactivity feedback attributed to BCEX and

to Doppler for the 80 cents in 0.1 second insertion, and the effect of
cermet heat generation rate, rod diameter and rod bonding, are shown in
Figures III.5-8 and III.5-9. The effect of the fuel clad inward expan-
sion, which downgrades the BCEX performance during the first second of

the excursion,is clearly illustrated in Figure III.5-8. This downgrading
of the BCEX fractional worth is, of course, undesirable from the stand-
point of terminating the excursion. Figure III.5-9 shows Doppler to be
the dominant feedback mechanism in the crucial period of the excursion.
As equilibrium conditions are approached in the core, the BCEX fraction
of the total feedback, for all metallurgical bonded rod diameters and
cermet heat generation rates studied, increases to and remains between
0.4 and 0.55. The Doppler fraction correspondingly decreases to between
0.3 and 0.4. Thus, after the excursion has been terminated, the reactivity

feedback from BCEX can be 80% greater than the Doppler feedback.

The ratio of the net BCEX reactivity to the reactivity associated with
the outward expansion of the cermet rod is shown in Figure IIT.5-10
for the 80 cents in 0.1 second insertion. The effect of the BCEX fuel
clad expansion is again clearly illustratedzas it is the difference
between 1.0 and any point on a curve. Incréasing the BCEX cermet rod
diameter, for a given heat generation rate, decreases the clad expan-

sion downgrading effect as the core approaches an equilibrium condition.
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RATIO OF NET BCEX WORTH TO TOTAL REACTIVITY FEEDBACK
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RATIO OF DOPPLER TO TOTAL REACTIVITY FEEDBACK
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RATIO OF NET BCEX WORTH TO CERMET WORTH
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In all analyses performed for metallurgically bonded BCEX rods, the
clad expansion downgrades the cermet expansion from 35% to 50% near
the core's equilibrium conditions. Reducing the BCEX cermet-clad
contact conductance to a gas bonded value (1000 Btu/hr—ft2—°F) reduces
significantly this downgrading phenomenon. For example, at a 40% heat
generation rate in a 0.300 inch BCEX cermet rod, the downgrading was
reduced by 50 percent (see Figure I11.5-10). The improvement in the
gas bonded BCEX is due to the increased temperature rise in the cermet
for a given chanée in power resulting from the increased contact

resistance between the cermet and its clad.

The net BCEX to cermet expansion reactivity ratio was found to be
essentially independent of the other temperature dependent reactivity
feedbacks. In the analyses, the BCEX to cermet ratio was only slightly
affected when the Doppler and sodium density coefficients were set to

zero (see Figure III.S5-10).

The ratio of the cermet to fuel clad linear expansion is shown in

Figure ITI.5-11. A ratio greater than unity means that the gap between
the lower and upper fuel bundles has increased in width from its initial
value. During an excursion in a BCEX core, it is desirable to have the
gap width increase with time to maximize the reactivity worth of the
core axial expansion. From Figure III.5-11, all the analyses performed
show the gap width initially decreasing to a minimum value before
increasing to a new equilibrium width. For the equilibrium gap width

to be larger than the initial value, & relative heat generation rate

in the cermet greater than 25% is required. For example, in the reference
BCEX core(l), the analyses on a 0.300 inch diasmeter cermet rod having

a 30% relative heat generation rate and an 80 cents in 0.1 second inser-
tion show the gap width to be reduced by 27 mils at the minimum point,
Figure III.5-11, while at the core's new equilibrium condition the gap

width was increased by 21 mils.
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RATIO OF CERMET LINEAR EXPANSION TO FUEL CLAD LINEAR EXPANSION
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The carbide fuel, cermet, fuel clad, and coolant average (integrated
total length-wise) temperatures, as & function of time, are shown in
Figure III.5-12 for the BCEX cermet relative heat generation rate of

30% for an 80 cents insertion in 0.1 seconds. The results for the L0%
relative heat rate and the two dollar reactivity insertion are presented
in Figure III.5-13 for the 0.1 second insertion time, and in Figures III.5-1k(a)
and ITI.5-14(b) for the 1.0 second insertion time. The maximum centerline
temperatures of hot channel fuel for the above cases are shown in

Figures III.5-15, III.5-16, and III.5-17. The introduction of axial
expansion feedback reduces all the temperatures significantly. For the

80 cents in 0.1 second insertion, Figure II11.5-12, the reduction in the
average channel fuel maximum centerline temperature from the no BCEX -

no CCEX core is 510°F for the CCEX clad axial expansion case, 5T0°F for
the 0.300 inch 0.D. BCEX rod case (30% relative heat rate), and 610°F

for the 0.360 0.D. BCEX rod case (30% relative heat rate). Similarly,

the average channel coolant outlet temperature drops by 210°F for CCEX
case, 220°F for the 0.300 inch 0.D. BCEX rod case, and 250°F for the

0.360 inch 0.D. BCEX rod case.

For both two dollar insertions, only the CCEX analyses, Figures IIT.5-13,
I1I.5-1k(a), III.5-16, and III.5-17, were not terminated by one of the
temperature upper limits given in Table III.5-5. The fuel center and
coolant temperatures were the usual cause for problem termination.

Thus, for reactivity insertions into the reference sodium bonded carbide

(1)

CCEX, is more effective than BCEX in terminating the excursion. The

fueled core resulting in prompt criticality, clad axial expansion,
downgrading of the cermet outward expansion by the fuel clad inward
expansion, Figures III.5-5 and III.5-6, during large rapid insertions,

essentially makes BCEX an ineffective excursion terminating mechanism.

The BCEX hot channel cermet maximum centerline and average temperature
in axial section number 4 (4 of 6) for the three reactivity insertions

are shown in Figures III.5-17, III.5-18, and II1.5-19. The average
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temperature in an integrated average tempergture over the cermet radius.
The rise in temperature from zero time was found to be proportional to
the ratio of the heat generation rate to the 0.24 power. Likewise when
increasing the cermet rod diameter, Figure III1.5-20, the temperature
rise at a fixed heat rate was found to be proportional to the 0.53

power of the ratio of diameters.

The effect of changes in the Doppler and sodium density coefficients on
the cermet temperatures, at a L40% relative heat rate and with the 80 cents
in 0.1 second reactivity insertion, is illustrated in Figure III.5-21.

As the coefficients for the other temperature dependent feedback mechanisms
become more positive, BCEX%of course, contributes more in terminating the
excursion. Figure I1I1.5-21 is a plot of cermet temperatures, centerline
and radial average in section 3 (3 of 6), as a function of the reactivity
coefficients. In a reactor having BCEX as the only negative feedback
mechanism, the reactivity worth of all core components would have to be
limited to a value that would not produce an excursion sufficient to
substantially melt the cermet in the event of an accident. For example,
if the reference core(l> had only BCEX to introduce negative reactivity,
the recommended maximum worth of any core component would be 80 cents or

less.

In conclusion, the application of BCEX in a sodium bonded carbide fueled
core would require imposing a limit between that for a no BCEX-no CCEX
core upon the reactivity worth of any single core component, in order to
limit the effects of the downgrading of BCEX by the fuel clad inward
expansion and/or the melting of the cermet. In large rapid excursions,
such as from a two dollar reactivity insertion in one second, the short
time constant between the carbide and clad makes clad axial expansion,

CCEX, & more effective terminating mechanism than BCEX.
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ITI.5.4.2 Oxide Fueled Core

Analyses were performed on the oxide fueled core, Table III.5-1, for

two reactivity insertions: 80 cents in 0.1 second, and 2 dollars in 1.0
second. For the 80 cents in 0.1 second insertion, three BCEX cermet

rod diameters, 0.215 inches, 0.260 inches and 0.300 inches, were studied
using each of the three cermet relative volumetric heat generation rates:
20%, 30%, and 40%. The 2 dollars in 1.0 second insertion analysis was
limited to be 0.300 inch 0.D. BCEX cermet rod. The oxide fuel rod dia-
meter, 0.215 inches, was held constant for all analyses. The oxide core
analyses were naturally limited in scope because the reference BCEX

(1)

reactor in the study is a carbide fueled core.

The characteristics of the total reactivity feedback in the oxide core
for both insertions are shown in Figures III.5-22 and III.5-23. The
longer oxide pellet-to-clad time constant, Table III.5-3, improves the
BCEX performance characteristics over those noted for the carbide core
during the initial stages of the excursion (less than 0.8 seconds).
During this time period in all analyses, the BCEX feedback exceeds the
CCEX feedback, see Figures III.S-24 and III.5-25. For this same time
period in the carbide core analyses, Figure III1.5-T, the CCEX feedback
was greater than the net BCEX feedback. Thus, in the initial stages of
an excursion, BCEX is a more important excursion terminating mechanism

in a gas bonded oxide core than in a sodium bonded carbide core.

In the oxide core, the gap between the lower and upper fuel bundles

in the 30% and 40% relative heat rate BCEX analyses for the 80 cents

in 0.1 second insertion was found to be always equal to or larger than
the zero time gap value, Figure III.5-26. Depending upon the cermet

rod diameter and heat rate, the gap width continues to increase, increases
to a maximum value and then remains at an essentially constant value, or
increases to a maximum value and thereafter decreases toward the zero
time gap width. For example, in the 30% relative heat rate analyses,

the gap increases with time for the 0.300 inch cermet rod. For the
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0.260 inch cermet rod, the gap increases in width by 20 mils during the
first second, and remains essentially at this new width for the duration
of the analyses. However, for the 0.215 inch cermet rod, the gap width
increases by 11 mils at 1.5 seconds, and then decreases back to essentially

the zero time width.

The average and hot channel temperatures for the 0.260 inch BCEX cermet
rod analyses for the insertion of 80 cents in 0.1 seconds are shown in
Figure III.5-27 and III.5-28 for the fuel, cermet, fuel clad, and coolant.
The oxide core temperatures continue to rise with time, whereas in the
carbide core, Figure III.5-12, the temperatures go through a maximum
point followed by a minimum point before increasing gradually as the new
equilibrium core conditions are approached. The rate of temperature

rise in the 0.260 inch diameter cermet rod in the average channel, after
the initial delay due to the cermet time constant, is 275°, 375°, and
475°F/sec. for the 20%, 30%, and 40% relative heat rates, respectively
(see Figure III.5-28). The 20% BCEX cermet relative heat rate case

and the CCEX case lowers by 410°F the reference core (no BCEX-no CCEX)
average fuel temperatures. Increasing the BCEX cermet relative heat

rate to 40% lowers the fuel average temperature by another 1L0°F. The
average fuel temperatures, average and hot channels, for the 0.300 inch
diameter BCEX cermet rod core with the 2 dollars in 1.0 second insertion
are shown in Figure III.5-29. Fuel melting of more than 50% of the fuel
pellet diameter occurred in several of 6 axial segments in both the

average and hot channels by the time all the analyses were terminated.

The hot channel fuel maximum centerline and radial average temperatures,
which occur in axial section number L (4 of 6), are shown in Figures
IITI.5-30 and III.5-31 for the insertion of 80 cents in 0.1 seconds into
the 0.260 inch cermet diameter BCEX core, and the insertion of 2 dollars

in 1.0 second intc the 0.300 inch cermet diameter BCEX core, respectively.
In both analyses, melting at the fuel centerline occurs, but only in the

2 dollar insertion did the average fuel temperature in this axial section
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IIT.5.4.3

reach the melting point, 5000°F. The average temperature in a section

is an integrated average over the radius of the fuel pellet.

The hot channel cermet maximum centerline and radial average temperatures
for these two sets of analyses are shown in Figures III.5-32 and III.5-33.
The rise in the cermet temperature follows the same pattern as was

noticed for the carbide core, Figures III1.5-18 and III.5-19.

In conclusion, because of the longer time constant in an oxide fuel rod,
BCEX is a more important excursion termination mechanism in an oxide
core than in a carbide core. The longer time constant delays the fuel
clad inward expansion,and thus the cermet negative reactivity feedback
is not downgraded as severely during the initial stages of the excursion
as in a sodium bonded carbide core. This delay in clad expansion, how-
ever, is detrimental with respect to the BCEX in an oxide core in which
CCEX is employed. A core incorporating CCEX has significantly improved

dynamic behavior over a no BCEX-no CCEX core.

BCEX Performance Comparison in the Carbide and Oxide Cores

The performance characteristics of BCEX in the carbide and oxide fueled
cores is compared below for the 80 cents in 0.1 second ramp reactivity
insertion and a heating rate of 30% of the fuel, which is the recommended
BCEX cermet relative volumetric heat generation rate. The comparison
includes all the cermet rod diameters analyzed at this heat rate for

both oxide and carbide fuel materials.

Figure III.5-34 shows the BCEX net reactivity feedback, Ak, for each
cermet diameter analyzed in both cores. The comparison clearly shows
that during the first second of the excursion%the BCEX's feedback is
greater in the oxide core for all the cermet diameters studied. The
longer time constant for the oxide fuel rods, 2.1 seconds versus 0.47
seconds for the carbide fuel rods, delays the downgrading of the oxide

core BCEX outward expansion by the fuel clad inward expansion. However,
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after the first second, the BCEX feedback is greater in the carbide
core. Thus, during the initial period of an excursion, BCEX is a more
important excursion termination mechanism in an oxide core than in a
carbide core. However, as new equilibrium conditions are approached,
BCEX performs better in the carbide core as & mechanism for inserting
negative reactivity feedback. In both cores, the BCEX feedback after
the initial rise is found to be proportional to the 0.835 power of the

ratio of cermet rod diameters.

Figures III.5-35 and III.5-36 compare the ratios of the net BCEX
reactivity feedback to the total feedback, and the Doppler feedback to
the total feedback, respectively. During the first second of the excur-
sion, BCEX in the oxide core is seen to be nearly as important as
Doppler in terminating the excursion, whereas, in the carbide core,
Doppler is the major reactivity feedback for excursion termination.
During this initial period, the BCEX feedback in the carbide core is
greatly reduced by the positive feedback from the inward expansion of

the fuel rod cladding.

After the first second of the excursion, the fractions of the total feed-
back in the oxide core due to BCEX and to Doppler remain essentially at

a constant value, Figures III.5-35 and III.5-36, with Doppler being
somewhat greater than BCEX. However, in the carbide core, BCEX's
fractional worth of the total feedback increases from a minimum value

to a value considerably greater than the Doppler fractional worth.

For example, as new equilibrium thermal conditions are approached in the
carbide core, the 0.360 inch diameter BCEX's fractional worth is 80
percent greater than the Doppler fractional worth. Thus BCEX's importance
as a mechanism for negative reactivity feedback is greater for the oxide
fueled core during the early stages of an excursion and for the carbide

fueled core during the later stages of an excursion.

Figure II1.5-37 compares the ratio of the net BCEX reactivity feedback

to the cermet feedback. The cermet feedback is the negative reactivity
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RATIO OF DOPPLER TO TOTAL FEEDBACK
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feedback due only to the outward expansion of the cermet rod. As new
equilibrium thermal conditions are approached in either core, BCEX's

net fractional worth of the cermet expansion ranges from 0.52 to 0.6k,
depending upon the cermet rod dismeter. The positive effect from fuel
clad inward expansion is the difference between 1.0 and any of the curves
shown in Figure III1.5-37. The large reduction or downgrading of the
effectiveness of BCEX in the carbide core as an excursion terminating

mechanism is clearly illustrated.

The gap width between the lower and upper fuel bundles of the oxide

core, at a BCEX 30% relative volumetric heat generation rate, is never
less than the gap width at time zero, Figure III.5-38. However, in

the carbide core, the rapid inward expansion of the fuel clad initially
reduces the gap width to less than the zero time value. Thus, the appli-
cation of BCEX in a sodium bonded carbide fueled core would require that
the zero time gap width be large encugh to insure that the upper fuel

bundle does not hit the lower fuel bundle during an excursion.

The rise in the core fuel, cermet, fuel clad and coolant average tem-
peratures from time zero for both the carbide and oxide cores, are

compared in Figures III.5-39, III.5-40, III.5-41, and III.5-42, respectively.
The behavior characteristics of BCEX noted in the reactivity feedback

curves are reflected in the shape of the temperature curves. The smaller
magnitude of the slope of the carbide core temperature curves after the
initial rise results from the overshoot in temperature and the shorter

time constants than those in the oxide core. The percentage reduction

at T seconds in the no BCEX-no CCEX core fuel temperatures with the

addition of axial expansion is 40% in the carbide core compared to 29%

in the oxide core.
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RATIO OF CERMET LINEAR EXPANSION TO FUEL CLAD LINEAR EXPANSION
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IIT.5.5 Accident Analyses

From a review of the reactor designs in references 1 and 7, the follow-
ing three reactor accidents considered most likely to occur were selected
for study and for comparison of the BCEX and the CCEX cores' characteris-
tics to those of the no BCEX-no CCEX core.

1. Refueling accident - dropping a fuel assembly into a
Jjust subcritical core.
Expulsion of a control rod at 100% core thermal power.
Loss of electrical power to all primary pumps at 100%

core thermal power.

The analyses for these three accidents were performed on an isolated

1).

The BCEX analyses were performed using the recommended cermet rod dia-

carbide fueled core representing one module of a multi-module system

meter, 0.360 inch 0.D., and volumetric heat generation rate of 30% of
that of the fuel. As noted previously, the fuel rods are divided into
compartments containing twelve inch stacks of active fuel pellets. The
fuel is assumed to move with the clad. 1In the BCEX analysis, the fuel
clad expansion i1s inward, that is, towards the mid-plane of the core;
in the CCEX analyses, it 1s outward, that is, it increases the core

height.

The temperature dependent reactivity coefficients which were used are
given in Table III.5-L4. The fuel assembly and control rod reactivity
worths selected for the first two accidents are the maximum worth of

(1’7). In the

the components to the entire seven modular core system
loss of all electrical power accident, each primary pump is assumed
to be equipped with a high inertia flywheel attached to the rotor of the

drive motor to obtain the desired flow decay characteristic.
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ITI.5.5.1

Refueling Accident - Dropping Fuel Assembly into a Just Suberitical Core

This accident assumes a loss of administrative control followed by a
mechanical failure. Loss of administrative control means that the
reactor has been allowed to become just suberitical with a center fuel
assembly missing. Then as the center fuel assembly is being lowered

into the core, & mechanical failure causes the latch mechanism to release

the fuel assembly allowing it to fall freely into the core.

7)

The maximum worth of a fuel assembly in the seven modular system( is
two dollars. The fuel assembly is assumed to free fall into the core
unimpeded by the flowing sodium. Under this assumption, 0.615 seconds
are required for complete insertion into a six foot core. The reactivity
addition is taken to be proportional to distance travelled instead of

the usual "S" shape distribution, Figure III.5-43,

The core is assumed to be at a decay heat power level of 0.5% of full
power (2.08 megawatts), sodium flow at 20% full flow, and the core inlet
temperature to be LOO°F. The 0.5% decay heat corresponds to the residual

heat generation in a thermal reactor (PWR) seven days after shutdown.

The normalized power, P/PO, as a function of time is shown in Figure
IIT.5-44 for this postulated dropped-fuel assembly accident. The peak
powers are 7250 megawatts in the no BCEX-no CCEX core, 5920 megawatts
in the BCEX core, and 5550 megawatts in the CCEX core. Only after two
seconds has elapsed does the BCEX core power level fall below the CCEX
core power level. Thus, the trends noted in the parameter study con-
cerning BCEX's initial lower feedback performance hold true in this
postulated accident. Only after the degrading of the cermet outward
expansion by the clad inward expansion stops in the BCEX case does the
crossover of the two power curves occur. The no BCEX-no CCEX analyses
terminated at 1.33 seconds on an upper coolant temperature limit, Table

ITT.5-5.
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The fuel temperature rise in the average and hot channels, and the BCEX
cermet tempersture rise in the average channel are shown in Figures
IIT.5-45 and III.5-46. The no BCEX-no CCEX case was terminated after
1-1/3 seconds. The BCEX core fuel peak temperature rise occurs at one
second and is approximately 50% higher than the peak in the CCEX core.
The BCEX equilibrium temperature rise at 10 seconds is 20°F below the
CCEX core's rise. The BCEX core's peak cermet average temperature rise
is 815°F at 2.3 seconds, which then reduces to 675°F at 10 seconds,
Figure III.5-L6.

The hot channel fuel maximum temperature occurs in axial section number k
(4 of 6). Figure III.5-4T7 shows the centerline and radial average tem-
peratures for this axial section. The maximum fuel centerline tempera-
tures are 3000°F (when terminated) in the no BCEX-no CCEX core, 2700°F

in the BCEX core, and 2000°F in the CCEX core. The no BCEX-no CCEX
exceeded one of the temperature limits listed in Table III.5-5, the

other cases did not exceed any of these limits.

The BCEX hot channel cermet maximum temperature occurs in axial section
number 5 (5 of 6). The hot channel centerline and radial average tem-
peratures for the cermet rod and for axial section number 5 is shown in
Figure III.5-48. It is interesting to note that from 0.8 seconds to

0.3 seconds the cermet centerline temperature falls below the radial
average temperature. This occurs because the coolant is hotter and thus
gives up heat to the cermet rod (see insert in Figure III.5-48). After
the coolant temperature drops below its peak value (see Figure III.5-L9),
the cermet then gives up heat to the coolant and the centerline tempera-

ture rises above the radial average.

In this accident, coolant boiling, Figure III.5-49, was encountered in
both the no BCEX-no CCEX and the BCEX cores. The assumed boiling tem-
perature of 1830°F corresponds to a pressure of 40 psia and does not
include any liguid superheat effect. In the no BCEX-no CCEX core,

boiling occurs in the average channel as well as in the hot channel.
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IIT.5.5.2

In the BCEX core,coolant boiling occurs only in the outlet of the hot
channel. The rate of core voidinghonce coolant boiling begins, was not
studied, as the modifications to the Westinghouse version of the FORE

(2)

computer code did not include two phase flow and coolant pressure
drop considerations. The maximum coolant temperature occurring in the

CCEX core is 1550°F, 280°F below the assumed boiling point.

The fuel clad maximum temperatures in the average and hot channels occur
in axial section number 5 (5 of 6) and are shown in Figure III.5-50.

The BCEX core's hotspot clad temperature is 1940°F versus 1480°F in the
CCEX core., At 10 seconds, the fuel clad maximum temperatures in the

two cores differ by 20°F, 1U450°F in the CCEX core and 1430°F in the
BCEX core. The no BCEX core calculation was terminated around 1.3

seconds.

In summary, the rapid negative reactivity feedback response obtained
from the fuel clad axial expansion, CCEX, prevented coolant boiling and,
thus, any damage associated with core voiding during this postulated
refueling accident. In the BCEX core, the fuel clad axial expansion

is a positive reactivity feedback which reduces the excursion termina-
tion effectiveness of BCEX in the initial stages of the accident. The
temperature overshoot, which was noted in all the studies, is exag-
gerated in this case due to the large amount of reactivity that was
inserted. This temperature overshoot would be serious in this incident,
since it results in coolant boiling and possible core voiding in the
outlet of the hot channel and, thus, possible core damage. Nevertheless,
both the CCEX and BCEX core performance demonstrated substantial improve-

ment over the no CEX core.

Expulsion of a Control Rod at 100% Core Thermal Power
(7)

In the seven modular core array , there is a total of 49 control rods,
seven rods per module. The maximum worth of a control is one dollar.

This analysis assumes that the maximum worth control rod is in the fully

I1IT.211



cTZ " IIT

TEMPERATURE %F X 1072

22

16

NO BCEX - NO CCEX

7\

.360" BCEX
30% HEAT RATE

HEAT RATE

\(/ —_— .360" BCEX
— 307
\ I

CCEX CLAD
AXIAL EXPANSION

=== = HOT CHANNEL
AVERAGE CHANNEL

| | | | | | l | I |

2 3 4 5 b 7 8 9 10 I
TIME, SECONDS

ACCIDENT ANALYSES: DROPPING FUELASSEMBLY - AVERAGE CLAD
TEMPERATURES IN AXIAL SECTION 5 (5 OF 6) - 20% SODIUM FLOW-
0. 5% DECAY HEAT - COOLANT INLET 400°F

Figure III.5-50




inserted position when expelled from'the core. In expelling the control

rod, it was assumed that either the control rod drivr mechanism or the control
rod extension shaft breaks and subsequently, the full core pressure drop of
100 psi acts on the control réd. Under these conditions, the control

rod would be expelled at an acceleration of 100 ft/sec.2 (approxi-
mately 3 g's), neglecting fluid drag forces. In this analysis, the

initial acceleration was held constant for the full core height,

six feet. The rod would then be fully out of the core in 0.35 seconds.

The control rod ejection effect on kef is shown in Figure I1II.5-51.

f
The initial core conditions were assumed to be 100% power and full coolant

fiow.

The core power ratio, P/Po’ as a function of time is shown in Figure
IITI.5-52. As noted in the previous analyses, the lowest peak power,

5.9 times full power, occurs in the CCEX core, whereas the lowest new
equilibrium power, 2.2 times full power at si# seconds, occurs in the
BCEX core. The peak powers in the no BCEX-no CCEX and the BCEX cores
are 8.35 and 6.85 times full power, respectively. The new equilibrium
powers in the no BCEX-no CCEX core and the CCEX coreare 3.7 and 2.5 times

full power, respectively.

The temperature rise in the fuel, average and hot channels, and in the
BCEX cermet, core average, are shown in Figures III.5-53 and III.5-54.
In this accident, the fuel temperatures in either of the axial expansion
cores, BCEX or CCEX, are lower by 25% or more (215°F at one second to
665°F at seven seconds) than in the no BCEX-no CCEX core. Up to 1.7
seconds,the CCEX core has a lower average fuel temperature than the
BCEX core, but after this time, the BCEX core fuel temperatures are
approximately 100°F lower at seven seconds. After seven seconds,

the rise in the BCEX cermet average temperature is 350°F, Figure III.5-54.

The maximum hot channel fuel and cermet temperatures, centerline and
radial average, occur in axial section number 4 (4 of 6), Figure ITI.5-55

end III.5-56. 1In the no BCEX-no CCEX core, the hotspot fuel centerline
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temperature is 3920°F and still rising after seven seconds. In the

two axial expansion cores, BCEX and CCEX, the fuel hotspot centerline
temperatures are less than 3100°F, Figure III.5-55. In the BCEX cermet,
the cermet hotspot centerline temperature is 2300°F and still rising
after seven seconds, Figure III.5-56. The fuel clad hotspot temperatures,
hot and average channels, are shown in Figure III.5-57. In the no BCEX-
no CCEX core, the hot channel clad hotspot is 2060°F and still rising
after seven‘éeconds,whereas in the BCEX and CCEX cores, the clad hotspot

temperature is less than 1700°F for the entire excursion period.

Figure III.5-58 shows the core exit coolant temperatures, average and
hot channels, as a function of time. Boiling of the coolant occurs at
the outlet of the no BCEX-no CCEX core hot channelawhereas the coolant
temperatures in the two axial expansion cores, BCEX and CCEX, are less

than 1550°F during the entire time period of the incident.

In summary, the postulated control rod ejection accident yields approxi-
mately equal maximum temperatures in the two axial expansion cores,
BCEX and CCEX. Either axial expansion mechanism prevented coolant boil-

ing and resulting core damage in this postulated accident.

III.5.5.3 Loss of Electrical Power to All Primary Pumps at 100% Core Thermal Power

The loss of primary pump power is a credible accident for all nuclear
reactors. The safety and integrity of the core during this accident
strongly depends on the flow decay characteristics of the primary system
pumps. Because of their importance, each primary pump is assumed to be
equipped with & high inertia flywheel attached to the rotor of the

drive motor to obtain the flow decay characteristic curve shown in

Figure III.5-59.

At the time of loss of electrical power to all primary pumps, the core
conditions are 100% power and 100% flow. As all the temperature depen-

dent reactivity coefficients introduce negative reactivity with increas-
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ing system temperature, the decay in the reactor power follows the pump
flow, but with a time delay (see Figure III.5-59). The BCEX core power
is between the values for the no BCEX-no CCEX core and the CCEX cores.
The BCEX net reactivity worth was negative during the time period that
the assumed pump flow decay rate was studied, even though the fuel rod
clad linear expansion exceeded the cermet linear expansion. The rate of
temperature rise, °F/sec., in the fuel clad is approximately twice the
rate for the BCEX cermet, Figures III.5-60 and III.5-61. The gap between
the lower and the upper BCEX fuel bundles in the average channel was 18
mils, 24 mils, and 29 mils less than the zero time gap after 5, 7.8, and
10 seconds, respectively. The core exit coolant temperatures, average
and hot channels, are less than 1400°F during the time period this

accident was studied, Figure III.5-62.

In summary, the BCEX net reactivity feedback was always negative during
this postulated loss of pumping power accident. The excursion termina-
tion capability of BCEX or CCEX is not fully demonstrated by this
analysisvas the sodium temperature coefficient is negative. Even the
no BCEX-no CCEX core temperatures are below the threshold values for

core damage.
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IITI.5.6 Controlled Expansicn Quasi-Equilibrium Reactivity Feedback and Alternate
Clad Materials

The ultimate, net, reactivity feedback of the controlled expansion
element can be determined from an analytical study of its contribution
to the overall power coefficient. As this type of analysis assumes con-
stant material properties and equilibrium reactor conditions, the time
dependency between the various feedbacks can be neglected. During a
rapid transient, the initial rate of power and temperature rise, and the
resulting feedbacks, are controlled by the positive reactivity insertion
rate. Immediately after a positive reactivity insertion ceases, the core
temperatures and feedbacks are functions of the integrated energy to that
point and of the remaining excess reactivity. The preceding transient
analyses showed that there is no simple way to present the relationship

between feedback and power in the transient mode.

However, it is of interest to explore the relationship between steady-
state power and feedback. Because of the complex thermal delays present
in the reactor, the rapid transient behavior cannot be deduced directly
from the steady-state relationship between power and reactivity. The
steady state relationship, however, will indicate the maximum potential
for feedback, and approximately describe a pseudo steady-state condition.
The steady-state relationships can alsoc give some insight into the

relative merits of design alternates not considered in the transient studies.

The relationship between power and the BCEX reactivity expansion feedback
generated by power is the partial derivative of reactivity with respect
to power, neglecting everything except expansion. The resultant expression

is:

3k 9k SLi oT oL oT

oP BLl aﬁi oP 3L2 aﬁé P

IIT.228



where Ll and Ei are the length and average temperature of the bulk

ceramic clad, and L2 and T2 are length and average temperature of the

cermet.

Rewriting the relationship gives:

Ak _ (L. &) (l_.igi) (iﬁi)
oP i 9L, L, = P
i i BTi

i

where the summation is over the two components of the reference BCEX
assembly. The first term, (Li g%rﬁ, represents the reactivity expansion
i oL,
coefficients, Yo which are constants. The second term, (%— f:a)
i 9T,
i

represents the ordinary thermal expansion coefficients, o which are

>

also constants (to a reasonable approximation). Hence,
ok _ L h
9P Yi% 3P

The average metal (clad or cermet) temperature is a function of the

inlet temperature, the average coolant temperature rise, the average
bulk coolant to surface temperature rise, and the average metal tempera-
ture rise. In the most common case of fixed coolant flow rate during a
transient, the average temperature rise values are proportional to total
power. This assumes constant radial and axial neutron flux shape, a
good approximation in fast reactor systems. Thus, the metal average tem-

perature can be written as:

T = T,, * CP, where C is a constant.
Then 55‘ = C
T |
d GLS = a, C = cons
and  3p , Ti% i '
i
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Thus, the 8k feedback from thermal expansion is a constant times the

change in the reactor power.

The values of the Yy have been computed for clad and cermet, the values
of the a, are known (approximately), and the values for the C; can be
computed. The values for the Ci can be obtained from the steady-state

thermal-hydraulic calculations directly, as

T, = T, + C.,P
1 in 1

or c, =

and Ti, Tin’ and P are known. These values are tabulated in Table III.5-6
for the reference carbide and oxide cases. Note that the total assembly,

isothermal expansion, temperature coefficient, %%- , cannot be used to
predict %%u iso

The data plotted in Figure III.5-63 are the values of partial and total
reactivity feedback versus power for the reference carbide design. The
spread in the data, shown by the shaded bands, is an indication of the
minimum uncertainty. The least negative total feedbacks are those used
in the preceding transient studies. The values leading to the most
negative total feedback result from data used in the steady state studies
to yield conservative estimates of allowable burnup. The CCEX values

are essentially the same as those which would be achieved with an all
cermet core. In fact, as the nuclear calcualtions neglected fuel expan-
sion on the basis that this would be adegquate for compartment size, the
CCEX expansion effect was calculated exactly as if it were a cermet with
an average temperature equal to the average clad temperature. As can be
seen in Figure III.5-63, the total, net, steady-state reactivity effect

for the reference case is approximately twice that of CCEX.
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Table III.5-6

Quagi-Equilibrium Reactivity Data

0k
Y o Tiso C 3k /9P
BCEX Carbide: Clad +0.368 11 x 10‘6 +4.05 x 10'6 0.489 +1.98 x 10'6
(w/0.360" cermet Cermet -0.762 10 x 10’6 -T7.62 x 10'6 0.75k4 5.7k x 10‘6
@ 30%) Total - - -3.57 x 10‘6 - -3.76 x 10‘6
BCEX Oxide: Clad +0.368 11 x 10"6 +4.05 x 10"6 0.h12 +1.67 x 10‘6
(w/0.260" cermet Cermet -0.762 10 x 10‘6 -7.62 x 10‘6 0.531 -L.05 x 1070
@ 30%) Total - - -3.57 x 1070 - -2.38 x 107°
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The data plotted in Figure III.5-6L4 are the values of partial and totszl
feedvack versus power rise tetween two equilibrium conditions for the
reference ozide design. The cermet negative rezsctivity shown in Figure
I11.9-€L4 is less than in Figure III.5-f£%. Thiz is due tc the smaller
cermet dismeter, as equal cermet volumetric heat generation rates,

ETU/hr-ft~, were specified in both cores.

The potential advantage of using a clad cn the bulk ceramic with a lower
coefficient of thermal expansion was investigated. The two representa-
tive examples selected for this analyses are the ferritic (LOU series)
stainless steels and the niobium alloys. These alloys have higher
thermal conductivity than the sustenitic (300 series) stainless steels
used in the reference design, btut this is a minor improvement compared

tc the improved thermal expansion characteristics. The advantage can be
estimated by sdjusting the thermal coefficient of ezpansion for the bulk
ceramic clad. For this analyses of steady-stage conditions, Figure III.5-65
illustrates the relative BECEZ performance with alternate clad for carbide
and oxide fuel. Ferritic clad would increase the negative response of

the reference carbide by 20%, and of the oxide by 25%. licbium would
increase the negative response of the reference carbide by 25%, and of the

cxide by 35%.

The effect of ferritic or niobium clad is shown more clearly by plotting
the reactivity ccefficient for power versus the relative power generation
rate in the cermet (relative to the power generation rate in the bulk
ceramic). Figure III.S5-66 illustrates this for the carbide and oxide
reference designs. It can be seen that the improvement in the power
coefficient obtainable by using a low thermal expansion clad is a fixed
magnitude not & percentage change. The magnitude of the improvement,
dk/dF, ranges between 0.6 x 10_6 and 1.0 x 10_6. Alternatively, the

same power coefficient can be achieved at a relative power generation
rate which is lower by 4 to 5 percentage points. The difference in slope

between the carbide and cxide power coefficient curves arises from the

larger cermet pin diameter in the carbide reference design.
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In summary, this analysis shows the possible obtainable final net reactivity
worth between two steady state power conditions of the two proposed methods
of achieving a controclled axial expansion. The time dependency and inter-
actions of the various reactivity feedbacks occurring during a power excur-
sion, shown by the preceding transient analyses, were neglected. Thus,

the results of this analytical analyses is mainly applicable to the study

of power excursions which are sufficiently slow that the core is always

at a steady state condition; for example, the powered withdrawal of a

control rod at a slow reactivity insertion rate.
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III.5.7

Summary and Conclusions

Two methods of controlled axial expansion, bundle controlled expansion
(BCEX) and clad controlled expansion (CCEX), were studied using two dif-
ferent fast reactor cores: the reference sodium bonded carbide fueled
core(l’2’7) and an extrapolated design of a gas bonded oxide fueled core.
In BCEX, the controlled axial expansion is achieved through the use of
cermet rods located in the center of each fuel assembly which move the
upper and lower fuel bundles apart, thus displacing fuel material from

the center of the core. However, the cermet outward expansion reactivity
worth is reduced by the positive feedback from the movement of the fuel
towards the center of the core due to clad expansion. The BCEX analyses
assumes that the fuel in both the upper and lower bundles is compartmented
and, moves with the clad. Likewise, in CCEX, the fuel pellets are
placed in compartments in the fuel rods and, again, the fuel is assumed
to move with the stainless steel clad. In both analyses, for BCEX and

for CCEX, the feedback for axiel expansion is based on changes in the

core's oversgll height.

A parameter study and analyses of three postulated accidents were per-
formed to study the transient characteristics of the two controlled axial
expansion concepts. A core having zero axial expansion was selected as
the base line from which to evaluate the merits of BCEX and CCEX. The
oxide fueled core was designed to have the same total volume of fuel,

and thus the same fuel volumetric heat generation rate, BTU/ft3, as the
carbide fueled core. This was achleved by adjusting the oxide fuel pellet
diameter to ensure tolerable fuel temperatures. The oxide core's overall
height and diameter are approximately equal to those of the carbide core,
and thus, the carbide core's temperature dependent reactivity coefficients
were assumed to be applicable to the oxide core. Thus, the differences

in behavior of BCEX and CCEX in the carbide and oxide cores is due solely

to the differences in their thermal properties.
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BCEX and CCEX are methods for providing ceramic fueled fast reactor
cores, which possess assumed zero axial expansion, with a predictable,
negative, axial expansion, reactivity feedback mechanism that will con-
tribute significantly in terminsting a power excursion. The merits of
BCEX and CCEX were shown in the results presented for the parameter study
and the accident analyses. In terms of reactivity fractional worth,
during the initial stages of an excursion, BCEX is more effective in the
oxide core in assisting the other negative reactivity feedbacks to
terminate the excursion. In the carbide core, the effectiveness of BCEX
is greatly reduced during the initial stages of an excursion by the

rapid expansion of the clad on the fuel rod. The carbide fuel rod time
constant is 0.47 seconds, compared to 0.T79 seconds for the cermet rod,
and 2.08 seconds for the oxide fuel rod. The clad on the oxide fuel rod
has the slower response, thus preventing a sharp reduction in the fractional
worth of BCEX in the oxide fueled core during the initial stage of the
excursion. The downgrading of the carbide core's BCEX regctivity frac-
tional worth causes a temperature overshoot; the temperature overshoot
becoming larger and thus there is a greater possibility of fuel damage

in the case of large rapid reactivity insertions (such as dropping a fuel

assembly).

As new equilibrium thermal conditions are approached in the core after
the reactivity input has been terminated, the reactivity feedback frac-
tional worth of BCEX is greater in the carbide core than in the oxide
core. The BCEX fractional worth may be 80% greater than the Doppler's
fractional worth depending upon the cermet rod diameter and volumetric
heat generation rate. In the oxide core, the BCEX fractional worth is

less than the Doppler worth.

If the compartmented fuel moves in a predictable manner with the clad,
the performance characteristics of CCEX in the carbide core are - depend-
ing upon the reactivity insertion rate - as good as or better during an

excursion than those of BCEX. This is especially true in the early stages
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of an excursion, when the tempersasture overshoot characteristic of BCEX

in a carbide core may become guite severe. For example, the carbide core's
CCEX analysis for a two dollar insertion at a rate of 20$/sec. was the
only analysis not terminated by a temperature upper limit. It should be
understood that cermet rod overheating caused some of the terminations of
the BCEX analyses. The upper temperature limits were selected to indicate
the onset of damage to the core. The response of CCEX decreases with an
increasing fuel rod time constant. In an oxide core, CCEX is a less
effective accident terminating mechanism than in a carbide core. Thus,

at best, BCEX offers a marginal improvement over CCEX in increasing the
negative reactivity feedback for terminating certain excursions in either

a carbide or oxide core,

The net reactivity worth at equilibrium conditions of BCEX using metallurgi-
cally bonded cermet rods ranges from 50% to 65% of the cermet's outward
expansion reactivity worth. In other words, the effect of the fuel clad
inward expansion is to downgrade the gross cermet's reactivity worth by

35% to 50%. Using a fuel clad material having a lower linear expansion
coefficient, or increasing the cermet rod diasmeter, cermet volumetric

heat generation rate, and/or the cermet-to~clad contact resistance (inverse

of conductance) improves the BCEX performance characteristics.

In the study of the expulsion of a control rod (one dollar at an accelera-
tion of 100 ft/secg) from a carbide core, BCEX is as effective as CCEX

in terminating the excursion. However, in the refueling accident when

the maximum worth fuel assembly, two dollars, is dropped under one g
acceleration into a just subcritical carbide core, BCEX is much less
effective than CCEX in controlling the resultant power excursion during
the important first few seconds. The assumed initial refueling power
level and flow rate used were 0.5% and 20% of rated conditions, respectively.
The transient characteristics in the BCEX core resulted in a tempera-
ture overshoot sufficient to produce coolant boiling at the outlet of the
hot channel. In the CCEX core, the maximum coolant temperature was 200°F,

or more, below the boiling temperature., The assumed cooclant boiling
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temperature is 1830°F, which corresponds to a pressure of U0 psia,

neglecting the liquid superheat effect.

The net reactivity feedback from BCEX during the loss of all electrical
power to the primary pumps was found to be always negative for the assumed
flow decay characteristic, even though the clad inward expansion exceeds
the cermet expansion by 29 mils after 10 seconds. Since the sodium tem-
perature coefficient is negative, it prevents BCEX and CCEX from demon-

strating their excursion terminating effectiveness.

In all analyses performed in this investigation, utilization of the BCEX

and CCEX features (axial expansion) significantly improved the core

transient behavior over the non-CEX (zero expansion) core.
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III.6

II1.6.1

Nuclear Analyses

Introduction

The nuclear characteristics of the reference CEX fuel assemblies were
calculated using standard Westinghouse Atomic Power Division fast
reactor calculation procedures. BSpecifically, the characteristics of
the CEX fuel assembly, as installed in the reference Westinghouse sod-
ium cooled large fast breeder reactor modular design were investigated.
In particular, those properties of the reactor pertaining to the CEX
concept and related safety features were analyzed in detail. The nuc-
lear analysis of this concept assumed a supporting role in this study,
and was used mainly to supply information for use in the transient
analyses. There was relatively little effort on obtaining data féauired
for such things as economic analysis. Burnup calculations were per-
formed to obtain parameters needed to calculate reactivity coefficients
at variocus stages in the life of the reactor core. In this way, con-
servative values of the various coefficients could be used in the safety
analysis of the CEX concept. The following principal coefficient were

calculated:

Coolant temperature coefficient

(a)

(b) Doppler coefficient

(c) Cermet expansion coefficient
(a)

Clad expansion coefficient

The Westinghouse modular reactor consists of seven identical hexagonal
modules, six of which surround the seventh. Of the forty-two sides

of the seven modules, twenty-four border on another module, while the
remaining eighteen border on the peripheral radial reflector; or,
equivalently, four-sevenths of the modules are "reflected" modules,

and three-sevenths are isolated modules. The analysis was performed

on a "hybrid" or "average" module whose neutron flux boundary condi-
tions represent a compromise between the reflected and isolated modules.
This was the best way to obtain the properties of the entire seven

module reactor.
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I11.6.2 Description and Calculational Method

III.6.2.1 Description of Model Used in the Nuclear Analysis
(1)

A module of the Westinghouse 1000 MWe design consists of a tall
cylindrical core (L/D == 2.3) with one foot thick, top and bottom,
axial blankets. Each module is radially surrounded by a blanket,

a row of graphite three-fourth as thick as the normal graphite row,
and a six inch reflector consisting of sodium and steel. As the
isolated module has a full row of graphite surrounding the radial
blanket, while the reflected module has only one-half row thickness
because it shares the graphite with the adjacent module, gh approxi-
mate value of three-fourth of the normal graphite row thickness was
used. The enrichment, breeding ratio, and spectrum of the hybrid
module fall approximately midway between those of the isolated and
reflected modules, and hence should adequately represent the "average"
module of the reé;tor. Figure ITI.6-1 shows a vertical section
through the "average" module; all parameters are homogenized in each

of the regions shown. Table III.6-1 gives the volume fractions for

the regions indicated.

Table III.6-1

Volume Fractions

Structure
Region Fuel Coolant and Clad Graphite Void
Core .28L46 .5758 .1396
Axial Blanket .2984 .5682 .1334
Radial Blanket 5156 ' .30h7 .1698 .0099
Graphite Reflector .0500 .0500 .9000
SS + Na Reflector L7500 .2500

Center Rod Hole 1.00
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The radial blanket volume fractions include three, full assembly

size, control rod holes.

For certain calculations it was necessary to homogenize the central
control rod hole into the core. The core volume fractions for this

case are:

Fuel L2769
Coolant .5853
Structure and Clad .1378

The core consists of 37 hexagonal assembliegzeach with a 23.094 in?
cross sectional area. This ylelds an equivélent core radius of
41.889 cm. The equivalent radius of the central control rod is

6.292 cm., The equivalent outer radius of the radial blanket is
65.695 cm., yielding a blanket thickness of 23,805 cm. The thickness
of a full row of graphite is 11.914 cm., giving a three-fourth
thickness of 8.936 cm. As mentioned previously, the graphite is
surrounded by 15.24 em. of steel and sodium reflector. The boundary

condition used at the outer edge of this reflecter is d¢/dr = 0.

ITI.6.2.2 Calculation Method

The one-dimensional, 18 group, multiregion, W-MOBI diffusion theory
code (based on the FAIM<2) code) was used in most of the calcula-
tions. SIZZLE, a one-dimensional, 6 group, multiregion diffusion
theory, depletion code was used for burnup calculations. These
burnup calculations formed the basis for the parameters used to

evaluate later-in-life reactivity coefficients.

Generally, for radial calculations, the module was divided into five
regions: the central control rod hole, the core, the radial blanket,

the graphite reflector, and the sodium-stainless steel reflector.
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Two kinds of axial calculaticons were made: those with a center
gap between the upper and lower half bundles of the fuel rods,
and those without this center gap, i.e., with the center gap homo-
genized into the core. The former were used to calculate the cermet
expansion coefficient and the clad expansion coefficient; the latter
were used to calculate Doppler and sodium temperature coefficients.
The coefficients were calculated for a burnup of 0, 33,333 MWD/MT
and 66,667 MWD/MT, which represent the average core burnup for
beginning of life, equilibrium loading, and equilibrium discharge,

respectively, for a three-cycle Roundelay refueling scheme.

The average temperatures of the fuel, structure, and sodium coolant
were assumed to be 1250°F, 1000°F, and 1000°F respectively. At these

temperatures, the basic number densities are:

Fuel (PuC-UC) 029466 x 1072 atom/cm. 3

(at 92% of theoretical density)
Structure (SS-30L) 08565 x 102 atom/cm.3
Coolant (Sodium) .02158L x 10%2% atom/em. >

The depleted UO, in the radial blanket is 90% of theoretical density,

and at lhOO?F y?elds a basic number density of .21471 x lO2h mole-
cules/cm.3 The basic number densities of stainless steel and sodium
in the blankets are assumed to be the same as in the core. The plut-
onium composition is 0.659, 0.290, 0.041, and 0.010 for Pu-239, 2L0,

241, and 242, respectively.

The ARES-II resonance integral code was used to calculate absorption
cross sections at three fuel temperatures for the isotopes U-238,
Pu-239, and Pu—2h0, and fission cross sections for Pu-239 in the
lower 8 groups, i.e., below 40.7 kev. The remaining cross sections
employed were from standard Westinghouse Atomic Power Division 18
group library (See Appendix F). The Doppler coefficient was calcu-
lated at the three burnup stages by using the temperature-dependent

cross-—-sections in W-MOBI.
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The sodium temperature coefficient was calculated from the change
in keff obtained by reducing the sodium number density ten percent.
This coefficient is very sensitive to the neutron energy spectrum

and to core leakage, so that for non-spherical cores, a one-dimensional
calculational scheme is not generally adequate. A pseudo, two-
dimensional method (essentially an 18 group buckling iteration) was
used, which takes into account the changes in the transverse leakage

in each of the 18 lethargy groups. This method has been used very
successfully at Westinghouse Atomic Power Division in calculating

the spectra of various ZPR-IITI and ZPR-VI critical experiments.

To provide a reactivity coefficient for the mechanical bowing of

fuel assemblies, a calculation was performed in which the core radius
was increased by one centimeter and the fuel and structure (stainless
steel) number densities were reduced in such a manner that the total

amount of fuel and structure in the core remained constant.

To obtain the cermet expansion coefficient and the clad expansion
coefficient, axial W-MOBI calculations were performed at three burnup
conditions, and a two-dimensional PDQ-Ok calculation was performed

at beginning of life. The W-MOBI results were normalized to the PDQ
values, so that they agreed at beginning of life. The calculation

of these coefficients was done in such a manner as to duplicate the

actual phenomenon as closely as possible. Three axial cases were

considered;:
1. Reference Case: Center Gap = 0.1 inch, Fuel # Density = A
Clad # Density = B
Na # Density = C
Reference keff = kl Core Length = L (incl. gap)

2. Cermet Expanded: Center Gap = 0.6 inch, Fuel # Density= A
Clad # Density= B
Na # Density = C

k e = k2 Core Length = 1+0.5 inch

€ (incl. gap)
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3. Cermet and Fuel Clad Expanded: Center Gap = 0.1 inch

o L
Fuel # Density = A(L " 0.5)
o L
Clad # Density = B(z— 0.5)
Na # Density = C
keff = k3 Core Length = LTO.S inch
(incl. gap)
The coefficients are then:
k. - k
. dk - Tt o
A. Cermet Expansion, L(dL) cormet = L( TS ) L in inches
k., -k
. ak _ 3 2 .
B. Fuel Clad Expansion, L(dL)Clad = L(——ng——) L in inches
ak dk
As k2 < kl’ L(dL)cermet <0, and as k3 z k2’ L(dL)clad >0. The

cermet expansions serve to move fuel from the high worth center region
to the low worth core boundary region, while the clad expansion pushes
fuel back into the center region. The reactivity coefficient for the
clad controlled expansion (CCEX) concept is obtained from cases 1 and
3 above. Neglecting the effects of the small, constant, center gap,
we get:

dk)

ar) ceex = M

L(
Burnup calculations were performed with the SIZZLE, one-dimensional,
diffusion theory, depletion code in radial geometry. The calcula-
tion was carried to 100,000 Megawatt days per metric ton of heavy
metal in the core (MWD/MT) in nine time steps. It was assumed that
at 33,333 MWD/MT one-third of the core would be replaced and again
33,333 MWD/MT later another third would be replaced, etec. In the
equilibrium cycle, the average burnup in the core would always be
between 33,333 and 66,667 MWD/MT., The calculation of the various
coefficients (Doppler, coolant temperature, etc.) were performed at
0, 33,333 and 66,667 MWD/MT using number densities generated in the
SIZZLE burnup analysis.
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When fresh fuel is placed next to burned fuel, a power peak occurs

in the fresh fuel. The magnitude of this peak is given by:

18
Zfiss. i ¢i(rfresh)
P = i=1
18
jil zfiss. J ¢j(rburned)

To simplify the calculation, it was assumed that ¢k(

¢k(rburned
ments in a fast reactor.

rfresh) =
); this is a valid assumption for neighboring fuel ele-

In all previous calculation, identical enrichments were assumed in
the carbide and cermet fuel so that equivalent burnups would be
obtained. A knowledge of the effects of cermet enrichments greater
than the fuel enrichment was desired. Radial burnup calculations
were performed on a single fuel assembly for various cermet enrich-
ments. In the SIZZLE calculation, the stainless steel, sodium and

U02-Pu0 cermet fuel) were homogenized into a central region with

5
1.492 centimeter radius and the remaining part of the assembly formed
a ring from 1.492 to 6.886 centimeters radius. The enrichment of

the central region was varied, the enrichment for the annular section

was held constant in these calculations.

I1I.6.3 Results and Discussion

Table III.6-2 and Figures ITI.6-2 thru III.6-8 present the results
of the nuclear analyses. The calculational methods used to obtain

these results are described in the previous section.

Figures III.6-2 thru III.6-8 require little further explenation.

The axial power distribution at beginning of life for the reference
core is presented in Figure III.6-2. A core peak to average axial
power of 1.36 was obtained. The core effective multiplication fac-

tor is shown in Figure III.6-3 as a function of burnup for a 3 cycle
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Table III.6-2

Nuclear Data

Module Total Power (Equilibrium Core)
Module Core Power (average at fuel discharge)
Module Blanket Power (average fuel discharge)
Fuel Enrichment (beginning of life)
Cermet Enrichment (beginning of life), E
AMternate Cermet Enrichments: (1.5E)

(1.9E)

Local Power Peaking

Beginning
of Life

465
385
80

16.
16.
2k,
30.
.10

MWt
MWt
MWt
26
26
39
89

a/o Pu-239
a/o Pu-239
a/o Pu-239
a/o Pu-239

33,333 MWD/MT

+ Pu-241
+ Pu-241
+ Pu-2hl
+ Pu-2k1

66,667 MWD/MT

Effective Multiplication Factor, k eff 1.0568
Doppler Coefficient: T dk/4aT - .00370
Sodium Removal: p dk/dp

(Starting at Top of Core)

First 1/6 of Core .00333
Second 1/6 of Core .00252
Third 1/6 of Core .00172
Fourth 1/6 of Core .00170
Fifth 1/6 of Core .00252
Sixth 1/6 of Core .003k2
Total Core 0.01521
Cermet Expansion L dk/dL -0.7890
Clad Back Expansion L dk/4L +0.3808
Clad CEX Expansion L dk/dL -0.k4082
Radial Maximum-to-Average Power (core) 1.325
Axial Maximum-to-Average Power (core) 1.358
Central Control Rod Worth .0553
Bowing Coefficient R dk/d4R -0.5255

ITT.252
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.0235
.00335

.00345
.00272
.00199
.00198
.00272
.00354
.016%0
L7624

.3680

3944

1.268
1.345

.0522

1.0025
- .00300

. 00307
.00194
.00093
.00092
.00194
. 00315
0.01195
-0.7181
+0.3466
-0.3715
1.212
1.333
.0483



€62 III

POINT-TO-AVERAGE POWER

<¢—CORE-AXIAL BLANKET INTERFACE

| I I l l l l |

CENTER PLANE

0 10 20 30 40 50 60 70 80

HEI GHT ( ABOVE CORE-AXIAL BLANKET I NTERFACE)
(cm)

AXIAL POWER DISTRIBUTION BEGINNING OF LIFE

Figure III.6-2

100 (10



UH{TARARE

EFFECTIVE MULTIPLICATION FACTOR ke ¢

1.06

1.05

g

1.03

1.02

1.01

3

8

e
3

BURNUP ( MWD /MTU x 1074)

keff vs. BURNUP

Figure III.6-3

N
\
L\ ——— 3 CYCLE ROUNDELAY
——— BATCH
r——.
B | I
| I
' I
| |
~
™~ S
S~ -~
l l | I l | |
0 4 5 6 1 8 9 10 I



6Ge III

POINT TO AVERAGE POWER

.40

1.20

1.00

——T

e e R ———— . w——

a - CONTROL ROD WITHDRAWN
b - CONTROL ROD IN

l | l l l

I

L |
10 15 20 25 E 35 40
R (cm)

RADIAL POWER DISTRIBUTION BEGINNING OF LIFE

Figure III.6-k

45

55



962 ' III

POINT-TO-AVERAGE POWER

1.40

,_
3

3

=

8

&

N

e e e e — — — ———— ——— -~ ———

a - CONTROL ROD WITHDRAWN
b - CONTROL ROD IN

1 | I I | ] I

..

10 15 20 25 X 35 40
R(cm)

RADIAL POWER DISTRIBUTION 33,333 MWD /MT

Figure III.6-5

5

55



162°T11

POINT TO AVERAGE POWER

.40

1.20

1.00

e iy e G D D e S e A — o — TR SV S —— - e —— G - v —

a - CONTROL ROD WITHDRAWN
b - CONTROL ROD IN

l | l | ] l

v

10 15 20 25 0 35
R (cm)

RADIAL POWER DISTRIBUTION 66,667 MWD / MT

Figure III.6-6




4C III

POINT-TO-AVERAGE POWER

0.12

0.10

0.08

0.06

0.04

0.02

0.00

CORE-BLANKET
INTERFACE

| I

a - BEGINNING OF LIFE
b - 33,333 MWD/MT

BLANKET-REFLECTOR
- 1€ [INTERFACE

10 20
H (cm)

1
30

AXIAL BLANKET POWER DISTRIBUTION
(POWER NORMALIZED IN CORE)

Figure III.6-T




662" 111

POINT-TO-AVERAGE POWER

1.2

1.0

0.8

0.6

a - ONE-DIMENSIONAL ANALYSIS (M0BI)
b - TWO-DIMENSIONAL ANALYSIS (PDQ-4)

NOTE:
CONTROL ROD HOLE HOMOGENIZED INTO CORE

|

l l

20
R(cm)

3 Q0

RADIAL POWER DISTRIBUTION

Figure I1I.6-8




roundelay and for batch loading schemes. The core radial power dis-
tribution is presented in Figures III.6-4, III.6-5 and III.6-6. A

core peak-to-average radial power of 1.33, 1.27 and 1.215 was obtained

for beginning of life, 33,333 MWD/MT', and 66,667 MWD/MT, respectively.

The power distribution shown with control material in the central channel
(curve b) represents a limiting case of maximum possible poison, not a
realistic control rod worth. The axial blanket power distribution

(power normalized to core) for two burnups are presented in Figure III.6-T.
Figure III.6-8 compares the results of W-MOBI and PDQ-4 analyses. Very

close agreement was obtained.

Table III.6-2 presents the reactivity coefficients and other important
nuclear date for the reference resctor core., The bowing coefficient
indicates that a one mil change in the reactor core radius for the full-

core height will change the reactivity by approximately one cent.

Thermal-hydraulic and transient analyses datae indicated that high cermet
heat rates may be necessary. The easiest way to increase the power in
the cermet elements is either to increase the wvolume fraction of fuel

in the stainless steel matrix, or to increase the plutonium content of
the fuel in the cermet. In this study, the former was limited to 34
volume percent. The latter presents a problem from a nuclear standpoint,
however, because the fuel in the cermet may burn down faster than the
ceramic fuel, and hence lead to a strongly changing ratio of cermet to
fuel heat generation rates, which effects the transient response of the
BCEX concept. The lower breeding ratio inherent with the higher enrich-
ment in the cermet aggrevates the problem. Burnup calculations on a
single fuel assembly yield the results shown in Figure III.6-9. Curve
"a'", a plot of cermet-fuel power ratio versus burnup for equal cermet-
fuel enrichments, has been normalized to one at beginning of life.

Curve "a'" corresponds to a cermet to fuel volumetric heating ratio of

0.244, For the reference core, this corresponds to a cermet fuel having

a 0.35 volume fraction of (PuU)O2 with an 85 percent of theoretical
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density. Curves '"b" and "c'" are for cermet to fuel enrichment ratios
of 1.5 and 1.9, respectively. Transient analyses must determine if
the changes in heat generation rates in the cermet associated with the

various enrichments are feasible.

Recommendation and Conclusion

From a nuclear standpoint, the investigation of the CEX concept is
straight-forward and amenable to standard Westinghouse Atomic Power
Division calculation procedures. Since the nuclear analyses of this
concept assumed a supporting role in the study, they served mainly to
furnish information for use in the transient analyses. None of the

results were very different from either expected or previous values.

The "state-of-the-art" in fast reactor calcualtions is rapidly changing.

As design and analysis techniques are improved, more and more confidence
can be placed in calculated results. The CEX concept does not present

any unique problems in nuclear analysis, hence, the results of this
analysis can be accepted confidently. Continued improvement of calcu-
lations for Doppler and sodium void effects will be necessary to accurately

evaluate the need and relative benefits of safety features such as CEX.

The reactivity effects of either the bundle controlled expansion, BCEX,
or the clad controlled expansion, CCEX, can be measured easily by using
existing critical facilities (ZPR-III, ZPR-VI). This is an obvious early
step in pinning down the coefficients and evaluating the analysis tech-

niques.

In the CEX concept, fissile material is removed from high importance
regions of the core (e.g., the core center) and placed in low importance
regions (e.g., the core-blanket interface). When this is recognized,

it becomes clear that the reactivity worth of various fissile material,
as a function of position in the core, is a key guantity. In numerous

experiments (notaebly with ZPR-III) this quantity has been measured and
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reported in the literature. An extensive comparison between calcula-
tions and experimental determinations of reactivity worths would either
increase confidence in present Westinghouse Atomic Power Division calcu-
lation methods or indicate that these methods need improvement. This may
well be the next logical step before designing a critical experiment

test on the CEX concept.

This study was limited to the Westinghouse modular design fast breeder
reactor. Analysis of the reactivity effects in pancake reactor cores,
right circular cylinder reactor cores (L/D 1), and in reactors using
oxide fuels may prove that the CEX concept is the automatic control
device that changes a marginal reactor into a safe reactor. This would
allow the use of reactors that have superior economic advantages but

marginal safety factors.
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IIT.7 Material Review & Analyses

III.7.1 General

The Westinghouse Large Fast Breeder Modular Reactor core was selected
as the reference design for the 2nalyses of the performance character-
istics of the bundle controlled expansion (BCEX) fuel assembly concept.
This groundrule prescribed the fuel clad and core structual material

as 316 L stainless steel; the fuel material as Uranium-plutonim mono-
carbide; and the cermet material as Uranium-plutonium dioxide particles
contained in 316 L stainless steel matrix. These materials were se-

(37,

lected based on past Westinghouse sodium-~cooled FBR investigations

38, 39, Lo, L1, ko, u3).

This section presents the results of the review of these materials
for utilization in the bundle controlled expansion (BCEX) fuel as-

sembly concept.

This review included the investigation of the chemical compositions
of these materials, the mechanical and physical properties of these
materials, known effects of irradiation on these materials, effect

of sodium environment on 316 I, stainless steel, and design and speci-

fication criteria for (U Pu)02? in 316 L stainless steel cermets.

The materials review and analyses was limited to the information

currently available and to the broad requirements of this contact.

IIT.7.2 Pexoperties of 316 L Stainless Steel

ITT.7.2.1 Chemical Composition

The chemical composition of 316 L stainless steel is given in Table

III-?—l(l).
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Table III. T7-1

Chemical Composition of 316 I SS

Element Percent Concentration
Carbon 0.03 max.
Manganese 2.00 max.
Phosphorus 0.040 max.
Sulphur 0.030 max.
Silicon 1.00 max.
Chromium 16.00 - 18.00
Nickel 10.00 - 14.00
Molybdenum 2.00 - 3.00

ITI.T7.2.2 Mechanical Properties
(1, 2)

Tensile Properties

Tensile properties of 316 L are given in Figure III. 7-1. Also
given for comparison are the tensile properties of 30L and 34T

stainless steels.

Creep Rupture Prgperties(l’ 2)

There appears to be no marked difference in the creep-rupture
strength of Types 316 and 316 L stainless steel, and reported
values for both steels have been included in the creep-rupture
curve as Type 316 L. The creep-rupture behavior of Types 304, 347,
and 316 L at 1000, 1200, and 1500°F is given in Figure III. T-2.

Modulus of Elasticity(B’ 4

The modulus of elasticity of 316 stainless steel is given as a

function of temperature in Figure III. T-3.

III.266



STRESS, PSI

120,000 —

100, 000

80, 000

8
3

40, 000

20,000 f—

YIELD STRENGTH

«\\\\

304

l

1000
TEMPERATURE, °F

1500

VARIATION IN MECHANICAL PROPERTIES WITH TEMPERATURE

Figure III.T7-1

III.267

% ELONGATION



89c IIT

STRESS (PSI)

100, 000

50, 000

10, 000

1000

304
3i6L
347

100 1000
HOURS

CREEP RUPTURE BEHAVIOR OF SELECTED AUSTENITIC STAINLESS STEEL

Figure ITII.T-2




692°III

MODULUS OF ELASTICITY, 10° S

28

26
24

18

l I | I |

4 6 8 10 12
TEMPERATURE, 100°F

MODULUS OF ELASTICITY OF TYPE 316 STAINLESS STEEL

Figure III.T7-3



Poisson's Ratio

No data on Poisson's Ratio was found for Type 316 L. For the
austenitic steel in general,(S)
0.30 at 800°F, to 0.33 at 1300°F.
(1)

Poisson's Ratio varies from about

Impact Strength and Hardness

Values of impact strength and hardness at different temperatures

are given in Table IIT. T-2.

Table ITI. T7-2

Impact Strength and Hardness of Type 316 L

Unexposed Exposed 1000 hrs. at
Room Temperature 900 F 1050 F 1200 F
Charpy Keyhole Notch
Impact Values (Ft-ILbs.) 79 Y T2 51
Brinell Hardness 135 137 135 1k2

Fatigue Properties

A curve of stress amplitude versus cycles to failure is given for

Type 316 stainless steel in Figure III. T-4. Available data(6) are

given for room temperature to 800°F up to 106 cycles. Since fatigue

life must be estimated for temperatures from 800°F, and up to lOll, cycles
the following assumptions were made to extrapolate the available data:

1. The room temperature to 800°F data were linearly extrapo-

lated from 106 taQ lO12 cycles

2. A curve of stress amplitude versus cycles to failure at

1300°F was calculated by using the relationship:
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ITIT.T7.2.3

91300 © 800 ggg 00
1300

where °1300 stress at 1300°F

9800 = stress at 800°F
UTS800 = ultimate tensile strength of 316 at B800°F
U'I‘S1300 = ultimate tensile strength of 316 at 1300°F

Physical Properties

The physical properties of Type 316 L stainless steel are assumed
to be the same as those of Type 316 stainless steel, for which data

are presented.

Thermal Conductivity

The average thermal conductivity of Type 316 as a function of tem-

perature is given in Figure III. T-5.

Coefficient of Thermal Expansion

The coefficient of thermal expansion as a function of temperature

is shown in Figure III. T-5.

Density

The density of 316 L stainless steel is 8.0 g/cc or 0.29 pounds
(3)

per cubic inch, at room temperature.

Specific Heat

The specific heat is 0.12 BTU/1b/°F.

Melting Point

The melting point is approximately 2500°F.
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III.7.2.4

IIT.7.3

ITI.7.3.1

ITI.T7.3.2

Effect of Irradiation

Although the effect of neutron irradiation on the tensile proper-
ties of Types 316 and 316 L stainless steel has not been investigated
as thoroughly as for Types 304 and 347 stainless steel, the results
are quite similar. Yield strength is increased much more than ten-
sile strength, while percent elongation is reduced. The effect of
irradiation on the ductility of Type 304 stainless steel is shown

in Figure IIIT. 7—6.(8) Irradiation has a negligible effect on the

thermal conductivity, specific heat, and linear expansion coeffi-

cient of stainless steels.

Properties of (U,Pu)C Fuel

Chemical Composition

The major element concentration of the reference (U,Pu)C fuels is

given in Table III. T7-3.

Table III. T7-3

Major Element Concentration of (U,Pu)C Fuel

Plutonium 23% #/0 of metal atoms
Plutonium 239 + 241 fraction
of total Pu 70.0 w/o min.
Uranium T7% of metal atoms
Equivalent carbon (C+0+N) L.7 + 0.1 w/o
Oxygen 1500 ppm max.
Nitrogen 1000 ppm max.
Iron 1.8 w/o
(20)

Physical Properties of (U,Pu)C Fuel

Thermal Conductivity

The addition of plutonium carbide to uranium carbide to form a solid

solution (U,Pu)C reduces the thermal conductivity of the solution
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more than would be predicted by a linear interpolation between the
respective conductivities of uranium carbide and plutonium carbide.
This reduction is most severe with additions of plutonium carbide

(10, 11)

from zero to about 25 mole percent, the range of interest

for fast breeder reactor applications. Further additions of pluto-

nium carbide cause only a gradual reduction in thermal conductivity.

These effects are shown for arc-cast material in Figure III. T-T.
(12, 9, 13, 1k) —

(10)

In this figure, data generated at Harwell (70°C)

(11, 15)

are compared to LASL data presumed to

Dounreay (20°C),
be for arc—cast material extrapolated to 20°C. (Using the LASL

value for the temperature dependence of the thermal conductivity
to adjust the Harwell data to 20°C would only lower the data ap-

proximately 0.001 cal/sec-cm-°C).

The Harwell values were measured on material containing L4.55 to

(12, 9, 13, 1) the material used at Dounreay was

(11)

reported to be carbon deficient, but single phase. However,

5.23 w/o carbon;

more recent information indicates that 15, L0, 70, and 100% pluto-
nium carbide alloys exhibited a duplex structure,(ls) and that the
carbon contents ranged from 4.00 w/o to 4.67 w/o. The fact that
an alloy with a carbon content of 4.36 w/o (the 10 mole percent
plutonium carbide alloy) was reported to be single phase strongly
suggests that the materials were far from an equilibrium condition.
The material used in the LASL studies was stoichiometric(l6) with
the exception of the plutonium carbide binary alloy which was car-

. (10)
bon deficient (PuCO.86) .

The temperature dependence of the thermal conductivity of wvarious
uranium-plutonium carbides, determined at Los Alamos,(lo) is shown
in Figure III. T7-8. Although plutonium carbide additions signifi-
cantly reduce the thermal conductivity at room temperature, the
temperature coefficient of the conductivity becomes larger then

that for uranium carbides. The net effect is some reduction in the
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elevated temperature conductivityibut it is not nearly as great

as anticipated from inspection of room temperature values. Extra-
polation of these curves to typical average fuel temperatures indi-
cate very little reduction in the thermal conductivity. (Such an
extrapolation has not been suggested by the original investigators,
and its use is not condoned here. The trend is apparent, but the
degree is uncertain, and it is not anticipated that the solid solu-
tion carbides have a higher conductivity than uranium carbide -

the result implied by continued extrapolation. However, the postu-
lated narrowing of the gap between the thermal conductivities of

W and (U,Pu)C is supported qualitatively by in-pile observations).

The effect of carbon content on the thermal conductivity of (U.BS
Pu.lS)C is shown in Figure III. 79 for arc-cast and hot=pressed
material. The hot=pressed material is all hyperstoichiometric; no
marked trend with carbon content is apparent. Coérections for car-
bon content and porosity appear to more effective, in relating

the conductivity of sintered material to that of arc=cast material,

than was the case with uranium carbide.

Strasser, et al., have reported the in-pile thermal conductivity

to be equal to, or slightly less than, that

of (U. oPu. .)C
0.8 0.2 (17, 18, 19)

0.95

observed for uranium carbide. Assuming a helium gap

conductance of 2000 BTU/hr-ft2—°F, they estimate conductivities of
appreximately 0.037 to 0.053 cal/sec—cm—°C,<lT) and 0.47, 0.050,
0.054, and 0.058 cal/sec—cm°C(19) for material of 92% theoretical

density.

Specific Heat

Although the available data appear to be restricted to uranium
carbide, plutonium carbide or uranium-plutonium carbide will

probably have very similar specific heats.
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The experimental data, shown in Figure III. T-10, extend only to

TO0°K. The data of Mukaibo, et. al., (21, 22, 23)
(21, 24)

(25, 22)

and Boettcher

and Snyder agree fairly well with the more recent data

(22)

of Westrum and Martin in the region around 350-400°K.

Several investigators have attempted to extrapolate these low
temperature results by using various means to estimate the high

(21, 27) has estimated the

temperature specific heat. Krikorian
elevated temperature specific heat of uranium monocarbide from an

empirical expression which is a function of S° the standard

298°
state entropy. The expression resulted in a reasonably good fit
at high temperatures for carbides in general; it also fits the

intermediate tempersture data on uranium carbide fairly well.

.,(21) is based

A similar expression, suggested by Henney, et. al
on Krikorian's high temperature estimate and the data of Mukaibo.
Since this expression does not fit the experimental data points as
well as Krikorian's, and follows Krikorian's at higher temperatures,

there appears to be little to recommend its use.

Holley(28>

has made two estimates of the specific heat of uranium
carbide. The first (curve 6 in Figure III. 7-10) is based on
Mukaibo's value at LOO®K and the work of Levinson on UC2 at 1750°K.
Holley noted that the specific heat of UC2 can be approximated by
that ?gg?c + C, and applied this to Levinson's data. An IAEA

panel assessed the thermochemical data on the carbides and con-

cluded that Levinson's data for UC5 are questionable in view of
recent determinations by Mukaibo(2 ) and Westrum(22). Therefore,
the Holley estimate appears tenuous, and may be seen to be very

much higher than other estimates.

(28)

A second curve by Holley is a rough estimate based on the '"rule"
that the specific heat per gram atom is approximately 7.25 cal/°K

at the first transition point. In the case of uranium monocarbide,
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this results in an estimated specific heat of 14.5 cal/gm-mole-°K
at the melting point. This "rule" appears quite crude for many

carbides, and the use of this estimate is not recommended.

The IAEA panel assessing the thermochemical data on uranium and
plutonium carbides considered the available specific heat data
and the need for internal consistency among other thermodynamic

(22)

values. The panel arrived at suggested values at several tem-
peratures and fitted these by the curve shown in Figure III. T7-10.
These vaiues appear to have a better rationale than the estimate
proposed by Krikorian, and probably represent the most reascnable
estimate of the high temperature specific heat of uranium mono-

carbide.

Thermal Expansion

The thermal expansion data for uranium-plutonium carbide are more
consistent than those for plutonium carbide, and anomalous behavior
has not been noted in carbon deficient alloys. Preliminary studies

reported by Stahl and Stresser(l7) indicated that (

U0.95Puo.05)cO 8
exhibited an average thermal expansion coefficient of approximatel?

12.6 x 10-6/°C from room temperature to 1000°C; this value has been
(18)

superceded by their later results which are in better agree-

ment with other values reported. Only the latter data are shown in

Figure III. T7-11.

The lowest values are those of Ogard, et. al.,(lo’ 29) for arcr

cast single phase (U PuO )C. These results are described by

0.87 13

the expression:

AL ! 6
L
o

T+ 3.0 x 10°°T°

3.8 x 100 + 8.7 x 10~

This expression is for a temperature range of 25°C to 900°C. This
curve, and one value determined by investigators at Harwell(lz’ lh),

fall outside the data ranges given for uranium carbide. The remain-
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der of the data(lu’ 18)

fall within the uranium carbide data ranges,
although they can best be described as on the low end of these data
ranges below 1000°C, and on the high end in the temperature range
1000-1400°C. Therefore, it appears that the coefficient of thermal
expansion of uranium-plutonium carbides is more temperature dependent
than that of uranium carbide, and that extrapolation above 1L400°C

would predict greater expansion for the uranium-plutonium carbides.

The thermal expansion does not appear to be very sensitive to pluto-
nium content in the range of 5 to 20%, and neither small carbon de-
ficiencies nor the presence of free metal in small amounts have a

marked effect.

Density

The reported density for arcecast (UO 8PuO 2)C varies from approxi-
mately 13.4 to 13.2 g/cc over a carbon composition range of 48 to

52.5 a/o, respectively.(g)

Melting Point

Measured values of the melting points of (U 85Pu 15)0 and (U 8Pu )C

2
are 23h°c(12) and 2h7o°c(30)

, respectively. These results are

equal to, or slightly higher than, values estimated by linear inter-

polation between the melting points of the uranium and plutonium

carbides.

Temperature Limitations

The iron modified (U,Pu)C fuel in the region (U,Pu)C + (U,Pu)Fe2 + Fe
melts at 1910°F to form a small amount of liquid phase under West-
inghouse Large Fast Breeder Reactor conditions.(2) Although no liquid
will exist in the fuel below 1910°F, a small portion of the hottest
rods will exceed this temperature (maximum fuel line temperature,
2184°F). The portion of the fuel which is at temperatures in the

range of 1910 to 218L4°F is expected to contain only about 3.5 w/o
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of a liquid phase (based on UC—UFe2 equilibrium data). Although
this small amount of liquid should not have a significant effect
on fuel performance, the presence of any liquid phase must be

regarded as undesirable.

Effect Of Sodium Environment 6n 316 L Stainless Steel

Corrosion of 316 L Cladding

A quantitative expression that is commonly used for average corrosion

(31)

rates of steels in sodium is given below. Sodium velocity,
oxygen concentration, temperature, downstream distance and time en-

ter the expression as follows:

= _ 0.88L 1.156 23,827 _L_ 2,26
R=v 0, exp (12.845 - E'i‘EZE - 0.00676 D + E—:Ti)
where: v = sodium velocity, ft/sec.

oxygen concentration, ppm

Tx = temperature, °F

L/Di = downstream factor = 0

t = time, months

R = average corrosion rate, mg/dm2 -mo.

Corrosion rates are given in Table III. 7-4 for a sodium velocity of
36.7 ft/sec. (normal channel average in zone I) for different temper-
atures and oxygen concentrations at zero downstream distance. Local
corrosion rates may be considerably higher than those listed (by a

(32)

factor of three). A time, t = 4 months, is used in the empirical
expression to calculate R since corrosion rates are essentially

constant for t greater than U4 months.
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Table IIT. T7-4

Coolant Oxygen Average Corrosion Rates for Stainless Steel In Sodium

Level (mils/year)
Temperature, °F
1100 1150 1200 1250 1300
10 0.3 0.5 0.7 1.1 1.6
25 0.8 1.3 2.0 3.1 k.6
50 1.8 2.9 4.5 6.8 10.1

TII.7.4.2 Carburization of 318 Stainless Steel

The level to which 316 stainless steel becomes carburized depends on
the amount of carbon available to the sodium. If 2-1/4 Cr is used

as the intermediate heat exchanger (IHX) material, carburization to
a depth of 5 mils occurs in the 316 stainless steel of the hot zone.
Use of 316 stainless steel, or 5 Cr-1/2 Ti in the THX results in

insignificant carbon transfer to the hot zone.(33)

III1.7.4.3 Formation of Ferritic Layer

Microprobe analysis of 316 stainless steel samples exposed to sodium
shows chromium and nickel depletion and ferritic layer formation to

(34)

a depth of 5 microns from the surface. This effect is not ex-

pected to drastically change the properties of the clad.

IIT.7.4.4 Corrosion of Unclad Cermet Rod

Experimentgl evidence indicates that the corrosion mechanism of
stainless steels in sodium is diffusion controlled and linearly de-
pendent on the oxygen concentration. A high local oxygen concen-

tration in sodium near the cermet surface (such as would occur with
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exposed U02) would cause high, if not catastrophic, corrosion
rates of the stainless steel matrix. It is recommended that the

cermet rod be clad with 316 or 316 L stainless steel.

Clad Thickness Required

The required clad thickness depends largely on the maximum local
hot spot temperature, oxygen impurity levels, and time of exposure
in sodium. For an oxygen level of 10 ppm, 3-year service time, and
a maximum cermet surface temperature of 1300°F, 15 mil clad would
be required to prevent breakthrough corrosion. For the same oxygen
and time limitations, and a maximum surface temperature of 1250°F,
10 mil clad would be adequate. The required clad thickness were
calculated from the average corrosion results of Table III. 7-k
using a factor of three multiplier to take into consideration local
corrosion effects. For CEX clad temperatures of around 1250°F, a

10 mil clad appears adequate.

Effect of Sodium on Mechanical Properties of Steels

(35)

Sodium has negligible effect on the mechanical properties of steels.
In the hot region where the CEX element would be located, corrosion
is the only effect of engineering importance. Integranular attack
due to oxygen penetration is apparently not a major factor, although
it does occur at downstream locations in an isothermal region and

at initial cold locations in a thermal gradient loop.

Self-Welding and Galling of Materials in Sodium

Stellite 6, Colmonoy 6, and nitrided steels in sodium at 1000°F
(36)

give better results than stainless steel with respect to galling.

Gross galling occurs with stainless steel against stainless steel.
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Calculation of Usage Factor for BCEX Elements

A maximum operating strain of + .012% was calculated (see Section III.hL)

for the BCEX elements in Zone I. This corresponds to a stress amplitude

of 2880 psi. From the curve of stress amplitude versus cycles to failure,

Figure III.7-k4, failure would occur in lO13 cycles. The calculated number

of cycles for a BCEX element with a core lifetime of three years and sub-

jected to a frequency of 170 cycles/sec. is 1.6 x lOlO cycles. The usage
10

N _ 1.6 x 10

—, = = .0016.
Nf 1013

factor,

Uranium-Plutonium Dioxide - 316 L Stainless Steel Cermet Fuel

Introduction

The Bundle Controlled Expansion fuel assembly (BCEX) consists of upper
and lower half-length bundles of ceramic fuel rods which are attached
to a central structure of seven full-length cermet fuel rods. During
a rapid increase in core power level, the cermet rods heat up and
separate the two bundles axially due to differential thermal expansion.
This section reviews the feasibility of cermet fuels for BCEX concept

utilization.

The reference materials for the BCEX cermet are (U,Pu)O2 fuel particles
in a 316 L stainless steel matrix. To design a reactor at the present
time using the BCEX concept, it is highly desirable to use materials
systems about which a substantial body of data has been accumulated.
Further, to minimize corrosion by the sodium cooclant, it is desirable
to use a single alloy, insofar as possible, for all components in the
system. These are some of the considerations which led to the selecticn
of 316 L stainless steel as the cermet cladding and matrix material.

For nuclear burnout compatibility of cermet and the (U,Pu)C fuel,
(U,Pu)O2 was selected as the cermet fuel; the oxide form was selected

for matrix compatibility. Given the reference materials, the literature
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was surveyed to obtain cermet design properties and characteristics.
Appendix G, "Cermet Materials Literature Search", has been included to
cite and categorize some of the many other references encountered during

this review which have not been referenced in the following discussions.

Cermet Properties

The more easily determined properties of unirradiated uranium dioxide-
stainless steel cermet fuels are reported extensively in the literature
and, thereforg)can be stated accurately. Many properties, such as
fatigue and creep, either are not reported, or the data are so sparse as
to be virtually meaningless. There are virtually no reports on the

properties of irradiated cermets, except for tensile values.

Relatively large uncertainty factors have been applied to several cermet
properties - even those which have been extensively reported, becsause

of the wide variety of variables which have significant influence. A
large uncertainty factor does not imply an inherent variability, but
rather a lack of intensive investigation of specifically defined cermets
under well controlled conditions (with the single exception of reference
(L4)). The development which is necessary to produce process and product
specifications for cermet fuel elements to insure reliable core operation;

should also insure control of properties near the nominal values.

The properties of cermet after irradiation, particularly physical pro-
perties, are much more variable. The precise combination of burnup and
temperature exert principal control over the extent of matrix damage.
Even for modest burnups, unless burnup and temperature can be well
defined, it would be rash to ascribe to a cermet any ability to resist

plastic strain.

Miscellaneous Properties

Cermet data are presented in the form of weight percent or volume percent.
The conversion from one to the other is given in Figure III.3-3 for a

range of enrichment values.
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The absolute temperature limitation of a UO2 - stainless steel cermet
is approximately 2450°F, which is 100°F below the melting temperature
of stainless steel. A more realistic temperature limitation is imposed

by burnup considerations.

The latent heat of fusion of a stainless steel matrix is approximately

125 + 10 Btu per pound.

The density of stainless steel is 8 g/cc and the theoretical density of
U0, is approximately 11 g/cc at 68°F. Densities at higher temperature

are a function of thermal expansion.

Thermal cycling tests were performed for 1000 cycles on 40 v/o and

50 v/o UO2 + 8S cermets, from 122°F to 1L472°F at 90°F/sec, and from 122°F
to 1L472°F at 392°F/sec. No metallurgical effects were noted in the fuel,
matrix or cermet-to-clad bond(MS).

The specific heat of a cermet is equal to the weighted average of the
specific heats of its constituents. Accepted values of specific heat

of stainless steel and UO2 are shown in Figure III.7-12 with calculated
values for various ceramic contents. The only effect of irradiation would
be from the exchange of uranium and plutonium for fission products, and
from transmutations, both of which are considered negligible. It is not

expected that actual values would vary by more than + 5 percent from the

values shown in Figure III.T7-12.

Thermal Expansion

(4k)

is almost independent of ceramic content (at least up to 50 volume

The thermal expansion of cermets is controlled by the matrix and

percent)¥. This observation is reasonable because a hole in a plate

(46)

* Up to 65 volume percent UOo in stainless steel , the alpha correction
for ceramic content = -0.0016 = V, where « = the coefficient of thermal
expansion of stainless steel, and V = the volume percent UO,.
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expands at the same rate as the plate. Also, the expansion of the
ceramic particle is less than the expansion of the matrix. One impli-
cation is that there is a slightly larger void volume in the fuel

particle at elevated temperatures than at lower temperatures.

The effect of irradiation on thermal expansion of stainless steel is

(87)

reported to be negligible Thermal cycling is also reported to have

negligible effect. Specific data reported(h6>

are shown in Figure
IIT.7-13. Considering the discrepancy between the reported datse as a
function of ceramic content, the following design values for the mean

coefficient of linear thermal expansion above 68°F are recommended:

Maximum Per °F = [10.45 + (0.000325 x °F)] x 10_6
Nominal Per °F = [8.9 + (0.0009 x °F)] x 10‘6
Minimum Per °F = [8.2 + (0.00083 x °F)] x 10—6

It is expected that these values will account for all of the following

variables:

Ceramic content from O to 50 v/o
Irradiation

Thermal cycling

Normal material variations

Temperature range from 300°F to 2000°F

Thermal Conductivity

The thermal conductivity of cermets 1s strongly influenced not only by

the ceramic content but also by the nature of the matrix, primarily as
influenced by the fabrication process. Thermal conductivity is essentially
a linear function of ceramic content up to 50 volume percent, especially

at higher temperatures.
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(L6,48,49)

Data from three independent sources have been smoothed and
plotted as a function of temperature in Figure III.T-1lL, and as a
function of ceramic content in Figure III.T7-15. The raw data show con-
sistent trends, and are sufficlently compatible to indicate a represen-

tative range of experimental variation.

The influence of irradiation on thermal conductivity of stainless steels,

(h7) to be

especially at operating temperatures, has been reported
significant. However, it is known that the recoil zone around fuel
particles will become severely damaged with low burnup, and that micro-
cracks and porosity will eventually form in this zone. Assuming a nominal
particle size of 300 p and a recoil zone of 10 u, the combined volume of
the recoil zone and the particle will be 17 percent greater than the
volume of the particle alone. If it is assumed that random cracks or

pores in the damaged zone reduce the conductivity of the damaged zone by

a factor of approximately 2, the remaining conductivity can be approxi-
mated as being 3 times that of U02. These values permit the effect of
irradiation to be estimated as being equal to a 6 percent relative increase

in volume percent ceramic*.

The effect of particle size (50-100 u versus 100-150 u) was investigated
at 54k.5 volume percent. A consistent difference of approximately 7 per-
cent conductivity was measured (the smaller particles had the higher
conductivity). This effect is considered negligible when compared to

observed random variations in the mass of data.

Values shown in Figures IIT.7-14 and III.7-15 are nominal. The toler-
ances listed below are expected limits based on observed variations and

apply to all ceramic contents:

¥ For example, the conductivity of an irradiated 20 volume percent
ceramic cermet would be the same as a 21.2 volume percent ceramic
cermet which is unirradiated (20 v/o + 6% of 20 v/o = 21.2 v/o).
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Lower Limit Upper Limit

Temperature of Conductivity of Conductivity
(°F) (w/Cm °c) (w/cM °cC)
500 nominal -0,020 nominal +0.020

1000 nominal -0.015 nominal +0.015
1500 nominal -0.015 nominal +0.015
2000 nominal -0,015 nominal +0.015

Ultimate Tensile

The ultimate tensile strength of a cermet of a given composition is
far more variable than for a metal, because of the effects of fabrica-

tion processes, particle size, particle shape, and burnup.

In addition, irradiation will cause an increase in strength (as pre-
dicted for the matrix material) only up to a point. Beyond this point,
which should normally occur at low burnup, progressive deterioration
takes place until failure occurs due to fuel swelling and fission gas
pressure. Therefore, for any reasonable burnup, a cermet will not have
a significant, useful, tensile strength. The only post-irradiation
tensile tests reported(S) show an increase in tensile strength up to

5 in 347 88),

and a loss in strength after 10-15 percent burnup. The irradiation

5 percent burnup of the uranium stoms (25 weight percent UO

temperature, which has an extremely strong effect, was not reported.
It is significant that the effect is most pronounced at lower testing
temperatures. The results of tensile tests at 10 percent burnup and
1400°F were so variable as to prevent positive conclusions. The most
appropriate conclusicon may be that under these conditions tensile pro-

perties are unreliable.

Particle size effects are not pronounced over a small range. The effect
on tensile strength of 50-100 p versus 100-150 u particles (50 weight

4
percent in 18-8 SS) averaged 500 psi (2 percent) between TO and 1300°F( 9);

this is far less than the experimental error. A larger effect was noted
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when comparing -325 mesh to -65 + 150 mesh (less than 44 u versus

(50)

100-230 u) particles in a controlled experiment Tensile strength

increased (with finer particles) from 58,000 psi to 66,000 psi.

Reduction from 100% theoretical density has been reported to cause a
linear decrease in tensile strength<h6) to a value to 50% of the tensile

strength at 90% of achievable density.

The ultimate tensile strength of unirradiated UO2 ~ 5SS cermets reported
(Wb ,b45,46,49,50,51)

by a number of investigators has been averaged and
smoothed and is shown in Figure III.7-16 as a function of temperature
and in Figure III.7-17 as a function of ceramic content as discussed
above. Reported variations of data in both controlled and uncontrolled
experiments, strongly indicate that a tolerance zone of i_SO% should be
applied to the nominal tensile strengths. It must be repeated that
these values apply to unirradiated material. Improvement in tensile
strength due to irradiation is quickly lost by subsequent irradiation,

especially at elevated temperatures.

Yield Strength

Yield strength, while closely paralleling the characteristics of tensile
strength, is a far more interesting property. The yield strength of
stainless steel is commonly defined by the 0.2 percent offset method,
which is the stress at which 0.2 percent permanent strain is observed.
Recent work at WAPD has shown that stainless steel in thermal reactors
exposed to a neutron flux approaching 1022 nvt cannot sustain 0.2 per-
cent plastic strain. The flux conditions should be even more severe in
a fast reactor. Cermets display essentially no uniform elongation as
shown by the typical tensile curve(Sl) in Figure III.7-18. When there
is no uniform elongation, the yield strength is commonly reported as the
stress at which the strain deviates by 0.2 percent from a line tangent

to the stress-strain curve at zero stress. Thus, yield strength of

cermets, as reported in the literature, is probably not a valid design
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parameter. There is, however, no recourse if existing data are to
be used. However, conclusions from this data must be applied with

extreme care.

For the feollowing reasons, yield strength data are evaluated as the
yield strength

tensile strength’
data in the literature is more sparse than for tensile strength, and

ratio (1) the reasons stated above, (2) yield strength

(3) the ratio is more consistent than the absolute values reported.
This ratio as a function of tempersture and ceramic content is shown

in Figure III.T-19.

The discussion of the variables associated with the ultimate strength
applies also to yield strength, except that the effect of each variable

on yield strength is more pronounced.

(49)

showed that the cladding completely obscured the effect on yield strength

It is interesting to note that tests made with clad tubular elements

of up to 40 weight percent UO2 additions to the stainless matrix.

Elongstion

The elongation of a cermet at failure is considered to be of minor
significance, especially as no significant elongation can be expected
after irradiation. A 10 volume percent UO2 addition to stainless steel
causes a reduction of elongation of 50 percent {from 50 percent to 25
percent elongation); at 20 volume percent UOQ, elongation is approxi-
mately 12 percent with little dependence on temperature. At 50 volume
percent UOp, elongation is approximately T7-8 percent between 158°F

and 12920F(#H>45,46)

Modulus of Elasticity

(51)

The modulus of elasticity for 347 stainless steel is reported as
[29 - (0.0065 x °F)] x 106 psi. The slope is linear to 1000°F, and there

is no reason to expect deviation at higher temperatures. The modulus for
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31 volume percent U0, + 374 SS is 80 percent of the modulus for stain-
less steel. A linear effect of ceramic is probably accurate within + 5
percent to 50 volume percent U02, which provides the following estimated

nominal value of Modulus of Elasticity; E:

E = [29 - (0.0065 x °F)] [1-0.025 x v/o UO2] X 106 psi

(51)

The dynamic modulus is taken as 20 percent of the static modulus

(7).

The effect of irradiation is reported to be small

Fatigue
(50,51)

Fatigue results were reported by only two investigators , and are
presented in Figure III.7-20. It is estimated that a reasonably safe
value for stress (or strain) at any number of cycles is 25 percent of

the accepted room temperature value for the matrix material.

Bend Test

The only recorded bend testing of stainless steel cermets (25 weight
percent ceramic) was performed before and after irradiation on 0.160
inch diameter simple beam specimens centrally located on a 3 inch support

(50)

span with the results shown in Figure III.T7-21.

III.7.6.3 Design and Specification Criteria

The cermet characteristic selection factors which will be discussed and
calculated are based upon completely uniform particle distribution and
perfectly spherical particles, i.e., a perfect model which obviously
can never be a reality. Particle distribution and spheroidicity are
statistically distributed, but can be reasonably controlled. In the
absence of extensive statistical data and rigorous calculations, the
obvious recourse is to apply empirical burnup limit information. This
too has limitations, especially in applications of greater than 30
volume percent ceramic. However, application of empirical limits up

to 50 volume percent ceramic content may be reasonable if various con-

servative factors are introduced.
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I[II.7.6.3.1

A better appreciation of the applicability of cermet characteristics

and empirical data can be obtained from a knowledge of the design con-

siderations influencing the forces exerted by the fuel particles. A

discussion of some of the design considerations for stainless steel

cermets is included in this section.

Cermet Characteristic Selection

The generally accepted operating history and failure mode of & cermet

fuel element is as follows:

1.

Early in life

a)

Mid-

a)

The releassed fission gases fill void spaces in each
fuel particle; the other fission products cause slight
swelling of the fuel.

Recoil atoms cause severe damage and slight swelling

in a 10 yu (maximum) thick matrix shell surrounding each
fuel particle (recoil zone).

The rest of the matrix and clad suffer mild irradiation

demage.

life

The void volume decreases due to fuel swelling, and
the fission gas pressure increases in each fuel
particle, causing slight stressing of the surrounding
matrix.

The recoil zone material loses all, or nearly all,
ductility; it is extensively damaged and swells due
to the presence of recoil atoms.

The rest of the matrix and clad suffer progressively

greater irradiation damage.

of life
Fission gas pressure (augmented by loss in volume due

to fuel swelling) and/or fuel swelling are increased
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beyond the limit of restraint by the recoil zone, but
are restrained by the surrounding matrix.

b) Fracture occurs, and fission gas pores appear in the
recoil zone so that the radius of the shell, which
contains the pressure, is effectively increased by 10 u
without a corresponding volume increase.

c) The rest of the matrix and cladding continue to suffer
irradiation damage, and effectively loses all room
temperature plasticity. The matrix is more highly

stressed due to mechanical failure of the recoil zone.

Failure

A plate-type fuel element will fail by swelling. Increased
fission gas pressure and fuel swelling will rupture the matrix
ligaments between the particles; this will cause the plate to
swell, with a simultaneous increase in the volume available
for gas containment. Consequently, plate elements fail when
the swelling rate increases sharply. In rod-type elements,
the embrittled cladding has little or no ability to expand
without rupturing. Therefore, it can be assumed that complete
failure will cccur when cracks in the matrix, which are induced
by fission gas pressure and swelling, propagate through the
clad. Cracks in the matrix are not accompanied by correspond-
ing volume increases; instead, they increase the area over
which fission gas pressure is applied. Therefore, it can be
assumed that a rod-type cermet fuel element will fail, by
rupture of the core and clad, soon after the matrix adjacent

to the recoil zone cracks.

It has been shown in practice, that for given materials and operating

conditions, the life of a cermet element depends primarily on particle

density, particle size, and ceramic content. With given materials and

flux conditions, the controlling factors are:1l) the resistance of the
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matrix and cladding to stressing at operating conditions (stress rupture,

creep), and 2) temperature.

The simplest method of reducing gas pressure is by increasing the void
volume available to the gas; this cen be accomplished by reducing the
density of the fuel particle. Disadvantages associated with low density
particles are generally confined to fabricability. The particle density
strongly influences particle strength (resistance to fracture and resis-
tance to deformation during fabrication). However, particle density
probably does not have a major effect on the overall cermet fuel strengthﬁ
as the matrix strength is proportional to matrix density, not to particle
density. Fabrication processes are designed to achieve 100 percent

matrix density and clad-matrix bonding without excessive damage to the
fuel particles. Fabrication experience has shown that 100% matrix density
can be achieved with conventional 90-95 percent dense fuel particles. The
feasibility of fabricating cermets using hollow fuel spheres has been
demonstrated but not exploited. Hollow sphere cermets probably can be
fabricated (with 100 percent matrix density) at 80 percent, or possibly less
than 80 percent%ceramic density. In the absence of more extensive efforts
to use hollow éﬁheres, 85 percent as the maximum ceramic density for the

cermet fuel can be used as a safe estimate.

For a given ceramic content, as the particle size is increased, the spacing
between particles (matrix ligament thickness) increases, and the recoil
zone volume becomes a smaller fraction of total matrix volume. The dis-

advantages of large particle sizes are:

1) The fission gas pressure acts on a larger diameter, and
2) The particles have less resistance to fracture and defor-

mation during fabrication.

Successful fabrication has been reported for particle sizes between Ll

(50)

at 25 volume percent ceramic and 250-350 p at 50 volume percent
(45)

ceramic . Therefore, the reference diameter is selected as 250-350 u.

The effect of particle size on fission gas and fuel swelling containment
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criteria is shown in Figure III.T-22 for idealized conditions (perfect
spheres and uniform distribution). The amount of matrix material that
can act as a pressure vessel for a particle is proportional to the thick-
ness of the undamaged matrix area outside of the recoil zone ligament
between particles, U. Increases in the ligament thickness are linear

with particle size. The effect of the ceramic content is shown in the

following equation(sz) which was used to calculate the curves in Figure
IIT.7-22:
. >l/3

d =D 3 /o7 -1 -2A
where d = Undamaged Ligament Thickness

D = Particle Diameter

V = Volume Fraction of Ceramic

A = Recoil Distance (10 p assumed)

The ratio of damaged (the recoil zone) matrix volume to total matrix
volume, Yy, indicates that the volume of material contributes to the
gross mechanical properties of the cermet. The effect of the particle
size on this ratio is greater (and more favorable) for large particle

(52)

sizes and small ceramic contents. The following equation was also

used to calculate the curves in Figure III.T-22:

RO U (1+—1—3_1
VT 1-v D/2

where VR

Vo

Volume of Recoil (damaged) Matrix

i}

Total Matrix Volume
The stress on a thin-wall spherical pressure vessel is proportional to

the ratio of wall thickness to internal diameter. This ratio, F, can

serve as a useful approximation of stress in the more complex thick-wall
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I11.7.6.3.2

vessel which represents the undemaged matrix surrounding a fuel particle.
The parameter, F, is essentially independent of particle sizes for values

greater than 250 p and for ceramic contents up to 35 volume percent.

The effect of the ceramic content is self-evident; as the ceramic content
increases, less matrix material is available to restrain fuel particle
pressure. An increase in the particle size is more damaging on each

criteria in Figure III.T7-22 with greater values of the ceramic content.

Based on the above discussions of failure mode and physical characteris-
tics, the reference design conditions which are recommended to obtain
maximum life and maximum feasibility of manufacture of the ceramic fuel

are:

85% - maximum density
250-350 u - particle size
50 v/o - maximum ceramic content

Empirical Burnup Limits

Several investigators have reported relevant irradiation data for
cermets; the most recent report was published in November l96h(53).

The best estimate of usable life is shown in Figure III.T-23 with prior
estimates based on 1958 and 1961 data. It is significant that improve-
ments in the technology of both particle manufacture and element fabri-
cation have substantially increased lifetime predictions. It is also
significant that the curves were based primarily on plates containing

relatively high density fuel particles.

Use of the 1964 ORNL estimate as a basis for present design purposes is
basically conservative because of: (1) continuing improvements in the
technology, (2) use of rod-type elements, and (3) use of low density fuel
particles. Possibly, design life can be extended beyond this limit;

this should only be done if justified by theory and ultimately by experi-
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ment. As the temperature drop across plate type elements (typically
100°F) is generally much less than across the rod-type element;,investi—
gators have attempted to factor this into rod-type element designs. For
example, APDA(SM) and BNWL(A6) have raised the curve TO°F and lOO°F<3),
respectively and have applied it to centerline temperature. The 1964
ORNL curve shifted 100°F with the revised abscissa is shown in Figure

III.7-2L.

(46

Other investigators have estimated a substantial reduction in life
with a large temperature drop across the fuel rod (50 percent reduction
at a AT of 600°F) due to thermal stress, residual stress, mechanical
restraint and irradiation damage. This reduction is not considered wvalid,
at least not to the extent indicated. Thermal stresses will compress
inner fibers (tending to prevent failure), and the stress component,
which tends to cause failure in the low temperature (outer) regions, will
be lower than at the center. The resultant effect probably negates the
temperature drop effect, and makes the mean fuel rod temperature a more
valid criterion for pin element life. The 1964 ORNL curve shifted 50°F
with the revised coordinate of mean or sverage fuel rod tempersture is

shown in Figure III.3-2k4.

No specific improvement in life has been assumed because of the use of

(46)

85% dense fuel; however, a factor of 1.2 has been used .

The effect of the preceeding discussion is most easily evaluated by com-
paring estimates of life from Figure III.7-24 with estimates calculated
by a BNWL formula(h6). For a centerline temperature of 1500°F, the
estimate of life from Figure III.7-24 is 6.25 x 10%° fissions per cubic
centimeter compared to 6.9 x 1020 by BNWL. Agreement within 10% is

considered adeguate.

(46,54,55)

Sources universally agree that no different effect on burnup

is anticipated when substituting PuO2 for U02.
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II1.7.6.3.3 Design Considerations

The subjects discussed in this section are observations of various investi-
gators and are only intended to be a basis for evaluation of theoretical
conditions and empiriceal results. These observations are not expected to
supplant the empirical results because of the manifold uncertainties

involved in cermet design.

Fuel Swelling

(57)

Bulk UO2 is reported to swell at the rate of 0.7 percent (AV/V) per

10 0 fissions per cc. With an 85 percent dense particle, all void space
would be filled at 25.5 x 1020 fissions per cubic centimeter of UOE'

Equating the fractional volume of UQ, in a cermet, the following equivalents

2
are obtained:

% Swelling per 1020 Fissions per cc of Dispersion
v/o Particles Fissions per cc of to Occupy all Void Space
in Cermet Cermet by Fuel Swelling
20 4,12 6.0 x 1020
30 2.88 9.8 x 10°Y
4o 2.06 12.0 x 100
50 1.65 15.0 x 10°°

Cermet fuels are a highly modified case of bulk UO2; a substantial fraction

of recoil atoms escape into the matrix recoil zone. The quantity is given

oy (58).

3
o1/
Fo= 3a 16 ( a)

where: P

fraction of recoil atoms that escape from a sphere

>
1]

fission fragment range

o]
i}

particle radius
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F is equal to 8.L percent for the case where A = 9.4 u and a = 150 u.

The above values for fuel swelling probably should be reduced by 8.4
percent. However, as recoll atoms in the matrix cause swelling, the net
effect may be approximately equivalent. Apparently, recoil 2zone swelling
and released fission gases compete with fuel swelling for the available

voild space.

Recolil Zone Swelling

(59)

Volume change in the recoil zone is reported to be 1.0 to 1.5 percent
per atom percent fission product in the recoil zone. Application of

this factor requires the following conversions:

Recoil zone volume = 3.017 x lO—6 cc. per particle (at 300 u
diameter particle and 10 u

thick recoil zone)

Recoil zone atoms = 25.6 x lO16 atoms per recoil zone (for 316 L
stainless steel)
Perticle volume = 14.3 x lO_6 cc. per particle (at 300 u
diameter particle)
UO2 volume = 12.0 x lO_6 cc. per particle (at 85 percent
theoretical density)
: - 1k L. . 20
Particle fissions = 12.0 x 10 fissions per particle per 10
fissions per cc. of UO
2 20
fissions per particle per 10
fissions per cc. of dispersion* at
70.60 x 1013 20 v/o particles
47.00 x lolh 30 v/o particles
35.30 x lolh 40 v/o particles
28.24 x 10 50 v/o particles
Recoil zone fission 14 atoms entering one recoil zone per

product = 0.168 x 10 1014 rissions per particle (at
8.4 percent of total fission pro-
ducts and 2 fission products per

fission)

# 12 x 107 100
0.85 v/o particles
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Fission product in atom percent per lOlh fissions

recoil zone = 0.00656 per particle
Recoil zone swelling = 0.00T74 percent per lOlh fissions per
particle

Calculated recoil zone swelling is summarized as follows:

Volume Percent Recoil Zone Swelling, Percent per
Particles in Dispersion 1020 Fissions per cc. of Dispersion
20 0.528
30 0.3L8
40 0.261
50 0.209

Fission Gas Pressure

The fission gas which is released from particles is assumed to result
only from diffusion. The use of small, semi-dense particles represents
e departure from the bulk case (for which most data is reported), but
it should have no particular significance other than loss of a larger

percentage of recoil atoms.

The fraction of fission gas released, F, is given by(6o):

F = log T [0.494(0.602 + log )]
where o = 2%.

A
: . . C 2 : (59),
D is the diffusion coefficient (cm”/sec) given by :
_ -1 28,800

D o= log” I-h - § 60!

where B = temperature (°F)

7

=]
1

the time of irradiation in seconds (315,576,000 = 3.16 x 10
sec./yr.)
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(59) 3

A = the effective diffusion length in cm. given by A = 5> and
S = +the surface area in cme/cc, as follows:

% TD S(cme/cc.) A(cc./cmg) A2

70 30,000 0.000,100 1.00 x 10‘8

75 25,000 0.000,120 1.4 x 10‘8

80 12,000 0.000,250 6.25 x 10'8

85 8,000 0.000,375 4.4 x 10’8

90 2,500 0.001,200 14k x 10"8

95 300 0.010,000 0.0001

Combining the above equations:

F = log t [0.494 log 25- - 1.678 - %512%26]
A

The calculation of the volume of fission gas generated, from which the
above fraction is released, is based on the discussion in the "Recoil
Zone Swelling'" section eand on the information that 0.0385T7 atoms per
fission are krypton and 0.2183 atoms per fission are xenon for a total
of 0.247 noble gas atoms per fission(sg). The atoms of gas produced
per particle per 1020 fissions per cc. of dispersion, which do not enter

the recoil zone of the matrix, G, are:

14
G = (12 XB?EO X 00 ) 0.247 x 0.916 x 0.85

v/o particles

2.52 x lOlLL
v/o particles

Combining the equations for the gas fraction released, F, and the amount
produced, G, yields the amount released, R, in atoms per 1020 fissions

per cc. of dispersion:
R = FG
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Applying the reference conditions of 85 percent theoretical density,
operation for approximately T5 percent of total cycle time, and a one
year cycle at relatively constant conditions, the gas release reduces

to atoms of fission gas released per 1020 fissions per cc. of dispersion,

_ 2.52 x 10 -1 14,210
R = ===5—— [log™™ (5.352 - 32575)]

From perfect gas considerations, 0.269 x lO20 atoms = 1 cc. at 492°R and
14.7 psia. With 15 percent void in a 300 u particle, 0.619 x lOl)4 atons
of fission gas produce a pressure of 14.7 psia at L92°R in the void space
in a particle. Stated otherwise, the pressure, P, (psia), produced as a

function of temperature, B (°F), is:

P = R [0.0484 (460 + B)] :Lo'll+
Combining
‘— -
_1.22 (460 + B) -1 14,210
P = 7 t-log (5.352 - E—j—zga)

per 1020 fissions per cc. dispersion.

Representative calculations are plotted in Figure III.7T-25. It is evident
from these results that fission gas pressure is small when the entire
particle void volume is avallable. This fact is not surprising because
of the relatively low temperatures considered. However, as the UO2 swells
during use, the void volume aveilable to fission gas is substantially

reduced; and, accordingly, pressures are substantially increased.

Failure Calculations

For previously stated reasons, a thorough investigation of theoretical
calculations of cermet life is not considered pertinent to this effort.
It should suffice to point out that thorough failure analyses have been

made for the following cases:
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(61)

1. Low temperature - Failure by fission gas pressure when
the matrix yield strength is exceeded.
2. Low temperature(62) - Brittle failure by fission gas pressure

and thermal stress in an elastic matrix when the ultimate
tensile strength is exceeded.

3. Low temperature(62) - Plastic failure by fission gas pressure
and thermal stress in an elastic matrix when the ultimate
tensile strength is exceeded.

L, Short term stress peaks(63) - Failure by fission gas pressure
during sudden temperature rise when the ultimate tensile
strength of t?z ?atrix is exceeded.

3

5. Creep rupture - Failure by creep to rupture due to fission

gas pressure at elevated temperatures.

Summary of Design Considerations

It is of interest to select a specific case to examine the relationship
of the three considerations contributing to failure, i.e., fuel swelling,
recoil zone swelling, and fission gas pressure. Selecting a 40 volume
percent dispersion operating at 1500°F, the life curve shows a limit of
6.25 x lO20 fission/cc. Fuel swelling would occupy 71.5 percent of the
original void space. Recoll zone swelling would occupy an additionsal

L.1 percent of the original void space (assuming that 50 percent of the
swelling is inward) for a total of 75.6 percent. Fission gas pressure,
without volume loss, is shown to be L4.75 psia (assuming,a one year cycle),
but is multiplied by a factor of 4,1 to 19.5 psia becéuse of the reduction

in the void volume.

At 85 percent particle density, the conversion between fissions per cc.

of dispersion end atom percent, U,Pu burnup is:
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Fissions per cc. dispersion

atom percent U,Pu burnup = 16
207.7T4k x 107 x volume percent particles

At 10 atom percent U,Pu burnup, the fcllowing table applies:

v/o Particles Fission per cc. of Dispersion
20 L1 x lO20
30 6.2 x 10°C
Lo 8.3 x 1029
50 10.4 x 1020

Therefore, it is apparent that the primary mode of failure is fuel
swelling, causing a relatively small volume of gas to exert a high pres-
sure. It is entirely possible that initial fracture of the recoil zone
and/or matrix is caused solely by fuel swelling, and that only fracture

propagation results from fission gas pressure.

III.7.6.4 Summary and Recommendations

Cermet fuel, consisting of (U,Pu)0,. in a 316 L stainless steel matrix

2
with 316 L stainless steel cladding, has been selected for the control
element in a Bundle Controlled Expansion (BCEX) assembly to provide

a negative temperature coefficient of reactivity in & sodium cooled fast

flux reactor.

Generally, the properties of cermets are linear functions of matrix
content; thereforé)they are strongly governed by the volume fraction of
ceramic particles present. For a given composition, the method of fabri-
cation exerts far more control over properties than any other factor.
There is little information available on long term properties such as
creep and stress rupture, and even less on post-irradiation properties

of the cermet matrix material.
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An evaluation of cermet selection characteristics shows that particle
size, particle density, and volume percent ceramic are important factors.
The reference design particle size was selected as 250-350 u, because
smaller particles give thinner matrix ligaments for restraint of strain.
Even larger sizes would be desirable; however, data for larger particle
sizes were not reported. The reference particle density was selected as
85 percent maximum, because 1) a low density is desired to obtain more
space to accommodate fuel swelling and fission gas, and 2) 85 percent

is the lowest density which the literature indicated any confidence of
achieving. Volume percent ceramic is limited to 50 percent maximum due
to lack of data at higher percentages. The lowest possible volume percent
consistent with reactor design requirements is recommended. With a small

volume of ceramic, more matrix material is present for restraint of strain.

Empirical burnup limits are defined as a function of operating tempera-
ture. Design considerations show the primary mode of failure to be fuel

swelling augmented by pressure from fission gas buildup.

An important requirement for further investigation of a cermet fuel for
a particular application is the establishment of a reference process and
product design including development of optimum size fuel particles. Sub-

stantial effort is required in this area of development.

With these reference conditions, typical non-irradiated thermal and
mechanical properties can be determined. Long term mechanical properties

such as creep, stress rupture, and fatigue must be well established.

Next, irradiation properties must be extensively investigated. The least
explored field in cermet technology is irradiation testing. Present data
do not permit design of a fuel element with a specific lifetime, based
on specific nuclear, thermal, and mechanical conditions. Substantial cost
savings mey be achieved through a rigorcus design study of burnup under

given reference conditions with appropriate in-pile verification.
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Exploration of alternate matrix materials, which will better

resist fuel particle strains at high temperatures,might lead to design
improvements. One approach to improving matrix materials to extend the
past and current work on materials such as molybdenum, Hasteloys, Inconels,
and vanadium alloys. However, these materials would require not only the
development described for stainless steel cermets, but substantial addi-

tional work to achieve the present stainless steel state-of-the-art.

It is recommended that the development described for a stainless steel
matrix cermet be undertaken, and that burnup design studies receive major
emphasis. Alternate matrix materials should be used only when absolutely

necessary.
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APPENDIX A

BCEX FUEL ASSEMBLY DYNAMICS

Introduction

The Bundle Controlled Expansion fuel assembly consists of upper and lower
bundles of fuel rods which are attached to a central structure of cermet
rods that contain fuel. During a rapid increase in the core power level,
the cermet rods heat up faster than the fuel clad, and thus separate the

two bundles axially due to differential thermal expansion.

Because of its inertia, the fuel bundle tends to resist this axial move-
ment. This resistance to movement causes compressive stresses in the
cermet rods which are proportional to the difference in the unrestrained
thermal displacement and the actual or restrained thermal displacement
of the fuel bundle. This situation is anslogous to a mass (bundle) on a
spring (cermet rods), where the spring end opposite to the mass is

given a displacement which varies with time.

The detailed analyses of fuel assembly response to changes in cermet
temperature are divided into four sections. In the first section,

the cermet rods are considered to be an isotropic, elastic, continuum
with zero body forces. The assumptions inherent to this model are
pointed out. Further similifying assumptions are introduced and dis-
cussed. The second section applies appropriate boundary conditions to
the continuum, including the reaction forces in the bundle-to-cermet
connection., The resulting equation is that of the undamped harmonic
oscillator. The third section discusses two types of cermet tempera-
ture programs, and the fourth section derives the response of the fuel
assembly to these programs. Parameter studies and a discussion complete

the work.



2. Nomenclature

A - ares of cermet rods, in.

- amplitude of bundle vibration, in.

B - constant
c - sound velocity of cermet, 1ips
E - cermet elastic modulus, psi
Fr - total can to bundle force
K - cermet/bundle spring rate, 1lb/in.
L - length of cermet assembly, in.
M - dynamic mass of bundle/cermet system
n - number of cermet rods, also constant
T -  temperature excess, °F
'I'o -~  terminal temperature, °F
t - time, sec.
u,v,w - components of displacement, in.
XY o2 - orthogonal cartesian coordinate system, z axis coincident
to cermet ¢
X - bundle displacement, in.
Y - free cermet thermal expansion, in.
YO - characteristic expansion, in.
YT - terminal or total free expansion, in.
Z - cermet compression, in.
o - cermet coefficient of thermal expansion, per °F
£ - ramp time, sec.
A - dimensionless distance
u - coefficient of friction
v - Poisson's ratio
o] - cermet density
X,oy,cz - normal stresses in x, y, z directions, psi
T - dimensionless time
T - characteristic time, sec.
T - characteristic time, sec.

) - shear stresses, psi

T T, T
xz’ xy’ yz
¢ - time, sec.

w = yK/M

bundle/cermet natural frequency, rad/sec.



3. Cermet Rod Kinetics

The equilibrium equations for a continuous medium without body forces

from reference (1) are:

90 9T oT a2
o t st s =P T
X y 9t
30 9T 9T 2
AN .S +_’&=pu
Yy 9x 3z at2
90 T oT 2
z X2z + yz _ 0 O W
9z ax dy 3t2

Stress is related to displacement in an isotropic Hooke solid in

reference (1) by:

ou 1

o " ol = = [ox -V (oy + 0 )]
v _ 1

5y " of = 3 [oy - v (o + oz)]
oW _ 1

o ol = E [cz - v (o +0)]
u , v _ _2(1+v)

oy ox E Xy

du v | _2(I+v)

oz 9x B X2

v, 3w _ _2(1%v)

9% Ay E yz

A-3



Assuming that x, y, z are the principle axes with Txy =T, = 0, and

that o, = Gy = 0. The basic equations now are:

aoz = 82w 82u _ 32V = 0

9z 3t a2 9t

u .

% " o = = v cZ/E

v _

ay ol = - v cZ/E

ow -

5% o = OZ/E

% e 1 Y% p 3% (a-1)
3Z2 02 E 9z E 3t2

u , v _ du L v _ v, Bw _
ay T ax - 9z T oax T o9z toay T°

Further simplification would result by setting p/E = 0. The significance

of setting p/E = 0 will be illustrated in the following problem.

Consider a slender rod of length L, which is fixed at z = 0, and free
at z = L. The rod is internally heated so that the rod temperature is

uniform throughout the rod volume.

For: t < O, temperature = 0
0 <t < g, temperature = (TO/S)t
£ < t, temperature = To

A-Y



The boundary conditions for equation (A-1) are:

32W
w(o,t) = 0 5?32_(2’0) = 0
W or,t) = 0 T (,4) = 0
3z > - 3z >
A solution for this system is:
w {z,t) = 1. L Sin nlI/2 Sin nt Sin nx
a(T /&)zt if n nt ni
o)
n=1
Jife Il
where, T = §E-t, A= o1, 2> 0 <t < g
For z = L:
wil,t) _ , _ 8 fsint , 1 8in3t _ 1 Sinjt _
LaTOt/E H2 T 9 31 25 51

The first term within brackets is dominant, thus:

wl,t) .t _ 8 v .
LaTo £ H2 ET
w(l,t) _ t _ 8 2Ly . (IEcy, t
LaT £ > (fge) sin (Gp)(=)
o} Il
wm(L,t) c
For ¢ = =, _EEE_"_'= 53 and the effect of a finite value for ¢ is to
o
superpose an oscillating motion on the steady motion of the rod at z = L.
2
The amplitude of this oscillating motion is —%-(E%E%EQ). For an acceptable
Il
8 ?_LeaTo
ratio between —E-(—ﬁgg——) and LaT_ of 1%, the following inequality must

be observed:
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vy
nv

(A-2)

o

For c¢ ~ 160,000 in/sec. and L ~ 100 in. & > ~ .03 sec. Thus, equation
(A-2) is satisfied and it is permissible to set p/E = O in equation (A-1).

Equation (A-1) now becomes:

9 W aT
_2 = a 52 (A—3)

Defining the average values for the terms of equation (A-3), averaging

over area A:

2 —
1 d W adT _ 1 oT
A/[a > dxdy, and T A[/ o dxdy
Z £ z

Equation (A-3) becomes:

[~
E

(55
N

|

]
=
Q
@
=]

|

(A-L)

@

[
no
[
N

Forming the indefinite integral of equation (A-4) with respect to z
and interpreting the arbitrary function of time to be the axial strain

in the cermet:

82w o
2 dz = 3z E (4-5)

%)
f

[o})

N

+
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Now, integrating equation (A-5) over the cermet length:

L L

Q
]

_ adT z L
dzdz = Sz dzdz + —¢ (A-6)

@
[
\V]

o o

Finally, the following definitions are made,

L L
W adT % L
X = — dzdz, Y = Y dzdz and Z = £ s (A—Ya,b,c)
90z
o

and substituted into equation (A-6) to obtain:

0

X = Y + Z (A—8)

This expression shows that the displacement of the cermet at z = L

equals the free thermal expansion of the cermet plus the elongation due
to tensile stress g, - The purpose of the preceeding lengthy derivation
of this elementary statement was to highlight the inherent assumptions.

These assumptions are:

1. The medium is continuous - crystalline structure with
a dispersion of fuel has no observable effect on
structure dynamics.

2. DNo body forces exist - considers gravity effects as
insignificant.

3. The material is isotropic - no directional variations
in structural properties due to fabrication history.

4. A Hooke solid is utilized - linear relation between
stress and strain ignhores hysteresis and internal
damping.

5. Zero shear stress exist on x,y,2z axes - this implies

no fluid damping.



6. The lateral stresses are zero - no buckling or lateral

wave effects.

T. The sound velocity is infinite - no effects from axial

stress waves.

Cermet/Fuel Bundle Kinetics

The boundary conditions on the cermet surfaces are:

1. Lateral surface stresses are zero.

2. Normal stress on end surfaces is oz.

At the cermet/bundle connection, OZA = -MX, where A is the cermet cross

sectional area, and M is the sum of the bundle mass plus 1/3 of the

(2) (

cermet rod assembly mass assuming the fuel bundle as being a rigid

body with respect to the cermet rods).
g, = -MX/A
Substituting this expression into eguation (A-Tc)

Z = -MX L/AE
and defining,

K = AE/L and w2 = K/M

the following expression is obtained:

X = -Zw2.

Equation (A-8) becomes:

7 = X -%Y
7 - X = -Y
7+ Wl o= -y (A-9)
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Equation (A-9) describes the undamped harmonic oscillator with natural
frequency w consisting of a mass, M, on a spring, spring rate K, with
the spring excited in the manner of the shaker table problem by a force

proportional to Y.

The solution of equation (A-9) is given by reference (3):
Tt
z = - lfﬁf(&) sin w (t-g) dg (A-10)

W

o

Forcing Functions

In this analysis, both the terminated and unterminated power transient

will be examined. For a terminated power transient,

Y/Y )2 - 2(t/1)3, 0

T

it

3(t/t

[Lra}
ct

A
~

(A-11)

YYo= 1, t 2

represents the essential features of the free, unrestrained cermet
thermal expansion. T is the characteristic interval of time, from when
the cermet starts to expand to when the cermet expansion is essentially

complete. YT is the total amount of free cermet expansion.

For an unterminated transient,
Y/Y = e’ o-1 (A-12)

represents the free cermet thermal expansion. Yo and Tq are a charac-

teristic deflection and a characteristic time, respectively.

Fuel Bundle Kinematics

Substituting the second derivatives of equations (A-11) and (A-12) into
equation (A-10) and carrying out the integration, the solution for the

terminated transient is,
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(A-13)

-Z/Y = 6 (1 - cos wt) - 12 (wt~-Sin wt)
T 2 3
(wt) (wt)
and the solution for the unterminated transient is,
Z/Y = 1 (cos wt + 1 Sin wt - et/To) (A-14)
o
1+ (wt )
o
For the terminated case, Z = ZT and k = ir at t = 1. For t > 1, the
bundle oscillates with amplitude A about X = Y,. A is found from:
2 Z X
A _ I 2 T 2
& = G o+ () (A-15)
T T T
X = YT for the first time after t = T at t = 1t + ¢ where:
6 = = cos7t El
w Aw
t/TO >> 1,

For the unterminated case, at time t sufficiently large that e

equations (A-12) and (A-14) become

Y/Y = et/To
o
Z/Yo s 1 S et/T
1+ (wt)
o
The ratio
1 (A-16)

)2

z/Y =
1+ (wt
O

is a measure of the disparity between bundle displacement and free cermet

expansion.

A-10



Parameters Used in Calculations

Total cermet assembly length 101.07 in.

Total spacer bar length 26.12 in.

Active cermet length 7h.95 in.

Spacer bar cross sectional area 1.1 in.2

Cermet 0.D. 0.30 in.

Number of cermet rods/bundle T

Total active cermet cross sectional area 0.50 in.2

Total cermet assembly weight 20 l1bs.

Carbide fuel rod length 50.5 in.

Carbide clad 0.D. 0.3 in.

Carbide clad wall thickness 0.01 in.

Carbide clad cross sectional area 0.009 in.2

Number of carbide fuel rods/bundle 120

Total fuel clad weight/bundle 15 1bs.

Carbide fuel length 48 in.

Carbide fuel 0.D. .268 1in.

Total carbide fuel weight/bundle 160 1bs.

Total carbide fuel + clad weight/bundle 175 1lbs.

Cermet Young's Modulus 15 x 106 psi

Clad and spacer bar Young's Modulus 20 x 106 psi
Spacer bar spring rate 0.84 x 106 lbs/in
Active cermet spring rate 0.099 x 106 1bs/in
Cermet assembly spring rate 0.089 x 106 1lbs/in
Bundle/cermet assembly natural frequency, w 430 rad/sec (68 cps)
Cermet density 0.31 1b/cu. in.

A-11



Effect of Restraining Forces on BCEX Response

For & terminated transient, the previously derived differential equation
of motion (equations A-9 and A-11), for the lower rod bundle, when

modified by the addition of a term for total can to bundle force 1is:

2 + w Z o+ + 5 (1L -—) = 0 (A=1T7)

Where:

coefficient of friction between fuel rod bundle and can

e .
It I

total can to bundle force

Fr 1s defined such that:

0
= F = constant
r

The equation of motion is solved and the constants of integration deter-

mined from the boundary conditions:

at t =0, 2=0; Z=0

The result:
6 Y 12y S
7 = (cos wt - 1) + {wt - sin wt) - (A-18)
2 2 3 3 2
w T w T w M
Since:
2 o AE
T IM

A-12




Thus:

6Y 12y uF_ L
T L (gt - sin wt) - R
3 3 AE

w T w T

(A-19)

It is seen that the effect of can to bundle forces is a reduction in
response of the lower rod bundle Jjust equal to the elastic compression

of the cermet rods by the forces.

For an unterminated transient, a modified differential equation is again

written:

uF

Z o+ WSz o+ + Bn® & = o (A-20)
where B and n are constants.
Which has a solution:
2 uF_L
_ Bn n . nt R
7z = ;Er:?:;§ (cos wt + o sinwt - e ) I— —E (A-21)

For both terminated and unterminated transients, it is desirable that
the effect of can to bundle forces on the response be small. This may

be expressed:

u F_, L

—— << ¥
Or:

F_ L

iE < <o LAT

Therefore, the limitation on FR becomes:

Fo< < AEo, AT
R M
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For the present case:

= 0.50 in.°
E = 15 x 106 psi
o = 10.9 x 10’6 in/in/°F
u = 1.0 (assumed)

F_ < < 81.8 AT
For a 10° temperature rise:

FR < < 818

As a result, the limiting value of FR can be put, somewhat arbitrarily,

in the 50-100 1b. range.
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APPENDIX B

BCEX FUEL ASSEMBLY THERMAL BOWING

Introduction

This appendix contains the equations and detailed calculations of the
bowing analyses performed under the BCEX project. This appendix is

organized as follows:

Unrestrained thermal bowing
b. Restrained thermal bowing
c. Effect of transients and clearances on bowing

d. Restraining forces to bowing

The symbols are listed in the nomenclature.

Nomenclature

A - cross sectional area of cermet bundle, in.2

C - constant

DI - inside fuel rod diameter, in.

Do - outside fuel rod diameter, in.

d - distance from neutral axis, in.

E - modulus of elasticity, psi

F - restraining force, 1b.

h - distance between bundle contact points, in.

I - moment of inertia, in.

L - effective cermet rod length, in.

M - bending moment, in.-1lb

Ro - one-half distance across fuel can (ocutside), in.
R - one-half distance across fuel can (inside), in.
T - temperature, °F

v = shearing force, 1lb.
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- distance axially from reactor core plate, in.
- fuel assembly radial deflection, in.
coefficient of thermal expansion, in/in/°F

- radius of curvature, in.

@® T L < N
t

- slope, radians

Unrestrained Thermal Bowing

In the absence of any radial restraints, under the effect of the radial
temperature gradient in a reactor core, a fuel assembly, if restrained
at its base only, will bow outward (away from the hot side). If the
temperature gradient is linear across the assembly, the radius of curva-

ture at any point on the assembly is:

_ 1
= T (B-1)
Where:
a coefficient of thermal expansion of the assembly - in/in/°F
AT = radial thermal gradient - °F/in.

This is related to the deflection, y, by the differential equation:

ay - % = QAT (B-2)

In the thermal-hydraulic analyses, the most severe radial temperature
gradient in the core was found to exist across the outermost row of core

assemblies.



This gradient for beginning life power distribution assuming no

transverse coolant mixing, can be expressed as:

o, = 0 (0 <x < 27)
ATII = 6.6 {jl - cos —I—L$§gll (27 < x < 102)
AT o = 13.2 (102 < x < 115)

These expressions are plotted in Figure B-1.

Upon substitution and integration of equations (B-3), the following

expressions are obtained.

In the core region (II):

2
dy
L 6.6 a{l - cos T X=el/ (X_27)}

dy
E;zl = 6.6 a [kx-27) - (15) sin1r(X;§7{} +C)
2 2
(x=27) (15) (x=27)
yip < 6.6 { 5 + 2 cos m oo ‘} +Cpx +C,

And in the upper blanket (III):

2
dy
III
5 13.2 o
dx
dy
IIT
= = 13.2 a x + C3
y = 6.6 q X2 4+ 0. x +C
III 3 L
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The constants of integration are found from the boundary conditions:

dy
II

x =275 yqp = 03 =0

dx
Therefore:
2
_ (75)

C,=0; C,= -6.6 a 5

Similarly:
dy dy
_ ) _ ] II _ “YIII

x =102y S Vv @x T ax

And:
0 (75)°

03 = -6.6 a (129); Ch = -6.6 a{klOZ) + (129) (102) - 5=
Finally:

yp = O

2 n (x-27) |
Y = 6.6 u{O.S x~ =569.9 (1 - cos ——73————;}
- 6.6 a;’x2 - 129 x -207&2}

For austenitic stainless steel at 1000°F, a = 10.9 x 10_6 in/in/°F.
Upon substituting this value, the bowing curve presented in Figure
IIT.L4-12 is obtained. The maximum deflection of 0.203 inches occurs
at the top of the fuel assembly (x = 115). The deflection at the top
of the core (x = 102) is 0.120 inches.
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Restrained Thermal Bowing

A fuel assembly with three upper restraints is shown in Figure B-2.
The lower end of the assembly is assumed to be built into the reactor
core plate. The restraining forces give rise to the following bending

moments in the fuel assembly:

My = Fl(xl—x) + F2(x2—x) + F3(x3—x) (0 <x i_xl)
MII = F2(x2—x) + F3(x3—x) (xl <X §_x2)
Mipp = F3(x3-x) (x2 < x §_x3)

The deflection of the fuel assembly is related to the moment by the

differential equation:

f_x=M_
2 EI
dx

If EI is constant, as 1s approximately the case, the equations can be

intergrated to find the slope:

_dyI =E~.(Xx_£_)+2(xx_ﬁ)+5(xx_£2_).,.e
dx ET 1 X EI 2 2 ET 3 2 0
b = Eg.(x x - 53) + Ei.(x % - Efq + 8

dx EI 2 2 EI 3 2 1

Y 3
dx EI

Where the 60, 61, and 62 are constants of integration. Integrating

again to find the deflections:
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Yoo V1 and vy, are also constants of integration. At x = x.:

- 1 2 Xy, 2 2 _x7y .3 2 X7
Y1 T ZEI (%7 = 37) + g7 (xx” - 3 )+ ggr (xgx” - 37) * ¢
F 3 F
_ 2 2 x= 3 2 x7
Y11 = ZEr (XpX - 37) * gy (XX -3 ¥ 8 x *+yy
F 2
- .3 2 _x_
Y1 = ZET (XX -3t 8, x +y,

1°

Y1 _ Y
ax ax
Y1 5 V11

dx dx
Y11 = Y111
2
e =e +.]_?Lx_l__
I 0 " 2EI
3
I
Y1 = ¥ T BEI
2 2
o - o + Fixy s Fa¥a
II ~ 0  2EI 2EI
3 3
e Y s Fixy . Fx,
Y11 T Yo T @EI 6E1



Since the fuel assembly is assumed to be built into the reactor core plate

at x = 0, the slope and deflection at this point are: |

The final equations for the deflection of the fuel assembly under three upper

restraints can then be written:

Fy 3 F, 3. F 3
y1 = gpr (X - 37 g (xpxT - 37) 4 opr (xxT - 35)
Fy x13 F, o x5, T3 2 3
Y1 = 2mr (% X - 3 *gpyp (0T - 37) gy (xgx - 30)
3 3
_.F;_(Xx_i_)+F_2__(X2X_f_2_)+_F_3_(XX2_2£)
Y111 T ZEI 1 2BL ‘X2 3 oEI ¥3 3
The equations at the points of restraint are:
3 3 3
v =Fli_+FL(XX2_X_1_)+F_3_(XX2_f_1_)
1~ 3EI 25T X2%1 3 2EI ‘*3%1 3
3 o
-_Fl (x.°x X_l_)+~—-Fgx?’+§—3—(xx2 xi—)
Yo = 21 Y*1 %2 7 3 SEI X2 °EI ‘“372 T3
3 3
! (x. 2% - 1 ) Fa (x 2 *2 " Py L3
Y3 = 2E1 ‘*1 *3 7 3 oEI ‘Y2 *3 7 3 3EL 3

In the reference fuel assembly design, restraints are applied to the can at:

X, = 65 in.
x2 = 90 in.
X3 = 115 in.
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If there is to be no net movement at the restraining points, the deflec-
tion, due to the restraints, must be equal and opposite to the unrestrained

thermal deflections. After substitution:

F F F
511 5 22 5 13 _
0.9154 x 10 FI + 1.4435 x 10 o + 1.9717 x 10 BT + 0.010 0
F F F
5 1L 5 12 5 13 _
1.4435 x 10 EI + 2,4300 x 10 E1 + 3.4hk25 x 10 BT + 0.065 0
F F F
5 71 5 T2 5 13 _
1.9717 x 10 BT + 3.4Lk25 x 10 I + 5.0696 x 10 Bl + 0.203 =0

Solving these equations:

F,o= -4,516 x 10‘6 ET
-6

F, = 13.006 x 10°~ EI
-6

F, = -7.476 x 107~ EI

It is then possible to calculate the can dgflection at any point. The
resulting can deflections for the reference design (three restraints)

are plotted in Figures III.4-12 and III.4-14. The bowing of the rod
bundles is shown also in Figure III.4-1k. The upper bundle is restrained
to move with the can. The lower bundle is simply supported from the

can at x = 13 in. and from the cermet rods at x = 50. There are no
bending moments induced in the lower bundle by this method of support.

The bundle curvature is therefore the same as in the unrestrained case.

An alternate fuel assembly design uses two upper restraints at:

80 in.

»
]

»
1}

115 in.
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Again the net deflection at the support points is assumed to be equal to

zero. FEquations are then written:

> 1 > 2 _
1.7067 x 10 =t 2.8267 x 10 =t 0.120 = 0
F F
5 1 > 2 _
2.8267 x 10 5 T 5.0697 x 10 a t 0.203 = 0
Solving:
-6
F, = 5.886 EI x 10
-6
F, = -3.681 EI x 10

The resulting can deflection curve of this alternate approach (two

restraints) is plotted in Figures III.4-13 and III.L-15,

For the alternate fuel assembly, each rod bundle is assumed to be simply
supported from the can at two points. Each bundle will have the curvature
resulting from the unrestrained case but will be translated, as a rigid

body by the can movements.

In the same manner, the can bowing curve was determined for one restraint
at x = 115 in. This is plotted, for reference purposes, in Figure
IIT.L4-13.

Effect of Transients and Clearances on Bowing

Previous analyses have considered only bowing under idealized conditions,
i.e. steady state power and no movement of fuel assemblies at the points

of restraint. To consider the effect of clearances, the equations previously
derived are readily modified. If a 0.0l10 inch movement at the restraint
points is assumed, the equations for the reference fuel assembly design

become:



F F F

0.9154 x 10° E%' + 1.4435 x 107 E%’* 1.9717 x 10° E%'* 0=0
F F F

1.4435 x 10° ﬁ + 2.4300 x 10° E:EE + 3.4425 x 10° ﬁ + 0.075 = 0
F F F

1.9717 x 105 E%-+ 3.hh25 b'd lO5 E% + 5.0696 X 105 E%'+ 0.193 =0

Upon solution, it is found that the direction of Fl is outward, indi-

cating that the deflection of this point is less than the 0.010 in.

clearance. Since Fl cannot be outward, no restraint can exist at this

point, and Fl must be taken as zero. The problem then reduces to that

of an assembly with two upper supports. The deflection curve for this
case is plotted in Figure III.h-16.

For 200% power, the equations are again modified. With Fl = 0 for the

reference design:

F F
572 5°3 -
2.4300 x 10 0t 3.4425 x 10 7t 0.1k0 = 0
F F
5°2 5°3 _
3.4425 x 10 il 5.0696 x 10 w7t 0.396 = 0O

The resulting deflection curve is also plotted in Figure III.L-16.

The alternate design was studied in the same manner. The results are

plotted in Figure ITI.hL-17.

Restraining Forces to Bowing

The cross-section of a fuel assembly is shown in Figure III.4-3. The

moment of inertia of the can:
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Where RO and Ri are 2.552 and 2.459 inches, respectively, then:
I = 5.632 inLL
c
For austenitic stainless steel at 1000°F, the modulus of elasticity:
_ 6 _ .
E = 22.9 x 10" psi
The magnitude of the restraining forces for the case of no-clearances

can be calculated using expressions developed in Section B-4. For the

reference design:

F,o= -(h.516 x 10‘6)(22.9 x 106)(5.632) = -582 1b.

F, = (13.006 x 1070 (22.9 x 106)(5.632) = 1677 1b.

Fy o= —-(7.476 x 10'6)(22.9 X 106)(5.632) = -96L4 1b.
For the alternate design:

F, = (0.5886 x 107°)(22.9 x 106)(5.632) = 758 1lbs.

F, = (0.3681 x 107°)(22.9 x 106)(5.632) = -L75 1bs.

The moment and shear distributions, resulting from these forces for the
case of no-clearances are shown in Figures III.L-18 and III.4-19. The
magnitude of these moments and sheer forces would be reduced for the

case where clearances are considered.

The effect of restraining of the lower rod bundle by the can was also
studied. If the can and bundle act as a unit, forces will exist between
the two. To estimate the magnitude of these forces, the lower bundle
is considered to be a free body as shown in Figure B-3. The bending

moment in the rod bundle:
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where subscript C refers to the assembly can and B to the fuel bundle.

The shear in the bundle:

o
Q
a7l

At the ends of the bundle, the calculated moments and shears must be
reacted by can to bundle forces. With reference to Figure B-3, the

reactions at the upper end of the bundle (x = 64.5):

Where h = 9.0 inches is assumed to be the distance between rod to bundle
contact points. The moment of inertia of the rod bundle is calculated
by summing the individual rod moments of inertia. The contribution of

each rod to the moment of inertia of the rod bundle:

Irod,B = 3%-(Doh - Dih) * %'(D ¢ - Dig) d2
Where:
DO = outside diameter of cladding of fuel rod
Di = inside diameter of cladding of fuel rod
d = distance from rod center to neutral axis of subassembly

Using the dimensions of the fuel assembly and fuel rods, the moment of
inertia for the bundle is calculated. The procedure is shown in Table B-1.

The result:



1.832 in.h

|l
1]

1.832) 12,000 (1.832) _
5.632) ~ (9.0) (5.632) - <343 1bs.

- (
R, = 2807

_ 12,000 (1.832) _
R2 = (9.0) (5"6'32) = )4-3)4 1bs.

At the lower end (x = 1b4):
AR
And:
no- - R - B - o

' 2500 (1.832)
2 = T (5.0) (5.632) - "9t ibs.

The total restraining force on the lower rod bundle by the can:

343 + 434 + 0 + 91 = 868 1bs.
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Table B-1

Rod Bundle Moment of Inertia

- I b 4
Ioa = & (0.3007 - 0.2807)

= 9.589 x 107 inh

- 2 2
As = % (0.300° - 0.280%)

= 9,032 x 1073 in®

Refering to Figure III.L-3

No. of
rods 3 o
Row n d 9.032 x 10~ d°n
0 13 0 0
1 2L .369 .0295
2 22 .738 .1033
3 20 1.107 221k
i 18 1.476 .3542
5 16 1.8L5 L4919
6 14 2.21k4 .6198
Total 1.8201
Total Moment of Inertia
- -5 . b
IB = 127(9.589 x 107°) + 1.8201 = 1.832 in
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APPENDIX C

FUEL CLAD STRESSES AND STRAINS

Introduction

The controlled expansion fuel assembly consists of an upper and a lower
half-length bundle of fuel rods which are attached to a central full-
length assembly of cermet fuel rods. The fuel rods of each bundle are

brazed together by intermediate spacer ferrules.

Each fuel rod is vented to the sodium coolant. Venting eliminates clad
stresses due to coolant or fission gas pressure. Stresses and strains

arise in the fuel cladding from:

8. temperature gradients.
b. static weight.

¢c. flow drag.

d. flow induced vibration.

The subsequent sections discuss in detail the stresses and strains due
to these loadings and relate them to appropriate failure criteria. When

appropriate, clad thinning with life time is considered.
In the subsequent discussion:
1. Region 1 refers to the second ring in the core module

which consists of six fuel assemblies,

2. Region 2 refers to the third ring in the core module

which consists of twelve fuel assemblies, and

3. Region 3 refers to the fourth ring in the core module

which consists of eighteen fuel assemblies.

Unless otherwise designated, units of inches, pounds, seconds and Fahrenheit

degrees are used in the subsequent analyses.
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c-0

(1)

Restraint to Bundle Bowing

The brazed bundle is subject to a core radial variation in coolant temperature. The temperature gradient
in the lower bundle is small and the bundle is allowed to bow freely. The upper bundle gradient is much
greater, and the bundle must be constrained by the fuel assembly can to remain straight. This constraint
results in bending strains across- the bundle treated as a beam. Near the bundle ends the bending strain
is zero and the ferrules are subjected to shear stresses. The ferrule shear area is four to five times

the clad wall area and is therefore stronger than the clad.

Calculations

Axial strain, € = I %— aAT, top bundle, away from bundle ends, outer bundle edge.

o = clad coefficient of thermal expansion; AT = maximum bundle temperature
gradient in radial direction.

€y = 0, lower bundle - no restraint.

Summary of Results

Region I Region IT Region ITI
Top Bundle Lower Bundile Top Bundle Lower Bundle Top Bundle Lower Bundle
Max. Min. Max. Min. Max. Min, Max. Min. Max. Min. Max. Min.
a x 106 11.2 9.2 - - 11.2 g.2 - - 11.1 9.1 - -
AT 20.8 0 - - 50.0 0 - - 67.6 0 - -
% Mixing 0 100 0 100 0 100 Q 100 ¢ 100 0 100

in Assembly

6

e, x 10 +117 0 0 0 +280 0 0 0 +375 0 0 0



£=0

(2)

Non-Linear Radial Bundle Temperature Gradient

The core radial coolant temperature across a bundle is not linear but has a quadratic component.
This quadratic term in the temperature profile generates stresses and strains equivalent to those

in a beam with uniform internal heat generation. Terms @ and € are previously defined.

Calculations
1 y ATy 2
e =+ 3 aAT (5- AT " 50, away from bundle ends, outer bundle edges.
ATl - center temperature minus outer temperature in radial direction.
AT ~ temperature difference across bundle in radial direction.
Summary of Results
Region 1 Region 11 Region 1II1
Top Bundle Lower Bundle Top Bundle Lower Bundle Top Bundle Lower Bundle
Max. Min. Max. Min. Max. Min. Max. Min. Max. Min, Min. Max.
o x J_O6 11.2 9.2 10.9 9.0 11.2 9.2 10.9 9.0 11.1 9.1 10.9 9.0
% Mixing 0 100 0 100 0 100 0 100 0 100 0 100
in Assembly
AT 20.8 0 10.4 0 50.0 0 25.0 0 67.6 0 33.8 0
ATy 61 0 61 0 55 0 .55 0 5k 0 Sk 0
&7
e X 106 17 0 8.3 0 18.8 0 9.1 0 19.9 0 9.8 0



7=0

1)

Clad Radial Temperature Gradient(

The clad heat flux results in a temperature gradient across the clad wall of the fuel and results
in clad strain due to internal restraint. 7 and o are as previously defined and u< is the clad

Poisson's ratio.

Calculations
eZ = Et = + %- aAT s AT = radial temperature drop across carbide fuel clad wall
1-w in core mid-plane, where the maximum heat flux exists.
g = 0.3 min., 0.4 max.
S ry of Results Region I Region II Region III
Top Bundle Lower Bundle Top Bundle Lower Bundle Top Bundle Lower Bundle
Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.
o4 x lO6 11.2 9.2 10.9 9.0 11.2 9.2 10.9 9.0 11.1 9.1 10. 9.0
AT 115 93 115 93 104 80 10k 80 85 62 85 62

+ e_= g_x 10 1073 611 10LL 598 971 526 9ks 51k 786 403 772 399



G-D

Clad Axial Temperature Gradient(3)

The clad temperature varies non-linearly with axial distance. Stresses and strains arise due to
the non-linear terms in the axial temperature profile due to internal restraint. €, and g are

as previously defined; is the tangential component of clad strain.

€¢

Calculations

€ = + 3 aTl ﬁ-t/h12, where Tl - axlal temperature rise along clad.

U - length of core.

€, = uE R - mean clad radius
t - clad wall thickness
p' - Poisson's Ratio

Summary of Results (location of €, and € is at core-axial blanket interface)

t
Region T Region II Region ITI

Top Bundle Lower Bundle Top Bundle Lower Bundle  Top Bundle Lower Bundle

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.
o x lO6 11.2 9.2 10.9 9.0 11.2 9.2 10.9 9.0 11.1 9.1 10.9 9.0
Tl 146 136 146 136 155 133 155 133 135 102 135 102
R 145 J1h5 0 L1ks J1b5 15 J1ks L 1ks L1455 L 1b5 L1500 1bs .1h45

.01 .01 .01 .01 .01 .01 .01 .01 .01 .01 .01 .01
1 37 37 37 37 37 37 37 37 37 37 37 37
U b .3 b .3 p .3 n .3 b .3 b .3
+ €, Less than 10~ in/in cm e — S
+ ey Less than 1072 in/in —-—- - e —_— —— e
Actual 11k2 1122 850 850 1160 1115 850 850 1120 1054 850 850

Temp ,°F



6. Static Weight

Each BCEX fuel bundle is supported at its ends by 48 of 120 fuel rods.
For completeness of analysis, the stresses and strains in the cladding

due to gravity are calculated below:

Calculation
No. of rods 120
Rod length 49.775 in.
Clad vol./in. .0091 in.3/ in.
Clad density .29 lb./in3

Clad wt/in. .0026 1b./in.>
Fuel vol./in. .0536 in.3/in.
Fuel density .48 lb./in.3
Fuel wt./in. .0258 1b./in.
Rod wt./in. .0283 1v./in.
Bundle wt. 170 1b.

No. Rods supporting bundle 54

Nominal clad wall .010 in.

Min. clad wall, end of life .006 in.

Nom. clad support area ipitels in.2

Min. clad support area .295 in.2

Nom. static wt. stress 345 psi

Max. static wt. stress 575 psi
Young's Modulus Elasticity 20 x lO6 psi
Nom. static wt. strain 17 x 10—6

Max. static wt. strain 29 x 10—6
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L=0

Flow Drag Less Static Weight

This calculation is similar to C-6, but in this case, it takes into account stresses and strains

in the 48 fuel rod clads which support the bundle due to pressure drop across the bundle.

Calculations

Drag Force =

= 120 x %—- x .3

Clad Stress =

No rods x area per rod x AP along rod

AP = 8.48 AP

Drag force/area per clad x no. clads loaded

= 17.2 AP, beginning of life
= 28.7 AP, end of life

Elastic
Modulus

20 x 106 psi

Summary of Results

Region I Region II Region IITI

Top Bundle Lower Bundle Top Bundle Lower Bundle Top Bundle Lower Bundle

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.
Ap 38 38 37 37 30.4  30.4 29.6 29.6 271.8 27.8 27.2 27.2
Drag Stress -1,090 -655 +1,060 +635 =870 -525 +850 4510 -800 -480 +780 +470
Static Wt. +575 +3L5 =575 =345  +575 +345 575 -345 +575 +345 =575 =345
Net Stress -515 =310 +485 +290 =295 -180 +275 +165 -225 =135 +205 +125
Net Sirain, -26 -16 +24 +15  -15 -9 +1h +8 -12 -7 +10 +7

x 10%



Q-0

Rod Vibration in Parallel Flow

(&)

Flow induced fuel rod vibration between spacer ferrules results in an oscillating component of clad

strain at the span natural frequency.

The fuel rod span is conservatively taken to be a simply

supported beam with a sine function mode shape.

Calculations
B - Burgreen Parameter = KlL2 v op V3/ 100 VET wu
K - 5, for pinned ends
* ’ 2,
p - sodium density = 750 x 1077 1p.sec. /in.
V - godium kinematic viscosity = 44O x lO_6 in.2/sec.
L -~ Span length between ferrules = T in.
w - Span natural freq., rad/sec = 12 »’gEI/WL)4

Summary of Results

rod 0.D = .300 in.

rod weight/inch = .0283 1b/in.
Amplitude of vibration, in.
Hydraulic dia. = 0.35 in.

12 A DO/2L2; clad strain
Coolant flow velocity, in/sec

Rod stiffness, lb--in.2

Region I Region IT Region III
Top Bundle Lower Bundle Top Bundle Lower Bundle Top Bundle Lower Bundle
Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
450  Lho 4ho 430 396 386 386 373 367 367 360
6 2k 20 2k 20 2k 20 2k 2k 20 2k 20
9.6 5.5 9.6 5.5 9.6 5.5 9.6 9.6 5.5 9.6 5.5
1126 T80 1126 780 1126 780 1126 1126 780 1126 780
.0081 .0160 .0076 .0149 .0055 .0108 .0051 .0046 .0092 .0o0k4 0087
.0057 .010 .0055 .0090 .004O .0075 .00LO .0037 .0063 .0036 .0065
.002 .00k .002 .003 .001 .003 .001 .001 . 002 .001 .002
106 60 120 60 90 30 90 30 30 60 30 60



9. Bundle Vibration in Parallel Flow(S)

As the fuel rod vibrates between spacer ferrules because of flow excita-
tion, so does the entire bundle vibrate because of flow excitation. The

bundle is conservatively taken to be a beam simply supported at each end.

Calculations
HEX. pD, .8 2 2.4
<5/ FLATE A=2.94a™" [M b L2y g?/3 1,
EI 5 .6 1+ 4B 1+ 2p

' ] r

! !;

fi | E W& = M VPL%/EI, dimensionless

t

' I -

i ’ 8 = [LewmT

% !; 50 v

" ::z

i fl

. ]

it !

Results

= max. bundle amplitude, in. 5 x 1072

Dr = rod dia., in. 0.30

o = normal mode eigenvalue 9.87

L =  bundle length, in. 50

m = rod mass per inch of rod, lb—sece/in.2 T.3 x lO_5
M = fluid virtual mass per inch of rod, lb—sec2/in.2 5.3 x lO—6
v =  fluid velocity, in./sec 440

EI = bundle stiffness, lb—in.2 4 x lO7

p = fluid density, 1lb. secz/in.l‘ 7.5 x 1077
Dh = rod hydraulic diameter, in. 0.35
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APPENDIX D

CERMET STRESSES AND STRAINS

Introduction

The cermet rod design was examined for all possible failure modes.
Failure may occur from excessive distortion that would alter the
cermet performance characteristics, or from formation of cracks. Dis-
tortion may arise from assymetric thermal gradients or forces. Cracks

may develop from excessive static, dynamic, or creep strains.

The subsequent sections discuss the cermet stresses and strains due

to a variety of causes.

Nomenclature

le - inside diameter of hypothetical fission gas space

d20 - outside d%amete? of hypothetical fission gas space = actual
fuel particle diameter

d30 - inside diameter of hypothetical spherical shell which
contains fission gas

ﬁ - volumetric fuel swelling rate

P - fission gas pressure

R - fission gas ideal gas constant

S - average fuel particle spacing or pitch; also steady stress

T - temperature

t - wall thickness of hypothetical spherical shell which contains
fission gas or minimum ligament thickness

v - secondary creep rate

v - void volume at time Tt

Vo - initial fission gas void volume

W - weight of fission gas released to void volume

o - cermet coefficient of thermal expansion

AVl - change in fission gas volume due to steel matrix creep

D-1



AV, - change in fission gas volume due to fuel swelling

€ - matrix strain

" - Poisson's ratio = 0.3

p - actual fuel density

o - theoretical fuel density

o) - stress

9, - stress based on original veid volume
T - time

£ = V/VO

Fuel Swelling and Fission Gas Pressure

An analytical model is devised which relates secondary creep strain in
the stainless steel matrix to fuel swelling and fission gas pressure.
The resulting, first order, non-linear, differential equation is not
solved and, therefore, the analysis is not complete. The material is

included in this report as a reference for possible future work.

The cermet is idealized to consist of a uniform dispersion of spheroidal
fuel particles in an isotropic continuous structure of stainless steel.
The porous fuel particle, which just fills a spherical cavity in the
stainless steel, is replaced by a smaller particle of 100% theoretical

density surrounded by a spherical shell of fission gas space.

A layer of stainless steel bounding the fission gas space 1s assumed to
be damaged by fission product recoil atoms and unable to sustain tan-
gential stresses. The remaining undamaged stainless steel associated
with a fuel particle is supposed to be a spherical cell subjected to
internal gas pressure only, no other loading being considered in this

analysis.

Fission gas release and fuel particle swelling are assumed to be propor-
tional to time. Gas pressure results in tangential stresses in the
steel sphere. The steel sphere creeps due to these stresses at the

temperatures of interest.



The following sketch illustrates this model.

. Stainless steel

. s matrix
Fission gas
space
100% dense
fuel ) >
particle , ; — Damage
' / / zone
/
! H
|
|
| |
-« g —>
20
(Actual particle ‘
dismeter)
t ~— dgq > -
< g T >
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The fission gas volume is given by:

Vo= Vo4 AV - av,
and:
AV, = 3¢ %—d203 = 3 %—d203 1
AV, = N %-dlo3 T
Thus:
Vo=V + 3 €-d203 - N %-d103 T (D-1)

Since by definition

V-V
v o= 2
T
. - - 1 3 - E 3
Vo= 3egdyy - Fgdg
Since:
_ T 3 3
Vo = 7 (4 40 )
Then:
v oo 3¢ N
v - 3 7 3
© 1 - (a)5/dy0) 1 - (ay4/dy4)
As idealized:
3 3
pdsg °r 410
Thus:
v 3e N
- = D-2)
v 1~ p/pT 1- pT/o (



From Figure IIT.L-11; the matrix strain in inches per inch is:

where:
b

a = 1.66 x 10°3 (3.445 x 10‘8)
and:

b = 14,620/T, where T is in °R
Substituting (D-3) into (D-2)

i_ - 3a o° + N

Vo 1-ple, 1-op./0
For a thin spherical shell:

g = Pd3o/ut
Substituting (D-5) into (D-L):

b_b
T 3a (d3o/ut) P I
v, 1-e/e, 1-o0./p

From Ideal Gas Law:

P = WRT/V
W = WT
P = WRT t/V

Substituting (D-7) into (D-6):

<<

D-5

b . b
38 (dg0/bt) (WRTT ) . p
1- o/pT A 1 - pT/p

(D-3)

(D-b)

(D-5)

(D-6)

(D-7)



. 3a (d. WRT/bt)P
v o_ 30
v, 1- »ole, (V) l -p /p
' b
. 3a (d3OWRT/utV )
V .
7 1-o0/p, (&/V l1-op /p
]
Since:
o = d3OWRT/htV
< b
v 3a Oc T D N
A 1-p/p v/v 1-p_/p
Define:
= . g—e. = y
& = V/Vo’ dt V/Vo
and
- b
he 2% L. __ &
1- p/oT 1- pT/p

The following differential equation is obtained

T
(D-8)

or

are.
dE
At 0, 3+ = -B

D-6



At T » o, E = const. x 7

The solution to (D-8) can be portrayed as follows:

Actual P
Solution -
—

£=-B
/0 / ////
p/ -
\<;\\ - L. & = constant x t
P
-

| — . t

S
Praanl

Substituting the solution to (D-8) into (D-1) yields matrix strain versus
time. Knowing the maximum allowable strain and desired lifetime enables
the designer to select proper cermet design parameters such as ceramic

particle size, volume percent and percent of theoretical density.

D-T



APPENDIX E

SAMPLE OF WESTINGHQUSE FORE COMPUTER PROGRAM OUTPUT

This appendix presents a partial reprocduction of the computer output
from the Westinghouse modified FORE code used to study the loss of

all electrical power to the primary pumps. This incident is discussed
in Section III.5.5.3. This section is limited to a brief discussion of

the output listing itself.

The first page of the output lists the power (MW) and integrated energy
(BTU/ft3) as a function of time (sec.). The clad, fuel and/or cermet
(BCEX) changes in length (ft.) are also listed as a function of time.
Because the fuel bundle is split, the changes in the various lengths
were calculated separately for the upper and the lower half-length

bundles, and are so tabulated.

The second page of the program output lists all the reactivity feedbacks
as a function of time. The worth of the outward expansion of the cermet
rod 1s listed under the heading of Expansion CEX, and the net worth of
BCEX is listed under the heading of Axial Total. The sodium density,
radial expansion, and Doppler feedbacks are tabulated under their
respective headings. All the temperature dependent feedbacks are
summed, and the total is listed under the heading of Feedback, which is
then added to the input reactivity (under the heading of Programmed) to
give the total reactivity (Total) influencing the core as a function of

time.

The third page lists the fuel, clad, coolant, and cermet core average
temperatures (arithmetic average of all the axial sections) in the

average and hot channels as a function of time.



Pages four through twenty-seven list the fuel and cermet temperature
date as a function of time in the six exial sections for both the
average and hot channels. For each axial section, the fuel and cermet
temperatures are printed at five radial node points (centerline to
boundary). The radial average of all the calculated node points is
also calculated and listed. The fuel clad, cermet clad, coolant, and

structure temperatures for the average and hot channels are also listed

on these pages.



POWER AND ENERGY FACTGRS

€-q

LENGTH LOWER HALF LENGTH UPPER HALF

TIME STEP ENERCY POWER CLAD FUEL CEX CLAD FUEL CEX

C. cC C. 4.1546CE 02 C. Ce 0. 0. O 0.

017750 38 ~1a7€C56E CC 4.15537€ 02 2.8027c-05 0. 2.9575E-06 4.9661E-05 O. 5.3610E-06
0.55875 128 —3.54€€5E Cl 4.1336CE C2 5.4665E~-05 Q. 2.66S7E~05 1.7178E~C4 0. 6.9855E~-05
C.62125 143 ~4.,764C04E Cl 4.13465E 02 1.6713E-04 0. 3.2017E-05 3.125tE-C4 Q. Be 6428E-05
C.08375 158 —€.176S1E Cl 4.12613€ 02 §6.561GE-0> Q. 3.7641E-05 2.6114E-C4 Q. 1.0447E-04
U.86875 203 =-1.163C1lE G2 4.116719t 02 1.5276€-04 C. 5.5060E-05 4.8957&£-C4 0. le84717E-04
CeG3145 2l —1.44CS78 C2 4.107C2E 02 1.3661E-04 G. 6.1126€6-C5 4.2601E-C4 O. 1.8726E-04
C.5637b 233 —1.72124t C2 4.105S4E 02 1.7218E-04 0. 6.7084E-05 5.6962E-04 0. 2.1042€E-04
1.05625 248 —2.02S84E (2 4.0G56€3E G2 1.6264E-04 C. 7.3038E-C05 5.2052&-C4 0. 2+3433€-04
l1.08625 235 ~2.16131E C2 4.09827E 02 1.S5009E-04 0. 1.5816E-05 6.4626E-C4 0. 2.4594E-04
1.12250 263 —2.35214E C< 4.0S119€ 02 1.7391E-04 C. 7.9218E-05 5.63956-C4 0. 2.6023E~-04
1.45750 355 —5414729E €2 4.054(06E C2 2.3665c-04 C. 1.1028E-C4 8.304GE-C4 O. 4.1181E-04
le842»0 441 —847ECSTE CZ2 4.01545E G2 2.5608E-04 0. l.3628E-04 1.0783E-GC3 Q. 545992E-04
2.11250 521 —1433232€6F C3 3.5853CE G2 3.4929E-04 0. 1.6051E-04 1.3060E-03 0. 7.1485€E-04
222750 608 —1.94¢78E (3 3.948S7€E 02 3.9829E-04 0. 1.8141E-04 1.5551E-C3 0. 3.8275E-04
261999 702 —~2.7744G6E C3 3.9C4C6E 02 4.4296E-04 C. 1.9819E-C4 1.7344E-C3 0. 1.0620E-03
32251749 793 —3.71€4GE C3 3.860186E 32 4.9063E-04 0. 2.1149e-04 1.9793E-03 0. 1.2301€E-03
3.€63599 816 —44€655(CSt C3 3.82227k 02 5.4494c—04 C. 2.2560E~04 2.2742E-C3 0. 1.3919€-03
3.7C246 851 —4.86164t C2 3.813CCE 02 5.4999E-04 C. 2.2788E=C4 2.2527E-C3 O. 1.4217€-03
3.7649y 906 —5.0Cd88S1E C2 3.,8G753E 02 5.60428-04 C. 2.2999E-04 2.3530£-C3 Q. 1.4512E-03
3.82745 G21 -5.25CCUE (3 3.793843E 02 5.6393E-04 C. 2.31856E-04 2.33C1E-C3 G. 1.4805£-03
3.86999 936 —5.4G53€¢Ef €3 3.793CCE 02 5.7321E-04 C. 2.3349€6-04 2.4260E-GC3 0. 1.5083E-03
3.95¢49 951 —-547C47CE C3 3.784C2E U2 5.7694E-04 C. 2.3501E-C4 2.402%&-C3 0. 1.5378€E-03
4.01499 Goo —5.918258 C3 3.77363E 02 5.8584E-04 O. 2.3638E-C4 2.4964£-03 0. 1.5660E~03
4.07749 S8l —6e12574EFE C3 3.76G77E 02 5.8936E£—-04 0. 243763E-04 2.4729E-C3 0. 1.593G€E-03
4.1359¢% 996 —6.35738E C3 3.76445c 02 5.5783E-04 O. 2.3873E-04 2.5644E-C3 0. l.6215E-03
4.20249 1011 -6.5€2G6CE €3 3.75573E G2 ©6.0108E-04 G. 2.33726-C4 2.54C3€-03 0. 1.6487E-03
4426495 1626 —6.81250E C3 3.75048E U2 6.0894E-04 O. 24056E-G4 2.6293E-C3 Q. 1.6750E-03
4.32749 1041 —-7.0458EdE C3 3.7419GE 02 6.1046E-04 0. 2.4111E-04 2.6023E~-C3 0. 1.7015€E-03
4433499 1044 —T7.C7422E C3 3.7444St 02 6.12356E-04 0. 2.4115E-04 2.6386E-C3 0. 1.7050E-03
4.38699 1056 —1.2E8327& C3 3.7368Tt 02 6.1750E-04 0. 2.4143€E-04 2.6393E-03 0. l.7276E~-03
4445246 1071 -745243GE (€3 3.72847E 02 6.2020E-04 C. 2.4182E-04 2.6523E-C3 Q. 1.7530€E-03
421499 1086 —7.7€6G45E €32 3.72344E 02 6.2804c-04 C. 244213E-04 2.7495E-C3 0. 1.7782E-03
4057749 1101 -€.C1819E C3 3.7151CE 32 6.3156t-04 C. 2.4248E-04 2.7231E-C3 0. 1.8032E-03
4.63699 111¢ —8427C66E €3 3.7100St 02 6.4001E-04 0. 2.4284E-04 2.8117€E-03 0. 1.8281€-03
4.7C245 1131 —8.52721E C3 3.7Cl75E 02 6.4420E-04 C. 2.4328E-C4 2.7862E-03 O. 1.853CE-03
4.76499 1146 -E.TET49E C3 3.6%673E 02 6.53356-04 C. 2.4376E-C4 2.3763E-03 0. 1.8779€-03
4.821749 1161 —S.C5147t €3 3.68832E 02 6.5853E-C4 0. 2.4440E-04 2.8526£E-C3 0. 1.3030€E-03
4.58999 1176 —=S.31643E 02 3.68324E G2 6.6849E-04 0. 2+4512E~04 2.9461€E-C3 0. 1.9283€E-03
4.G5524y 1191 —%.56114E C3 3.067473E 02 647413t-04 C. 2.45G7E-04 2.9225&-C3 0. 1.9538E-03



h-a

TIME
O.
0.1775¢C
0.55875
0.62125
" 0.68375
0.86875
0.63145
0.99375
1.05625
l.08625
1.12250
1.49750
1.84250
2417250
252150
251999
3.251749
3.£6399¢%
3.7G24S
3.7649S
3.82749
3.488999%
3.959249
4.01499
4.07749
4.13999
4.20249
4.26499
4.32749
4433499
4.38999
4.45245
4.51499
4.57149
4.£3999
4.7C245
4.76499
4.82745
4.88G699
4.95249

TOTAL
L+0CCLE CC
1.0CCCEt CC
9«5959L-01
G.95SGBE-C1
9.9698E-01
9.95G€E-01
945557E-01
949559601
9.96G¢tE~-01
F.5695E~01
5.999¢E-C1
Y.9563E-01
Se9551t-01
9.9986E-01
S.G5b¢EE-C]
JeGGESE-CL

Se99b2E-01

9.9979e-01
S5.5575t=-C1
9.5S16E-C1
Ye55786E-C1
G.5678E-01
5557856—C1
9.55977E~-C1l
9.9677E-01
G.957€6c~Cl
9.967¢E-01
9.5G7¢E-C1
5.557€6e-C1l
9.9675E~C1
G.5G15E-C1
9.5%75e-Cl
9.5574E-01
9.99174E-C1
5.9974E-01
G.6974E-C1l
9.9%73E~Cl
5.9973t-C1
$.9573E~C1
$5.5673E~-C1

PRGGRAMMELD
l.CCCCE
1.CCCCE
1.GCCCE
l.CCCCE
l1.CCCCE
l.CCCCE
1.CCCCE
1.CO0CCE
1.COCCE
1.CCCCE
1.CCCCE
1.CCCCE
1.00CCE
1.CCCCE
leCCCCE
1.CCCCE
l1.CCCCE
l.CCCCE
1.CCCCE
1.C0CCt
1.CCCCE
1.CCCCE
1.CCCLE
1.LCCOE
l.CCCCt
1.CCCCE
1.CCCCE
1.CCCCE
1.CCCCE
1.CCCCE
1.CCCGE
1.CCCCE
1.CCCCE
1.CCCGE
l.CCCCE
1.CCCCE
1.CCCCE
1.CCCCE
1.CCCCE
1.CCCCE

(V]¢]

FEEDBACK

c.

l.1748E~08
—~2.0270€-05
-1.38329E-05
~2.5450€-05
~2.7031E-05
=3.6790E~05
-3.5350E-05
—4.6762E-05
=4.C173E-05
=5+10%0t~05
-1.22S1E-05
-G.33C%E-05
-1.1623E-04
—1l.3847c-04
-1.6199E-04
-~1.8715E~04
~2.0422E-04
—~241232-04
~2.1196E-04
—=2.1983E-04
-Ze1947£-04
=2.2711E-04
—2.2671€E-04
=243415c~04
—-2.33606E-04
=2.4U92E~04
-2.4033E-04
—-2.4740&-04
=2+.4555E-0G4
~2+4665E-04
-2.5361E-04
—-2.5280E-04
-2.5967E~04
-2.5881€E~04
—2+657UE-04
~2.6484E-04
-2.7182E-04
-2.7097t-04
-2.7810E-04%

REACTIVITY

DUPPLER
0.

—2.3937E~-07
~5.5336E-06
-5.3828E£-06
~7.2520E-06
-9,0613€-06
-1.10CUE~-OS
-1.1C19E-05
-1.2755£-05
—=1.22¢0E-05
-1.3715E-05
~1.8108E-05
—2+1734£-05
~245423€E-C5
~2.8551E-C5
-3.1238E~05
—343771E-G5
-3.5907€-05
-3.6755£-C>
-3.67E8E-05
-3.7574E-05
-3.7559E~-0C5
-3.8281E-G5
—=3.8233E~-05
-3.8907€E-05
-3.8828E-05
-3.9458E~-05
-309349E-05
-3.9920E-05
-3.5741E-05
-3.G749E-05
-4.0276E-05
-4,0089€£~05
-4.0612E-0Q5
-4.0432E-05
-4,0969t-05
~4,08C9E-05
~4,1380E-05
—-4,1255E-05
-4,1870E-05

EX

COoO00O000 0000006600

DENSITIES
O.
-3.4567£-06
-1.6363E-05
-1le9151E-05
—-2.1407c-C5
~2+93432c-~-05
-3.17355-05
-3.4566E-05
~3.6851c—-C5
~3.8330£-05
-3.9504£-05
~5.3294E-C5
-6.7407E-05
-8.1204E-05
-9.45C09E-05
~1.0784E-04%
-1.2172E-G4
~1.3568E-04
—-1.3786c-04
-1.4024E-04
-1.4218E-04
—1.4442E-04
~-1.4632E-04
~-1.4850£-04
-1.5034E-04
-1.5244E-04
-l.5421c-04
-1.5615E-04
~1.5767E~-04
—15735€£-04
~1.5955£~04
-1.6316E-04
-1.6488c-04
~1.66G4E-04
~1.6877E—-04
-1.7096£-04
-1.7293E-04
~1.7524E-04
-1.7731E-04

AXIAL
TOTAL
0.
3,7078E-0Q6
1.6204E-05%
1.0695E~05
3.2097€E-06
1.1463E-05
2.9458E-0C6
1.0235E-05
2.8445E—-Co
1.0411E-05
2.1228€E-05
~8.8882E-07
-4,1682€-06
-9.7071LE-0C6
~1.5410E-05
-2.2912E-05
-3.1652E~05
~3.2627E-0>5
-3.7703E~05
-3.4934E-05
-4.0073E-05
~3.7497€-05
-4.2507E-05
~3.9980E~-05
-4.4908E-05
—4.2418E-05
-4,7284E-05
~4.,4330€-05
~4.5310E-05
-4.7894E-05
-4,7385E-05
-5.2149E-C5
~4.9555E-05
-5.418UE-05
~5.1436E-05
-5.5966E-05
-5.3072E-05
-5.7516€-05
-5,.,4470E-05
-5.8921E-05

EXPANSION

CEX
0.
~1.0570E-06
-1.2269E-05
~1.5050£-05
-1.8058E-05
~2.7934E-05
-3.1561E-05
-3.5262E-05
-3.9056E-05
—-4.0884E-05
~4,3132E-05
-6.6341E-05
-8.8464E£-05
-1.1123E-04
-1.3522€-04
~1.6013€-04
~-1.8318£-04
-2.0553€-04
-2.0960E-04
—~2.1363E~04
-2.1758E-04
—2.2145E-04
=2.2527€~-04
~2.2902E-04
-2.3273€-04
—~2+3637E-04
—2.3995€-04
~2.4347E-04
~2.4689E-04
~2.4729E-04
~2.5021€E-04
-2.5348€-04
~2.56T1E-04
~2.5993E~-04
-2.6314E-G4
—=2.6636E-04
~2.6959E-04
—=2.7286E-04
-2.7617€-04
-2.7952E-04



¢-o

TIME

0.
Ce17750
0.5587>
Geb2125
U.68375
0.86875
G.53125
0.65375
1.05625
1.08625
1.12250
1.46750
1.84250
217250
252150
2451999
3425749
3.£€3999
3.7G24¢%
3.7€499
3.82749
3488999
395249
4.0146GS
4.07745
4413999
4.2C249
4.26499
4.3274S
4433499
4438999
Gal4524G
4.51499
4.57749
4.£3999
44 1C246G
4. 76499
4,3274%
4,88999
4.55249

AVERAGE CHANNEL - AVERAGE TEMPERATURE

FUEL
l.284¢€E
l.2847C
le2814E
l.2874t
1.28¢3E
1.28%4¢E
1.26C4E
1.26(5¢L
1.2S14t
1.2%12E
1.2616E
l.2G54¢t
1.26¢5¢
1.2664E
1.3C13¢E
1.3033E
le3Coet
l.3C€EL
1.3C73¢E
1.3C7s5t
1.3C8GE
l.308CE
1.3085k
1.3CbeE
le3CGCE
1.3CS1E
l.3CS5¢E
l.3CS¢E
1.31CCE
le3CSS¢E
1.31CCt
1.31C3¢E
1.31C3¢k
1.31C7E
1.31C7¢€
1.3111€
1.3111¢c
1.3115¢
1.3115¢
1.311GE

Q2
2
€3
c3
€3
C3
C3
02
G3
c3
G2
c2
c3
c3
(V-
U3
g2
03
G3
C32
03
(O]
C3
Cc3
c3
G323
C3
c3
G3
C3
03
U3
C3
a3
€3
3
U3
03
C3
c2

CLAD
1.C53CE
1.C541E
l.Cce4t
1.C£G3¢t
l-CE82E
lsCEclE
l.C61°€E
l.0é4Zt
1.C0e33E
leCéLEL
1.C€41E
l1.C6S1E
1.0738E
l.C78Ct
1.CE25¢L
l.CtedE
1.06C4t
1.CS>TE
l1.(S54E
1.CS71t
l.CS¢EE
1.CSH4E
1.0S81¢t
1.0S67E
1.0593E
1.1CLSE
l1.1CC5¢E
1.1C2CE
l.1CléE
l.1Cclt
1.1C31¢t
1.1C27k
l.1C41E
1.1C36E
1.1C53E
l.1C4SE
l.1C64E
l.1Celt
1.1C77¢
1.1C74E

03
03
U3
03
03
03
03
03
03
u3
03
Q3
03
U3
03
03
03
03
03
03
03
G3
(V)
03
03
u3
03
03
03
03
03
03
03
03
G3
03
03
03
G3
G3

CCCLANT
S.8454E
S.8575¢&
S.S055E
S.9134¢E
$.9232¢t
S.G55C2E
S.66C2E
S.9088E
S.9784¢E
S.5820E
G.G879E
1.GO37E
1.00817E
1.U137E
1.0184E
1.0231¢
l.u282t
1.0331E
l.034CE
l.0347¢
1.0355E
1.C3¢&2¢E
l.C0370E
1.0377¢E
1.03864¢L
1.C351€
1.0398¢k
l.C4CaL
l.041UE
l.041lkE
1.C416¢&
1.0423¢E
1.0429¢t
1.04326E
l.0443E
1.G450¢
1.0457¢
1l.C465E
1.0472k
1.0481¢€

02
02
02
02
02
02
02
02
02
02
02
03
03
03
03
03
03
03
03
03
03
03
03
g3
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03

CERMET
l.1629¢&
l1.1630t
l.1l64b5E
1. 1649E
l.1653E
leloéont
l.167CE
l.1075E
1.1680E
1.1683E
l.1686E
l.171l6k
l.1745E
1.1775¢E
1.18C6E
l.1836¢c
l.1b8c9E
L1899t
1.19C4E
1.19C9¢E
1.1914E
1.1919E
l.1924E
11929
1.1934¢
1.1939t
1.1944E
1.1948E
l. 1G53E
1.1953¢t
101957C
1.19¢61E
l.1966¢
1.1970¢t
1.1974E
1.1676E
1.1983¢
l.1987¢C
1.19S1E
1.19%6¢t

03
a3
03
c3
g3
03
c3
u3
VE )
G3
GC3
03
U3
03
03
03
03
03
J3
03
03
03
G3
03
03
03
03
03
03
03
g3
03
03
03
03
03
J3
C3
03

FUEL
1.376l8€
l.3708¢C
l«3794E
1.3793¢
1.3802¢
l.3812€
l«3823E
1.3823€E
l.3832E
1.3830F
1.3838E
loBSCéE
1.3835E
1.3SU7E
1.3626¢
1.3544¢
1.350CE
l«3G72E
1.3G78E
l.3573¢
1l.3983E
1.3983¢
l.3Gus8F
13588t
1.3962¢
1.3G6G2E
1.3966€F
1.39%€EE
1.40CCkt
1.3999F
1.39y9¢
1.4003E
1.4002¢€
1.40G5E
1.4004cE
1.4008¢t
1.4007E€
1.4011E
1.4010E
1.4014E

HOT

03
03
03
03
03
03
03
a3
03

03
03
Cc3
03
03
03

a3
Q3
03
03
a3
g3
a3
U3
G3
03
03
J3
a3
03
03
03
g3
03
a3
03
g3
03
03

CHANNEL - AVERAGE TEMPERATURE

CLAD
1.0849¢&
1.0862z
1.0883¢E
1.0919¢&
1.0903¢
1l.0655E
1.0939¢c
l1.0672¢c
1.0659¢E
1.0983¢c
1.0G68z2
1.1023E
l.1C74c
l1.1120¢
1.1170¢€
1.1216E
l.1253¢
l.1312¢
1.1308¢
l1.1328¢
1.1323¢
1.1342c
lel337x
1.1355¢
1.1350c
1.1368¢
l.1363E
1.1381¢€
1.1375¢
L.1382¢€
l.1352¢E
1.1386¢
1.1404c
l.13S8E
l.1416¢t
1.1410c
l.14238¢c
lel423E
l.l442c
1.1437¢

03
93
03
03
03
03
03
03
a3
03
03
03
03
33
C3
03
03
J3
c3
03
a3
J3
23
03
Q03
03
03
a3
03
03
03
03
g3
03
03
03
03
03
03
03

CCGLANT
S.9870E
1.000CE
1.0053E
1.0062¢
1.0073E
1.0103E
1.0114¢€
1.0123¢
1.0134E
1.0138E
1.0145E
1.0199E
1.3254¢€
1.3306¢
1.0361E
l.0414kt
1.0469E
1.0524¢€
1.0533E
1.0542E
1.0550¢
l.055bE
1.0567€
1.0574¢t
1.0582¢
1.0590E
1.056¢cE
1.0604E
l.0611¢€
1.06012E
1.0018E

1.0625E"

1.0632E
l.064CE
1.0647E
1. 0655¢E
1.0663E
1.0672¢
1.0080CE
1.0089E

02
o3
Cc3
03
c3
03
03
03
03
03
03
03
G3
03
03
03
G3
03
03
03
03
g3
03
03
G3
03
03
03
03
03
03
03
C3
03
03
03
03
03
03
03

CERMET
1.2234E
1l.2234¢E
l.2245€
1.2249€
1.2252E
l.2264E
l. 2269
1.2273¢
1.227bE
1.2281E
1.2283E
l.231l4¢t
l.2343E
1.2373E
L.2405E
1.2439¢
1.2469E
1.2499€
1.2504E
1.2510E
1.2515¢
1.2520E
1.2525E
1.2531¢
1.2536€
1.2541€E
l.2545¢€
1.2550E
1.2555E
1.2555E
1.2559€E
1.25b4E
1.2568¢
1.2572E
1.2577E
1.2581€
1.2585¢
1.2589¢
1.2594¢
1.2598E

Q3
03
03
c3
G3
03
03
03
a3
03
03
g3

J3
03
03
03
03
U3
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03



|

AVERAGE C(HANNEL TEHPER#TURES - FUEL

9-d

AXTAL PCSITION 1
FUEL RAQILS NUMBER
TIME CENTER 2 4 ] SCUNDARY CLAD COOLANT AVERAGE
Q. l.1925€E C3 1.1292& Q3 1.0643t 03 9.98L4E Q2 9.3G37E 02 9.0768E Q2 8.6424E 02 1.0634¢
0.17750 le2025t C2 1l.1282E 03 l.0638E 03 9.S9782E 02 9.2638E 02 9.0795E 02 8.6448E 02 1.0634E
0.55875 l.2C51E 02 1l.128€E 03 1.U639E 03 S.G0C7E 02 9.31558 G2 9.08l0€E 02 8+.6511E 02 1.0040€E
0.62125 l.2C51E 63 1.128¢€E 03 1.0639k 03 S.S8C6E 32 3.3026E 02 9.0842: 02 8.6521€ 02 1.0039E
Oe68375 1.2052E C3 1l.128€t 03 1.0640E 03 S.%8léc 02 9.313SE 02 9.0833E 02 8.6533E 02 1.0640E
0.d8€375 1.2651£ U3 1.1286t U3 l.v040GE 03 9.9820E 02 9.3075c 02 9.0872E Q2 B.6565E 02 1.0640E
C.93125 1.2C5CE (G2 1.1c8%2€ 03 1.0639 03 9.6825E O2 9.3152E G2 9.0868c 02 8.6576E 02 1.0640E
C.659375 1lo2C4%E C3 l.lce4t 03 10633t 03 G.9822€ 02 9.3097E 02 9.C885E J¢ 8.6585E G2 1.0639E
l.05€25 1.2C47E 02 1.1283C 03 l.G638E 03 G.9824E 02 9.31530 G2 9.0883E 02 8.6596E 02 1.0639¢E
l.C864> 1.2C47t C3 1.1283E U3 leUo33E 03 9.9821E 02 9.3100E 02 $.0895€ 02 8.66C0E 02 140039E
1.12250 1s2C4€E C3 lel2bzE Q3 1.0638t 03 9.9322E G2 9.3159t 02 S.08489t 02 B.66C6E 02 1.0638¢
1.49750 1.2032€ 02 1.1272€E Q3 l.0e3lt 03 S.9793E Q2 9.3153E 02 9.0917E Q2 8.6058E 02 1.0032E
l.8425u le2C16t 03 1.12€Cc 03 l.C623t 03 S.5753c G2 9.3157€ 02 9.0945c 02 8.6717E 02 1.0524E
2ell250 1.1657t 02 1la.1246&c 03 leCbl3e 03 S.97C7c 02 Fe3164E 02 9.09606E 02 8.67T70E 02 1.0615E
2.52150 lal1674t C3 1.1229E 03 1.C6C2E 03 G.5642E U2 9.3151E 02 9.0979c 02 8.6819E 02 1.0003E
2.91396 la1547E 03 1l.1c(%t 03 1.0587c 03 9.956CE 02 } 9.3132E 02 9.0985t 0« B.606BE 02 1.0589¢E
3425749 l.1S16E 02 1.1188E 03 1.0573E 03 S9.94b83E 02 9.3134€ 02 9.0997c 02 8.6928E 02 1.0575t
3.£399% l.1&S4t 02 1.117CE 02 l.u5€60E 03 G9.5414E G2 9.3111E G2 9.101l4E 02 8.6981lt 02 1.0562E
3.7C249 lelsSlE 03 1l.116€E 03 1.G550E 03 9.94C2&8 02 G.3125c 02 9.1013E 02 8.699UE 02 1.0559E
3.7¢499 l.1665E C3 1.11€3E 03 1.C555t 03 9.9387E G2 9.3106E 02 G.1017c 02 Be6996E 02 1.0557E
3.32749 le188LE 03 1l.115S¢& (3 1.C553E 03 S.9373t 0/ J.3118E U2 G.1014c 02 3.7004E 02 1.0555E
3.88999 l.1875¢ 03 1l.115€t 03 1.0550E 03 9.9356E C2 S.308G6E 02 9.1017E 02 8. 7011 02 1.0552¢t
3565249 1.1871£ (3 1l.1152& 03 1.0540€& 03 S.9344t Q2 S.3111€E 02 S.10l4c 02 8.7019E 02 1.U549E
4.01499 1.186€E 03 1.11459E G3 1.0545t 03 G.9328E 02 943092c 02 9.1017c 02 8.7026E 02 1.0547E
4.07749 lel6lE G2 1.1145E 03 1.0543€E 03 9.5314E 02 9.31G3E U2 9.101l4c 02 8.7033E 02 1.0544E
4.13699 l.1ls5€E G3 1le.l1l14lt 03 1.0540E 03 9.9298E 02 9.3C84E G2 9.10loE 02 8.7040t €2 1.0542E
4.2G249 lelu5lE L2 1.1138E Q3 1.0537€E 03 9.G9284E 02 9.3095t 02 9.1013€ 02 B«.7047E 02 1.0539E
4.26499 lel€47E 03 1.1134E 03 1.0535c 03 9.G266E 02 9.3076t 02 9.1015t 02 8.7TUS52E 02 1.0537E
4.32749 lelb42E €3 1.1121E 03 1.0532E 03 G9.6253k G2 9.3084E G2 9.1011lg 02 3.7057E 02 1.0534¢
433496 lo1841lt 02 1.113Ct G3 1.0532E 03 S.9<¢50E 02 9e3C76E G2 9.1012€E 92 8.,7055f£ 02 1.0534E
4.36999 1.1837t 03 1.1127€ G3 1.0530€ 03 G.5236c U2 9.3065E 02 SG.1012E 02 B.7064E 02 1.0531¢€
4.45249 lels22k 03 1.1123E 03 1.0527E 03 9.9221E 02 9.3075E 02 9.1C09E 02 8.7071E 02 1.0529E
4051499 lelbcie 03 1e.112CE 03 1.0524E 03 G9.G2C5E 02 9.3057E 02 9.1011le 02 8.707T8E 02 1.03526E
4.57174% 1.1823E C2 1l.lll€¢f C3 1.0522E 03 G.916G1E Q2 3.3067TE U2 9.1009€E 02 8.7086E 02 1.0524€
4.£35999 lololéE C3 1.1113E v3 l.0519c 03 G.9170E C2 9.305CE 02 9.1012& 02 8.7094E 02 1.0521€
4.7C249 1.1813€E L3 1.11CSE 03 1.0517c 03 S.9162E 02 9.3C061E U2 9.1010E 02 8.7102€ 02 1.0519E
4476499 L.1808t G3 1.11C5E 03 leU514E 03 S.9147t 02 9.3044E 02 9.l0l4tc 02 8.7111€ 02 1.0b16E
4.82749 1.158C4c C3 1.11CZE C3 1.C512E 03 9.9134E 02 9.3056E 02 9.1013E 02 8.7120€ 02 1.0514E
4.88G699 le17G6SE (U3 1.1CS8E 03 l.GoC9E 03 G.9120E 02 9.3040E 02 S.1018E 02 8.7129E C2 1.0511¢
4465249 1.17G4E C3 1.1CS5E Cs 1.05C7Te 03 9.91C8E 02 9.3052E 02 9.1017E 02 8.7139€ 02 1.0509E




L-3

TIME

Qe
0.1775u
0.55875
C0e.02125
C.6E375
O.8€8175
C.93125
Ue3G375
l.0b56¢5
leCb6Z5
1.12250
1-4S750u
l.04250
217250
2423215C
2.51999
3.25749
3463999
3.7C249
3.76499%
3.82749
3.308999
3.55246
4401499
4.07749
4413599
4420249
4,2E459
4.,32749
4033495
4.,36999
4445249
4.51499
4457749
4.63599
4.7024S
4476496
4.82749
4.8859Y
4,5524%

CENTEK
le4316E
le4472t
Le4514c
1l.4515E
l.4517¢E
l.451¢k
l.4517¢
lea517¢t
Le451€E
Le4blet
ledb15E
le45C3E
Le44ttE
l.4464E
le443Tc
l.44Cht
lLea4271c
1.434CE
l.4335c
l.4326GE
l.4323c
le4317t
l.4312E
le43CéE
1.4300¢t
le4cS4t
led42tcE
le4282cC
l.42itk
le4c15E
1.427CE
le42c4E
led42btE
l.4251E
le4caSE
le4c3Gt
l.4223¢
lea227E
lea2llE
le4215E

C3

c2
G3
C3
c3
032
G3
C3
3
3
€3
g3
c3
C4

3
c3
G3
U3
Vi
G3

FLEL

Z
l.3321¢t
1.33C5¢k
l.321¢E
1.3217¢

«331€6¢L
le23z1ct
1.33z1¢t

«2322¢t
l.33c¢E
le23c¢l1E
1.3321¢
le2315¢
le.33C4t
1.2251E
1.3274E
l.3é52¢E
1.222SGE
1.32(SE
1.32C¢%E
1.32C2E
1.31S8E
la21v4E
1.316CE
1.318&¢E
le3lsét
1.317¢&¢E
121738
1a31¢SE
le2l€e5E
1.21€4E
1.21¢cl€
la21lb¢E
le315¢E
1.2148E
1.3143¢t
1.313%c
l1«213¢t
1.312CE
le3lcet
1.3122¢

03
03
03
03
03
03
03
U3
J3
03
03
G3
o3
g3
u3
G3
u3
U3
03
J3
03
03
03
c3
03
03
G3
03
03
03
u3
03
03
J3
03
03
a3
03
03
V]

AVERAGE CHANNEL TEMPERATURES - FUEL

RACILS
4
1.2292E
l1.2284¢€
1.22G2E
1.2254¢E
1.229¢6€
1.2300E
1.23C1E
1.23C2¢c
1.23C3E
1.23C3¢t
1.23C4E
1.23C3E
1.22G69¢
1.2254E
l.2285E
1.22172E
1.2259€E
1.2248¢E
1.2246E
1.2244€
1.2242E
1.2239E
1.2237E
1.2234E
1.2232¢€
l.2226E
l.22206¢t
la2224¢c
12221t
1.2221E
1.2218¢
1.2215¢E
1.,2213€
1.2210E
1.22C7¢€
1.22C4E
1.22C2¢
l.clSoce
l1.21617t
1.2165¢

03
Q3
03
03
03
03
03
03
03
03
03
03
03
03
3
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03

03
03
03
(VR
03
03
03
03
03

AXIAL PCSITIGN 2

NUMBER
o
l.1231¢€
1.1227t
l.1240¢
1.1240E
1.1245¢E
1.125CE
le1253¢c
le1254t
1.1256¢E
1.1256¢
1.1258E
l.12€¢3¢E
1.12¢7¢
1.1270CE
1.12¢9¢E
l.12¢€6E
los12¢€4E
1.12€3E
l.12¢3E
l.12¢€2E
l.1261E
lel2¢€UE
1.12€¢CE
1.1256E
1l.1258¢E
l.1257¢E
1.1256E
1.1255E
1. 1254E
1.1254¢
1.1253¢
1.1252¢E
1.1250¢k
1.1245t
1.1248¢E
l.1248¢
l.1247F
l. léQot
1.1245¢
l.1245¢E

G3
03
03
03
03
G3
03
c3
03
g3
03
a3
u3
a3
03
03
03
03
03
03
a3
03
03
03
03
03
g3
g3
C3
03
a3
C3
C3
C3
03
a3
G3
33
Cc3
C3

BCUNCARY
1.0133¢
l.0111E
1.0179¢
1.0132¢E
l.0176t
1.U151E
1.C183¢E
l.CLl62E
1.01584%
l.0lé&StE
10187t
1.0193¢
l.0203¢c
1.0215¢
1.0223¢
1.0230t
1«0242E
1.02417¢
1l.06253¢E
l.u250E
1.G255E
l.u252E
1.0257E
1.0254E
1.0259¢
1.02506CE
1.0260E
1.0257¢
l.02¢1E
1.0259€E
1.0258¢
1.G26LE
1.0260E
1 oOZO"E
1.0261lE
1.0266¢E
1.02c3¢t
leC2to0E
l.C20¢6E
let271E

CLAD
9.7522¢
9.7603¢c
G.7693E
9.78l4E
9.7779E
S.7938E
G.71622c
GaT15942
G« 7990E
9.3040¢E
9.8021€
S.8181E
S5.3338¢
G.84738E
9.8603¢
9.8715E
9.8841¢c
9.8981lt
9.3695¢
§.9020¢c
5.6C29¢
G.5051t
G5.5060¢c
G.9082:
9.9C%l1c
S.9111lc
S.9119¢t
$.9138¢k
9.9140¢
9.9145c
9.9157¢
S.91l04E
9.5183¢c
9.5192¢
GL.9213E
G.92245E
9.524bE
9,.3262c
S.9287E
9.9303E

COGLANT
9.0236E
9.0314E
9.0538E
9.0574E
S.06lo0k
9.0731E
5.0771E
9.0807E
9.0844€E
9.0860E
9.0383E
9.1074¢€
9.1236E
9.1482¢
G.lo06lE
9.1842€
F.2057E
9.2253¢€
9.2285E
9.2313¢E
9.2340E
G.2361E
G.23G5E
9.2421E
G.2448E
9.2474E
G.2499E
9.2520¢
9.2540€
9.2542¢E
9.2564¢€
9.2589F
9.2615E
G.2643E
9.2671E
9.2701€E
9.2732E
9.2765E
9.2753E
9.2533E

AVERAGE
1.2269E
1.2271E
l.2286E
l1.2286¢E
1.2289¢E
l.2293E
l.2295¢
1.2295E
1.2297¢
1.2296E
1.2297E
1.2297E
1.2293¢€
l.22838¢
1.2279¢
1.2267c
1.2254¢€
1.2244E
1.2242E
142240E
1.2237¢€
1.2235¢
1.2233€
1.2230¢
1.2228¢
l.2225E
1.2223¢c
l.2220¢
1.2217€
1.2217E
1.2214€
le2212E
1.2209¢
1.22006E
1.2203¢€
1.2201E
1.2198E
le2196E
1.2193E
1.2191¢



8-d

TiMe

O.
Cel7750
0.55875
Ge02125
G.68375
Oad€875
0.93125
0.55375
1.05625
1.08625
112250
le4S750
l.84250
2.1725%0
2452150
2451999
3426749
3.£63999
3.7C24S
3.76499
3.82749
3.88999
3.55249
4.01495
4.07749
413999
4420249
4.26499
4432749
4.33499
4438999
4,45249
4451499
4.57749
4.,63599
4.7C245
4476499

4.82749.

4.88999
4055249

CENTER
l.5845E
l.oG2¢E
l.oC7¢E
1l.6C75¢E
le.oCtlc
l.oché
l.oCb7c
leoCbEE
leoCb5E
l.oCb5k
le6lSCE
l.o(Cc8BE
l.ol7BE
l.6CcatE
la6(49t
l.oC25E
1.6CCCE
l.5%7€E
1.0671kt
l.5%&7E
1.5%¢€3E
le5%5¢0k
l.5G54E
1.5649E
le2645E
1.564CE
1.563235E
1.5531E
1.5926E
l.5625¢E
1e5S21E
le591éL
l.5G11E
le59CEL
l«55C1lcL
1.58%5¢t
l.>6SCE
1.58%5E
1.586CE
1.5875¢E

03
03
c3
o3
03
Q3
C3
C3
03
g3
03
03
c3
Q3
03
03
03
c3
G3

c3
Cc3
03
03
03
032
03
G3
G3
02
c3

Q3
U3

03
Cc3
G3
03
G3

FUEL

2
l.461715E
l.46517E
l.4674E
1.46177E
1.408CE
1.46088E
le4€SLE
1.4653¢
1.4655¢€
1.46S¢ttE
l.46S7E
1.47C3¢t
1.47C3E
lL.47C1lE
1.4665E
l.4665E
l.46171E
1.46¢1LE
1.465GE
la4€STE
L+4655E
l.4653E
l1.465Ct
1.4648E
l.4645¢c
1.4643E
l.464CE
1.4637E
l.4€35E
l.4634E
l.4632¢c
l.4649¢c
lL.4626E
le4622E
le4€19¢E
le.46l6E
l.4613E
1.4¢1CE
L.46CTE
1.46C5E

g3
03
o3
C3
03
G3
G3
c3
u3
03
03
c3
03
a3
03
g3
03
g3
Q3
a3
U3
03
03
03
03
03
03
03
03

AVERAGE CHAANNEL TEMPERATURES - FUEL

RAQIUS
4
1l.3466¢E
l.3457E
1.3473¢€
le34177E
le3481lE
1.3492E
l.34906¢
1.3499¢
1.35C2¢
1l.35C4c
1.35C6E
1.3519E
l1.3528¢
1.3535E
1.354GE
l.3540¢t
1.353b¢c
1.3539E
1.3539¢
1.3539¢t
1.3539¢
1.3539¢
1.353sE
1.3538¢E
1.3537E
l.3536¢&
1.3536¢k
1.3535¢€
l.3534E
1.3533E
1.3532E
1.3531¢
1.3530E
1.3529¢
1.3527¢E
1.3526E
1.3525E
1.3524¢t
1.3523€
1.3523€

AXIAL PGSITICN 3

NUMBER
6
1.2212¢E
1.22C7¢
1.2236E
1.2233¢€
1.2245E
1.2254¢
l.22¢€4E
1.22¢€4¢
1.2213€
l.22171E
1.2278E
1.2298E
le23106E
1.2334E
l.2349€
1l.23€QE
1.2372¢
1.2386E
1.2388E
1.23G50¢E
1.2392€
1.236G3€
1.2395¢
1.23G6E
1.23G8E
1.2398¢E
1.24G0OE
1.24C0OE
1.2402€E
l.24ClE
1.24C2E
1.24C3E
1.24C3€
1.24C4E
1.24C5E
l.24C6¢k
1.24C7E
l1.24C8¢E
1.2410E
1.2412€

03
03
03
03

03

03
c3
03
03
c3
03
03
C3
c3
03
03
03
03
03
03
03
03
g3

BOUNDARY
1.0508E
1.0869E
1.1C25E
1.0882E
l.10l6E
1.0G16E
1.1035¢
1.0944E
1.1034E
1.0G46E
1.1042¢
1.1043€
1.1064E
1.1095E
l.1ll6t
1.1139E
1.1172€
1.1189€E
1.1203¢c
1.1193E
L.1211E
1.1205€
1.1218¢
l.1213¢c
1.1225E
l.121SE
1.1231€E
1.1226¢E
1.1236E
1.1232E
l.1231E
l.1241€
L.1236E
le1247€E
1.1243E
1.1253E
1.1250€E
1.1261E
1.1257E
1.1269E

CLAD
1.0443E
1.0458¢
1.0472E
1.0504¢E
1.0489¢€
1.0530¢
1.0518¢z
1.0541¢
1.0533E
1.0552¢
1.0539¢E
1.0578E
1.0613¢€
1.0645E
l.0676c
1.0705¢€
1.0734¢
1.0768E
1.0772¢
1.0778E
1.0781¢E
1.0787E
1.0739E
1.0795¢
1.0793E
1.3803E
1.0805¢&
1.081l1E
1.0812E
1.0813E
1.0817¢
1.0819E
1.0824E
1.0826E
1.0832¢E
1.0834¢
1.0840€
1.0843E
1.0849E
1.0853¢

COOLANT
9.5539E
9.56T1E
9.6101¢k
G.6167E
9.6252E
9.6476E
9.655GE
9.6626E
9.6705E
9.6733E
9.67B1lE
9.7165E
9.7581E
9.797T4E
9.8340E
9.8706E
9.9121E
9.5517€
9.9582¢
9.9042E
9.G697E
9.9753E
9.5809E
3.9864E
9.569138€
9.9971E
1.0002€
1.0007E
1.0011€
1.0012E
1.0016E
1.0021E
L.0026E
1.0031€
1.0037€
1.0043E
1. 0049E
1. 0055€E
1.0062E
1.0068E

AVERAGE
1.3435E
1.3436E
l.3404E
l.3462E
l.3471E
1.3478E
l. 34806C
1.3486E
l.3493E
l.3491€E
1. 34G6E
1.3509¢E
1. 3518¢E
l.35%26¢
1.3530¢&
l.3531€
1.3530¢
1.3531E
1.3532¢F
1.3531E
1.3532€
l.3531¢t
1.3531¢E
1.3530¢t
1.3530E
1.3529E
1. 3528E
1.3527¢
l.3526E
l.3526¢€
L.3525€E
le3524E
l.3522E
l«3521E
1.3520E
1.3519¢t
l.3513E
1.35148¢€
1.3517E
l.3516E

03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
Q03
03
03
03
03
03
03
03
03
03
J3
a3
93
03
03
03



6-1

TiMe

O

Ue 17750
0«55d17>
Ue.02125
Qeocs75
0.86875
0.93125
0.G937>5
l.J5¢&25
laudé€ds
lelcZou
l.4675¢0
les4csbu
217250
2ed215u
251999y
3426749
3.£359%
3.7G246
3. 7L495
3.tc74Y
3.88599
3295249
4.0149Y
4.0774%
4413999
4420249
4.2€49Y
4432749
4033499
4,38999
4.45249
44951499
4.57745%
44.c3696
4,1C246
4.7€499
4.02746
488999
4495249

CENTER
Lle6351EL
L.0530E
lesb6btlE
l.o5H8EE
l.0580t
La6YGtEL
l.ocLlE
L.6€6C4E
Leb6(7E
leoo bl
1.0@1(4‘2
Leccce4E
lebticc
leocutE
lLeoeC 3t
lebE3cE
lebc3Ct
le0623E
l.662¢E
LtebbZI1E
lsotbdlE
1.061%¢k
leocltt
l.oel?c
l.otléc
L.061L5E
leb6€L3E
l.60l2t
l.0¢1CE
i.0€1CE
leb6LGE
l.o6C7t
l.oel5E
1.66(3¢t
l.06CCE
laoS5GtkE
la655¢cE
l.05G4¢L
1.6561Lk
leobbSE

OoOOoCoOoO0cocccoocccocococ oo COo
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FUEL

2
l.5157¢
l«516Ct
leS2C1E
la52C¢EE
l.5211¢

«5225E
1.523Cc
1.5235E
1.524CE
1.524ZE
1.5¢44¢€
loE(C"t
la520€E
1.53C02¢t
leno317c

«5321t
l1e5334E
lat341E
le5343t
l.-344¢L
le534¢tE
1.5347c
lez348E
15345t
1.535Ct
1.335Ct
13351k
1.2352E
l.535¢k
l.5352¢c
l.5352¢t

«5302E
l.€35c¢ck
le5352c
leSa352E
le5352c
15352
l1.2352¢
l.2352¢
le535¢2¢c

03
03
03
03
g3
g3
c3
J3
J3
U3
Q3
U3
C>
03
Q3
G3
03
03
U3
03
U3
Cs
03
032
g3
U3
03
C3
g3
C3
Q3
U3
03
03
03
03
3
03
03
U3

AVERAGE CHANNeL TeMPERATURES -

RACILS
4
l1.4CCokt
1.3997¢
l.4021¢t
l.4027¢
l.4033E
1.4U52E
1.4C59€E
1.40¢€é0E
l.4U012E
1.4074¢t
1.407bE
le4lllE
l.413cE
loal €4t
l.4l89¢E
l.4211E
lea229t
l.4249E
l.4253E
1.4257E
1.42€60E
l.42€¢3E
lewléct
l.426SGE
1.4272¢E
l.4274€
le4270c
1.4275¢
l.4¢4381E
lsa4cs8lc
l-4283E
1.4284E
l.4286¢t
l.4283¢E
1.4289E
1.4291E
1.4263¢E
le4295E
l.4267¢
1.42GGE

AXIAL PLSITIUN 4

NUMBb ER
6
1.2712E
1.27¢&8E
1.281CE
1.28C6t
1.2825¢E
1l.2837E
1.2856E
l.2854E
le2073E
l.28¢5¢
l.2382¢t
1.2920¢t
1.29506¢
1.2%55¢
1+43029E
1.30¢€2¢€
1l.5066¢t
la3l26¢c
1.3136¢&
l.3136cE
l.3140E
1.3149¢
l1.3156¢E
1.315¢ct
l.31obE
l.3167E
l.3174€
1+3176E
l.3182¢&
l.3161E
1.3183E
l.31b9¢E
1.31SCE
1.31%0ct
le 3168t
1. 32C4E
1.32Cot
1.3212¢
1.3215E
1.3221¢c

03
J3
03
J3
¢3
03
g3
J3
a3
03
03
c3
03
03
03
03
03
u3
03
03
U3
C3
03
03
03
03
03
G3
03
Q3
Cc3
¢3
C3
J3
J3
03
Q3
03
a3
03

BCUNCARY
1.1491E
l.1448E
1.1671E
1.14317¢
l.1666G¢t
l.lb4c4t
1.1721E
L«1505E
1.1722E
1.14G93E
1.1737¢
1.1726¢
1.1745E
1.1306¢E
101027E
l.18c2E
1.1940¢t
1.154(0c
1.2011€¢
l.15858C
1.2024€
1.1575¢€
1.203¢éc
1.1990¢t
1.2048¢
1.2005¢F
1.2056G¢E
1.2C19&
1.20069¢E
1.2045¢c
l.2C31k
1.2C79E
1.2C43E
1.2C89¢E
l.2C56¢E
1.2101¢€
1l.2006E
l«2113E
l.2Cs4ct
1.2127¢

FUEL

03
03
03
U3
g3
03
3
03
03
03
U3
03
L3
03
93
03
33
03
03
G3
03
03
03
03
03
03
03
03
U3
03

Q3
03
03
a3
03
03
o3
03
J3

CLAD
1.1026E
1.1044E
1.1065¢E
1.1117¢
l1.1C89c
la1161c
1.1129¢
1.1178¢
la110>E
1.119sE
lello3k
1.1220E
l1.1288¢
1.1339¢
1.1395¢
l.1447C
1.1489¢
l.1554¢&
1.1552¢
l.1571¢c
1.1569E
1.1586&
1.1584¢
l.1601¢t
1.1599¢E
lelb6l5c
lel6l4k
l.16248cC
1.1627E
1.1632E
l.1640¢€
l.1639¢
l.1653E
le1652E
l.1666E
l.1666¢c
l1.1680¢c
l.l681c
l.l09%0cC
l.1698E

COULANT
1.0137E
l.0154¢€
l.C216E
1.022¢E
1.0239¢€
1.0272€E
1.0285E
1.0295¢E
1.C3C08E
1.0311E
1.0319¢E
1.0375E
1.C441E
1.0502¢t
1.0>58€
l1.0o0l7E
l.0079E
1.07403€
1.0750¢
1.0760E
1.0769E
1.0776E
1l.0787E
1.0795E
1.0304¢&
l.0312E
1.C821E
1.0828€
1.0335E
1. 0B836E
1.0842E
1.0850€E
1.G358€
1.0866E
1.0374€
1.0883E
1.Cy92€E
1.0902E
l.0911E
1.0921€

03
03
03
03
03
03
03
u3
03
03
03
03
03
J3
a3
a3
03
03
03
03
03

03
03
03
03
03
03
03

03
03
03
03
03
03
03
03

03

AVERAGE
1.3977E
1l.3%72E
1.4015¢
1.401_‘}t
1.4G27E
l.4030E
1.4053¢
1.4051E
1.40065E
1.4060¢
1.4072E
1.4103E
l.4130E
1.4157E
l.410lE
1.4203E
1.4223¢
1l.4242E
l.4248E
l.4249E
1.4255E
l.4250¢c
l.4261E
l.4262E
l.4200E
1l.42067E
l.4271FE
l.4272E
l.4275¢
1.4275E
1.4275E
1.4279E
1.4275¢
l.4283F
l.4283E
1.4286E
1.42b7E
1.4290E
1.4291¢
1.4295¢E



T-4

0

TIME

Ce
0.1775u
U« 55875
Os02125
0.08375
Q06875
C.931<25
UeG9375
l.U5625
L.08625
1.1225v
1.4G750
le84250
2417250
2.5275C
251669
3426749
3.6399¢%
3+ 7C246
3.1645Y
3.£2749
38E99G
3.9524%
4.01499
4407749
4413996
bec24Y
442€499
46032749
443349y
4.38999
4445245
4.21499
4.5174S
4463599
470245
4.764999
4.821749
4488599
445955249

CENTER
1.95715E
l.5G24E
lebCSCRE
1.5672E
1.5577E
1.566Cct
1.5655¢
Le0CLLE
l.6CCcE
leoCLEE
lecll2c
leoL4eEE
1.6C75E
leolic¢t
l.ol3lE
l.0lb5GE
Leoltblt
lebdti(c
leo2Ztl4t
lebelit
l.o2llE
lebelbE
lecll9te
l.6223¢c
lebeltek
le6c3Cc
l.OZjbE
lebestt
l.624CE
len24Ct
leo243E
lebZ4tt
l.6248¢E
l'OZblE
leo253t
l.o25ct
1.025EE
laozé€0c
l.b2bceE
lebztat

C32
G3

-

03

Q3
03
c3
G323
Cs
c3
c3
Cc3
(V]
G2
[V

-

G3
u3
U3
G2
v
G3
c3
G3
03
G3
03
L3
032
C3
c?2
03
g3
G3
C3
C3
03
03
L3

FULEL

Z
l.481¢tE
1.48C3¢c
l.4b82¢€t
l.4831E
l.403EE
1.4857E
l.48¢65¢E
1.487¢¢
1.4EbCE
l.4683¢c
1.4608[:
1.4933€
1.4571E
l.5CCst
1.3C4SGE
1.5C8%E
la51lclt
1.5153¢c
l.5156¢€
1.31cSE

Clezlllc

L.5177¢€
1.51¢e3¢
1.5168E
let1%4¢E
1.51%5E
15204k
leS2(SE
l.5214¢c
l.5214¢
l1.5215¢t
1.5223E
1.52<¢7E
l.2c3lE
1.5235E
l.524Ct
1.5243E
1.5248E
1.5252¢
Lab2beE

03
03
c3
g3
c3
03
03
03
03
03
03
U3
g3
03
J3
J3
g3
03
C3
03
U3
G3
03
U3
03
03
g3
03
03
03
03
U3
03
Cc3
03
03
03
03
03
g3

AVERAGE CHANNEL TEMPERATURES - FUEL

KADILS
4
1.3634E
l.3627E
l«3655¢L
l.38¢62¢t
la3871E
1.3896E
1.39C5¢E
1.3514c
l.3%924¢€
1.3G28E
1.3934¢E
1.3984k
1.4035E
1.40384E
1.«133¢
l.4181E
l.4224¢E
l.42¢7¢E
l.4275¢E
1.4283¢
l.4SS51E
le42G8E
1.43CoE
1.4313€
le4320¢L
1.4326¢
1.43323¢
l.4339€
le43406E
l.4340¢E
l.4352¢E
l1.4358E
1.4363E
l.4369E
1.4374E
l.4380¢E
l.4385¢
1.43S1E
1.4397¢
le44G3E

AXIAL POSITION 5

NUMp ER
()
1.2821k
l.2819E
1.28¢6E
1.28€5E
1.2865¢E
1.29C6E
1.2929E
1.2929%E
l1.2951¢k
1l.2944E
l1.2G63E
1.30¢3¢k
1.3076¢t
1.3139E
1.3165¢
le3252E
1.3313¢
1.3358¢
1.3379¢
1.3377¢
l.3360E
1.33606E
l.3416E
l1.3413E
l.3433¢€
1.3430E
1.3450¢t
l.3446E
l.34€5E
le3460E
le346lE
1.3460E
1.3475E
l.346G4¢E
l.3489E
l1.350btE
1.35C4E
1.3524¢E
1.3516E
l.3540E

C3

G3

BUUNDARY
1.1776¢
1.1749¢€
1.1943E
l.1755¢€
1.1654¢
1.1784E
1.2026E
l.1824E
1.204CE
l.1814E
1.2059¢
l.2u76E
1.2110k
1.2205¢c
1.2225¢E
1.2268E
1.2470E
l.2331¢t
1.2556¢E
1.2356¢c
1e2577E
1.2375E
1.2597E
1.240C¢E
1.2618E
1.2420E
1.2637TE
1.2439E
1.2656E
lec539c
le2456E
1.2674E
l.2472E
L.2693¢t
1.2438E
l.2714E
1.2505¢
1.2735E
1.2522E
l.2758E

CLAD
l.1396¢t
l.el4l2c
1.1450E
l.1496¢€
l.1477t
1.1553¢
1.1528€
1.1578¢
1.1557¢E
1.1604t
1.1571¢e
1.1655¢E
1.1733E
1.1802¢
l.1882¢c
1.1854%
1.2005E
1.2113E
1.2089¢E
1.2137c
1.2113¢E
1.2160E
1.2136E
1.2182E
1.2157E
1.2203E
1.2178E
l.2223E
1.2197¢
1.2218¢
l.2241E
1.2215¢&
1.2260¢E
1.2233E
1.2279€
1.2252¢
1.2300€E
1.2273E
1.2322E
1.2294E

03
03
03
03
03
03
03
Q3
g3
03
03
03
03
03
03
J3
U3
03
03
G3
03
03
03
03
03
03
Q3
03
03
03
03
03
03
03
a3
03
03
03
03
03

COOLANT
1.0667E
1.0685E
1l.0760E
1.0773€
1.0788E
1.0831E
1.0848E
1.0861E
1.0877¢€
1.0882¢€
1.0392€
1.0971E
1.1051E
l1.1131€E
1.1207€
l.1284€
1. 1364E
l.1442E
la1457E
1.146%E
1.1482E
l.1493E
1.1506E
l.1517E€
1.1530€
1. 1540¢
1.1552¢
1.1561€
1.1572€
1.1573¢
l.1581E
1.1593E
1.1602E
l.16l4¢
l.1623E
l.1636E
1.1646E
l1.1659E
1.1670E
l.1l084E

AVERAGE
1.3814E
l.3816E
1.3855E
l.3855E
1.3870E
1.3889E
1+.3906E
1.3508¢
l.3924¢E
1.3920¢t
1.3934E
1.3986E
1.4033E
1.4083E
l.4130¢
l.4178E
l.4226E
1.4262E
1l.4278E
1.4278E
l.4293E
1.4293E
1.4308E
1.4308E
1.4322E
1.4321E
l.4336¢E
le4335E
1.4348E
l.4345E
le4347E
1.4360E
1.4358E
1.4371E
l1.4369E
l.4383E
1.4381E
l.4394F€
1.4392¢
1.4407E



TT-&

TINME

0.
Cal775v
Ue55b175
Oendlébd
Ueb 8375
Ue 86075
0.v3125
0496375
ledn€dd
l.Co6dd
1.12250
le4a%150
lacg4l5u
2017250
2e5215U
2.5199%
3.2G67469
3465956
3.70249
3616499
3.c27469
3.88999
30‘15&49
4.01499
4.0774Y9
4413996
4420249
4426496
4.321749
4433499
4430959
44452465
4.51499
4,571749
4e€399G
4470249
4e 16499
4.821465
4.3899Yy
4455249

CENTEK
l.4155¢t
l.424ct
la4277¢E
10"‘515
l.42t5¢c
le43C1E
lea30lBE
le43lat
lew3dccE
leas2€tE
la433(CE
lebstut
le443lc
Leabtbt
Le4a3547c
ledcllt
lo‘QC('-?t
l.a?l1c
le472€E
lea?3cce
l.«745E
l.4755¢k
le4lcac
leq774E
l.4733c
l.479¢c
lea4bCcE
la4sllc
l.482LE
l.48c¢lt
le9o29%c
le4837C
loﬂb"cE
le4cb4c
l.4beE
l.407CE
ledolct
laabect
l.4cS4c
l.4501t

[V PUR FS P ¥ A OV I UV I C O GV I UUR VRN VU R VR VE AT FE IR YV VI WV VORN SV IR WV

cooCc o ocoOoomcLcocoOoo0oo0cCcoo0C

L3

FUEL

P4
l.35¢CE
1.:55Ct
1.35/1E
1.2577c
1.25€3¢t
la26C7E
le3clet

«2€25E
Le2czEE
103540[
l.36406¢L
l.2171Cc
1.377CE
1.3831¢
l.3tSeE
143565k
l.4l32c
l.4CSCE
1.41C1E
le4dllle
le4l2iE
lo«lB"E
le41l45c
Le4155¢E
l.41¢6tE
l.417¢ek
lebdlolit
la4lS7E
1.42C7E
leal(8t
les4216t
1.‘1(&66
le4c25cE
le4244t
l.4253¢t
levleZE
le42ilc
l.428Ct
l.4269E
l.42G8E

03
G3
03
63
Gs
J3
G3
()
J3
J3
o3
J3
J3
U3
J3
J3
03
U3
v3
03
03
C3
03
Q03
U3
03
Cs
03
03
03
03
G3
03
03
03
U3
c3
Cs
03
a3

AVERAGLE CHANNEL TEMPERATUKES -

KADILS
4
1.2954¢E
1.2950¢k
1.2679€
1-2"87C
1.29G6¢c
1.3C¢5¢c
le3U26E
130438k
1.3C59¢E
1.30é5¢k
1.30172€E
le3144E
1.3211¢E
le3230¢c
le3354ct
loBlfJUt
1.3469¢
le3bévE
1.35717¢t
l.35G4¢c
l.36C2E
le3614E
l.5626E
l.3037¢
le. 30459E
l.3060E
1-3071:
1.3682¢E
les3063¢
l.3064E
le37C3E
le3714E
1.3723¢€
1.3733¢
1.3743¢
1.3753¢€
l.3763¢
le 37 72E
1.3782E
1.3762E

03
03
03
03
U3
03
03
03
03
J3
3
03
03
03
03
03
05
03
03
03
03

U3
03
03
VE
03
G3
03
G3
J3
03
03
03
03
u3
03
03
03
(VE]

AXIAL PCSITIUN o

NUMB ER
6
1.2337¢t
1.2333¢
1.2383E
l1.2386¢
l«24C4E
1.2%435E
1.2453¢
1.240.{6
l.24¢&0E
le24t1lE
l.24594¢t
1.25173E
10261’06
l.2724E
l.28Cs¢k
1.28¢5E
l.2G¢t2c
1.3034¢c
l.3U5Cc
le30€lt
l.3077E
1.3C867¢E
1.31C3¢E
1.3115E
l.3126¢t
1.3137¢
1l.3152E
l«3lb6lc
1.3175E
1.3175¢
1.3183¢
1.31S67¢
1.32C5E
le3218E
1.3226¢E
1. 3240¢
l.3248c
l.32¢1t
1.3270¢
1.3284¢E

3
03
C3
g3
03
03
J3
J3
03
Q93
g3
03
C3
g3
03
Cc3
J3
a3
g3
g3
93
03
03
g3
03
U3
c3
03
C3
g3
VE
J3
C3
J3
G3
C3
03
03
J3
03

BCUNUARY
1.1710€
L.1698E
l.1822E
1.1743E
1.184CE
1.1793E
1.1504E
l.1851E
1.1527¢€
1.1843c
l.1946E
142CC9€E
l.2C76E
1.2171€E
1.2242¢c
l.2323¢€
l.2442c
l.2472¢E
1.254C¢t
1.2502E
l.2505¢E
1.2531E
1.2596E
l.2550¢k
l.2622E
1.2585¢
1l.2648E
1.261GE
L.2672E
l.2645¢
1.2633E
1.2696€
l.20656E
1.2719E
lecb7GtE
1.2743¢
l.27C2¢
1.2768E
1.2726¢€
la2794E

FUEL

a3
03
03
03
03
03
03
03
03
03
03
Qa3
03
03
03
03
U3
23
g3
03
J3
03
03
03
03
C3
03
03
J3
J3
03
03
93
J3
03
03
03
93
U3
U3

CLAD
1.1433E
1.1494¢€
1.1547E
l.1576E
l.1576E
1.1636¢
1.1é35E
l.1666E
1.1668¢
l.1651¢€
1.1684E
1.1777€
l.1864c
1.1651¢€
1.2041€
1.2131¢
1.2210E
1.2305¢c
l.2312€
1.2336¢
lec34lc
l.2364t
1.2370€
1.2392¢€
1.2367¢
l.241GE
1.2423c
l.2444E
l.24438¢E
1.2454¢
1.2408E
1l.2471€E
1.2492¢€
l.2495¢
l.2516¢c
1.2519¢
l.2540¢
l.2544c
l.2566E
1.2570c

03
J3

U3
03
G3
c3
U3
g3
U3
G3
G3
J3
03
03
03

03
03
03
03
03
G3
03

03
J3
Q3
03
G3
03
03
03
o3
03
03

C3
u3
03

COCLANT
l. 1048E
l.l064E
l.1141€E
1.1156E
l1.1172¢€
1.1221€
1.1236E
1.1254¢€
1.1272¢
l.1279E
1.1289¢&
1.1381E
1.1472E
l.1564E
1.1654¢€
l.1746E
1.1837¢
l.l192nE
l.194<E
L. 195GE
1.1974E
l.1980E
1.2003€
1.2017¢€
1.2031¢t
le2044E
1.205¢E
1.2070¢
1.2083E
1.2084¢
1.2095¢E
1.2107E
1.2116E
1.2132¢
l.2144E
1.2157¢
1.2170€
l.2184¢
1.2198E
1.2212E

AVERAGE
1.2946E
1.2945¢t
1.29¢4E
1.2969€E
l.3001E
1.3027¢
1.3041E
1.305vuct
1. 30064t
1. 3066t
1.3v77¢€
l. 3148E
l.3214E
1.3284€
1.3356¢E
l.3432E
1.3503¢E
1.3567E
1.3582¢E
l.3592E
1.3606E
lo}OIOE
le.3630E
l.363G9¢E
1.3653¢€
l.3662E
ls3675E
l. 3684E
l. 3697t
1.3697E
1.3705¢
1.3717¢E
1.3725¢
1.3737€
l.3745¢
1.3757¢z
1.3765E
1.3777¢
1.3785¢E
1.3797¢€

Cc3
03
03
03
03
33
03
03
J3
03
g3
03
03
03
03
U3
03
v3
03
03
J3
a3
03
33
03
03
03
03
03
03
a3
Q3
03
J3
03
03
o3
03
Q3
03



cl-&

TIME

O.
Oel775U
Ue55075
Qe0ldlid
J.068375
Gedbaid
Ca53125
e59375
lau5625
l.uB6&dS
L.12250
l.457o0
1.834250
Ze 1725V
252150
2251996
3.29T4Y
3.£3956
3.702469
3.7€496
3.8274Y
3.3899y
3.9524%
4.01499
4.0774%
4013999
4420249
4.2649Y
4432749
4433499
4435999
4.45249
4.51499
4.57149
4,0399Yy
4.70249
4,76499
4,0274%
4.085999
4455249

CENTEK
1.07¢5¢
l.u7¢7¢€
1.0798¢E
L.ueCCE
levtClc
1.00CHht
l.JdoL>E
l.08C0E
levoveE
levaler
l.ubCét
leotC4E
1.07SGE
l.0763c
l.G704E
1.0773E
l.97cCt
L.0746¢c
l.U745E
l.u74a3t
1.0741t
1.07306E
Leu/iec
1.0723¢
teulile
1.07¢bE
le07¢ek
l.U7¢3E
l.vi2lc
l.0721E
le071ck
l.0C71¢€c
1.U713c
L.U71l1lE
l.U708E
1.07Ccc
1.07C3E
l.U7 (lc
IQUC"Ot
lLeU695E

L3
c3
u3
03
C3
U3
U3
c32
u3
U3
C3
C3
J3
c3
(3
(VE]
U2z
c3
U3

U2
U3
g3
g2
U3
u3
c3
C3
u3
u2
C3
032
C3
C3
c32
c2
c3
U3
U3
cz

C
2

l.C277¢E
L.C272¢
1.Cz7Ct
1.C27Gt
l.Gc71E
lec271c
lLevZllE
1.0271t
laC271c
1.L271E
1.C271¢t
l.C2{Ck
leCscit
laCect2t
leUeo Tt
1.C245¢
levzdute
l.0232¢E
leC23LE
leC2ceY9t
leC227E
LaCc2¢E
l.C224E
1-\;2££t
laCellt
leC2165¢t
leC2lit
l-C(liE
1.C214¢t
leCelat
levellt
1.U21CE
lei2C3E
leGeCTE
l.Cctl5t
l.CcC 3t
leC2C1E
1.C169E
l«C163E
leClGet

E

03
03
J3
a3
03
a3
Q3
03
03
c3
03
03
J3
J3
J3
Jds
J3
u3
03
J3
J3
03
03
U3
93
Ul
(V)
c3
U3
g3
Ji3
03
u3
(V]
(O8]
03
J3
u3
Q3
U3

X

AVERAGE CHANNEL TEMPERATURES - (kX
AXIAL PCSITICN 1
REGICN

A
S«824VUE
S.8227¢E
S.8210¢t
S.8211E
G.8212E
S.82ldE
S.822ut
S.8222E
S.8223E
S.8224E
Senll5E
S.0225¢t
S.3214¢€
S.8190E
S.8loot
S.8122¢c
S.BUTLE
S.5025c
Se.801l0E
S.8UCTE
S.796G3E
S.79848¢E
S 7975k
Se7963E
SeT9YHBE
S.7947E
$.7937cC
S T926E
S.7915¢
S.7914E
S.7904t
S.7893¢t
S.7331lE
S.7610¢E
S.7859¢E
S.7843¢c
5.7336E
Yel825E
S.781l4t
5e73C4E

(V4
02
02
02
02
02
02
02
02
02
22
02
02
02
J2
02
02
U2
02
G2
22
0z
02
vl
02
22
U2
ul
02
02
02
02
02
02
Q2
Q2
02
02
02
02

o
9. 3640E
G.3643E
9.3054E
9.3655¢t
S.36¢62E
G.3677E
S.3682E
9.30806L
G.3091¢t
S.3693E
543665L
G.3714t
S5.3720E
S.3736E
9.3730E
Y9.3726E
9.3715¢
S.37CBE
S.37CsE
943704t
5+37CLE
%e36GBE
$.3655¢C
Se3091E
Se300bE
9.3084E
9.308UE
9.307060E
S.3b172E
G.3671E
Ge366TE
Se3662¢c
9.3058E
9. 305$E
9.3649¢E
Ge 3645E
G.3042E
9.3638F
9. 3635E
9e3032E

c2
02
c2
Q2
02
U2
G2
(V4
0l
vl
u2
02
a2
02
02
c2
02
02
02
J2
(VP4
02
02
Jz
02
c2
G2
g2
02
02
02
Q2
c2
Q2
G2
02
02
02
02
c2

8CUNLARY

8.8981lE U2
3.8993E 02
8.6038t V2
3.5046E 02
3.9055E 02
3.90u80E Jy2
3.9089c 22
3.5097t Q2
3.51C5E 02
3.91CGE V2
d.91l4c 02
d.%9153€ 02
8.5195€E Q2
8.9233E 02
8.G6205¢c 02
3452628 32
3e9326E 2
3.G356LC 02
3e9304c 02
ds49308E 02
3.9372€ 02
3.5375E Q2
8.G379E 02
da93828 02
3.93c6c 02
35359 02
3.6392E 02
8.9395€ 02
85356 02
845356t U2
8.93G8E 02
deG4ClE V2
83.64C4E U2
3454CTE 02
8eG4llc 02
83.5415E 02
B84G419E J2
B.9423E 02
849428t 02
89433 U2

CLAD
8.8186z
8.8201¢t
8.8251¢E
8.8260E
8.8269¢
8.8297¢
8.8306F
5 .8315¢E
8.8324E
te3 320k
8.,3333¢
8.3376E
de.8423¢
8e.8406FE
8.8503¢
G.8538¢E
8.8579¢c
8.8619¢E
3.8625¢
B.8630E
8.8634:
3e8639%
B.B8644E
B8.3649cC
B8.8653¢
8.8658%
3.3602E
8.00606062
B8.8668¢
8.8B669E
8.8672€
3.8676E
8.3680k&
8.8685c
8.8639¢E
8.8695¢
8.3700¢
8.37006E
8.8712E
8.8371GE

02
c2
02
02
G2
02
02
Q2
02
02

Q2
a2
02

g2
02
02
J2
92
02
J2
02
02
u2
J2
02
32
J2
02
G2
02
92
G2
32
02
02
J2
Q2

STRUCTURE
8.658%E
8+6596E
3.6651FE
8.6061E
8.6671E
8.6703E
83.6713E
3e.6724E
3.56734E
8.6735¢E
8.5745¢E
8.5798E
8.6351€
3.6905E
3.695AE
8.7305¢c
3.7056E
3.7111E
8.7120€
8.7128E
3.7136E
B.71l44:
8.7151E
3.7T158¢E
B.Tl66E
8.7173E
8.7180E&
8.7186E
3.7192¢
3.7193¢€
8.71683E
B.7204€
8.7210¢
3.7217E
8.T224E
8. 7231E
3.7239¢E
3.7247¢€
8.7255€
8. 7264E

AVERAGE
9.8197E
9.8200¢t
9.8221¢
9.8225E
9.8230€
9.,8241€
9.3245E
9.32438¢
9.8251E
9.8252E
3.8253¢
9.3256E
9.832438¢E
9.8232E
9.83203€E
9.31l6UE
9.3111¢
9.3J05E
9.8050E
9.3U48E
9.8339E
9.83029¢E
G.8J19¢€
9.8009¢
9.79G93E
9.7983E
9.797vc
Y.7967¢c
3.7950k
9.7955¢
9.7545¢E
3.7934¢
9.7923E
9.7911¢
9.79500E
G5.7889¢
9.787bvkE
9.7863E
9.7457E
S.7840E

02
02
02
Q2
a2
02
02
02
Q2
02
02
02
J2
a2
02
02
02
22
02
02
G2
02
a2
02
02
02
u2
22
02
Q2
Q2
Q2
02
02
02
op
02
02
02
a2



€T~

TIME

0.
Vel7750
Uabd5875
U.062125
U.08375
CeBbBTS
GaG312>
Ce993175
llUSOZD
laubelb
1.12250
l.4G750
1.34250
2ellebU
2452700
2.9199%
3.2574%
3.6399%
3.7C24%
3476495
3.0274Y
3.06099Y
395249
4e0Lla9y
4.017746
4,13699
4420249
4,204499
G4 3274S
4433459
4.38999
4445246
4.51499
4.51174>
4.6399Y
4.7C24Y
4.76456
bevll4hy
4aB0YYY
4.5524Y

LENTEK
1.24108E
le.24b8¢c
1. 2C27E
le 2540k
1.2543¢t
Ledb4aSEL
l.255L¢
l.2551¢c
1.255¢¢
1.2552¢
le.<Z595E
lelED4E
le2552¢t
l.254¢EE
1.2541E
le2b2¢E
ledb2lE
le25LSE
le2E8C7c
le25Ubt
1.28C3¢c
led5LLE
led4SckE
lec4ScE
1.24%3¢c
lezaSlt
l.2485ct
le24b6E
l.c4atsE
l.24t3E
l.24blt
la24715¢c
l.24ai¢tt
lLe2474c
lecd4a1lt
LGZQCSC
lad4cét
Lel4tsE
led4dtlc
lOZ‘QDC‘C

(V)1
G2
c2
o2
G3
(e
c3
U2
C3
U3
L3

G3

C
w

<
W L W b s W ew e

cCcoccocc o ocCcooc

«
(VN

g3
G3
L3
C3
c2
¢2
L3
G2
g2
L2
o2

C
2

1-1€99E
l.1€91¢E
1.166CE
l«1€51E
1.1651E
lelcS4tL
lel€YDE
1.1696E
leleS7t
l.1€98¢L
lealecabtL
1.1703¢
l.17C5¢t
1.17C¢€éc
le17C€
11703
leltSet
leléS3c
leleS3E
1.166¢E
11691t
l1.1£6CE
leltcSE
lelcoonc
laléeTt
lalébbéE
lelEo4c
laleclt
l.ler2t
laledcet
lelbulE
Lal€1SE
le1lé73E
l.1677¢
l.1€75¢k
1.1674E
lelo7c¢t
l1.1€71F
leloteSE
lalbtont

S

03
C3
U3
G3
(Ve
Js
U3
03
03
U3
V)
03
U3
03
J3
U3
U
o3
Js
03
L3
J3
u3
(V3
v3
03
03
a3
03
U3
03
03
03
Cs
u3
Cs
c3
G3
03
J3

X

AVERAGE CnANNEL TEMPERATURES - CEX
AXIat PCSITIUN 2
REGLGICN

4
1. 09¢6E
l.L9€4E
l.USELE
1.09¢6E
1.0967k
l.L972¢C
1.L9173¢E
1.C97»¢E
1.C977E
1.0978¢
1.0676¢t
l.C987¢L
1.(%S3E
1.0959¢t
1.10Cat
l.1ulTt
1.10u3E
1.1010E
1.1010¢
1.1010¢t
1.ivullE
l.10ll¢t
1.1011E
lelullE
L.lullE
1.1011¢
lelullE
1.1010¢
1.1010E
1.1010E
1.101u€E
1.1CCY9¢E
1.1G(9¢E
1.10CSE
1.1003E
1.10CoE
1.10CoE
1.10C7L
le1luCTt
1.10C7¢

03
03
J3
g3
03
03
U3
03
[VE)
03
(¢
03
03
03
03
a3
03
03
03
053
03
J3
U3
U3
uv3
03
03
03
03
03
Q3
[¢F)
03
C3
03
Us
03
Q3
J3
U3

o
1.0213¢t
1.0218¢c
1.02206E
1.0229t
1.0221¢€
1.0235¢t
1.0240E
1.0243E
1.0245¢E
1.0246E
l.024c¢t
l.0260k
1.0271t
1.0283L
l.02%3¢k
1.93C1te
1.U3C9E
leu3lYE
1.0320¢
1.0321¢E
1.0323¢
loUuscac
l.032>5¢c
1.0326E
1.0327¢
1.0328E
1.G6329¢t
1.U32uE
1003305
1.033UE
1.0331¢
1.0332E
1.0332¢
1.0333¢&
1.0334¢
1l.0335¢c
l.U330c
1.0336E
1.03348¢E
1.033%¢k

03
03
03
03
03
03
63
G3
03

03
V)
03
U3
03
03
J3
g3
03
C3
J3
03
U3
Q3
J3
Js
Cc3
U3
03
J3
u3
g3
U3
03
U3
03
03
03
03
a3

BLUNCARY

9e4524E U2
9.4%505E 02
94736 Q2
Ye4T68E J2
Se.4302E 02
F.4902E 02
9.4936E 02
9.496Gc 02
9.5002c 02
9.5016¢c 02
F.5U36E 02
Y5205 J2
9.53480E 02
9.5548E 02
Y.57C2c 02
FG.5849E 02
9.6011lc 02
Y9.6174t 02
Je0200c J2
F.6225€ u2
J.624TE 02
Genlo8t 02
G.6290t O

J.0311E 02
J.03328 vl
F.6352E U2
Y6372 U2
FGe03YLlE U2
F84C6c 2
S.0407c 02
Ye0422t U2
J.044CE J2
9.6459c 02
G.047GE U2
9.0499E 02
Ye.0521t 02
96543 02
Fe.b6508E U2
Y.0593E U2
G.6618E Q2

CLAD
S.3190¢E
S.3241E
9.3426¢
9.3401E
Ge.3495=
9.3602t
Ge.38630c
9.30171E
9.3705¢
S9.3721¢t
9.3740¢t
9.391l6t
S.4103~-
9.4280¢F
9.4442E
9.4600¢c
9.4777¢
Se4552c
9.4679¢
5.5006c
FeH02YE
F.5052F
9.5076¢E
Ge5079¢L
9.5121¢c
S.5l44cz
FG.5105¢
S.5180t
9.5201E
9.5203¢
55220t
5.5240c
Gen2061E
G .5283E
G«92300E
G.5330¢c
9.5355¢
Seb3s2c
Ye2410E
G.54348E

02
02
02
02
02
02
02
32
02
U2
02
02
92
a2
32
02
gl
Q2
02
392
02
ul
U2
02
02
Q2
02
02
J2
U2
32
22
a2
02
(V)4

STRUCTURE
3.0213¢
9,0543¢t
9.0725€
9.0762E
9.079GE
3.0913¢
9.0351¢E
5.UJ90E
9.,1027E
9.1045¢E
G.l066E
9.1265E
9.1460¢k
9.1660E
9.135G¢E
G42035E
9.22¢23E
F.2425C
9.2459¢
G.2492E
9.2522¢E
9.2551¢t
F.2575F
S.,250LTE
3.2034E
J.2661E
G.2087E
9.2713E
9.2736E
9.2730E
9.2758E
9.,2781E
9.2505¢E
G.232%¢t
9.2355€
5.2882E
9.2910uE
9.2933€E
9,2969E
9.3001€

02
02
a2
02
02
02
02
02
02
02
Q2
02

02
Cc2
02
02
a2
02
02
02
02
02
02
02

02
02
02
02
02
02
02
U2
02
g2
a2
02
02
02

AVE~AGE
1.0950E
1.0957¢c
1.0964E
lo OQOOE
1.05068¢E
1.0973¢c
1.0975E
1.0977¢€
1.037s¢C
1.0975E
l« 038Ut
1.0989E
1.0990c
1.130¢2E
le 1007E
1.1J09c
1.1011¢E
1.1013¢
l.10l4E
l-1U14E
11314t
1.1314¢E
le1J14E
la10l«E
1.1014€E
1.1014E
1.1014¢
1.1314¢c
l.1313¢c
l.1u13€
l.1013¢E
le1lul3E
1.1012¢
1.1012c
1.1012¢
l.1ul2E
1.1011E
1.1011€E
l.1011¢€
1.1011¢



7T-%

TIiMe

(J'

G 17750
Ce55k15
U.02125
Os0b375
Ueo€BTS
UeG 2125
Ce99375
l.U5625
l.086¢5
le1225u
le4%75u
led4albu
2417250
2ea5210u
2491999
325749
3863999
3670249
3.76499
3.0274%
3.80996
349524y
4.014%5
440774%
40139599
4.20249
4.264GY
4432749
4.33499
4438999
4,4524Y
4.5149Y
4.57745
4,£359G
4470246
4, 16496
4082749
4,8d899%
4.55249

LENTER
L.3€1Ct
l.3€653¢E
1.3751¢
Le3155E
l.375%E
lo3766E
l.37¢6E
la377Ct
le377¢c
Le31T¢E
le3773¢c
le37s61E
le3787L
les751t
le3794L
Le37STE
le3767¢
1.3765E
la37%5¢c
la3754¢
Le37%4c
le3753¢c
le3763c
1.37%3¢c
1.37G¢E
l.3752¢E
l«376G1c
L.31761¢c
l«375CE
le319CE
105759E
l.37689¢t
le370c0rL
L.37c7E
1.37a7¢c
1.376¢E
l.3785¢E
le37c4t
les705k
l.j?o(t

COOCOoOC OO0
[CVRE U FURE VU FU SV PR SV VS

coac
wwww

OO0
W oW W

C3
C3
Cc3
C3

¢
z

l«2757E
1.27417¢L
1.2747¢L
l1.274SE
l.275CE
1.27517¢
L2155k
l.27¢1E
1-27C4t
lec?etE
lecicelte
1.(7025
l.27565¢
lacEdlTE
1.2816GE
L«2t5CE
ledbB3ct
102843\:
lece4ice
1025"5t
leztast
lo2801E
l.2852¢c
le2853¢L
l.2854¢E
l.285%5¢c
1-2b50t
10&8375
l1.2&538¢
l.2¢50¢k
lacES5yE
1.28¢CE
1L.2E€CE
la2b€lt
l.26¢1c
lel2clt
lo2tcet
l.20¢3E
le2btte 3E
lL.28€4E

t

AVERAGE ChANWEL TeMPLRATUKRES - CEX
AXIAL PUSITILN 3
R EGICN

4
l.1885E
l+1383E
l.1688E
1.18%CE
l. 1693k
1.1SGC3E
1.19C7E
1.1910¢&
l.1914t
le191ck
1.1513E
lelv4aCt
L« 1SEUVE
1. 1979E
l.19v3¢c
1.<017¢
1.2C032¢
1.2043¢
1.2051E
1.20%54¢t
la2057c
1.2C59¢E
l.20€2¢t
1.2C¢4¢E
1.20¢7E
1.2C¢SE
l.ec071t
le2073E
1.207DE
l.20176¢t
1l.20G77E
1.2C79E
1.2081lkt
1.20d83E
1.2084¢c
l.20806¢c
1.2030¢c
1.209J¢
1.2061¢€
l.2093¢k

03
03
03
03
03
03
03
03
03
03
U3
03
03
03
03
U3
03
03
Q3
03
03
Co
03
03
03
Q3
03

03

6
1.0993¢t
1.0994¢E
l1.1012€
l.1016E
1.1020¢&
1.1035t
1+1040UE
l.1040¢E
l.1U51E
l.1053¢
1.1056¢
1.10585¢
1.1112E
1.1135€
lalléot
l.1162€E
l.1216c
lel241t
10124OC
le125VE
l.1254¢€
l.12b5s¢t
l.12¢c2E
le12¢5k
lel2eGe
1.1272¢
l.1276E
1le1275¢
1.1282¢k
1.1282E
1.1285¢E
1.1288¢
1.1291E
1.1294c
1.1267E
1.13C0OE
1.130C3¢c
l.13Coc
1l.1310¢t
L.1315€

03
u3
a3
03
C3
03
03
03
03
C3
G3
C3
G3
03
G3
C3
03
03
U3
a3
0s
c3
U3
g3
03
a3
03
G3
03
03
03
03
g3
03
03
J3
03
03
03
03

BCUNDARY

1.6077c 03
l1.0084k U3
1.0117€ 03
1l.0124E 03
1.0130¢ 03
1.015Ct 03
leul572 G3
leulo4E 03
1.0171€ 03
1.0174E 03
1.0178E 03
1.0213€ 03
1.024GE U3
l.uU255: 03
l.u3lse 03
l.0U3olE J3
l.0366E U3
l.0421F 03
1.0427E 03
1.0432c V3
1.0437€ 03
l.0442t 23
10447t 03
1.G452E 03
1.0427¢ 03
1l.0462t 03
1.0466E 03
1.0471E 03
1.U475€E 03
1.0475t 03
l.u479& 03
1.0483€ 343
1.0487E 03
1.04G1t U3
1.C496E (C3
l.05Cle 03
1.05006E 33
1.0511e 93
le051l6E 03
1.0522t 03

cLAD
9.9145¢
9.9231€
9.6586¢E
G.9655E
9.9723E
9.9935E
1.0000¢€
1.0C007¢
1,001 4c
1.2018k
1.0021c
1.0058¢
1.00906E
l.0132¢
1.0167E
1.0201¢
1.0237C
1.0274%=
1.0280¢
1.02836E
1.0291¢
1.0297E
1.0302E
1.2307=
1.0312¢€
1.0317¢
1.0322¢t
1.0325E
1.0330¢&
1.0331E
1.0334¢
1.0339¢
1.0343¢
1.0343¢c
1.0353¢
1.0358¢
1.0363c
1.0369¢L
1.0374¢
1.0330¢

02
02
02
04
02
02
03
03
J3
23
03
03
03
03
03
g3
J3
03
a3
u3
J3
03
J3
G3
03
03
GC3
03
03
03
03
G3
a3
03
03
G3
03
03
03
33

STRUCTURE
9.5877TE
9.5925E
9.62065E
9.6336¢
9.64C8¢
J.6030E
9.6707E
9.6782E
G.0857E
9.64893E
9.6335€
9.7337E
G.7722%
9.3123¢c
9.3508E
G.8386E
5.G5260¢E
S.9001E
9.9730¢E
F.9796E
9.9359E
3.9716%¢c
9.99738E
1.0004E
1.0009E
1.0VU1l5E
1.0020¢€
1.0025¢E
1. UU30E
1.0031E
1.0J35€E
1.3040E
1.0044E
1.0049E
1.0355¢€
1.0060E
1.0065¢
1l.3071E
1.0077E
1.0083¢

03

03
03

03

AVERAGE
1.1871¢
1.1872€
1.13880E
1.1890E
1.1693¢
1.1904¢
l.1G03E
lel&l2E
1.1GloE
l.1l91lbE
1.1520€
l.1942¢
1.1962¢
l.1582¢
1.2301¢
1.2019=
1o2U3SC
1.2052¢€
l.2)54¢
1.2057¢c
1.2060E
1.2062¢E
1.2)65¢E
1.2067E
1.2070E
1.2072¢€
1.20G74E
1.2076¢E
1.2073¢€
1.2078E
1.2080¢
1.2082¢t
l.2084E
1.2085c
l.2087E
1.2089¢€
l.2091¢E
1.20G3E
1.2095¢&
1.2097¢€
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AVERAGE CHANNEL TEMPERATURES - CEX
AXIAL PUSITICN 4
CEX REGIULUN

TIME CENTER < 4 6 BDUNDARY CLAD STRUCTURE AVERAGLE

O. Le4lalc C3 1.3300E 03 le2440E 03 1.15clE 03 1.066CE 03 1.04S8E 03 1.0171€ 03 l.2427t 03
0.17750 loe42238 G323 1.329CE 03 1.2438E 03 1l.l%63E 03 l.0b0GE 03 1.0508cz 03 1.0L77E 03 1.2429E 03
Ge556T> 1e42tlE C3  1.22%¢t 03 le2448E 03 1.1589E G3 1.0717¢ 03 1.0560E 03 1.0225€ 03  1.2448E 23
0.02125% 1.4285c C3 1.3264€ us le2452c 03 1.15%06t 03 1.0726c 03 1.0570E 03 1.0235€ 03 1.2453E 03
C.00375 le4cESE C3 1.3267€ 03 1.2456E 03 1l.loCst O3 1.0730E U3 1.0580&8 03 1.0246€ 03 1.2458& 33
Q0.86875 le4c¢9at G2 La33CeE O3 le2471E 03 1l.lo26c C3 L.C767E 03 1.0612E 93 1.0279E 03 1.2475E )3
Ga53125 1.43(Ct VU3 «231CE 03 l.2477E 03 1.1634t 03 lL.O777E 03 1.0623€ O3 1.0260¢€ ¢ 1.24cle 03
C.56575 lea303t U3 «3314€ 03 le2403E 03 1l.1642c 03 1.C738E U3 1.0634C 03 1.0302E 03 1l.2467c U3
le5¢25 le43L5E (3 122318t 03 l.24¢9c 03 1.1050c (3 1.079cE 33 1l.0644E 03 1.0313c C3 1.2493% 03
l.L8625 le43(7c U3 «332Ct U3 1.24G2E 03 1l.1lo6b54t (3 l.UEC3E 03 1.0646c 03 1.0319E 063 1.2496& 03
1.12250 le43Cte (3 142323t us 1.24S5E 03 l.lo59c 03 1«UBUGE 03 1.0655c U3 1.0325€ 03 1.2>00F 03
l.4S75v le4s24E 32  laes3ble U3 1.2534€ 03 1.1706z u3 1.08e5E 03 1.0713c 23 l.0367E U3 1.2>37E 03
l.842>5y lew34ale 3 142377E (3 l.22€5E 03 1.1751€E (3 l.0921E 03 1.07702 03 1.0446F 03 1.2573E 03
2.17250 le4257E L3 «i4L4E O3 lazoCoE 03 1.1767c 03 1.6577c 03 1.0823% C3 1.J307€ 3 1.2009c 03
2521750 164375 C3  1le3423E u3 lecb643E 03 l.ld44E C3 1.1031c 03 1.0883c 03 1.0568E 23 1.2047€ 03
2.91999 144385k (3 1.34¢C4E U3 l.2082€ 03 1.18S0E 03 l1.1C8b5c 03 1.0939& 03 1.0927c €3 l.2585E 03
3.25749% le44tac U3 143451E u3 Le2717E 03 1.1934€ 03 Le114GE 03 1.U895z 03 la0o84E 03 1.27¢1E 03
3.63999 1.443Ct 02 1.351¢E U3 1.2752E 03 1.1G67%E 03 lellvy6e 03 1.1C053= 03 1.0745€ C3 1.2755& u3
3.7C24y l.4432E 03 1.3521& C3 1.2755t 03 1.1987t 03 1.1206E 03 1.1003c 03 1.0750E 03 1.2763E 03
3476495 lLea42tt 1.35¢€E (3 1.27e5€E 03 1.1955 03 1.1215c 03 1.107cc 03 1.0766E 03 1.2769E 03
3.82749 le44scE 1.354CE 0> 1.2771€ 3 1.20Csc 03 l.1224t G3 1.1GC81lE 03 1.0776E C3 1.2775c 03
3.08996 l.4dalc 1.3535¢ C3 1.2777€ 03 1.2010E Q3 la1232c 03 1.1090& 03 1.0780E 03 1.2781lE 03
3495246 l.4443¢c 1.354Ct U3 1.2783E 03 1.2C17E O3 1.124Ct 03 1l.109bc 03 1.07$5& 063 1.2787E 23
4401499 le444dctE le3544t U3 1.278%E 03 l.2ul«t 03 l.1248E 03 1.1107c 03 1.0304t 23 1.2793t 03
4.07749 le444S¢t 1.354SE > lec765t 03 1.2031c 03 1.1257e 03 1.1115E (3 1.0313E 03 1.2798E 03
441366y l.4452c «2b53E U3 L.26CUE 03 1.2038€ 03 lelle4e 03 1el1l123c 03 1.0322E 03 1.2004E 33
4e2L24Y lew4an5E 13557 03 l.2bCoE 03 1.2045€ 03 1.1272E 03 1.1131lc 03 1.0331€ G3 1.2205c 03
4e26499 l.4407E l1.35¢2t U3 1.2811€ 03 1.2051E 03 1.1280€ 03 1.1138& 03 1.0839€ 03 1.27215c 03
4.32749 l.44c(CE le35¢ceE G3 l.2s1l6t 03 1.2058t 03 1.12076 03 1.1145E 03 1.0347€ 03 1.2820€E 03
4433499 leaa€Cc ls38cet us l.2817E 03 1.20506t 03 lel2676 03 1l.1146t 03 1.0343E 03 1.2520E& 03
4.3b6999Y lea4c3E le357¢t U> L.2822E 03 1.20€4E 03 1.12S3€ U3 1.1152% 03 1.0354E 03 1.2325c 03
4.4524S Le44ovt 1,35748 (3 1.2627E 03 1.20&9E U3 l.13CCE 03 1.1159E 03 1.0862E 03 1.23306E 33
4.51499 leb4cst 1.3575E G3 le202lt 03 1.2075t 03 1.13076 03 1.1l07€ 03 1.0370E 03 1.2035E 03
4o T4y leaal(E l.3582 (3 le2b36E 03 1.20b1E 03 1.1315£ 03 l.1174£ 03 l.0377€E 03 1.2»39E 03
4.,£3996 Leaa13E 1.2505E U3 l.2v4lE 03 1.20867E 03 1.1322E 03 1.11b28 03 1.0485c 03 le.2344E 03
4.7C24y le44ai5E le35bBvE us l.2846€ 03 1.2063& 03 1.133CE 03 1.119UE 03 1.3393c 03  1.2349E U3
4.76499 l.4478c l.2563t 03 l.2050E 03 1.2065& 03 1.1338E 03 1.1198& 03 1.G302F 03 1.2854E 03
4082749 lLegatlt L«45G6E U3 1.2855€ U3 1l.Z21C6c 03 l.1346E 03 1.1207c 03 1.03910€E 03  1.2859& 93
4,3899Y Le440ck le2elie U3 1.20€0E 03 1.2112E 03 1.1354 03 1.1216E 03 1.0919E 03 1.2364c I3
4495249 l.44cat le36C3E U3 lo28€5E 03 1.2119E 93 1.1363c 03 1.1225 03 1.C925E 03 1.2309E U3
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TIME

O.
017750
Ce558175
Ueb2125
Oe683175
bodéQ?S
0.3312>
Cev93175
1.65025
l.dB0d>
112250
1+4975u
l.34/250
2e 1725V
222750
245199S
3429749
3.€3996
3.1G24%
3.76499
3.3274Y
3.8899Y
345524y
beula99
4.\)77"19
4.13999
4220249
4426499
4432749
4433499
4438999
4.45249
4451499
457749
4,6£3999
44702465
4476499
4e02749
44,8348999
443524Y

CENTER
1e3S5%E
ie4Clect
1.“‘45“t
Le4C5bcE
la4(cClt
Le4LCE
1.4C13¢c
l.4C7ét
lea0L75E
L.4(LECE
l.a4Cosc
la4lCtE
ic"lB"E
l.41l64E
L.+16GE
ledcdlc
l.4co3c
le431G9c
leu3zbk
le4333c
leasavE
IC*JA'CE
1.4353¢
lea3e6CE
le4stlc
14374t
le438Cc
10‘13&7&
L.43G4c
l.4365¢
l.44Clct
1.44C8E
Ls44l4atc
lewaclt
le42bE
led434E
le444lc
1'44"17E
l.4403E
l.44c(t

03
C3
Q2
g3
Q3
c3
C3

2
G3
€2
C3
C3

oy

-

c3
c2

032
63
¢3
C3
C3
€3
c2
Gc3
(3
03
c3
C3
G3
C3
C3
03
G3
U3

c3
u3

VE

C3

L
2

l.3247E
le3235¢
l.3243E
la3c45E
l.2249¢E
l.32¢1c
l.32¢5¢c
l.32171c
l.327¢C
le3275E
las2vit
la22c2lE
le33¢&5E
l.3405¢E
«2453¢
l.3506L
1.3556¢c
l.3¢ClE
t.3cllE
l.3613E
l.2627E
l.3¢€35E
1.3€44¢E
l.3¢02t
l.3¢6¢€1lt
l.36€6E
1.36717E
l.3€0EE
l.3¢%4E
1.3665E
270 ¢t
la371Ct
l.27148¢c
1.3725¢
1.3733¢c
l.374CC
1.3748¢t
1.3755¢E
1037CZE
1.2770¢

E

Q3
u3
03
u3

3
U3
J3
U3
vE
03
C3
G3
03
J3
03
Us
J3
U3
03
J3
GC3
U3
U3
03
U3
U3
Cs
C3
J3
03
23
03
03
03
J3
03
03
C3
03
J3

AVERAGE CHANNEL TEMPERATURES - CEX
AXIAL PCLSITICN 5

X R &
&
le.2544E
l1e2542c
1.2555¢
1l.29¢€CE
1l.25606E
1.2585¢t
125G 3¢
l1.20C1lE
l.26CY¢E
le2613E
1.2613¢F
l.26171E
le2721E
l.2774c
1.2832¢
1.2853E
1.2950¢c
1.33C4c
1.3014c
1.3024E
1.3034¢E
le3U44¢€
1.3Ub4E
1.3063¢E
1.3073E
1.3082c
1.3091¢E
lesliClE
l.311uc
leslllE
1.3118¢
1.3127E
1.3135¢€
le3l44c
1.3152¢E
1.31¢€0E
l.31lé5ck
1.3177€
1.3185¢E
1.31S3E

G

03
03
03
03
03
u3
03
03
03
G3
03
03
03
03
03
03
a3
03
03
Q3
05
a3
03
Q3
03
03
03
03
a3
03
03
03
03
03
03
03
J3
03
G3
03

I CN
6
lolo27t
lelu2st
l.1461c
l.1870E
1.1878¢E
1.19C7E
lelSlnE
1.1526¢
1.1%40E
1.1945E&
1.1951E
1.2010E
1.2077¢
1.2141¢
1.22C7¢
1.2275¢E
1.2335E
1.24CsE
1.2415E
l.24206E
L2435k
1c24"(iE
1.2459¢t
le247Ck
l.2480c
l.2491¢
1.25C1E
l.2511E
l.2520E
1.2522E
1.253C¢E
1.2535¢
le22456E
1.2557E
1.25€6E
1.2575¢
l.2585E
l1.25G4c
1.26(4E
1.26l4E

03
a3
03
03
03
03
U3
03
C3
C3
G3
c3
c3
J3
03
a3
U3
Js
V3
03
03
J3
U3
03
G3
93
G3
J3
03
Q3
C3
03
Q3
03
03
C3
C3
g3
03
03

BCUNUARY

1.1096€E 03
1.11C05E 03
1.1162E 03
1.1174E 03
lells7E O3
l.1225€ 03
1.1236& 03
1.12528 03
lel26&c 03
1.1272€E 43
1.12866GE 03
1.1355E U3
1.1427E 33
l1.15G62€ 03
lalb7€E 03
Le165CE 03
1.1723c 03
1.1798c U3
l.1211lc 03
l.1324z 03
l.183¢€éc U3
l.1v48E O3
1.1059E 03
l.1871tc 03
1.1682E€ 03
11893 03
1.1504E 93
l1.151¢t 03
l.1525E 03
l.1526t 03
1.1934E 03
l.1544€ 03
1.1654E 03
l.1lS04E 03
1.1674z 03
1.1985E 03
1.19585E 03
1.2CC6E 03
l.2GCl7ec 03
1.2029c u3

CLAD
1.0963c
1.0974C
1.1036c
l.1048¢c
l.1061E
l.1102c
1.1115c
1.1126c
lall43z
l1.1150¢
1.ll58c
l.1234c
1.1309c
l.1385%
l.l4b0t
1.1535¢
l.1€10c
lelbgouz
1.1699z
lel712c
1.1724E
1.1737¢
lel1748E
1 . 170\)5
l.1771¢t
1.1782:=
l.1793c
l1.1604=
1.131l4E
l.1815¢E
l1.1824¢
1.1833E
l1.1844E
L.1ls54¢
1.1864¢
l.1875=
l.1866¢c
1.1897E
1.1909¢
l.1920¢c

03
03
g3
03
03
03
g3
03
03
03
U3
Cc3
03
C3
03
03
J3
a3
03
U3
03
03
g3
03
03

03
G3
03
03
03
G3
03
Q3
03
03
c3
03
a3

STRUCTURE
1.0595E
1.0701E
1.0757€
1.0770¢
1.0783E
1.0c824¢E
1.0339¢E
1.0354E
l.0368E
1+C375E
1.04384c
l.09b0C
1.1042E
1.1121€E
1.1201k
l.1281¢k
1.1355€E
l.1434E
l. 1449¢
l.1462E
l.1476¢
1.148%E
1.1501E
1.1513€E
l. 1526E
l.1537¢
1.1549E
l.156CE
lal>71E
1.1572E
1.1582E
1.1592E
1.1602¢E
l.1613¢t
1.1623E
l.1634E
l.1645€
l.12555E
1.0 106’5E
l. 1575t

03
03
Cc3
03
C3
03
03
C3
03
03
03
u3
03
03
03
03
23
23
03
03
G3
03
03
03
C3
03
03
03
03
03
03
03
03
03
03
03
Q3
03
03
03

AVERAGE
1.2535E
1.2537F
1L.2559¢
l.2565E€
1.2571¢
le2b592F
1.20600¢%
1.25603E
Le25610E
1.2620E
1.26025E
le2077k
l.27238¢t
1.27380¢€
1.2837E
1.28986E
1.2955€
1.3010E
l«3020E
1.3030E
1.3039¢
l.304SE
1. 305%¢€
1.3066¢
1.307¢cc
1.30&E7E
lo j\)ng
1.3105¢
Le3114ak
1.3115¢
le3123E
l.3131€
1.31362
1.3148E
lo leUE
lLe3165E
l.3173E
l.3181€
1.3190¢
l.3198E

03
03
03
23
33
03
03
03
03
J3
03
03
J3
Q3
g3

¢3
03
03
23
073
03
03
Q3
03
03
03
03
03
03
03
93
03
03
03
03
g3
Q3
03
03



LT~1

TIME

0'
017750
0e553875
002125
O.0E375
C.36b1>
033125
Cav937>
l.Ub025
levbols
lolZZ)U
1.4G750
1.6425\1
2e 17250
2e52 15U
2.51999
3.29749
3003999y
3.7C24%
3. 16496
3214y
3.806999
3.95249
44C0l4Yyy
beufilay
4413699
44202469
4.,2€496G
443¢749
443349y
4438959
4e4529Y
4453149y
44957749
4463996
4,7C249
4.76459y
LoercceT14S
4ed0 299
4495246

CENTER
1.3015¢t
l«3L56E
le3LutE
105058!:
l.30Lv0E
le3CSut
le3lCCt
l.31u3t
LesdlC 1/t
ls31Lst
le311iCt
le3140E
l.3177¢
1e321Sc
la3271E
le3dZ23vr
1.3359¢€
l.345¢cc
1.3466Sc
l.340Cc
Le 3490
l«35ult
Le30lde
Le4523€
la3555¢t
le354ck
lesonic
le3dbosxc
1.357%c
le3nsCt
Le3960c
ledc6llc
l.3613¢E
le3d0l4t
l.3635€
las64ack
le3€n0L
Le3661TC
le36705tL
leldocSe

03

G3

C3

C
2

1.25S5E
1.25SCE
12554t
1.2567¢
1.£6CCE
1.2613¢t
l.2¢148t
l.2624t
lal&3lc
l1e2€24E
lectsstE
lec6BEE
l.2733¢c
1.276 3¢
l1.2858¢
1.2943¢c
1.3Cu4E
l.3CceSE
1.3Ct1E
= 2CS3E
1.21L5¢c
«2118€E
1.213Cc
la3lalt
« 3154t
le31lE7c
l.3176Lt
Le21v1t
l.32L3E
le3zt 4t
1a221¢cE
l.3227¢
l.3238E
1.225¢t
le32€2E
1.321713E
l.22b4t
1.22G65E
led3Cék
l.231lac

t

3
U3
03
03
03
Us
03
U3
L3
Cc3
03
c3
J3
Cs
03
03
J3
u3l
U3
J3
U3
03
Js
J3

N
7

J3
g3
g3
C3
C3
03
03
Cs3
03
03
c3
a3
U3
J3
g3

X

AVERAGE CHANNEL TeMPERATURES - CtX
AXIAL PUSITIGN o
REGICN

4
1.21&5¢k
1.2168E
l.2183E
1.21843¢
l1.21G4¢k
le221€E
l.2225E
1.2234¢t
l.2243¢k
1.22448¢t
l.2254E
1.2317¢
1.238ut
le2445c
l.2520E
1.20ClE
l.2077E
l.2748¢E
le27¢2E
l.<7175E
1.2780E
l.20C2¢c
le2b15E
l.2828¢c
l.2541E
l.2554¢
l.20€7E
l.2817vE
1.2892E
1.2893¢c
1.29C4¢&
1.2G16E
1.29206E
1.2940E
1.2952¢
1.29¢€3¢€
1.2975¢
1.2986¢
l.2998E
1.3010¢k

03
03
03
03
03
a3
03
(V)
03
03
03
03
03
03
03
J3
03
03
03
03
03
03
(OF)
03
V)
J3
03
03
93
03
03
J3
J3
03
U3
U3
03
03
u3
J3

o
1.1736¢
l.1741E
1.1775E
l.1784E
l.1763¢
1.13825E
1.1337E
1.1345¢€
l.1l0¢2E
leloébt
lels?5c
1.1952E
1.2025¢E
1.21C2E
le2l04c
1.22170E
1.2350¢E
1.2429t
leda44c
1.2458¢
l.2473¢c
1.2487E
1.25C1¢&
le2o14E
le2520¢C
le254lcC
12554k
1.25€7E
l.2560E
1.2>82E
10259."C
l.26C5E
l.2617¢
10&029E
l.2641E
1.2053€
l.20c5L
le2677E
1020595
1.27Clt

J3
03
03
03
g3
03
u3
03
J3
03
03
3
03
03
a3
G3
03
C3
03
GC3
Cc3
03
03
U3
u3
G3
03
03
03
J3
03
33
33
03
03
03
J3
03
03
03

3LUNDARY

1.1304E 03
1.1312€ u3
1.1371E 03
1.1383€ 03
1l.13$7€ 03
l.1440E 03
1.1455E G3
l.1470t U3
1.1485E 03
le14G3E 03
l.1502E 03
L.158%9t 03
l.1673€ 03
1.1760E 03
1l.1848€ 03
1.1533 03
1.¢045= 03
1.2112€8 03
1.2127€ 03
le2143c U3
l.2157& 03
1.2172E 03
l.21l06E 03
1.2200c 03
1.2214E 03
le2228t 023
1.2241E 03
le2254F V3
1l.22¢7E 03
l.22068E 03
142276t 03
1.2291€E 933
le2304E 03
1l.2316E U3
1.23¢8E 03
l.234lEt U3
12353t 03
l.2306c 03
1.2279c 03
1.2383c 03

CLAD
1.1225E
1.1234E
1.1268=
le1311c
1.1325¢
1.1370¢&
1.1386¢t
l.1401¢t
1.1417¢
l.1425¢
l.1454C
1.1523¢
1.160%9t
1.16G7¢
l1.1786¢E
1.1877¢
10190":
1.2053=
1.2068¢
1.2084¢c
1.2G699<
1.2113€
1.2128¢k
1.2142¢
1a2156¢2
1.21069E
1.21383¢
1.2156z
1.2208€
1.22106¢
12221
1.2233¢
1.2245c
1.2257¢
1.2270¢
l1.22%2c
1.2295¢
1.23C8¢&
1.2322E
1.2335¢

STRUCTURE
1.1065E
1.1070€
l1.1126E
1.1137E
1.1153E
l.1199E
1.1215¢€
1.1231€
1.1248¢E
1.1256E
le 1265E
l.1361E
l.1445E
l1.1539¢c
l.1632c
1.1727¢
1.1315€
1.1704¢t
1.1920€
1.1930E
1.1352¢€
l.1367E
1.1982¢
1.19G67¢
l.2311E
l1.2J26E
1.2039E
1.2053E
1.2066E
1.2964E
1.2U7SE
1.2092€E
1.2104E
l.2117E
1.2129¢
1.2142E
1.2154€E
1.2167¢€
1.2181€
le2194t

03

03
03
03
03
03
03
(VF]

J3
03
23
03
Jg3
03
03
03
03
03
C3
03
C3
03
03
03
03
03
03
03
Cc3
03
03
03
03
03
03
03
03
03

AVEFAGE
l.2166E
l.2168¢t
1.2190¢c
l.219s5¢E
1.2203E
1.2225E
1.2234E
1.2243E
1.2253E
1.2257¢
1.2263E
1.2325E
1.2387¢t
le2453E
le2520E
l.25U0E
l.2082¢t
le2754c
1.2767E
L« 2780E
1.2794¢€
1.2807¢E
1l.2320¢€
1.2333¢
1.20455
le2850¢
1.2871E
1.2383E
1.23896E
1.2897E
1.2908€E
1. 29¢0E
1.2932E
l.2943€
1.2955€
1.2967¢
1.2978E
1l.299UE
1.3002E
l«301«E



RT-d

TimMt

O.
017750
Uabb8175
Q.02125
0.0d373
0.56875
0.531¢5
Ue 7"."73
1-05025
1.C8625
lel225u
lau9750
100‘1250
221725V
2452150
2-Sl7gg
3426749
363995
3270249
3.7649Y
3.82749
300999
3.9524%
4.01499
4.01749
4,13999
4,20249
4026499
4,32749
44332499
4,3899Y
4445246
4.51499
4.,57749
4463999
4,70249
4476439
4.02149
4,38999
44395249

CENTER
L 2756GE
lcd"l"t
le26Gb1EL
Le2%b1lc
Le2951
l-dgbUE
lLeldY4b0ocC
le2%4 1t
le¢S45¢L
Le2S44E
le 2943t
loZS(EE
lecdul3c
le2t76E
le2vaSe
te2t1l4L
L.27175¢c
l.274¢cc
le274CE
1.2724c
la2720E
l.d?CaE
l.271€c
l.271¢0CE
1.270C3E
l.2667C
1l.2cS1lt
Le2¢cbE
10207‘21:
l.2¢7¢tc
lecoi3t
l.2¢ccTcE
l.Z00UE
1;2(—5‘0[:
l.2648¢c
l.ct4le
l.<c3¢cE
l.263GE
lelGent
l.2618t

u32
e3
U3

FUEL

2
l-LSSot
1.1683¢
l.1G07E
lalSclc
1.191:7:
lalSoot
1.1GE5E
lelSbut
lelSbecr
la1682E
lalSoll
l.16¢7¢c
lelGs51E
1.1633¢
1.151GE
leltbakE
lelosTE
l.lE&s3E
lelteSe
lelvlat
1.182C¢t
lal&l5E
lelellt
l.leCo6E
l.1l8ulE
l.1767¢
1.1762¢E
lo1757E
la1753¢E
lel?52E
l.17748¢€
11773t
L.17€69¢
1-17041_:
le175SE
l.178%k
1.17:20¢c
l.l746t
lel741c
11727¢€

03
03
03
U3
03
U3
03
Q3
U3
03
u3
33
J3
03
U3
Cs
u3
Js
usa
J3
J3
03
03
J3
Q3
03
J3
o3
Q3
VE
03
J3
U3

HOT CHANNEL TcMPERATULRES - FUEL
AXIaL PCSITICN

RAUILS
4
lelliot
1.1172¢c
1.1172¢€
la117¢c
1.1172¢
lell 72t
l1.1171E
le1171E
le117ut
lel1€9E
1.11€9¢c
le11¢0E
l.1143€
lel130c
lellcut
l1.11Clc
leludlt
1« 1UE5E
iellc2t
1.1C59¢
le lUbOE
1.1052¢c
lelU49E
1.1046E
1.1042E
l.1luv39¢t
1.1036¢E
lelu32c
1.10629¢E
1.1023¢E
1.1025¢
l.1022t
1.1018¢E
l.1Ul>E
1.1014E
1.10C9¢E
1.10C>¢k
1.10C2¢k
L.U9G9E
vaQGOE

03
03
03
U3
us3
03
03
v3
03
v3
03
03
03
03
a3
NE
U3
03
03
U3
03
03
g3
03
03
03
U3
03
03
03
03
03
03
03
03
J3
03
g3
J3
03

NUMB R
6
l1.G343¢E
1.034CE
1.0342E
leU342E
1.0343¢€
1.0343¢c
l.0344¢€
1.0343c
1.0.‘5’13C
l.0343E
l.us43t
l.U335¢t
l.0332E
1.0320¢c
leU317E
l1.03CoE
1.0295¢
1.3286E
l.0204E
l.02852¢c
1.0280¢t
1.02175€
1.J2106E
1.0274E
l.0272¢
1.0270t
1.02¢6c
1.02¢06E
l1.02¢€4¢E
leu2c4t
1.02€2¢
l.G2€0E
1.0258E
lo\)ZBOt
1.0254¢t
1.0252¢E
1.0250¢t
l.0243E
l.3246¢c
leGl44c

g3
03
Q3
03
03
03
03
03
03
03
g3
J3
J3
03
U3
03
v3
03
U3
U3
03
03
C3
03
03
g3
U3
03
Q3
03
03
u3
C3
g3
U3
U3
J3
03
23
U3

SBGUNCARY
9.49CT¢E
Y4 1178L
J.5042E
J.4HTBE
9.50148¢t
3.4933¢c
9.5327¢c
F.4957E
J.5C026¢E
Je4559¢
J.5032¢t
J.o0LTE
9.5012{:
9.5013¢
J.4988¢€
9.4957:
9.4G01c
9.4913¢L
F.453Ck
Je45u5E
9.4919c
Je4393¢c
Je4Y9LTE
S.4802C
Ye4895cC
Jeb4siCc
S.4802E
Y44358E
Ye4308E
Je4807E
Y.4843E
9.43854L
J.4330¢E
Je4842C
9.4819¢
J.4832C
F43U9E
F.4323z
9.4301¢E
F.4815¢

a2
02
u2
02
u2
02
U2l
J2
u2
02
V2
vl
Q2
Q2
02
02
02
02
J2
(VP4
Jl
J2

U2
92
32
02
J2
02
02
a2
Q2
a2
2
32
a2
u2
Je
92
02

CLAD
9.2048z
9.2076E
G.2C87¢
9.21262
S.2112:
G.21b7c
9.214Gk
Ge2170:
G5.2165¢
9.2180¢
9.2171%
G.2196k
9.2225E
$.2243E
G.2252c
9.2252E
G.2255cC
99,2272z
9.2268¢
G.22172¢
Ge2267E
G9.22170E
G.22652
q.ZZOBE
9.2263F
G.2255¢
Ge2200c
9.2202E
3.2255E
9.2256%
94225562
9.22>1E
9.2253F
Fe2249E
Ge2201c
9.2248¢
9.2251E
G.2249¢
Sell203c
9.2251¢

CuOLANT
Be.HoT4E
3.6K/01€
E.66T71E
8.6081E
B.65694E
deo73Ut
3.6742E
3.6702E
3.6764E
3.6763E
3.67T75E
Be6333E
3.60923E
2d.6957E
8.7J10E
B.TU64E
3.7131E
2.7187E
3.7197¢
3.7207€
3.7215€
3.7223¢C
3.7231¢
3.7235¢
3.7247E
83.7255E
8.7202E
de120tcx
3.7274E
S3.7274F€
3.7281¢c
3. 7285t
3.724%7E
Soe 7305E
BeT31l4E
3.7323¢E
3.7333E
3.7343E
3.7353E
de 7364k

02
02
02
02
2
02
02
02
02
02
a2
J2
02
02
02
g2
02
02
62
Q2
G2
02
ul
Q2
02
02
02
Ge
L2
02
c2
32
ad
02
02
C2
02
Q2
Cce
J?

AVEKAGE
l.1167¢
lello7c
1.1172€C
1.1172€
le1173E
l.1172c
1.1172¢
l1.1171E
l.1171€E
l.1170E
1.117UE
l.1161E
1.1150E
1.1137€
l.1122c
1.1103E
l.1U84E
l.lo67¢t
l1.1064E
1.1061F
l1.1758¢
1.1)54¢t
1. 1U51€E
1L.1048¢
1. lU44E
1.1241€
l.1235¢c
l.1734¢€
l.lul3lc
l.1331€E
1.12206E
1.1024¢

PR
l.1lul3E
L.1314€
leld1l1le
l.1Judc
l.190>5c
l.1u0lE
L. uSs93ct

J3
03
o3
03
C3
c3
03
03
23
03
o3
23
c3
03
03
03
03
u3
03
03
03
03
03
23
03

N
v

03
¢3
03
23
03
23
33
J3
J3
03
03
a3
3

3


file:///AIUR65

6T-4

TIMe

0.
Del7750
Ue5581>
0e.02125
0.08375
0.86875
U.93125
0.99375
1.05825
1.08625
lo12250
146750
l.c4250
2.17250
2492750
2451999
3.26749
3.¢3996
3.7024S
3.7€49%
3.8274y
3.28899Y
3.55249
4o.Ulavy
4oulT4y
4413999
4,20249
bel€649Y
4.32749
4433499
4438999
4.45249
4451499
407749
4,03596
4.70249
4476499
4.8274Yy
4.80999
4495249

CENTER
l.5751¢€
le5S43¢c
15562t
1+56%3¢k
Le5664L
1.55%4¢L
la2%S$3E
1.9961lE
L.o2SSLE
1.56¢9¢
l.5S08E
1.567Ct
le D944E
l.2614t
l.587dk
le5034t
1.5745%¢t
l.574¢E
Leb73%k
la5731E
l.5724E
l.571ct
l.>7CBE
l.57CCE
leno%ct
l.%o0tbt
1.5077E
l<50cSE
l.26¢clt
len6cCE
lén6bH3E
l1.5045¢E
l.o6317E
lene 25t
len&celtE
l.56142c
lebel4c
l.ob5G€ELE
le55c0t
le35clt

G4

FUEL

2
1.4453¢E
l.4472€
1.44862E
le4483t
l.4484c
l.44806¢L
l.e44c6E
le4485E
l.4485E
la44s4t
l.44b4E
l.4473E
1.4456E
le4437E
l.4413E
l.43¢c2c
l1.4350¢E
le432lc
l1.4316€E
l.4311E
l.43C6¢k
l.43Cut
l.4255C
1.4289¢k
l.42t4t
l.42178E
l.4272¢E
l.42€7E
l.42¢t1E
1.426CE
1.4255t
1.4249€E
l.4243¢c
le423BE
l.4232¢
l1.4226¢E
l.4220E
le4214E
1.42C8¢t
l.42C3¢

3
Cc3
03
03
03
03
G3
c3
C3
c3
G3
03
G3
Cc3
03
J3
03
03
03
(V)
g3
03
u3
03
03
C3
03
g3
03
03
03
03
c3
VE
c3
(V)
C3
Cc3
03
03

HOT CHANNEL TEMPERATURES - FUEL
AXIAL PGSITIGN 2

RACIUS
4
1.3168E
1.3186t
1.3192¢
1.3134¢t
1.316G6E
1.3169¢E
1.32CUE
1.3201E
l.32C1E
1.3201¢t
l1.32C2¢E
le.3198E
l.31873¢t
1.3180¢E
leslésE
le314a7E
1.3127€
1.311GE
1.31C7¢
l.3104E
1.31Cle
1.3097¢
1.3064¢
l.30U%90¢t
1.3087¢t
1.30483E
1.3079E
1.3070k
l.3072¢
1.3071¢€
l.3068E
la30€4E
1.30¢0¢k
1.3050¢k
1.3052¢k
1.3045E
l.3045c
1.3041E
1.3037¢
l.3034E

NUMBER
6
1.1859¢E
l1.1854E
1.1867E
l.1860E
L.1871¢
1.1376¢
1.1379E
l.1360E
1.1382¢€
l.1382E
l.1384t
1. 1880t
1.1589¢E
l1.1889¢
l.1880E
l.1879¢t
l.1873¢€
le10€9E
l.1s6bE
1.18¢7¢
l- 1066&
l.18¢4E
lelgesE
l.18¢61¢E
1.158¢0E
l.1558¢E
1.1857¢
1. 1355¢€
l.1853¢
l.1853¢
l«1851E
le1850E
1.1847¢
l.1l840cC
l.1844¢E
1.1343¢E
le1841€E
1.1840E
l.183st
l.1837¢

03
03
03
03
03
g3
03
g3
a3
03
03
03
U3
03
03
03
C3
03
03
03
03
03
03
a3
a3
03
a3
03
U3
03
03
03
03
03
C3
03
03
03
u3
G3

BCUNDARY
l.u46E
l.04438¢t
1.0530¢t
1.0470CE
l.05¢4E
L.u4a92E
1.0531E
1.05G4¢
1.0532¢
1.C507¢€
L.0535¢
l.U539¢
1.054GE
1.0561E
1.0568¢
1.0574c
1.0585¢€
1.0589¢E
1.0596¢
1.05G62¢

1.0598E

1.0594¢
1.0599E
1.0595¢
1.0601¢
1.C5G7E
l.C602E
1.0598¢
l.u6G2E
1.0600c
1.G598E
1.06G03E
1.059GE
1.06C4E
l1.ubC1lE
1.060C5E
l.0602E
1.0607E
l.0004c
1.061CE

CLAD
9.9967¢%
1.0006E
1.0014E
1.0028¢t
1.0023¢
1.0042¢
1.0039¢
1.0C047¢
1.0046¢c
1.0052¢
1.0050€¢
1.0067¢
1.J083¢c
1.0093¢
l.01l11¢€
1.0122¢
1.0135E
1.0149¢
1.0151E€
1.3153¢
1.0154%
1.01502
1.J157¢
1.0160¢
1.0160¢
l.0162c
1,0163:
LeO1lb5E
L«0165E
1.0166¢
l1.0l67c
l.0167&
1.0169¢&
1.0170:=
1.0172=
1.0173¢
1.0176¢&
1.0177¢
1.01E0¢c
1.0181E

COGLANT
9.,0787¢
9.0873E
9.1121E
9.1161E
9.1207¢€
9.1335E
9.1379E
9.1418¢E
9.146Q0F
9.1477¢€
9.1502€
S.1713€
3.1945E
9.2164E
3.2363E
9.2503E
3.2300E
9.3917€
9.3052¢E
9.3083E
3.3112E
S.3142E
9.3173E
9.3203¢
F.3232E
J.3260E
9.3289E
3.3312¢€
9.3334€
9.3336E
9.3360¢t
3.3388€E
9.3417E
9.3447E
9.3479E
9.3512¢€
9.3346E
Je3583¢E
5.3019E
9.3657E

AVERAGE
l.316GE
l.3169¢€
l.3184E
1.3184E
l.3187€
1.3190€
1.3192¢
1.3192¢
1.3193¢
1.3192¢
1.3154E
1.31%0E
1.3162€
1.3173E
l.3159€
1.3140E
le3121E
1.3105€
l.3102€E
l.30399¢
1.3096E
1.3392¢
L.3J8%¢c
l.3385¢
1.3082¢
1.3078E
1.3074€
L3371t
1.3067¢€
1.3066E
l.3J63%
1.3059¢
1.3055E
1.3052¢
1.3048¢
1.3044¢t
1.3040E
1.3037¢€
1.3033E
l.3030€

03

03
03
03
03
03
03
03
03
03
03
23
93
03
03
03
03
U3
03
g3

03
03

03
03
Q3
o3
03
J3
03
03
03
03
03
03
03
a3
J3



0c-&

TIive

C.
Cel7750u
UeESuTH
Oecllis
Uebb37>5
O.8687>
Uev3125
Ca29375
l.ub02o
levto2b
1.12250
149750
leB84s50
2417250
2e3215u
Z2ev199Yy
3.2974Y
3.83996%
310249
3elEuyy
3e0lT4v
3e0099Y
3e9924y
4,.0]149y
GeUT T4y
4413699
LAWY
4.2¢c45y
4.32149
4o 33499
4030999y
4.45249
4.5149Y
4457749
becivv9
4470249
4470459
boeldT4Yy
4.c0959
4.9524y

CENTER
L.70SZE
le70lbE
L.7874c
L.7277c
l.7070E
l.78blt
lefrtlc
l.7v05lt
le7bolL
lelotlE
LeTeclE
le7072E
lelovac
le7o32c
l.7005¢c
le 7770k
L.7731E
Le{cSS5E
lefetct
lo7colt
le7cibc
leltcsSe
LefctsE
l.7¢co¢E
le7couL
le7643c
tefoocet
l.foc¢Y5cE
leTbe3t
le7022k
la7¢lec
l.7cL5t
le70ClE
le75%4t
l.750b 1L
LeI21SE
lef51ct
le75c4c
1.7557t
le755Cct

U3

(@]
[v8

L")

CoLcocoooococaoCcoc

O N B P U N O O ¥ W SN YV I S SUR VU V'S

. OO C OC
W uw W

~

8

c3
v3
L
C3
(V]
(V]
v3
c2
(VIS }
c2
U3
U2
3
U3
C3

<
W

< C
W W

FUEL

2
l.olilot
l.oC%3¢t
leolCsE
leclllE
le€clli3c
l.612CEt
l.clZ2E
laolc3t
lecli28t
lecllec
le€lcer
leclloc
le€ll1t
le€113c
lablttic
letloblE
lac(b7E
lecC2sc
l.ol 24t
lec21t
leolCeot
leblcuc
lec(eCt
1.cClck
leculcE
lect(tE
lacCCat
l1.eCCCE
l-ﬁg"CE
Le9555¢C
1.96%1c
L e2Su7tL
le2Sc2t
l.5677¢t
1.25673E
1.0668E
1.56¢3c
1.5655¢t
15654t
1.5645¢c

03
03
C3
C3
Q3
03
U3
U3
J3
U3
G3
w3
[V
03
NE
G3
U3
U3
Q3
J3
Ji3
C3
U3
v3
C3
u3
(V)
03
Qs
U3
o3
J3
03
03
u3
C3
03
J3
a3
us

HOT CHANNEL TeMPERATURES - FUEL
AXIalL POSITIUN 3

KADILS
4
l.4554L
l.4540UE
L.45%4¢E
le459S8E
1.46C2E
le4ollt
la4oléE
1l.4619E
levoclE
lewoc3t
l.4025¢E
l.4036¢L
le4o4it
l.4oc 44t
l.4043¢t
l.4030t
1.‘102":
loea46?dnE
leavcat
le40 23
letb 22t
la4bcltE
le4616¢L
le4blotE
l.4olot
le4ol4at
le4ollE
le461Ct
l.40CS%¢€E
l.4o0C3¢c
l.a6Cout
leauCatE
l.abClE
l.4555k
le45ST7L
le45G4t
le45G2E
1.4550¢k
l1.45&3€
l.4538¢cE

03
C3
Q3
03
03
03
03
03
03
03
VE)
03
U3
U3
U3
Q3
U3
03
G3
u3
03
03
03
03
0>
03
03
03
G3
V5-)
03
U3
03
J3
03
03
03
03
G3
Q3

NUMBER
o
1.3014E
1. 30C6E
1.3035¢E
1.3031t
1.3044€
1.305¢2¢E
1.30¢4¢€
1.30e¢3c
1.3073¢
l.30170¢E
1.3076E
1.3067¢
LedllionE
1.3130¢E
l.3143¢€
l.3152¢
l.31€0t
1.3171¢c
l.3174¢E
l.3175¢
l.3177¢
l1.3177€
1.3179¢€
1.3179¢c
1. 3180E
l.318uE
l.31L81E
l.318lc
1.3162¢€
1.3182E
l.31ltlc
l.3182¢
1.3182E
1.31b2¢E
l.31b2¢t
l.3183E
l.31l83c
l.3184E
13184t
le3loot

03
03
Q3
03
03
03
03
03
03
c3
03
03
03
J3
03
G3
03
03
U3
C3
J3
a3
J3
03
C3
03
03
C3
03
3
C3
u3
03
C3
03
G3
Cc3
G3
03
(VE)

SLUNCARY
L.1371€
1.1320¢c
1.1506¢t
l.13¢28E
l.1496c
l.1267€
1.1515€E
1.1399¢
l.1512E
l.1l400uE
1.152Ct
1.1517E
1.1536¢
l.15066¢&
1.155G¢E
l.1l0l3c
l.1649t
l.lob4cE
lelé6dlc
1.1073E
l.loo0GE
l.loglc
l.1ecG5¢E
l.16b8c
1.1702E
1.1655¢
l.1708E
1.1701¢t
l.1714€
1.1708%
1.1706¢c
l.1719¢c
1.1712¢
1.1724¢
l.1718¢c
l1.1731¢
1.1725€
l.1738¢t
l.1733¢c
l.1746E

U3
03
C3
43
03

03
J3
uv3
J3
u3
03
Q3
U3
J3
a3
J3
03
G3
g3
23
J3
03
03
03
J3
I3
J3
J3
g3
J3
J3
33
03
J3
03
23
J3
03
J3

CLAD
1.07385¢c
l.u802c
1.0813¢
1.J852¢
1.0832c
1.0880:=
1.08063E
1.0892E
1.0880€E
1.0903¢
1.0807c
1.0930C
1.0963:Z
1.1002¢E
l.10306c
1.1066E
1.1097¢
lells3e
l.1136E
l.1ll44c
lell46E
l.1153¢
l.1155¢
lellb2E
l.1lo4c
1.1170¢
lell722
l.1178¢c
1.1179¢c
l.1181lE
l.1185¢E
lelldoe
1«1192E
l.1194€
1.1200¢
1.1203e
1.1209¢
l.1212E
1.1216¢c
i.1222¢

g3
03

J3
Q03
g3
03
03
03

03
03
03
03
J3

J3
U3
03
03
03
03
J3
J3
03
G3
03

g3
Q3
03
93
02
U3
03
03
03
03
U3
J3

COOLANT
9. 6648E
. 6794E
G.7269¢
Ga7342E
9. 7436E
9. 7684E
S.TT175E
9. 7350E
9.7337E
9.7968¢
J.3021E
9.8445E
9.3705¢€
9.5340¢€
9.9745¢€
1.0015€
1.0061E
1.0105¢
1.0112¢
1.0118€E
l.0124E
1.0131¢
1.0137¢€
l.0143E
1.0143E
l.0lb5E
1.0160E
1.0166E
1.0170¢€
l.Cl71E
1.0175€
1.0181E
1.0187E
1.C193€
1.0199€
1.0205E
l.0212¢
1.0219€
L.C22¢é¢E
1.02133¢

02
02
Q2
02
02
02
02
u2
02
02
02
02
02
02
02
03
03
03
03
03
03
23
u3
03
03
03
03
03
a3
03
a3
03
03
03

03
03
03
D3
03

AVERAGE
1.4555¢
l.4555E
1.4582¢€
l.4580F
l.4509E
l.4595E
1l.4604E
l.4002E
1040095
l. +607E
l.4nl13E
l.4025E
l.4628E
1.4632E
lewb32c
l.a4b206E
l.49ol9E
1.4615¢t
l.451l4cz
l.4613¢€
l.4ol2E
l.%0lle
l.4510E
1.‘03055
l1.4006E
lLe4nO4t
l.4603¢
l.4001¢E
1.4599:¢
1.4>99E
1.4567¢
1.4595E
1.4592F
1.4590¢
1.4587¢€
le+566E
l.4583E
lea40282¢t
1.4579¢E
l.4573E

03
03
a3
03
a3
03
03
03
03

a3
03
03
u3
93
03
U3
J3
23
03
03
33
03
J3
03
J3
J3
03
J3

33
03
J3
03
J3
03
J3

03
a3



Te~q

huT CHANNeL TcMPERATURES - FUEL
AXIAL POSITIUN 4

FLEL RACI LS NUMben

TiMc CENTER l 4 o SUUNUARY CLAD CJUCLANT AVERAGE

O. levls3ot U2 l.cbbeE 03 1.5184E 03 1.3630E O3 1.2015€ 03 1.1430c 03 1.0306GE 03 le5147E 03
Jal17750 lev36ck U3 lebbcCt 03 leb171k 03 1.3622E 03 1.1658E 03 1.1450E 33 l.G328t 03 1l.b1l47E 23
Ue 55875 l.b4al7t T3 1l.6600E 03 1.5151t 03 1le30e6t 03 1.2230E 03 l.l4o66c 03 1.0397E 03 1l.»2184€ 03
Vecllido lev4adtlt L3  lecéo3f 3 Le51G67€ U3 1l.3658c U3 1.1934c 03 1.1530z 03 1.0408€ 03 1.5179E 93
C.oe3dlo Led4cct U3 le.oboit O3 1.52C3E 03 1l.3080& 03 lec224E 33 1.1493c 03 1.0422E 03 1.5195c 03
Geocol> La84c¢5c U2 lecoSSe Co l.5221t 03 1l.365ut 03 1.1960E 33 1.1578E 03 1.0459E 03 1.5203= 03
(VIR ) leo4slt 2 l.o703c J3 le5228t 03 1.3715t 03 le2232c 03 1.15368 93 l.0473€ 03 1.5221c 03
CevG5T> led4ssc G2 lecilgE J3 1.5234E 05 1.37(9t 03 1l.2008E U3 1.1597c J3 1.0484E 03 1.5217€ 03
L.ubado leca3dbt 03 lec?i2l wus la524UE 03 1.3730c 03 le223uc 03 1.15032 23 1.049%98c 03 1.5233E 03
lavoteo lenazet €3 lecTlace o3 lebca3dr 02 1.3719€ U3 1.1591lc U3 1.1619% 03 1.0502c 03 1.5¢25& 03
leleeny leo4z7c o3 LeoTLlt Jo> 1.5247c U3 1e375%c 03 1.2257c 03 1.1573z 3 1.0511c 03 1.5239E 03
1e4G700 Leou4cz €2 laclz2of J> le22798 U3  1.3779€ C3 1l.2274E 03 1l.1647c 033 1.3>77E U3 l.5206%& 03
leoaldoo lec4d4ace 3 lecTbur vl 1.03C3E 03 1le.3cl4t G3 1.2288E 03 1l.1712c 23 le0%46E 03 1.45293& U3
calTdbdu techsle vZ  leclctt U3 149327c 93 1.3354f C3 1e232C 23 1l.1767¢ 03 1.0713€ 03 1l.>5313% 03
ce3¢inuU levus€t vz leo?iCc u3 Le2550c Us l.3gbosc O3 1.2273c 03 1.1829c 23 l.0776% 03 1.5340:z 03
de31596 leoaZbc L2 lecTl3c o3 leb3ost 03 le3¥2lc U3 le2409E U3 1le18u5= 33 leJs40Z 03 1.5358E 03
3ec5 79y Leo4clt vis  lecT13: C3 1.2381c CG3 1le33v4c 03 1.2522€ O l.1929= 03 l.3JC9E 03 1.5374t 03
3ec3vy9y leo3evyl U2 Lecl73c 03 le>5S0t 03 l.s3u3t C3 le2408:- 93 1.,2001z J3 1.0976t 03 1.5338¢c 03
370245 tecs3ct U3 Laudl4c o3 ls24Cle Us le3995c 03 le2276E U3 1.1957c u3 1.094875 03 1.5394c 03
3elcavyy Leu3cz2c L3 1e6774c T3 LeoaCee Us  Le3%542 J3 le¢nC8c 23 1.2019t 3 l.09G4E 03 1.5394E 03
seccT4> levsslc lec?794L O3 leb4CcE 03 1.40Csc o3 1.2536% 03 1.2015z 23 l.139¢€ 03 l.5400E 03
3.20955 leudToo las?75c us ledalSt U3 1.49C5& O3 1a2326c 93 1.2030z 33 1.1317E U3 1.24C0€ 03
3e%Dc4Y Lec3{dc l.c7?5c 32 leowelle U3 1le40l3c O3 le2601lz 03 1.20328 U3 L.1327c 03 1.5405= 03

leo774r 033 1.5414E 03 1.4014c J2 le2543z U3 1.2052c 353 1.1037E 03 1.5404€ 03
Lec?74t 23 leb4l6E U3 le4udlE U3 lagol3c J3 1.2049= 03 l.1ua6E 03 1.54U9E 03
leo774c us leb54l7c 3 1.4023c O3 1e2559=z 03 1.20672 J3 1.1355€ 03 1.5405t 03
lec773c 33 Leo4l5c U3 1.403uc C3 1.2€625c U3 1.2U04c J3 1.1065t 03 le5413c 933
leo7il2e 32 1.5421t u3 1.4031lc (3 le¢o74E 03 1.20381= C3 1.13738 33 1.541</E u3
lLeo?772c 23 l.2423E 05 l.4330E 03 Le¢nldec 33 1.2073z 03 l.10blE 03 l.541l6c 03
l.6772c G le5423c U3 1.4037c C3 1.26C%c u3 1.2084z 03 1.1382t U3 1.541l5t 03

Gauledy les375c
4d.ulT4y Le2d370c
4413599 lavisce i
SGoaduly lacicarn
GoelCuay Leg3clz
be32149 Leo3Dle
4o 33495 legsnicz

44358959 leadzac leo771k C2 le5424c 03 1.4039E 33 l.¢>87= 03 1.2094E C3 1.1039E 03 1l.54l%E 03
4aq42249 leosolt lea77Ce C3 le3425c 03 1.4945c 03 Le25462 03 1.2092t J3 l.1u972 G3  l.34lsc U3
4001499y lev3daldce leo7tvwE 03 le542cE 03 le4U4b5c 03 l.26UC0E 03 1.2107c 03 1.1106€ 03 1l.5«17& 03
4e51 14 leo3alc leo7cor J3 l.542¢68 Os  ll.4uble 03 Lecoo6c uy3 1.21006x C3 1.1115€ 03 1.5420E 03
4.¢c3996 leoczo5t Leo7EEE J3 1.5427€E U3 1.4052c C3 l.2513c 03 1.2122= 33 l.1124E 03 1.5+419& 03
4o7udus le0335¢t leo765c U3 le5420E 33 l.4Jb0E 03 lec¢éost o3 1.21218 233 l.1134€E 03 1.5422c 03

[UV AR UV I FYRR VST U I VRN S W U VRN UV I FUTE VU ¥ W U VI SR VY R VRN ¥V

Leolc3c us leS4c¢3t 03 1l.4329E 0o 1e2027c 33 1.2137& 33 le1l44z o lev+cle 33
leodell I3 le5430E G3 1l.40¢tof 03 Le26zlt J3 1.2137€ 23 l.1155%c O le5424C 03
leo7elc U3 15423l 03 l.4ve?c O3 1l.72043c u3 1.21532 33 1.1165c 33 l.5+2«F 03
Leo75cE IJ>5 1.5433c 03 l.4074c C> le2oS5c 13 1.2154c 33 lell76c 303 1.5427& 93

4aTcayy leo3dslct
4ell4S Led3ddtt
4.03899% leasi3dcle
44322465 l.o3lic

C CCCC CCCC we G CLCC e C 0

[V EVI V]



A

TIME

0.
0.17750
0.55875
0.62125
O.08375
0.86875
0.G3125
0.99375
1.050625
1.038025
1.12250
1.46750
1.34250
2617250
252150
2451399
3.29749
3.03999
3.7C2459
3. 76499
3.62749
3.3899%
3.55249
4.31499
4.07749
4.13999
4020249
4.26499
4432749
4, 33499
4,38999
4.45249
4451499
4.,57745
4.63999
4.,70249
4a 16499
4082749
4.38999
4095249

CENTEK
1.7331E
l.751¢E
1l.75¢CE
le7504E
l.75617¢E
l.7577¢
1.7581€
1.7585¢c
1.755CE
L7556«
L. 7555¢E
lLe76¢EE
Le765Ct
l.7671¢c
le765€k
le 7715t
1.7735c
1. 77"7[
l.774SGE
1.7752E
L. 7755¢
l.775EE
le77€¢1c
leT704k
la776€E
l.77665¢
L.7771¢
l.7774c
LeT77¢€¢E
La7777C
1.7779E
l-.77381¢c
l.77063E
1. 7704t
l.77E6E
1.7757E
l. 77068t
le776G¢t
l.77sCE
l.776Ckt

03
C3
03
03
03
c3
c32
v3
¢3
C3
u3
3

4
-

G3
Cs
C3
03
u3
G3
u3
G3
G3
03
03
03
G3
G2
03
g3
03
03
63
03
03
g3
G3
03
c3
G2

02

FUEL

-

Z
le61l2bE
1.61C3E
1.6121E
l.ollé&E
1.6121E
1.615CE
1.6156E
l.o0lé€3E
l.017Ct
l.0174c¢c
1.6178¢
l.0223¢€
le6226E
l.6255E
l.€323E
le6371E
lec4lCE
L6425
l.6433¢c
1.€436E
l.6444¢E
1.645CE
1.6455E
1l .64¢6CE
l.64€5E
1.647CE
1.6415E
1.64dCE
l.£484E
1.6485E
l.048693E
lab452t
l.64S6E
l1.65CCE
1.65C3E
1.65C7E
1.051CE
1.6513¢t
1.6516E
1.051GE

03
03
03
U3
03
C3
C3
03
g3
s
03
03
03
J3
U3
g3
03
u3
03
3
03
03
Qa3
03
03
03
03
03
03
03
03
03
G3
a3
03
03
03
03
03
a3

HUT CHANNEL TEMPERATURES = FUEL
AXIAL POSITION 5

RALILS
4
1.4385¢E
1l.4874E
l<48S3¢t
1.49C05¢
1.4513¢t
1.4934d¢
1.4947E
1.4957¢t
L+4966E
l.49171¢€
1.4977¢€
1.5032¢€
1.5C17SE
1.5128E
l1.5175E
l.52238¢
1.5265E
l.5311¢c
1.5319¢
1.5327¢
l.5335¢
1.5343E
1.5250CE
1.5357¢
1.53€4E
1.5311€E
1.5378E
1.5384¢E
1.5390¢
1l.53S1E
1.5396E
1.54C2¢
1.54C7E
l1.5413€
le5413E
1.5423E
1.5429¢E
1.5434¢
1.543GE
1.5445€

G3
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03

03
03
03
G3
a3
03

NUMBER
)
1.36C9¢E
1.36G3¢
1.3652¢
1.3649¢€
l.30671t
l.3691¢t
13718t
1.3715E
1.374Ct
1.3731¢
1.3753¢E
L.3317E
1.3874¢E
1.3938E
1.3967E
1.4057E
1.4121E
l.41¢€¢5E
1.419CE
l.4180E
l«4210E
l.42Cot
1.4229¢t
la4224F
la4247E
1.4242E
1l.4264E
1. 425GE
le4281E
le4274€
le4274E
l.42G6E
l.4289¢t
l1.4310¢
1l.43C3E
le4325E
l1.4318E
la434lE
le.4334E
1.4357E

03
03
03
03
Q3
03
a3
03
03
93
03
03
03
03
03
a3
G3
03
03
c3
Q3
03
03
a3
03
03
03
03
g3
03
03
03
c3
g3
03
G3
03
a3
C3
G3

BUUNCARY
1.2293F
1.2255¢E
1.2488¢E
1.2250¢€
1.2498¢E
1.2277E
1.258CE
1.2323E
1.2592¢E
1.2306¢
1.2615€
1.2624E
1.2654¢E
1.2762E
1.2775¢€
1.2817E
1.3059¢&
1.2872¢t
1.3153E
1.2899E
l.3176E
1.2924E
l.3198E
1.2847€
1.3219E
1.2369E
1.3241E
1.2990E
1.32061E
1.3114E
1.3008E
1.3281€
1.3025€E
1.3302¢€
1.3042E
l.3324E
1.3060E
L.3347€E
1.3078E
1.3373¢

CLAD
1.1813E
1.1830E
l.1867€E
1.1524¢€
1.1897€
1.1986L
1.1952E
1.2013¢
1.1984c
1.2042E
1.1999¢
1.2092E
1.2179¢E
1.2254¢
l.2343¢
1.2426E
1.2474E
1.25G97E
1.2505E
l.2624E
L.2591E
1.2648E
l.26l0E
1.2672¢€
l.2639¢
1.2695E
1.26062E
1.2717E
l.2682¢
1.2709¢€
1.2737€
1.2702E
1.2758E
1.2722E
1.2779¢
l.2743E
1.2801€
1.27065¢€
1.2825¢
1.2788¢E

COGLANT
1.0395E
1.0915E
l.C998E
1.1012€
l.1C29E
1. 1077E
l. l095E
l.1110E
1.1127E
1.1133€
l.1l44c
l.1231€
1.1319E
1.1408€
1.1492€
1. 1577E
1.1665¢E
1.1752€
1l.1768E
1.1781E
1.1796¢&
1.18C8BE
1.1823E
1.1334E
1.1349¢€
1.1860E
1. 1373E
1.1384¢E
1.1896E
1. 1896¢
1.1905E
1.1918E
l.1928E
le1941E
l.1952¢
1.1366E
1. 1977E
1.1992¢
1.2J004E
1.2020E

AVERAGE
l.4860E
l.4360¢
1.4898¢E
l.4896E
1.4913€
1.4929E
l.4943E
1.4948E
l.4967¢
1.4961E
L.4977E
1.5030¢E
1.5077E
1.5127E
l.>175E
1.5223E€
1.5272E
l.53GC5¢E
1.5323E€
1.5321E
1.5338¢
1.5336¢t
1.5353€E
1.5351€E
l.5367E
1.5365¢
1.5381E
1.537HE
1.5393E
1.5389E€
1.5390€
1.5405¢E
1.5401E
1.5416E
l.5412¢
1.5427E
1.5423¢
1.54338¢
1.5434%€E
1.5450¢



gc-d

TIME

Ue
0.1775¢C
0.55875
Je02125
UsE375
0.86875
Ue3312>
U.9%375
laJd50db
leuB625
1.1225u
leS750
l.0425u
e 17250
2e5215u
24491699
34251749
3.£3999
34710249
316499
3.82749
3.88999
3499249
4401499
4407749
4.13699
4.,20249
4.2649Y
4032749
4.3349Y
4038999
4.45249
4451499
4.57749
4.03999
4.7C24Y
4470499
4.852745
4.38G9Y
4495249

CENTEK
1.5231¢t
1.5343¢
l.b37LE
l.5373k
1.531706¢E
l.5348t
L5344k
Le24CCc
lesal7t
lepalit
lab4loke
l.54068E
1.052¢0LC
leoo71c
lLy26€31c
le20S7E
le2755¢C
Leboust
lebSolel
lendalcc
le563lc
lebu4lE
l.5851¢
1.5c6CE
ledb?0k
l.980(c
l.588%E
led0%Sc
l.560¢EE
l.»61cCe
1.5%lokt
1.5%27E
l.563¢k
la5%44c
1.5653E
l.5961E
l.25¢65¢:
le2S7¢6E
lebS04c
1.5661¢t

FUEL

2
l.4481t
l1.4466C
l.4456CE
le44ubt
1 e44S2E
l.4513E
l.4522E
14531k
1.4541E
la45406GE
l.455¢E
L.4¢€18E
l.4b80ukt
le4743E
l.4813¢
l.48bst
1.4GS53E
1.5C1l3E
1l.5Cc24ak
leoUl36C
1.5C47E
l.2C56G¢t
1.5U7CE
1.5CBlE
1.5063¢t
la51C4c

«5115€E
le5125E
l1.5136t
1.51327¢
l.5146E
1.5157E
1.51(:66
1.517¢E
1.5165¢k
1.5165¢€
1.52C4¢E
l.2213E
le5222E
l.5231¢

03
93
03
c3
03
J3
a3
G3
C3
G3
03
VE)
G3
L3
U3
v3
C3
03
03
03
C3
C3
C3
C3
03
03
03
03
03
J3
03
g3
03
G3
g3
J3
03
03
J3
03

HOT CHANWNEL TEMPERATURES - FUEL
AXIAL PUSITICN 6

RACILS
4
1.3714d¢c
1.3710E
1.3735E
1.3742¢t
1.3751¢t
1.3781¢
1.3792¢E
l.38C4E
l. 3816t
l.3822E
1.3829E
1.39C6E
1.3976t
1.4043GE
le4l27E
1.42C9¢t
le4232€
le43vlE
l.43€5E
l.4378¢L
1.43G1¢t
l.44C4E
les44lot
1.4429¢€
le444it
1-445jc
l.4465E
l.4477¢c
1.4489E
l.44SUE
1.45C00¢k
l.4511E
1.4522¢E
l.4532¢
l.4542¢
1.4553E
L.4563E
1.4573¢
l.4583¢c
1.4594E

03
03
03
03
03
03
03
03
03
03
03
03
03
03
03

a3
03
03
03
03
03
03
g3
03
03
03
03
03
U3
(VK]

03
05
Q3
C3
03
03
03
03

NUMBER
6
1.2941¢E
1.2933¢t
1.2984E
1.2989¢E
1.30Co6E
1.3036¢E
1.3058¢
l.3Ub6E
l.3066E
1.3087k
l1.31C1lE
1.3136E
1.32¢65E
1+3348E
l.3434€E
l.3522E
l.36C6E
l.3682¢c
1.37C0E
1.371¢E
1.3729E
1.374UE
1.3757¢t
1.37¢cok
1.3784€
1.37G4E
1.381lE
le3820E
le3836E
1.3835¢t
l.3845¢€
l«.38060¢
l.3d656¢
1.3883¢&
1.38G1€E
1.39C6E
l.3914E
1.3929E
1.3937¢L
1.3955E

03
a3
a3
03
03
03
Q3
03
g3
G3
03
03
93
g3

BOUNCARY
1.2150¢E
1.2133¢E
1.22717¢
l1.2175¢&
1.2295E
1.2228E
1.2365¢E
1.2270¢t
1.2350€
le2202E
l.2410E
lel475¢:
1.2549E
l.2651E
1.2727¢
le281l5E
L« 2G50E
1.2G74¢E
1.3058¢
13007k
1.3089E
l.3039¢E
1.3119¢t
1.306SE
l.3148¢
l«30G8E
1.3176¢
1.3126¢&
1.3203E
1.31l08E
1.3152E
1.3229¢€
1.3177¢
1.3254E
1.3202€E
1.3280€E
13227
1.3308¢t
1.3253E
L.3336¢€

03
03
03
03
Q3
03
03

03
03
03
a3
03
g3
03

03
03
03
u3
U3
03
03
03

03
03
a3
03
03

03
03
03
33
03
U3
J3
03
33

CLAD
l.1804E
1.1876E
1.1930€
1.1965¢&
l1.15602E
1.20630€
1.2027E
1.2063E
1.2063E
1.2091¢
1.2080€
1.2133€
1.2279€
l.2374E
1.2474E
1.2573¢
1.2659E
1.2765¢E
l.2770E
1.2798¢
1.28u3c
1.2829E
l.2834c
1.2860¢c
1.2863€
1.2889E&
1.2392¢&
1.2S17¢E
1.2920E
1.2927¢
1.2944¢
1.2946E
1.2970E
1.2972E
1.2996E
1.2998¢
1.3023E
1.3025¢c
1.3051¢c
1.3054€

COOLANT
l1.1317E
1.1333¢
l.1419E
l.1435E
l.1453E
1.1507¢
l.1526E
l.1544E
1.1563E
1.1572E
1.1583E
l1.1685€
1.1785¢
l.1886F
1.1987¢E
1.2088E
1.2188E
1.2288E
1.2306E
1.2323€
1.2340¢€
1.2350E
1.2372€
1.2387€
1.2402E€
1.2417E
1.2432€
1.2446E
1.2460¢t
l.2461€
1.2473E
1.2487E
1.2500E
1.2514€
1.2528¢
1.2542¢
1.2557¢
L.2>72€
1.2587¢
l. 2003E

AVERAGE
1.3708E
1. 37038€E
1.3741E
1.3745E€
l.3757E
1.3763E
1.3799¢
1.3806E
1.3822€
l.3824¢
1. 3835E
1.3910¢
1.3980F
1.4053E
1l.4131E
l.4212E
l.4287E
1.4355¢E
1.4370E
l.4381¢E
1.4396¢
1.4406E
1l.4421E
1.4431€
1.4446E
l1.4456E
L.4470€
1.4480E
1.4493€
1.4493E
1.4502E
1.4516E
1.4524F
1.4537E
1.4545€
l.4558€
le4566E
1.4578E
1.4586E
l.4599€

03
03
03
03
03

Q3
03
03
03
03
J3
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03
03

03
03
03
a3
03

03
03
03
03



te-4

TIME

0.
017750
0.55875
0.0212>
0.0837b
Cedbd >
Ue9312>
0.99517>
le3562>
l.J862>
1.12250
l. 49750
l.d4250
217250
245215V
251959
3.2%749
3.0399¢
3.7ul4y
376499
De32174Y
3. 8899Y
3459249
4.,0U149y
4.u,7749
4.13999
4.20249
4020499
4432749
4433499
443899y
4.45249
4401499
4e5774Yy
4453596
4.7024v
4o 70499
4.2149
4.8859Yy
4eG024Y

CENTER
l.1281E
l.1334c
lels?2t
le13 74t
lel37¢E
l.1380t
lel3blt
l-130UE
l.1381E
Lelstie
la13¢clE
l.1377¢t
l.137lt
lel362E
l.1350c
lL.1334L
lel3lece
le13CLI1E
leldYut
lel295¢c
leleSct
Le128S¢k
lel2ceE
lelzEsE
let 276t
lLel27¢cE
1.1273¢c
l.127CE
la12€7¢t
lel2t6c
lel2¢3E
L1260t
lel257E
l1.1253E
l.1250¢&
Lalc4t
lel243E
lelc4aOt
10143‘-5
lel23oc

03
03
Cc3
03
c3
03
g3
c3
G2
G3
c2
632
G2
U3
C3
L3
u3
L3
u3
C3
c3
c2
L3
G3
c3
G3
03
C3
U2
Q3
02
C3
J3
Cc3
L3
03
¢3
U3
02
03

2
1.C717E
1.G711E
1.07C7E
1.C7C7E
1.C7C7E
1.07C7E
1.C7L7¢E
1.C7C7¢t
1.C7C7E
l.07C7E
l.C7C7t
1.0L7C4E
l.C6%9E
l.CcS3E
L.Cttbdt
L-C675E
l.C&c3E
l.0€52E
l.LebCE
leCcalt
l.Ub45E
1.Ce43E
l.tL€4le
l.C636E
laCeid7t
leCé34c
l.u032t
1.063CE
1.C0627E
1.G&27¢t
l.0025E
1.0623¢
laLEceCE
l.C61l8E
1.0616E
1.0013E
1.0¢11¢t
1.Co(8E
l.C6CoE
l.06C4E

03
03
03
03
03
03
(VE)
G3
03
03
u3
03
03
[VIE ]
03
Q3
U3
03
(V)
03
V)
03
J3
U3
03
G3
J3
Uus
03
G3
03
d3
u3
03
u3
03
03
Jd3
(V)
03

HUT CHANNEL TEMPERATURES - CEX
AXIAL PFOSITICN 1
R&€GTI1CN

&4
1.0146E
1.0144E
1.0141¢t
1.0141E
1.014lE
l.Cl4alt
l1.0141E
1.014lE
l.0141E
le01l41E
l.0141E
leUl4lE
10133t
101 2>5E
1.0131E
1.0124E
1.C117E
l.011le
1.01CvE
1.0106E
l.G1GTE
1.C1Cot
1.C1C4€
1.01C3E
l1.01Clce
1.C61G0E
1l.uU06GbE
1.C0G67¢c
1.0L0SOE
1.0065¢k
1.0054E
1.0092¢€
1L.0u9lE
1.C0C89¢
1.008b¢t
1.0080c¢
1.0085E
1.0u3d3€
1.0082¢
1.GQ30E

03
03
03
03
03
03
03
03
03
03
U3
03
03
C3
03
03
G3
03
03
03
03
03
03
03
03
U3
93
03
03
03
g3
03
03
03
03
03
03
03
03
03

6
S.5673E
S.5066¢E
9.5670E
S.5674E
S.5077t
9.5690E
G.9665E
G.5059¢E
9.57C4E
9.57C6E
9.57CsE
S.5723¢E
S.5729¢E
$.5733E
9.5725¢
S.57CsE
S5.56blE
Ye20bbC
S.50062E
9.5658E
9.5653¢E
9. 50643kt
9.5643¢E
S.5037E
S.5632¢
Y.5626E
S.5020E
9.5614C
9.50C8k
S.5607E
9.56C1E
5.55%4c
9.5587E
9.5561¢
9.5574E
G.5568E
5.5562E
9.5556E
9.5550¢t
S.554>E

02
02
Cc2
02
G2
02
c2
02
02
02
02
02
02
02
02
02
02
02
02
02
02
c2
62
02

BOUNDCARY
8.5795E
8.9808¢E
8.58B54E
8+9862E
8.9872¢L
8.9899¢E
8.56(08¢€
8.9917¢E
3.9926E
3e9G29E
8.9635E
859G /7L
9.0020¢E
4.006CE
5.009%2¢c
3.0119¢
9.U152E
9.0185¢E
J.0190E
9.0195¢E
9.0198¢
9.U201€E
93.0205EL
9.02C8E
9.0211¢
9.0214E
9.0217¢
9.0220F
9.0221¢k
9.0221E
9.0222¢
9.0225¢
9.0227€
9.0230E
3.0233E
9.02317E
Je.024lct
9.0245E
9.0250¢t
G.0255E

02
02
92

02
02
02
02
02
J2
02
02
u2
02
u2
02
02
02
u2
22
02
22

02
22
92
u2
02
02
v2
02
02
02
02
J2
02
02
Q2
02
02

CLAD
BeBT93E
8-8810(:
B.8862E
8.8872€
3.8882¢
8.8912E
8.8922E
838932
8.894%41c
8.894%0cC
8.8951E
8+8995BF
BeY0482
3.9093¢
8.9133¢
B.9168E
8.9211E
8.9253E€
8+9259¢
B3.9265¢E
8.9269E
83.9274c
8.9279E
Be.9284E
8.9289E
8.92953¢E
8.9297¢
849301E
8.9303E
849304t
8.3307¢
3.9311¢
8.9315¢E
8.9320E
8.9325¢€
8.9330¢E
8.9336¢
8.9342¢
8.9348¢
8.9355¢

02
02
02
02
02
02
02
02
32
u2
02
02
02
u2
U2
02
)2
G2
02
02
02
02
02
02
02
02
02
02

STRUCTURE
B.6782E
8.6790E
3.6846F
8.63543E
8.6369€F
8.6903E
3.6910E
3.6927TE
B.6938E
Beb343E
3.0950E
8.7J309E
BeTJOIE
3.7127¢%
3.7183E
3.7237¢
3.7292¢
B.7353€
B.7363¢€
3.7373¢
Bs7381FE
8.7393¢
BaT395E
BaT74006E
Ba.T4l4E
8.7422E
3.7429E
8.7437¢
8. T444E
8. Ta44E
3. 7450E
3.7456F
3.7463FE
3. 71470E
3.74178E
8.T7486E
3. T494E
8.7503€
3.7512E
8.7521E

02
02
c2
0¢
02
02
02
02
02
02

02
02
Q2
02
Q2
02
02
02
02
02
02
02
02
02
02
02
02

02
02
02
02
02
02
02
02
02
02
02

AVERAGE
1.0141E
1.0141¢
1.0142E
1.0143E
1.0143¢€
l.0l44E
1.0144¢
1.0145¢€
1.0145E
1.0145¢
1.0145E
l.U145E
1.0143¢
1.0140E
1.0135¢
1.0129E
1.0122E
1.0116E
1.0114E
1.0113E
l.0112¢€
1.J111E
1.0109€
1.0108E
1.01006E
1.0105E
1.0104€
1.0102€
1.0101E
1.0100¢
1.0099E
1.0098E
1. 0096E
1.0095¢€
L. 0V93€
1.0092E
1.0090E
1.0089¢E
1.0087¢€
1.0080E



¢c-q

TIimt

O.
0.17750
025875
0.62125
U.08375
0.8€875
0.93125
0.99375
ledbolo
leCB025
1.1225u
la49750
1.84250
2ell125U
2452750
2491999
3025749
30399y
3.7C245
3.76496
3.82749
3.38999
3.6524%
4.01499
4.07749
4.13599
4,20249
44260499
40321749
4433499
4.38999
4.45249
4.5149v
4407749
4.63999
4.,70249
4a76499
4.82749
4.058999
4.55249

CENTEK
l.3356¢t
LeJ344lE
l1.35C1¢E
1.35C5E
L.35CEE
lea3513¢t
1.3514t
1.3515E
l.3515¢E
le3b15¢E
L.3515E
l.3slac
L.35C9E
1.3560C¢k
Le34est
le3475EL
l.3457E
L.3440¢t
l.543¢t
le343sE
l.3430¢C
1.34217¢c
l.34¢3E
1.3420¢E
l.3416E
l.3415¢k
l.341Ct
l.34UcE
le3403t
le3402E
1l.336%E
l.jj‘;o:
1.3362¢
1.3348S¢t
l.5385¢
1.3301t
le3377E
le3373E
l.337¢CE
les3€ét

(9]

U3

G3

C
Z

lL.245CE
l.2436¢
le2433E
l.2434L
leZ2424E
1.2436L
1.2431E
104438‘&
1.2436E
l.243SE
l.2436E
laZ442c
l.2441¢€
Lec43St
l.2426E
1.243CE
lL.c42CE
le.24allt
l1.241Ct
l.24C8E
l1.24C7¢C
1.24(5¢L
laz4(C3E
lac4L 2t
1.24CCt
1.23686E
1.239¢6L
l.23G4t
1.2363E
1.2392t
1.2351¢
1.2309E
1.2386¢&
l.2344E
l.2382E
1.238C¢t
12377t
1e2375c
1.2373E
1.2317CE

t

03
03
03
03
03
03
U3
03
Q3
J3
J3
J3
G3
03
J3
Q3
G3
Q3
03
03
G3
03
03
03
03
03
J3
03
3
03
U3
G3
Q3
g3
g3
03
03
03
03
a3

X

HGT CHANNEL TEMPERATURES - CEX
AXIAL POSITICN 2
REGIOGCN

4
l.1b26¢
l.1523E
l.1520t
l.1521E
l.1522¢E
1.1526E
1.1527¢
1.1528E
1.1530E
1.1531¢
1.1532¢€
11540t
l.1044¢E
l.1549E
1.1552¢
lalbbn2E
11551t
1.15506E
l. 1l550C
1.1550€
1.1550¢€
1. 15508
l«1549E
1. 1549E
lelb48E
1.15438E
1. 1547E
1.1547¢E
1.15406E
l.15406E
l.1545¢
le1544E
1.1544E
la1>43E
l.1542c
1.1541¢
1.1540E
1.1539¢
1.1538E
l.1537&

U3
03
03
03
Q3
03
G3
03
03
03
03
03
03
03
VE}
03
03
Cs
03
03
03
03
03
03
03
03
03
03
03
a3
03
Q3
03
03
03
03
03
03
03
03

6
1.0583E
1.0583¢€
1.05G60Et
1.U592¢E
1.05G4¢E
1.06CLE
100003E
1.00C6E
1.06CbE
l.VolUE
1.00llE
l.00624¢k
1.U635E
1.06406E
le. OOSOt
lo\)Oé‘fE
l.0071E
l.0079k
IQOOBLE
l.0682E
1. U6E3E
1.0684E
1.0685¢E
l.U686E
l.0667E
l.0b88E
1-0008&
1.0689¢E
1.0690¢E
l.uo9ut
1. 0090k
1.0690¢
1.06G1E
l.066G1E
1.0692E
1.0692E
1.0093¢k
1. 0664¢E
1.06S5E
l.0695E

03
03
a3
03
03
03
03
03
03
03
03
a3
03
03
03
03
a3
C3
03
03
a3
03
03
03
03
03
03
o3
03
03
a3
03
a3
03
a3
a3
03
03
03
G3

B80UNDARY
9.6190E
9.6230¢
9.6411E
Je6445E
9.6481lE
9.6589E
9.0627E
F.6662E
9.6698E
9.071l4¢t
9.6135E
9.6G18¢t
9.71C6¢c
9.7288¢t
3.7453¢€
Ye.7611E
9.7732E
Ge7957E
9.7985¢E
J.8012E
9.6035¢E
9.8058¢k
9.8081E
9.8104E
9.8126¢k
F.8147E
9.8168E
9.8189E
9.8204¢E
9.8206¢&
9.8221¢t
9.8240¢E
3.8260€
9.8281E
Fe.8302E
9.8325¢c
G.3348E
9.8374€
3.8400E
9.0421t

02
02
02
02
02

02
02
g2
02
02
02
02
02
02
02
g2
02
02
02
02

02
02
u2
02
J2
02
v2
02
02

02
02
02
02
vz
02
u2
g2

CLAD
9.4510E
F.4561¢E
9.4760E
9.4798E
9.4835¢
9.4951c
9.4983&
9.5027¢E
9.5063E
9.5082¢t
9.5102¢E
5.5295¢
Ge54G7¢
9.5689E
9.5807E
9.,6U37%
9.02217E
9.04l7E
9.6447¢E
.04 1EC
G.6500¢E
J.6526¢E
9.6551¢
J.6576E
G.6601E
F.6624E
9.6648E
9.6670E
9.6687¢c
9 .0689E
9.6707¢&
G.6728E
3.6751E
9.07T4E
G.6T799E
G.6824E
9.6851E
3.06880¢c
9.56909¢
8.6G39€

02
02
02
02
02
02
02
02
02
02
02
02
02
a2
02
02
Q2
02
02
g2
u2
02
02
Q2
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

STRUCTURE
9.1136E
9.1161E
9.1357€
9.1367¢
3.1438E
9.1563E
9.1606E
9.1548E
9.1090E
9.1710€E
9.1733¢
9.1954k&
9.2167E
9.2389E
9.2500E
9.23C5¢
9.3009¢
9.3233E
S.3271¢
S.3308E
9.3342E
3.3374¢€
J.3405¢E
9.3436¢
9.3467E
9.346G6E
9.3525E
9.3554E
9.3580E
9.3583€¢
9.3505E
9.3030E
9.3656¢E
9.3683E
9.3710¢
9.3739¢E
9.3770E
9.3801€
9.3335¢E
G.3369E

AVERAGE
l1.1513€
1.1513¢
l.1519¢E
1.1521€E
l.1522¢c
l.1527¢
1.1529¢
L.1531E
1.1532E
1.1533E
1.1534€
l.1542E
l1.1547E
1.1552¢
1.1555¢
1.1556E
1.1555¢
1.1555€
l.1555¢E
1.1554¢
l.1554E
1.1554E
l.1554¢E
1.1553€
1.1553€
1.1552E
1.1552¢c
1.1551E
1.1550€
1.1550¢E
1.1550E
l.1549E
1.1548E
l.1547E
1.1546E
1.1545E
1. 1545E
l.1544¢
1.1543¢€
l.1542E

03
Q3
03
03
03
03
03
03
03
03
03
03
03
J3
03
03
03
03
03
03
03
03
33
03
03
03
03
03
03
03

03
03
03
a3
03
03
G3
03
03



9z-1

TIME

O.

Ve l7750
GaD>5d75
0.02125
Ueb0375
O.000b
U.33125
Ce9d9375
leunoddbd
l.0d8625
112250
1.99130
l-dquO
2.1725u
2e9l79L
2491999
342974y
3.¢3999
3.70249
3.7649%
302749
3.8899%
3.95249
4.u1499%
4.07749
4.13999
4.,20249
4026499
4.32749
4433499
4438999
4045249
4.51499
4.57749
4.63999
4.70249
4,76499
4.82749
4.088999
4.9524%

LeNTER
l.a4{15E
L.48677E
1019‘04{:
1.‘1949:
l.4G5czE
Le4S0bE
1.465%¢
l.45¢Gt
leuS6lE
l.456¢k
l.45c2t
le4Scot
le4So7E
le4Scot
l.4S064t
le4SoE
1.4955E
le4s47E
l.4%4¢c
leaYa4ac
l.4G643¢t
leab41lE
l.454Cc
1.4636¢c
l.4937t
l.4S36L
l.4634¢L
le4G33E
le4%32t
lo‘fgle
1.4$3Ct
1.4628E
leaS27E
l.4925¢E
l.4623¢:
le4SclE
l.491%t
l.4917c
1.4515E
l.4%13E

C
2

1.37ClE
1.3686¢t
l.368CE
le3deBlL
l.3¢€81lE
l.3c86t
l.3608c
1.36%CE
le3€52cL
e3d6v3c
1.36%4c
le370UTE
1l.3717E
1.272¢E
1.3735¢L
l.3745¢c
la374lt
l1.375Cc
1.3751¢
le3792E
1.3753¢
1.3753¢t
1.3754¢€
l.3755¢k
«3755E
1.3756¢E
le3756E
143757k
1.3757¢
l.s57517¢
1.2757t
1.3758t
l.3758E
le.37%8E
1.3757¢
l.37517E
1.3757¢€
1.3756E
10375¢t
l.375¢E

E

J3
03
03
03

X

HUT CHANNEL TEMPERATURES - CEX
AXIAL PUSITIGN 3
REGIGCN

4
l.2602E
1l.25G17E
1.25S7¢c
1.2565¢
1.26C2¢E
1.2610¢E
leZolat
1.2617E
l.2621E
l.2623¢€
l.2625¢&
l.2047ct
l.26€5¢E
l.2083E
1l.27C2E
1.2719¢
1.2732¢
le«2740t
1.27"&:
1.2752E
l.2754E
1.2757¢t
1.2759¢t
l.27¢€1E
1.27¢€¢3¢
l.27¢>E
1. 2T¢€TE
1.27¢9E
l.2771E
1.27171E
1.27173E
le2774€
le2?76t
1.27177E
1.2778E
1.2780E
L2781k
1.27582E
1l.2783E
1.2785¢E

03
03
03
03
VE/
03
03
03
Q3
03
03
03
03
03
03
03
U3
03
03
a3
03
03
03
03
03
03
03
03
g3
03
03
03
03
03
03
03
03
03
03
03

)
l.1478E
1.1477E
1.1493E
l.1497€
l.15C2¢
l.1517¢t
1.1522€
1.1528E
1.1533€
1.1536¢E
1.153%¢
1.1569E
l1.15G6E
1.1625E
1.1653E
1.1679E
1.17C3¢
1.1729E
l.1734¢E
1.1738E
lel74cE
1.1747¢
1.175¢¢E
1.1754¢c
1.1758E
l.17€1E
1l.1765¢E
lel7&sE
1.1772E
l.1772¢
1.1774E
l.1777E
1.1780E
1.1783E
l.1786¢E
1.1789¢c
1.1792€
1.1795E
1.179SE
1.18C2E

03
03
03
o3
03
03
03
03
03
03
03
03
03
03
03
C3
03
a3
03
03
03

‘03

03
03
03
03
03
g3
03
03
03
C3
03
03
03
u3
03
03
03
03

BCUNDARY
1.0324F
1.0331E
1.0366E
1.0373¢
1.03380¢&
1.0402E
1.0409€
1.0417¢
la0Q424c
1.0427E
1.0432E
L.047GE
1.0509¢c
1.05438¢
1.0585¢k
1.0620t
1.0057E
1.0696E
1.0702€E
1.07C8¢c
l1.0714c
1.0719E
1.0725€
1.uT30€
1.0735E
L.C740k
1.0745E
1.0750E
1.0754E
1.0755E
1.0758¢E
1.0763E
l1.0768E
1.0772€
1.0777E
1.0782E
1.0783¢t
1.0793E
1.G79GE
1.0805¢€

03
03
03
03
u3
g3
03
03
03
03
V3
03
03
o3
03
03
03
03
03
03
03
03
(VE)
u3
03
03
03
g3
03
03
03
03
03

J3
93
03
03
03

CLAD
1.0119¢E
l1.0128E
1.01605
1.0174¢
l.0181t
1.0204E
1.0212¢€
1.0220¢
1.0227¢
1.0231c
1.0235z%
1.0275¢&
1.0316€
1.03506k
1.0394¢c
1.0431¢E
l.0471E
1.0511E
1.0518¢t
1.0524E
1.0530€
1.0535¢
1.0541E
1.0547¢
1.0552¢
1.0557&
1.0563E
1.0568¢c
1.0572€E
1.0573€
1.0577E
1.0561t
1.0586E&
1.0591€E
1.0597¢t
1.0602¢
1.0608E
1.0614E
1.0620E
1.0626E

03
03
g3
u3
03
03
93
03
03
u3
03
J3
03
03
03
03
a3
03
03
03
03
03
03
03
o3
03
03
03
Q3
03
03
03
Q3
03
03
a3
03
03
03
03

STRUCTURE
9.7074E
9.7115E
9.747T7E
9.7555E
9.7633E
9.7879¢
S.7962E
9.8047TE
9.8129€
3.8169E
9.8216E
9.8663E
G.3033E
9.9527E
9.9955€
1.0038€
1.0078¢
1.0123€
1.0130¢
1.0138E
1.0145€
1.0152E
1.0158t
1.0164€
1.0171E
1.0177¢€
1.0183E
1.0189E
1.0194€E
1.0195E
1.0199E
1.0205€E
1.0210€E
1.0215¢€
l.0221E
1.0227E
1.0233¢
1.0239E
1.0245€
1.0252E

AVERAGE
1.25b84E
l.2>84E
1.2595¢
1.2598E
1.2601€E
1.2012E
1.2615¢E
1.2619¢
l.2623E
1.2625E
le2027E
1.2649¢E
1.2667E
1.2686E
1.2704E
1.2722E
1.2736E
1.2750E
1.2753¢E
1.2756E
1.2758E
1.2760E
L. 2763E
1.2765E
1.2767€
1.2769¢€
1l.2771¢€
l1.2773€
1.2775¢:
1.2775E
1.2776E
l.2778E
L.2779€
L.2781E
1.2782E
l.2783E
1.2785¢E
1.2786E
l.2783E
le 2759&



Le-7

TIME

Oe

Vs L7750
0.558175
Ue6212>
O.66315
Jeob875
0.9312%
Ja993175
1.35625
1-00625
la12¢50
l.4S750L
le8425G
2.17250
2es2100
2251994
3.2674%
3.63994
3.7024Y
3 716499
302749
3488999
3.95249
4,U1499
G4euiTu9
4.13999
4.,2024%
44204599
4.,32149
4433495
4433939
44452499
4451499
4457749
4463999
4270249
4.7€6499
4,32745
4.d86999
4.95246

CERNTCK
1.2355E
Le2455E
L2515t
1.552¢E
LeDd5¢b5E
1.5551¢c
l.5532¢t
l.5b534¢E
1.5555¢€
1.553¢¢
la>2537E
leobatk
l1.5556¢
leo570L
ledSb4t
l1.50(Clt
levelbe
ledtebt
l.5627t
l.2625¢t
1.3051&
l1.%633¢
leb635¢k
l.56317c
l.2¢3GE
lent4ackE
l.2644¢c
le2b4cE
leDét4ic
leDt45z
l«5651c
ilentbnit
leb&55L
le5657c
L.2€56GE
le26oULL
ledtcet
1.5603¢c
ledbcat
loDCOéC

C
3

le425%4L
1.42&Ct
l.427¢E
l.4273¢
142175t
l.42bcE
lea2b4t
l.42c0c
ledcslce
la4c2Gst
Le4gGHE
leadllt
l.4345E
lo43cSE
1.4367c
lea44c7c
le4452€
le4474C
le4478c
le44c3t
le44b7E
1.4462¢
1l.4456E
l.45C1E
ledb5L5¢E
1.4505¢t
1.4512¢
le451E&c
1e45¢2E
l.4522F
l.4526¢t
l.452Cc
1.4533E
1.4537E
1+454Ct
le4543k
1.4547¢
1.455CE
1.4553¢
1.4555¢t

(3

U3
03
Cc3
C3
Cs
U3
U3
g3
U3
U3
U3
J3
03
J3
03
c3

n
)

G3
G3
g3
C3
G3
u3
v3
03
03
U3
C3
Cs
L3
03
03
03
U3
c3

¢

V)

Js
C3
GC3

03

X

HUT CHANNEL TEMPERATURES - CEX
AXIAL FOSITICN 4

R EG I CN
4 6
1.3211€ 03 1.21C4E
1.32C6€ 03 1.21C3€
1.32C3c 03 1.2127c
132128 03 1.2134E
le32lot 03 1l.2141E
143230 U3 1.2164E
1.3235E 03 1.2172¢
1.3241E 03 1.Z2181lE
le3247t 03 1le2169E
l.325CE U3 1.2194€
1¢3253€ C3 12159t
1432628 03 1.2249E
le3320kt U35 1.2296E
le33€63E 03 1.2345¢
le34C2E 03 1.2394E
1l.3442t 03 1.24944E
le3477E U3 1.2490E
1.3511E 03 1.2537¢t
1.3517€ 03 1.2546¢
143524 03 1.2554¢€
1.3520E U3 1.25€3t
13537 03 1.2570t
le3543E O3 1.2518¢
1le3549E 03 1.2586E
l.3555€ 03 1.2593E
le3dn€lE 03 1.26C0E
1.35¢éc 03 1.2bCTE
l1e357¢k 03 1l.20l4t
1.3577 03 1.2621¢E
1.3573E (G3 1.2022E
l.5583€ 03 1.2628c
la358bk 03 1l.2634E
1.3563t 03 1.2b40E
1.3567 03 l.Z26406¢E
1.36C2E 03 1.2652¢t
l.36C7E 03 1.2059F
l.3611t 03 1.20¢é5¢E
l.3616E C3 1.2072E
le3ozlE G3 1.2678E
l.3625c 03 1l.2085E

03
G3
03
G3
g3
03
c3
03
03
03
03
03
03
03
03
U3
a3
C3
03
03
03
a3
03
03
a3
03
03
C3
03
03
03
g3
o3
g3
03
03
03
03
03
03

SCUNDCARY
1.C969E
1.0977¢€
1.1028¢€
1.1038t
1.1C49¢c
1.1082E
1.1093¢€
1.1105¢€
lo1116E
l.1121E
1.1128¢t
1.1186t
1.1249¢E
le1311E
l.1271E
1.1430¢E
1.1489E
1.1550¢
le1561¢c
1.1571k
l.1581¢E
1.1590E
l«15SGE
l.1608E
lel617E
le1625¢&
1.1634E
l.1042E
1.1650E
l.1651€
l.1657E
1.1665¢
l.1672E
1.1680¢
l.16386€
le16GTE
1.17C5E
lel714E
1.1723E
l.1733E

Q03
03
03
03
03
03
03
03
03
03
03
03
u3
03
03
03
03
g3
03
g3
03
a3
03
03
G3
J3
U3
Q3
03
v3
03
03
03
93
03
U3
J3
J3
03
03

CLAD
1.0764€
1.0774c
1.0830¢
1.0841¢€
1.0852E
1.0887¢€
1.0898E
1.0911E
1.0922¢t
1.0928¢
1.0934c
1.0997¢c
1.1060c
le1123E
1.1185¢c
l.1245E
11307
1.1370¢E
l.1381E
1.1392¢E
1.1401E
l.1411€
1.1420¢
11429
1.1438E
l.1447E
1.1456¢
1.1464C
1.1472E
1.1473¢
1.1479¢€
1.1487E
1.1495E
1.1503€
1.1512¢E
l.1521€
1.1530¢
1.1539¢€

1.1549€"

l.1558¢

STRUCTURE
1.0352¢
1.0357€¢
1.0407E
1.0419E
1.0430¢E
1.0467E
1.0479&
1.0492E
1.0505¢E
1.0511€
l.0518¢E
1.0587¢€
1.0652E
1. 0719¢
1.0786E
1.0853€
1.0915¢
1.0982¢
1.0994¢E
1.1006E
1.1017€
1.1028¢k
1.1038E
l.1U48E
l1.1058t
1.1068E
1.1077E
1.1387E
l.1096E
1.1097€
l1.1104€
1.1113€
l.1121E
1.1129¢€
1.1138E
1.1147E
l.1156¢
l.1166E
1.1175E
1.1185E

AVERAGE
1.3194E
l.3194¢E
1.3209€
1.3214E
1.3218E
1.3234¢&
1.3239¢
1.3245E
1.3251€
1.3255¢€
1.3258¢E
1.3296E
1.3331E
l.3368¢E
1.3406¢
1.3446E
1.3481E
1. 3516E
1.3523E
1.3529€
1.3535E
1.3542€E
1.3548E
l+3554€E
L.3559¢€
1.3565¢€
1.3571E
1.3576€
1.3582€
1.3582E
1.3587¢E€
1.3592E
1.3597¢
1.3602€E
1.3606E
le3611E
1.3616E
1.3621¢
l.3626E
l.30631E



ge—d

TIME

O.
0.17750
0.55875
0.62125
0.68375
0.86875
0.93125
0.99375
1.05%025
1.08625
1.12250
1.45750
1.84250
2.17250
2.52750
2691999
3.26749
363999
3.7G249
3.7€499
3.82749
3.88999
3.65245
4.,01499
4.07749
4.13%99
4420249
4426499
40321749
4.33499
4.38996%
4.45245
4.51499
4.5774Y
4.63995
4.70245
4o 76499
4.82749
4.88999
4.,55249

CENTER
1.5C18E
le51CCE
1.5149t
1l.5151E
l1.5153¢c
1.5157¢t
l.515¢tE
1.516CE
la5162E
l.51€3¢c
l.5164E
1.5181E
1.52C4t
1.5226¢
lebett
l.5343c
l1.5343¢t
le2377¢t
l.53¢&3E
1.53SCE
lab3S6E
l1.54C3¢E
1.541CE
len4l7t
lan4cZ3E
leb43CE
leb431ct
le5444E
l.5451¢
l.5452¢t
l.5456¢c
l.5465E
10547‘}3
1.5415¢t
l.54486E
l.54S2E
le 2499k
1.5505¢E
le5511¢t
1.5517t

u3
c3
c3
03
03
03
G3
03
03
03
(V-
C3
03
u3
03
G3
u3
C3
G3
03
Cc3
G3
v3
G3
g3
G3

c2
02
a3
C3
03
63
03
03
C3
03
03
u3
(OF

c
2

l.4l46E
l1.4134E
l.4126E
l.4127t
1.412S¢E
l.4138¢
la4l4lE
l.4146E
l1.4150¢€
l.4153E
l.4156E
l.4164E
1.4232¢
1.4273E
l.4322¢E
1.4377¢
1.4427E
l.4472E
l.4481¢t
l1.4450E
1.44S8E
1.45CT7E
l.4516E
1.4525E
l.4534E
l.4543¢
l.4551¢t
l.456Ct
l.4566GE
l.457CE
l.457bk
l.4586¢
1.4564E
l.46C2E
l.461CE
1.46117E
1.4625E
l.4632E
l.4064CE
l.4647E

HOT CHANNEL TEMPERATURES - CEX
AXIAL PUSITIGN 5

REGIGOCGN
4 o
1.3260E 03 1.2356E
1.3255€ 03 1.2350¢&
1.32608 03 1.2386E
1.32€64E 03 1.23594t
1.32€69€ 03 1.24C3E
1.3287E 03 1.2433E
1.32G4E 03 1.2443E
1.33C2E 03 1.2455¢E
1.3310t 03 ll.24¢6E
13314 03 1.2472t
1.331G6E 03 1l.2478E
1.3373E 03 1.2548E
1.3424E 03 1l.2612E
1le3478E 03 1.26b0E
1.353GE 03 1.2752¢
l.36C5E 03 1l.2826¢&
1.36€3E 03 1.2894t
1.3719€ 03 1.<29¢3E
1.3730€E 03 1.2975¢€
1.3741€E 03 1.2988E
1.3751€ 03 1.30CUE
1.37€2€ 03 1.3012¢E
1.3772E 03 1.3024¢E
1.3783E 03 1.3035€
1.3793E 03 1l.3047E
1.38C3E 03 1.30538t
1.3013€E 03 1.30e9E
l.3623E 03 1.3080E
1.3833€ 03 1.3090E
1.3834E 03 1.30S2E
le384c¢E 03 1.31C1¢E
1.3651E 03 1.3111E
le386lE 03 1.3121E
1.38€9E 03 1.3130¢
1.3876t 03 1.3140L
1.3687E 03 1.315CE
1.3855€ 03 1.31¢0CE
1.3904E 03 1.3170¢
1.3913E 03 1.3180E
1.3921E 03 1.31%0t

BCUNDARY
1.1436E
le1444E
1.15CSE
1.1518E
1.1531E
1.1573¢
1.1588E€
1.1602E
l.1617E
1.1624E
1.1633E
l.1715E
1.1794E
1.1875¢€
1.1557¢
1.2639¢
1.2118E
1.2200€
1.2214E
1.2228E
lL.2242¢€
1.2255¢E
l1.2268E
1.22860E
1.2293E
1.2305¢
l.2317E
1.2329¢E
l«.234CE
l1.2341¢t
1.2350E
1.2361E
1.2372E
1.2383¢€
1.23G4E
1l.2405E
le2417E
1.2429E
lL.2441E
le2454c

03
03

03
03
03
03
03
03
03
03
03
03
93
03
J3
U3
03
J3
03
03
03
J3

03
03
03
03
03

03
03
03
03
03
03
03
03

CLAD
1.1268¢E
1.1279¢
l1.1345¢
l.1359¢
1.1373¢
l.1417E
1.1432E
l.1448E
l.l462E
1.1470c
1.1478¢€
l.1562¢
l.1644E
1.1728E
1.1810€
l.1894E
1.1975¢€
1.2059¢
1.2073:z
1.20838¢
1.2101€
1.2115€
1.2127¢€
l.2141E
l1.2153¢
1.2165E
1.2177¢
1.2189E
1.2200¢&
1.2201€
1.2211¢e
1.2222¢
1.2233¢c
1l.2244E
1.2256¢
1.2267€E
1.2279E
1.2291E
1.2304E
1.2317E

03
03
03
03
03
03
03
03
03
03
c3
03
g3
03
03
03
03
03
03
03
03
03
03
c3
03

STRUCTURE
1.0930E
1.0935E
1.0994¢
1.1008E
1.1022¢€
1.1068¢
l.1084E
1.1100¢E
le1l116E
l.1124E
l1.1133€
1.1225¢€
1.1308€
1. 1396E
1.1485E
l.1573E
l.1656E
l.1742E
1.1758E
l1.1773¢€
1.1783¢&
l.1802€
l.1316E
1.1830€
l.1843E
1.1357F
1.1869€
1.1382E
1.1394¢E
l. 1896E
1. 1306E
1.1917E
1.1929€E
1.1940EF
1.1952¢t
1.1953E
1.1576E
l.1988E
1.2001€E
l.2013¢c

AVERAGE
l.3248E
1.3248E
1. 3265E
1.3270¢t
l-.3276E
1.3265¢E
1.3303€
l.3311E
le3319¢
le3323cE
1.3328¢€
1«3381E
le3432E
le34806¢c
l.3540€
13611t
1.3670E
1.3727¢
1.3737E
l.3748¢
1.3758¢
le3709E
1.3779€E
l.3789E
1.3799¢E
1.3809¢
1.3819¢E
l. 3829¢€
1.3838¢
l«3839E
l.3848E
1.3357¢E
1. 3866¢
l.3874E
1.3884E
1.33892E
1.3901E
le3910E
1.3919E
l. 3527E
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HUT CHANNEL TEMPERATURES - CEX
AXLIAL PUSITICN 6
C & X REGICN

TIME CENTER < 4 o SOUNLCARY CLAD STRUCTURE AVERAGE

O. Le37%5t U3 1.32€¢5E 33 1.2729E 03 1.21b7E 03 l.163GE 03 1.1539E 03 1.1337€ 03 1l.2725t 03
017750 Le3ba4E U3 1.3257E U3 1.2726E C3 1.2187E O3 le1646E 03 1.1548E 03 le1341E 03 1.2725& 03
0.558175 le3bec9e 03 1.225Ct G3 1.273228 C3 1.2217E 03 1l.17C8E 03 1l.1616E G3 1.1400E 03 1.274lE 03
Cecllb lese7CE C3 1.3251t 03 1.2730k U3 1.2226E 03 le1722€ 03 1.1631c 03 l1.1414E 03 1.2740E 03
O.65375 le3b71iE LS  Lede>dlE C3 lal742 O3 1.2236E C3 l.1737€8 03 l.l646c 03 1.1430€8 03 1.2752€ 03
Ued6B1T5 le3b7lE U3 1l.3celE 03 1.27€2c 03 1.22c¢9E 03 l.1783E u3 1.1695E 03 1.1430E 03 1.2773& 03
C.531¢5 lesof3c U3 la3ceb5E 03 1.277¢kt 03 1.2¢261t 03 1.17698 J3 1.1712€ 03 1.1437€ 03 1.278l€E 33
UeGG575 LessT4ac U3  1.427Ct Co> 12770k 03 1.2294€ 03 1.1816E 03 1.1730E 903 l.1515E 03 1.279uE 03
1.G5625 l.3b758 L2 1.3c¢7¢€E C3 1.27e8E 03 1.2307E 03 1.1833c J3 1.1747E 03 le1534E G3 1.2799E 03
l.08062> lesodocr L3 1.3¢7SE C3 1.27G2E 03  1.2314E 33 l.1841c U3 1.1755E 03 l.15428 03 1.2804E 03
laleczt0 laselee €3 le2coc¢E U3 l.27%3E 03 l.2321t 03 Ll«1550E U3 1l.1765t 23 l.1553c U3 1.2310t 923
leaS750 1.3600 U3 14335 U3 le2b64E 03 1.24C4at C3 le1546E U3 1l.lbv63E 03 L. 15598 03 1.2574E 23

laga2su 1.3932E U2 le.ssolE U3 1.2529E 03 l.Zaslt 023 1.2058E 03 1.1957¢ J3 1.1754€ 03 1.2933t 93
2.172o50 leo5728 €2 les4zect I3 1.25608E 05 l.25&4r 03 l.2133€ 63 1.2054& 03 l.1354E G3 1.3007E u3
2.5215u ledvcat G2 1435C3c J3 1.3077€ Uus 1.2053t 03 12230z 03 1.2153E J3 1. 1959 U3 1.384>E 723
2.5139% Leatsue u?2 le35u3c C3 l.3lec5E 03 1.2746E 03 lec330E O3 1.2253E 03 La206%E C3 1.3171E O3
3425745 leald/lc V3 L.3€0&c U3 l.3246E 03 1.2335& 03 laedae¢5E U3 1le23498 03 1.216J0E 03 1.3253cz 33
363999 le2172 G2 1.372¢6€ C3 1.33228 03 1.2321t GC3 1.2520e U3  1.2446E U3 1.2253E 03 1.332%c 23
370246 lewzlcrc L3 143735t U3 1433376 C3  1.29536€ GC3 Le2537c 03 1.2463E J3 le2270€ 03 1l.3343c o3
3.7649% le4c3Sc €3 1.3752E (3 13351E 03 l.295¢E 43 1.255%54E 03 1.24c0c C3 1.22G4€ 03 1.3358c 03
3e0cT4% lea20lE C3 1.37coE 23 le33€ct J3 1.29¢t0E 03 1.2571E U3 1.2497z 03 1.23128 03 1.3372€ 03
S3ecBYyy letzceE U3 lez77we 03 les38ut 05 1.2984c 03 le2oa7e 33 1.2513c 03 1.2329€E 33 1.3387z 05
3e5524Y Lewc 4t la275¢E U3 1.3365E 03 1.2GG9E 03 lec€U3E 03 1.2529c U3 1.23468 J3 1.3401E C3

1e38u5E 3 les34ise 03 1.3ul4c C3 1.2618c 03 142544= O3 le25c2E J3 1l.3415c 03
l.3018c O3 Le3425c U3 1.3029E U3 l.2633c 03 1.2500E 03 1.2378E 03 l.3429% )3
la3232E 3 1.3437E 035 1.3044E 03 le2c49E 03 1.2575¢ 03 1.2394E 33 l.3+43c 03

40uluasy le4lcor
4.,0774Y le4ceSic
4e13G99 ls43LGC

4elUl4Yv lewicle l.3842E O3 le3451E 035 1.3058& 03 la2663E U3 1.2590& 3 1.2409c I3 1.3457c 33
402045y lea330¢k lelde5se 02 L.346>5t U3 1.3072E 03 Le2678: U3 1.20604c 03 1.2425E 03 1.3470€ 03
4e3c749 le434adc Ledolle U3 1.3479E 03 1.3087E 03 le269<2c U3 1.2618£ 33 l.2439E 03 1.3434k 33
4e3349Yy lea43alic lesc73c C3 l.3481lc 03 1l.3088E C3 le2594E U3 1.2620c 03 L.2+44lE D3 l.3480c 33

le3&oot T3 1.3453c 03 1.3100c 03 le27C6E U3 l1.26325 03 1.2454€ 03 1.3457€ 23
lestyte Go 1.35C€E Us l.3ll4rc 03 1.27192 33 1.2645c 3 l.2463E 03 l.3>511E 23

LNE LR lews57c
Ge45249 lew37LE

4eDl49v lewsclt 1.351vt C3 1.3515€ U3 1.3127¢ Q3 1.2732E 03 1.2659: 03 l.2451E 33 1.3524E 233
42774y Le43%4t 1.3G623E C3 135328 05 1.3140E C3 lad746c J3 1426725 03 1.2455€8 03 1.3537¢ 03
“4e6399Y lLeaaler 1+3652cc U3 1le3545E8 U3 l.3153E C3 1427002 U3 1l.26062 03 1.2509t 03 1.324%2 33
407024y Lew4alTe l.3642c L3 le35548E 05 l.3leoor 03 Le2773c 03 1.27360z 03 1.2523E C3 1.35028 33

1+43%cCe U3 le3570 U3 l.313uc J3 1427878 03 1.2714% 03 l.2537E 03 l.3575€ J3
143672 C3 le3o583E8 03 1.31G3E 03 le2bule 23 1.2725z 03 1.2551E 03 1.35E7€ U3
leiso4tr O3 1.3560E U3 l.32Cot G3 l.28l6E 63 1.2743c 03 l.22658 04 1.300J0c 3

«365¢6L O3 le36CoE U3 143219t 33 la2431z 03 1.2753¢c 33 l.250J0E 03 l.30l3E 23

4a 76435 Lat425c
4ecclay led4alc
4ezOYYY leaatlZt
445524y Lea44t 3L

c oG cOoOCacoOoOc g0 CcCcC oo e G CcaCocC
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APPENDIX F

NEUTRON ENERGY GROUP STRUCTURE OF STANDARD

WAPD 18 GROUP LIBRARY

Group Lower Energy (ev) Lethargy Width
0 9.9700 x 106
1 3.6678 x 106 1.00000
2 2.2246 x 106 0.50000
3 1.3493 x 106 0.50000
L 8.1839 x 10° 0.50000
5 4.9638 x 10° 0.50000
6 3.0107 x 10° 0.50000
7 1.8261 x 10° 0.50000
8 1.1076 x 107 0.50000
9 6.717T % 10h 0.50000
10 L.0Ths x 1ou 0.50000
11 2.4713 x 10h 0.50000
12 1.4989 x 10h 0.50000
13 0.0915 x 10° 0.50000
14 4.0000 x 10° 0.8210k
15 1.0000 x 10° 1.38629
16 3.0000 x 10° 1.20397
17 1.0000 x 10° 1.09861
18 3.0000 x 107 1.20397



APPENDIX G

CERMET MATERIALS LITERATURE SEARCH

The following documents were reviewed as reference sources only as part

of the Cermet Fuel Review, Section III.T.6.

Reactor Core Materials

Nuclear Science Abstracts
May 1963 through 1965

The following documents are sources of matrix material data:

Bush, S. H., Irradiation Effects in Structural Materials (ASM)
Bush, S. H., Nuclear Metallurgy, Vol. IX, AIME, 1963
APED-L4542, Radiation Effects on 304 Stainless Steel

ASTM-STP-341, Symposium on Radiation Effects on Metals and
Neutron Dosimetry, (page 311, M. B. Reynolds, Radiation Effects
in Reactor Structural Materials)

ASTM-STP-233, 1953 Radiation Effects on Materials

ASTM-STP-36L, 1962 Reactor Structural Materials

A/Conf. 15/1878, H. M. Bartz, Performance of Materials, June 1958
APED-L542, Radiation Effects on 304 Stainless Steel

The following documents were reviewed and found to contain no pertinent

information:
BM1-1294 BM1-1kb42 BM1-1529
BM1-1034 BM1-1L6k BM1-APDA-6LT
BM1-1307 BM1-1469 ORNL-2988
BM1-1315 BM1-1473 ORNL-3077
BM1-1325 BM1-1480 ORNL-3386
BM1-1330 BM1-1527 ORNL-3470
BM1-1528



Weber, C. E., Progress on Dispersion Elements, Progress in
Nuclear Energy, Series V, Vol. 2, 1959.

Kittel, J. H., et al, "Metallic Fuel Elements for Fast Reactors”,
Fast Reactor Technology ANS-100, pp. 157-169, April 1965.

Zebroski, C. P., et al, "Radiation Damage in Fast Reactor Components",
Fast Reactor Technology ANS-100, pp. 110-125, April 1965.

CF-58-2-T1 V. D. Hayes, Summary of UOp - SS Dispersion Element
Irradiation Experiments, 1958.

Goslee, D. E., Improving Performance of Stainless Steel UOs Cermet
Fuels, Nucleonics, Vol. 21, No. 7, p. 48-52.

A/Conf. 28/P/239, J. H. Kittel, et al, Irradiation Behavior of
Metallic Fuels, May 1954,
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