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ABSTRACT 

The work performed by Westinghouse Electric Corporation under the sponsor­

ship of the USAEC (Contract AT(30-l)-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, 

CELTbide-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 array. 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 thermal 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 commercial 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 also 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 rapidly 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 is 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 coefficient - is the net result of several, interacting, 

positive and negative effects, each having a different time response 

behavior. In BCEX, the controlled 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 quite 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 limitation, 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 

l+.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 is 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 a conventional ceramic fuel assembly. Because of this, some pro­

blem areas requiring resolution are: l) 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, 1+) 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 volimetric 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 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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Three postulated accidents were also analyzed to study the transient 

characteristics of BCEX and CCEX in the reference carbide core: 

1. Refueling accident - dropping a 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 O.36O inches O.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 0.1+7 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 a carbide 

core may become quite 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 equilibriim 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 generation 

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-

2 

tion of 100 ft/sec ) 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 to 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 1+0 psia. 

The net reactivity feedback from BCEX during the loss of all electrical 

power to the primary p\imps 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 assembly 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 O.D. arranged on a triangular pitch on 0.1+26 

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 across 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 O.O5O 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 0.1+ 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 is 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 

0.0013!+ inches per inch. Cumulative usage factors of .OOI6 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. Raised 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 (O 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 a 

net reactivity effect due to thermal bowing between zero 

and minus 10 cents, and 

c) 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 UO - 3l6 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 O.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 77°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 
dk 

reference core. The Doppler coefficient, T — , = -0.00335, the total 
dk 

core sodium coefficient, p -—, = •H0.0161+, the BCEX cermet expansion 

coefficient, L — , = -O.762, the BCEX fuel rod clad back expansion coef­

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

L ̂  = -O.39I+; 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 sodiinn environment effects 

on 316 L stainless steel are reviewed and tabulated. 

Cermet fuel, consisting of (U,Pu)0 in a 3l6 L stainless steel matrix with 

316 L stainless steel cladding, has 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-irradiation 

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 \i- 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 deteiTnining 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 0.1+7, 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 a 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 

absolute 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 optimvim 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-

formanc e. 

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 cennet rod array. 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 the technical and commercial feasibility of predictable fuel thennal 

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 l) 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 1+) 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 O.O96 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 available data. 

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

be fully evaluated 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. Further 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 birndle 

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 

measurement of the reactivity effects of either the bundle controlled 

expansion, BCEX, or the clad controlled expansion, CCEX, using existing 

critical facilities (ZPR-III, ZPR-Vl) is an obvious early step in pinning 

down the coefficients and evaluating the analysis techniques. 

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-III, 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 ^ l), etc., 

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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I. 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 I96I+ by the AEC 

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

the following STimmary 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 l) 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 l) 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. INTRODUCTION 

II.l Authorization and Scope of Contract 

II.1.1 Authorization and Objectives 

This study was authorized under United States Atomic Energy Commission (AEC) 

contract AT(30-l)-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 of: a) 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. 

h. To evaluate projected results for BCEX fuel element 

test assembly operation in EBR-II. 

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. 

II.1.2 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 1+ through 11 

(phase I) of the contractor's proposal for "Controlled 
(l)* Expansion Fuel Development Program" dated May I963 and 

(2) 
revised December I96I+ and further revised by the letter 

from the contractor to the Commission (Rees to Shaw) dated 
(-3) 

March 2, I965 • 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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II.2 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-l)-3251 and 
(1+) 

reported in WCAP-3251-1 with an uprated power density and lower 

operating temperature as outlined in WCAP-2638 . 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 

(1+) 

Breeder Reactor Design Study" , and in the "High Power Density, Stain­

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

follows: 

1. The design philosophy for the Westinghouse-AEC 1000 MWe 
(1+) 

FBR Study was predicated upon the following considera­
tions which are also applicable to the WLFBMR: 

a. Maximum utilization of existing technology. 

b. 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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2. The objective of the Westinghouse-AEC 1000 MWe FBR 

(1+) Stiidy 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. 

3. The reactor is a fast spectrum-breeder which provides 

safe and stable operation. Inherent reactor dynamic 

stability is required. A seven modular core was 

selected to provide a safe, economic design. The 

reactor is sodium cooled and has a high breeding ratio 

and short doubling time. 

1+. 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 1+01+ MWt. 

5. The core and fuel assembly mechanical design from the 
(1+) Westinghouse-AEC 1000 MWe Study is adopted for this 

study. The reference core design is described in 

Section III-l. 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. 

6. Plutonium-uranium carbide fuel, thermally bonded by 

sodium to tl:e clad and vented to the coolant, is 

utilized. 

7. 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-l. 
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8. The average carbide fuel burnup is 100,000 MWD/MT. 

9. Fuel clad material is stainless steel, type 3l6 L. 

10. The cermet fuel material is (Pu-U)O fuel in a 3l6 

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 period 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. 

3. The carbide fuel hot spot temperature is limited to 2l+50°F. 

1+. 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 3l6 stainless steel clad, 

cermet and carbide fuel,to 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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2. The nuclear analyses will be performed on the "Hybrid" or 

"average" module whose neutron fl\ix 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 CEX Concept Background Information 

11.3.1 Summary 

Table I I . l simmiarizes t h e h i s t o r y of t h e CEX concept . 

11.3.2 Conception 

The controlled expansion (CEX) fuel assembly concept, which provides 

a supplementary, inherent, safety and control mechanism for fast breeder 

reactors, was conceived in January 1963 by F. M. Heck of Westinghouse 
(7) Atomic Power Division . A bundle controlled expansion (BCEX) fuel 

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^ . 

presently pending. 

/ Q \ 

January 1963 . Westinghouse patents on these two inventions are 

II.3.3 Fermi Proposal 

In February I963, the first application of the CEX fuel assembly con­

cept was proposed in the "Westinghouse Proposal for Fast Reactor 

(9) 

Development Program to the U.S. AEC," . 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: 

a. 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.l 

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-l)-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 

January 1963 

January 1963 

February 1963 

March I963 

March-December I963 

May 1963 

June-December I963 

A p r i l - J u l y 196I+ 

May-July 196I+ 

May 1961+-March 1965 

December I96I+ 

November I96I+-
May 1965 

March I965 

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, 

nuclear, and transient performance analyses, and some materials pro­

perties aspects were also discussed. 

II.3.1+ First Published Reports on CEX 

In March I963, the BCEX concept design features and description were 

published in "Westinghouse Fuel Assembly for Fast Breeder Reactor 

Application" and "Westinghouse Fuel Assembly for Fast Breeder 

Reactor Application (Rev.)" . 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. 

II.3.5 Westinghouse-AEC 1000 MWe FBR Study (AEC Contract AT(30-l)-325l) 

In this investigation, which is well documented in the "Liquid Metal 

Fast Breeder Reactor Design Study", the BCEX fuel assembly was 

selected as the reference design to provide an inherent negative 

reactivity coefficient by fuel axial motion for a mixed Pu-U carbide 

fueled, 1000 MWe, fast breeder reactor utilizing a modular 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 (fTill 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 0.1+26 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 3l6 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 mechanical design study was conducted during I963 based upon the 

original Westinghouse 1000 MWe FBR fuel assembly design. This work was 

reported in references 12 and 13, and at the I963 ANL Fast Power 
(1I+) 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, mechanical 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: 

a. Bowing of fuel assemblies under radial thermal gradients. 

b. Fuel assembly hold down latch. 

c. 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. 

II.3.7 Recent, Westinghou-se 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 I96I+, Westinghouse evaluated the four AEC 1000 MWe FBR studies. The 

results and conclusions of the Westinghouse evaluation are summarized 

in WCAP-2635 . 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 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 . 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 also incorporated into the Westing-
(17) 

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

This study entailed the design, analyses,, and fuel cost investigation 

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 
(1+) 1000 MWe FBR study , 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 1+0% 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", 

presented at the Fast Reactor Conference, Argonne National Laboratory, 

in October I965. In 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 
(iPi) 

Yankee Core 1 as a precautionary measure to minimize fuel slumping. 

Throughout these aforementioned studies, the reactivity effects of 

BCEX ajid 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-fimded 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 ̂ ° . 

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

Hallam plant 

II.3.8 Westinghouse CEX Concept Proposals 

Based upon the preliminary work described in references 10 and 11, 

Westinghouse proposed a "Study Program on Controlled Expansion Fuel 

(21) 

Assembly for Fast Breeder Reactor Application" to further investi­

gate the desirability of the CEX concept, identify 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 I963. 
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A more comprehensive, three-phase, program to develop and demonstrate 

the CEX concept for fast breeder power reactor fuel, "The Controlled 

Expansion Fuel Development Program" ^ 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" 

(2) 
In December I96I+, the proposal was revised at the request of the AEC 

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 
(3) 

reference (2) in March 2, 1965 by letter to M. Shaw, AEC Headquarters. 

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

analysis, in reference 2. 

11.15 



Section II - References 

1. Westinghouse Proposal to U. S. Atomic Energy Commission for 
"Controlled Expansion Fuel Development Program", May 1963. 

2. Westinghouse Proposal to U. S. Atomic Energy Commission for 
"Controlled Expansion Fuel Development Program", May 1963, Revised 
December 196I+. 

3. Letter of March 2, 1965 to M. Ghaw, U. S. ALomic Energy Commission 
from L. Rees, WAPD, "Controlled Expansion Fuel Development Program". 

1+. Heck, F. M. , et al, "Liquid Metal Fast Breeder Reactor Design Study", 
WCAP-3251-1, January I96I+. 

5. Gunson, W. E., et al, "High Power Density, Stainless Steel Reference 
FBR Core Design", WCAP-2638, July 196I+. 

6. Wright, J. H., et al, "Conceptual Design and Preliminary Accident 
Analysis of a Sodium Cooled, Carbide Fueled, Large Modular Post 
Reactor", presented in Panel discussion on Safety of Large Fast 
Power Reactors, Fast Reactor Conference, Argonne National Laboratory, 
Argonne, 111., October II-II+, I965 (to be published). 

7. Heck, F. M., "Fuel Assemblies for a Neutronic Reactor", Westinghouse 
Patent Application, Case No. 351+08, Filed June 21, 1963, based on 
"Controlled Expansion Nuclear Fuel Assembly", January I6, I963, 
Westinghouse Patent Disclosure Book No. 7192, page 1, W D-57633. 

8. Keller, H. W. and Andrews, H, N., "Fuel Assembly for a Neutronic 
Reactor", Westinghouse Patent Application, Case No. 351+28, Filed 
June 21, 1963, Westinghouse Disclosure Book No. D-57951+, January I963. 

9. "Westinghouse Proposal for Fast Breeder Reactor Development Program 
to U. S. Atomic Energy Commission", submitted by WAPD, February I963. 

10. Heck, F. M., "Westinghouse Fuel Assembly for Fast Breeder Reactor 
Application", WCAP-2237, March 1963. 

11. Heck, F. M., "Westinghouse Fuel Assembly for Fast Breeder Reactor 
Application", WCAP-2237 (Rev.), March I963. 

12. "Westinghouse Quarterly Progress Report, Division General Research 
Programs by Reactor Development", WCAP-2353, April 1 to June 30, 
1963, issued July I963. 

13. "Westinghouse Quarterly Progress Report, Division General Research 
Programs by Reactor Development", WCAP-2561, October 1 to December 31, 
1963, issued April I96I+. 

11.16 



Heck, F. M., "Neutron controlled Expansion Fuel for Fast Breeder 
Reactors", Proceedings of the Conference on Breeding, Economics, 
and Safety in Large Fast Power Reactors, ANL 6792, October 7-10, 
1963. 

Gunson, W. E., et al, "The Liquid Metal Fast Breeder Reactor Design 
Studies", WCAP-2635, July I96I+. 

"An Evaluation of Four Design Studies of a 1000 MWe Ceramic Fueled 
Fast Breeder Reactor", prepared by Reactor Engineering Division, 
COO-279, USAEC, December 1, I96I+. 

Keyfitz, I. M., et al, "200 MWe Sodium Fast Reactor Prototype (SFRP) 
Design Study", WCAP-2628, September I96I+. 

"Design of Yankee Core I Fuel Assembly", YAEC-I5I+, January 196O. 

Markley, R. A., et al, "30 MWt Sodi\im Advanced Fast Experimental 
Reactor (SAFER) Plant Design and Program", WCAP-27I+5, February I965. 

Westinghouse Proposal for Modifications of the Hallam Nuclear Plant 
Facility, presented to the U. S. Atomic Energy Commission in March 
1965. 

"study Program on Controlled Expansion Fuel Assembly for Fast Breeder 
Reactor Applications", March 26, I963. 

11.17 



III. DISCUSSION AND RESULTS 

III.l Reference Westinghouse Large Modular Fast Breeder Reactor System Description 

111.1.1 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 (if 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 , with 

an uprated power density and lower operating temperatures as outlined 
(2) 

in WCAP-2638 , 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 siommarized in Section II.2. 

111.1.2 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.1-1 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 sodiiim is heat-traced. All primary system 

equipment is located inside the primary reactor containment. 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. Ease 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 moderation 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 is 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 k.'^ feet (across the flats). Each module contains a 

central core region approximately 3^ inches in diameter and 72 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 O.D. arranged on a triangular pitch on 0.h26 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) along with long fuel cycle lifetimes, 100 

MWD/kg, are necessitated by economic considerations. The sodium bonding. 
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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 contained 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 is 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.4. 

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 O.D., 

depleted uraniijm oxide, pressed and sintered, pellets clad in 0.020 

inches of 3l6 L stainless steel, having an outside diameter of 0.464 

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.1-7. 

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, 

Bi C 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 

aroiind the control rod perimeter. Strips 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 
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Figure III.1-7 
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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 obtained by uncoupling the control rod drive lines, 

vmlatching 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: k inches of carbon steel, 

12 inches of stacked 3 w/o boronated graphite block; a layer of carbon 

steel shielding (not a structiiral or pressure containing component); 

a type 30i+ stainless steel structural member; 12 inches of boronated 

graphite block; a type 30̂ 1 stainless steel structural and pressure 

containing member; and 2k inches of blast absorbing crushable material. 

The total minimiim 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 (l5 psig) by a low-melting point metal alloy. Cerroben, a 

lead-cadmium-tin-bismuth alloy, is typical of several possible seal 
3 

materials. It has a density of 0.339 lb/in , 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. 

A rotating shear block closure, provides a backup hold down and is 

capable of securing the plug at pressures of at least I50 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 30i+ 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 30^ 

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 ptimps are double 

suction, vertical, centrifugal units of the free surface type consist­

ing of: 

1. A pump drive motor mounted on a shield deck. 

2. A pump volute located in the primary sodiiMi system 

piping below the shield deck. 

3. A pump impeller located in the volute and connected to 

the motor by a shaft. 

k. A vertical column between the shield deck and the volute 

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

gas shaft seal and other necessary piimp 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 minimi;im sodiimi flow in the event of loss of power. 

Intermediate Heat Exchangers 

The intermediate (Ela to Ka) 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 sodiim 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 vol\ime 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/k 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 l-l/i+ Cr, 1/2 Mo. Leak detectors are located at the 

low points of the containment. 

Insxilation 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 lift the top plug from the reactor, move it aside for refueling, 

and replace it after refueling. Four separate hoists are provided to 

lift 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. Electric cables connected to the 

drives have enough slack to allow the plug to be lifted 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 drtim 

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 also 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 lbs. 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 it 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 a\ixiliary 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 failure. The forced cooling system must operate continuously 

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 sodiiim. If cooling gas is lost during a transfer, 

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

The refueling machine 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 III.1-1. 

Table III.1-1 

Refueling Machine Design Parameters 

Minimum lift capacity 

Nitrogen cooling flow 

Decay heat of hottest fuel assembly 

Maximiom bridge travel speed 

Maximum trolley travel speed 

Maximum vertical mast speed 

Positioning accuracy, linear 

1000 lb. 

3000 #/hr at 200°F 

^h kw 

20 

5 ft/min 

20 ft/min 

+ 1/32 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 seal 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 

circulating the sodium through an intermediate sodiiom-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 

sodiimi. 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 is presented in 

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

Reactor Mechanical Design Data 

Reactor Size 

Diameter 
Active Core Height 
Assembly Length 

Ik ft 
6.25 ft 
11 ft 

Module Size 

Height 
Diameter (across flats) 

8.5 ft 
4.5 ft 

Core Modules 

Number of modules 
Number of fuel assemblies/module 
Number of blanket assemblies/module 
Number of reflector assemblies/module 
N\imber of control assemblies/module 

7 
36 
kd 
18 
7 

Ceramic Fuel Rods 

Total fuel height, inches 
Pellet diameter, inches 
Clad thickness, inches 
Clad outside diameter, inches 
Fuel material 
Thermal bond material 
Clad material 

72.0 
0.268 
0.010 
0.300 
(U,PU) C (mod.) 
Na 
3l6 L S.S. 

Axial Blanket Rods (integral with Fuel Rods) 

Blanket length each end, inches 
Blanket material 

12.0 
UC 

Fuel Assemblies 

Type of rod array 
Fuel rod pitch, inches 
Type of can 
Can width across flats, inches 
Carbide fuel rods per assembly 
Cermet fuel rods per assembly 
Fuel assembly length (approximate) inches 

triangular 
0.1+26 
hexagonal 
5.10i+ 
120 
7 
132 
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III.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.1.5). 

The power density was increased by reducing the sodium outlet tempera­

ture from 1200°F^ 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 to 3255 MWt; k6^ 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 a reduction in the clad surface hot spot temperature from approxi­

mately li+00°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 O.36O inch diameter and 

with a voliometric heating ratio of 0.30 are used in this summary. 

Table III.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 

B. 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.) 

c) Blanket 

2. Before refueling 

a) Carbide fuel rods 

b) Cermet rods (Q=0.30, O.D.=0.36O 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 

3255 MWt 

1250 MWt 

li+8.0 X 10 Ib/hr 

i+65.0 

kok 

12 

k9 

31k 

11 

80 

396 

'\' 115 

15.6 

33.6 

one year 

100,000 MWD/T 

120,000 MWD/T 
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II. Conditions (after refueling) 

A. Temperatures at rated power 

Core and blanket coolant inlet 

Mixed mean outlet 

Average channel outlet 

Hot channel outlet 

Carbide fuel rod (lOO^ mixing with cermet coolant) 

a) Maximiim clad surface 

b) Maximum fuel centerline 

Cermet rod (Q=0.30, O.D.=0.360 in.) 

a) Maximum clad surface 
b) Maximiom fuel centerline 

c) Maximum fuel average 

B. Hydraulics (per module) at rated power 

Total core flow rate (per module) 

Bypass flow 

Effective core flow rate (per module) 

Flow area in core of module 

Core average mass velocity 

Core orificing (held constant through life) 

a) Zone 1 

b) Zone 2 

c) Zone 3 

Core zone average mass velocity (held constant 

(throughout life) 

a) Zone 1 

b) Zone 2 

c) Zone 3 

850°F 

1100°F 

1113°F 

1277°F 

1310°F 

2230°F 

1235°F 

1785°F 

ll+90°F 

18.9 X 10^ 

18.0 X 10 

2.99 ft^ 
6 P 

6.02 X 10 Ib/hr-ft 

l.lll 

1.00 

0.9533 

6 ? 
6.85 X 10 Ib/hr-ft 

6.02 X 10 Ib/hr-ft^ 
6 ? 

5.73 X 10 Ib/hr-ft 
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Core coolant pressure drop - 80 psia 

Core coolant velocities - normal channel average 

a) Zone 1 

b) Zone 2 

c) Zone 3 

Loss coefficient per grid 

Core flow channel equivalent diameter 

Total blanket flow per module average 

Blanket orificing (held constant through life) 

a) Inner row 

b) Outer row 

37.3 ft/sec. 

32.7 ft/sec. 

31.1 ft/sec. 

0.3 

O.O291I+ f t 

2.23 X 10 I b / h r 

1.25 

0.825 

III. Hot Channel Factors 

A. Engineering 

Heat flux F^ 
1 

Enthalpy rise F 

Heat transfer F 

E 
AH 
E 
AT 

B. Power peaking factor 

Core 

Radial blanket 

C. Nuclear (max. t o ave . ) 

1.0i+ 

1.15 

2.00 

I.1I+ 

1.00 

Core Radial Blanket 
Time 

Beg inn ing -o f - l i f e 

33,333 MWD/T 

66,667 MWD/T 

Radial 

1.33 

1.27 

1.215 

Axial 

1.36 

I.3I+5 

1.33 

Radial 

2 .83 

1.8 

1.52 

Axial 

1.36 

1.3i+5 

1.33 
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IV. Design 

A. Module 

Number of modules per core 

Number of fuel assemblies per module 

Number of blanket assemblies per module 

Number of control rod assemblies per module 

Equivalent module core radius 

Active core height 

B. Fuel assembly 

Shape 

Carbide fuel rods per fuel assembly 

Cermet rods per fuel assembly 

Fuel rod array 

Axial distance between grids 

Number of core grids 

C. Carbide fuel rod 

Type 

Active fuel length 

Fuel pellet diameter 

Fuel clad I.D. 

Fuel clad O.D. 

Fuel material 

Clad material 

Type of fuel-clad bond 

Fuel rod pitch/diameter ratio 

Total number of rods per module 

Percent of theoretical density of fuel 

D. Cermet rod 

Active length 

Cermet material 

Total cermet rods/module 

7 

36 

51 

7 

l6.5 inches (1+1.89 cm) 

75.5 inches 

hexagonal 

120 

7 

triangular 

9.0 inches 

8 

vented 

72.0 inches 

0.268" 

0.280" 

0.300" 

(Pu-U)C 

3l6 L S.S. 

soditim 

1.1+2 

1+320 

92 

75.55 in. 

(Pu-U)02 

252 

3l6 SS 
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Percent of theoretical density (Pu-U)O 85 

Theoretical density of 3l6 SS 8.0 g/cc 

Theoretical density of (Pu-U)O 11.05 g/cc 

Cermet rod size 

Rod O.D. 0.360 in. 

Cermet rod diameter O.3I+O in. 

Cermet clad I.D. O.3I+O in. 

Clad thickness 0.010 in. 

Volume percents in core 

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

Fuel 29.81+̂  

Steel 13.3W 

Sodiiim 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 

Fuel 28.1+6̂  

Steel 13.96^ 

Sodium 57.58$? 

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

and corrected for axial 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 UOp (depleted) 

Clad material 3l6 L SS 
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Active blanket length 87.6 inch 

Fuel pellet diameter 0.1+20 inch 

Type of fuel-clad bond gas 

Clad 

a) I .D . 0.1+21+ inch 

b) Thickness 0.020 inch 

c) O.D. 0.1+61+ inch 

Fuel rod pitch, inch O.I+96 inch 

Fuel rod pitch/diameter ratio 1.07 
2 

Total heat transfer area 27,650 ft 

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 5I+.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 30.1+7$? 

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) 

Fuel 29.81+̂  

Sodium 58.82^ 

Structure and clad 13.; 
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Heat transfer data 

Total core heat transfer area per module 

Core maximum heat flux 

Core average heat fliox 

Thermal conductivity of clad 

Thermal conductivity of core fuel 

Thermal conductivity of blanket fuel 

Fuel-clad heat transfer coefficient in 
core assembly 

Fuel-clad heat transfer coefficient in 
blanket assembly 

Cermet-clad interface heat transfer coefficient 

Axial blanket (upper and lower) 

Thickness (upper and lower) 

Number of grids in lower blanket 

Fuel material 

Rods per assembly 

Clad O.D. 

Clad I.D. 

2036 ft 
6 ? 

1.1+6 X 10 Btu/hr-ft 

0.677 X 10 Btu/hr-ft^ 

11.0 Btu/hr-ft-°F 

10.0 Btu/hr-ft-°F 

1.6 Btu/hr-ft-°F 

72,000 Btu/hr-ft -°F 

1,000 Btu/hr-ft^-°F 

100,000 Btu/hr-ft^-°F 

12.0 inches 

1 

UC (depleted) 

120 

0.300 inches 

0.280 inches 

K. Fuel 

Material 

Maximum atom fraction burnup 

Average atom fraction burnup 

New fuel enrichment 

(Pu-U)C 

0.12 atoms fissioned/atoms heavy metal 

0.10 atoms fissioned/atoms heavy metal 

16.26 a/o 

Pu-239 + Pu-21+1 
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III.1.1+ 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 siommary 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 (l): "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) soditmi 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 2.1+5̂  to the total reactor, 

and all 21 peripheral control rods together are worth 2.1+5̂  to the 

total reactor. This provides a total shutdown margin in excess of J,% 

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 one 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 

\inlikely 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 sodi\mi 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. 1-1+. 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 p\imps are equipped with flywheels attached 

to the rotor shaft of the drive motor. This provides inertia to the 

system to obtain a piimp 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: (l) a nuclear power excursion giving a 
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Table III. 1-1+ 

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) 

1+. 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) 

ll+. 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 

air or water vapor. The effect of a chemical reaction between sodiimi 

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 7 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 pertiirbation 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 

that the particular core concept chosen may be overly conservative. 
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Futiire 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." 

III.1.5 Fuel Cycle Costs 

As previously mentioned, the Westinghouse-AEC 1000 MWE FBR core 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 ' ' > . por 

example, a 10^ annual charge was assumed to apply on all working capital 

and inventory charges rather than the l+-3/l+̂  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 

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 
(13) reference (l) and normalized by the Argonne National Laboratory is 

given in the first column. The fuel cycle cost for this same design 

(li+) using typical commercial utility practice is given in the second 

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

Breeder Reactor 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 
(lit) Based on Oyster Creek Method 

1000 MWe W-AEC Design : i ) 

(13) 
ANL^ -̂^ Using 
Normalization Typical 
(AEC Fuel Utility 

Westinghouse 
Large Modular 
FBR Design 
(Updated Physics) 

Working Capital 

Fabrication 

Processing 

Pu Credit ̂'̂ ^ 

Ownership) 

0.39(<i = s) 

0.1+0 

0.21 

(0.39) 

0.6l 

practice 

0.88(<='^'^^ 

0.31 

0.27^^^ 

(0.60)^^^ 

0.86 

0.53-0.63^^''^'^^ 

0.2-0.3 

0.25-0.28^®^ 

(0.^5-0.5)^^^ 

0.53-0.71 

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

b. Latest revised physics calculations. 

c. Fuel, including bred material, fabrication and processing § lQ.k%/jr, 

d. Pu i $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 
(ll+) Oyster Creek Plant analysis 

g. Use charge of l+.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 (l) using AEC ground rviles. 
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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. 

III.2.2 General Concept Description 

A predictable structural expeuision 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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CEX (CONTROLLED EXPANSION) 
FUEL ASSEMBLY 

m 

CEX (Controlled Expansion) Fuel Assembly-

Figure III.2-1 
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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 a 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 in 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 

III.1+6 



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. 

III.2.3 Problem Areas 

III.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 sufficient 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. Ideally then, it is only necessary 

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

life to find the maxim\jm allowable fuel loading. By this procedure, it 
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can be detennined whether the loading allowed by cermet life provides 

sufficient negative feedback. However, the problem cannot be handled 

this easily. 

There is 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-
3 

able data is usually correlated by plotting total fissions/cm versus 

the cermet surface temperature. Whether these are the two most pertinent 

variables is questionable. If siirface 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, a large portion of the available irradiation 

data was obtained using plate geometries, and the thermal and structural 

behavior of plate fuel elements is quite 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 {'^ 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. 

III.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 a 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 because 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-all 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 

Structviral integrity of the cermet rods is 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 correlation of accumulated fissions per unit 

vol\ame 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 ftinctions 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, etc. 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.5). 

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 natural frequency for axial vibration. Hence, it has a 

greater tendency to lag and then overshoot mechanically than does a 

small diameter 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. For 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 

volijme 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 

raises the cermet temperature for a given power generation rate and,̂  

therefor^ 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 lifted by the coolant flow, putting the cermet structure in compres­

sion. However, any compressive loads will be small 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 wall. Therefore, it is necessary to depend upon the ceramic fuel 

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

III.2.3.1+ 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 compared. 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 3l6 

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 aji inward expansion and thereby offsets some of the negative 

reactivity obtained from outward axial expansion of the fuel bundles in 

the BCEX concept. 
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III.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 Justifiable i.s 

the degree of effectiveness or the worth of BCEX in controiJing the 

dynamic behavior of ttie reactor. 

The desirability of negative power coefficients is well recognized 

from the control, stability, and incident termination standpoints. 

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 a 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 limitations 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 subsequent sections of this report is an 

attempt to quantify some of the information required to judge the 

effectiveness of the controlled expansion concept. 

III.57 



III.3 Thermal & Hydraulic Analyses and Results 

III.3.1 General 

The Westinghouse - AEC 1000 MWe Fast Breeder Reactor modular core 

design, prepared under AEC contract AT (30-l)-3251 and reported in 

WCAP-3251-1 with an uprated power density and lower operating temp-
(2) 

eratures as outlined in WCAP-2638 , 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 O.D. with a triangular pitch on 

0.1+26 inch centers. 

The thermal and hydraulic analyses were performed with the Westinghouse 

Liquid Metal pooled Thermal & Hydraulic Design (LMCTHD) Computer Pro­

gram, a steady state thermal and hydraulic design code for sodivmi 

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 5 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 JV ), 
^ ' - o r - zone, J core 
and the maximtmi to normal radial power ratio within 

III.58 



each radial zone (P ,/P ,), the coolant, clad, and fuel tem-

max. j zone, j 

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 is 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 
(3 1+ 5) and hydraulic analyses were taken from the liquid metal survey ' ' 

conducted by the Southwest Research Institute. 

III.3.2 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 performance characteristics of BCEX. The initial design bases and 

ground rules for this study are listed in Section II-2. The reference 

reactor design and operating conditions are described in Section III-l. 

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 fl\ix, F ̂  = l.OU 
q 

2. Enthalpy rise, F,„ = 1.15 
An 

3. Heat transfer, F,^ = 2.00 
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B. Power Peaking 

1. Core I.II+ 

2. Radial Blanket 1.00 

C. Nuclear (overall maximum to average) 
Core Core 

Radia l 
; 1.33 

1.27 

1.22 

Axia l* 
1.36 

1.31+5 

1.33 

Radial Axial 
2.83 1.36 

1.80 I.3I+5 

1.52 1.33 

33,000 MWD/T 

67,000 MWD/T 

*Control rods fully withdrawn 

D. Nuclear (by radial zone, beginning of life) 

1. Fuel and cermet 

Zone a v e r a g e t o c o r e a v e r a g e . Zone 1 = 1.27 

" " " Zone 2 = 1 .10 

" " " Zone 3 = 0.81+1+ 

2. Fuel 

Maximum to average in Zone 1 = I.05 

" " " " Zone 2 = 1.10 

" " " Zone 3 = 1.17 

3. Cermet 

Maximum to average in Zone 1 = 1.01 

" " " " Zone 2 = 1.02 

" Zone 3 = 1.03 

2. Core orificing factors: 

Zone 1 = lll+̂  flow 

Zone 2 = 100^ flow 

Zone 3 = 0.953^ flow 

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

1+. 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 sodiimi. The equivalent heat transfer coef-
2 

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

6. The clad-cermet fuel interface heat transfer coefficient is 
2 

100,000 Btu/hr ft °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. 

7. 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. 
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This Dwyer-Tu correlation is: 

Nu = 0.93 + 10.8l(^) - 2.01 (̂ )̂ '° + 0.0252 {^f-^^ (?P f-^ 

where: 

P Rod pitch 

D Rod diameter 

P Peclet number 
e 
N Nusselt number 
_u 
¥ Dwyer's eddy transport correction 

The DNB ratio was checked by using the forced convection burnout heat 
(7) (Pi) 

flux correlations of Lowdermilk and Noyes and liquid metal pool 
boiling correlations of Caswell and Balzhiser and Noyes 

III.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 assTimed. 

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 volimietric heat rate in the cermet fuel to the 

volumetric heat rate in the ceramic fuel, or: 

q' ' ' 

cermet fuel 
Q - I .t 

ceramic fuel 

Figures III.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.3-1+. The basis for these 

relationships are presented in the curves. 
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Figure III.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 asstmie 100^ coolant mixing between 

the coolant heated by the fuel and the coolant heated by the cermet 

rod within an assembly. This does not assiome 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 hydraulic data for the ref­

erence Westinghouse Large Fast Breeder Reactor Modular Core incorpor­

ating the bundle controlled expansion (BCEX) concept was presented in 

Table III.1.3 in section III.1.3. 

The variations in the circumferential steady state temperature of 

the 0.300 inch O.D. carbide fuel rods, with a 0.1+26 inch pitch were 

checked with the AXTHRM^ code. Negligible, 3-6°F, temperature 

variations were calculated around the periphery of a fuel rod. 

Thermal and hydraulic analyses were performed on the cemiet rods to 

establish their steady state temperatures. Figures III.3-7 thru III.3-12 

presents the results of the analyses of the 0.300 inch O.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 (l) the fuel coolant mixing frac­

tion into the cermet channel and (2) Q, the volumetric heating ratiof 

on the maxim\mi cermet centerline, hot channel coolant outlet̂  and aver­

age coolant outlet temperatures. Figure III.3-8 shows the effect of 

Q only on various parameters at 100 percent mixing. Figures III.3-9, 

III.3-10, III.3-11, and III.3-12 present the steady state hot and aver­

age channel temperature profiles for Q = 0.20, 0.25, 0.30 and 0.1+0 

*Which is defined as the ratio of the voliometric 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 coolant 

heated hy 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 III.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 

a greater volume percent when equal enrichments in cermet and ceramic 

fuels are assumed. For example, for the case of Q = 0.30 (assiiming 

85 percent of theoretical density for the UOp particles), k3 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 previous 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 is, for a fuel rod diameter 

of 0.300 inch and a pitch of 0.ii26 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 

Cermet rod O.D., in. 

0.25 

0.368 

0.1+27 

0.30 

0.360 

0.i;27 

0.1+0 

0.31+5 

0.1+27 pitch of center cermet rod to 
other six cermet rods, in. 

pitch of six cermet rods to 0.1+25 0.1+25 0.1+25 
first ring of fuel rods 

Figure III.3-13 gives the calculated cermet rod diameters required 

to obtain equal enthalpy pickup for a Q between 0.15 and O.6O. 

These analytical results will certainly have to be substantiated by 

experimental flow tests. 

Figures III.3-13 thru III.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 12l+5°F, and the peak 

cermet surface temperatures range from 12l+5°F to 1265°F. 

Figures III. 3-11+, III. 3-15, III.3-16 and III. 3-17 present the "fat" 

cermet rod steady state temperature profile for Q = 0.20, 0.25, 0.30 

and 0.1+0, respectively. 

*"Fat" 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 I1I+ 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 correla­

tion for forced convection critical heat flux for sodium, and the 
(7) Lowdermilk, correlation for forced convection critical heat flux 

for water, the 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 
(9) 

approximately 1.3. Using Caswell and Balzhiser 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 III.3-l8,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 III.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 

III.83 



I 
MIXING 

ZONE I 
(INNERMOST) 

ZONE 2 

ZONE 3 
(OUTERMOST) 

1.0 0.667 0.333 Q °-^^^ °-^^^ '-0 

x / W 

EXIT COOLANT TEMPERATURE DISTRIBUTION IN VARIOUS ZONES 
OF CORE AS A FUNCTION OF TRANSVERSE POSITION IN ZONE 

BEGINNING-OF-LIFE POWER DISTRIBUTION 

Figure I I I .3-18 

I I I . 81+ 



ZONE 3 
(OUTERMOST) 

ZONE 2 

ZONE I 
^INNERMOST) 

0.8 1.0 

OUTLET 

TEMPERATURE DIFFERENCE CAN WALL-TO-CAN WALL IN VARIOUS 
ZONES OF CORE FOR NO TRANSVERSE COOLANT MIXING vs. AXIAL 

POSITION (BEGINNING-OF-LIFE POWER DISTRIBUTION) 

Figure I I I .3 -19 

I I I . 85 



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 III.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 TT°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 5T°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 III. 3-22 

and III.3-23). 

The burnup-temperature history of the UO -3l6 stainless steel cermet 

is plotted in Figure III.3-2i+. 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 

196̂ + ORNL estimates, extrapolated to cermet rod average tempera­

tures, is superimposed on Figure 111.3-2̂ +. This was done by adding 

50°F to the ORNL data, which is basically for plates, to translate the 

abscissa 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 O.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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III.^ Mechanical Design and Analysis 

III.U.l Fuel Assembly Description 

The entire fuel assembly, shown on Figure III.U-1, consists of three 

main subassemblies: (Part l) the 7-rod central "cermet" sub-assembly; 

(Part 2) identical upper (Part 3) and lower half-length, 120-rod, 

fuel bundles or sub-assemblies. The central 7-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). 

Each half-length, 120-rod, fuel sub-assembly (Figures III.i+-2 and 

III.i+-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 is 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 k) 

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.U-1 
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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. For an axial movement of 0.20 inches, approxi­

mately 120 lb. 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. Minimiom distortion 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.U-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 T) 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. 
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III.i+.2 Carbide Fuel Rod Description 

Each fuel bimdle consists of 120, (Pu U) C fuel rods. The carbide 

fuel rods (Figure III.U.i+) 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 12-inch column of depleted UC which acts as the axial breeder 

blanket. The chambers are separated by hollow tube discs, with 

a O.iiO 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 0.01-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 coltmins 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 throixgh 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 coolant flows 

through the fuel rod due to either pressure or thermal gradients. 
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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 lJ400°F (peak) wall, and because of the relatively cool 

(2000°F) pellet center temperature. 

III.U.3 Controlled Expansion Feature 

The Bundle Controlled Expansion fuel assembly (BCEX) consists of upper 

and lower half-length bundles of fuel rods which are attached 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. Figures III.i+-5 thru III.U-10 present the results of 

the mechanical dynamic analysis of the BCEX fuel assembly. Equations 

(A-ll) and (A-12) , solved for the bundle displacement, X,- are plot­

ted in Figure 111.^-5 for three values of characteristic transient 

time, ojT.d) is the natural frequency of the fuel bundle-cermet assembly, 

and T is the characteristic response time to achieve terminal or 

total free cermet rod expansion, Y . 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 a)T=ir/2, 

___ 

See Appendix A 
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the bundle does not follow or "track" the free cermet expansion nearly 

as well as for WT = 2 . This reduces the effective, anticipated, 

negative reactivity cnntribution of the cermet; increases the trans-
** 

lent stress in the cermet rod (a = E Z /L) ; and, could intro-
max max 

duce some undesirable fluctuations in reactivity, at times greater 

than T. 

Equation (A-15) is plotted in Figure 111,^-6 for A/Y versus CJT for 

a terminated transient. For WT greater than 10, the amplitude of post 

transient bundle oscillation is less than 2^ of Y , and the bundle 
T 

essentially tracks free cermet expansion; the cermet transient stress 

is negligible for Y less than 3/^ inches, and post transient reac­

tivity fluctuations due to bundle vibration are small. For o) = i+30 

radians per second and UT = 10, x = 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 111,5 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 III,U-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/Y , 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.U-7 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 

See nomenclature in Appendix A 
* See Appendix A 
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forces are still insignificant in the cennet rods for any of the tran­

sients studied in this investigation, for cermet rod assemblies having 

three or more rods. 

Figure III.H-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 inertial 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,i+-9 shows the effect of the Elastic Modulus 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-I6) , the disparity between bundle displacement and 

free cermet expansion is approximately 2% for IOTQ = T in an unter­

minated transient. TQ is the characteristic time for the untermina­

ted transient. Thus, for a bundle natural frequency of i+30 radians 

per second, the characteristic time equals O.OI6 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 O.OI6 seconds. None of the unterminated transients 

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

System parameters were substituted for (o in equation (A-I6) , and 

the resulting Figure III.H-IO 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 111,5 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, 

III,U,1+ 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, 

c) flow drag, and 

d) 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 which 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 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 this bundle must be constrained by the 

fuel assembly can to remain straight. This constraint results in 

bending strains in the bundle. Near the bundle endŝ  the bending 

strain is zero and the ferrules are subjected to shear stresses. 

Since the ferrule shear area is U 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 h& 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 III.^-l sxmmiarizes 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.U-2 compares the fuel clad strains and stresses with frac­

ture values. The stresses and strains from Table III,U-1 are super­

imposed. The resulting total strains and stresses are compared with 

the following three fracture criteria: 
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TABLE III.U.l 

SUMMARY OF FUEL CLAD STRAINS 

Strain Units - in/in x 100^ 

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. 

H 

H 

Restraint to 
Bundle Bow +.012 0 0 0 +.028 0 0 0 +.038 0 0 0 

Non-Linear Rad. 
Bundle Temp. 
Gradient 

Flow Drag 
Less Static 
Weight 

+ .002 0 +.001 0 +.002 0 +.001 0 +.002 0 +.001 0 

Clad R a d i a l 
Temp. G r a d i e n t 

Clad A x i a l 
Temp. G r a d i e n t 

S t a t i c 
Weight 

+ . 107 

0 

+ . 003 

+ .O61 

0 

+ .002 

+ .IOI1 

0 

- . 0 0 3 

+ .060 

0 

- . 0 0 2 

+ .097 

0 

+ .003 

+ .053 

0 

+ .002 

+ . 0 9 ^ 

0 

- . 0 0 3 

+ . 0 5 1 

0 

- . 0 0 2 

+ .079 

0 

+ .003 

+ .0i+0 

0 

+ .002 

+ .077 

0 

- . 0 0 3 

+ .0i+0 

0 

- . 0 0 2 

-.003 -.002 +.002 +.002 -.002 -.001 +.001 +.001 -.001 -.001 +.001 +.001 

Rod Vibration 
in Parallel Flow 

+.006 +.012 +.006 +.009 +.003 +.009 +.003 +.006 +.003 +.006 +.003 +.006 



TABLE III.U-2 

COMPARISON OF FUEL CLAD STRAINS AND STRESSES WITH FRACTURE VALUES 

Region 1 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, 

Max. Operating Strain 

*Min. Fracture Strain 

Start-up/Shut-down 
Strain Range - % 

*Usage Factor = 
No. of actual cycles 
cycles to failure 

Operating Strain 
Range - % 

*Usage Factor 

*Cumulative Usage Fact 

Primary Stress, psi 

*Time to Rupture 
(minimum) 

- % 

- % 

or 

+ .130 

25 

0 
to 
.115 

-< 

0 
+ .012 

.0016 

.0016 

-515 

_^ 
\ 

+ .065 

25 

0 

to 

.057 

0 
+ .006 

• 

-310 

+ .116 

57 

0 
to 
.110 

0 

+ .009 

+1+85 

+ .068 

57 

0 
to 
.06U 

0 
+ .006 

+290 

+ .I3I+ 

23 

0 
to 
,122 

LESS T 

0 
+ .009 

-295 

+,055 +,102 

23 65 

0 0 
to to 
,050 .099 

-1+ 
UAIM VO • '"•• 

0 0 
+.003 +.006 

+ .055 

65 

0 

to 
.051+ 

0 
+ .003 

LESS THAN .OOI6 

LESS THAN .OOI6 

-180 +275 

- GREATER THAN 100,000 HRS. 

+165 

+ .I2I+ 

3U 

0 
to 
.115 

0 
+ .006 

-225 

+.0U2 

3^ 

0 
to 
.037 

0 
+ .003 

-135 

+ .086 

68 

0 
to 
.085 

/' 

0 
+ .006 

- ^ 

-> 

+205 

+ .01+1I 

68 

0 
to 
.0ii3 

0 
+ .003 

+125 

*Based on Operating Temperature of 1300°F, 



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-7. 

It can be concluded from Tables III.U-1 and III.1+-2 that all clad 

stresses and strains are well within allowable limits, 

III.H.5 Cermet Design 

The central, 7-i'od, 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 a parabolic 

radial temperature gradient and attendant thermal strains. The axial 

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

—̂ -2 X (rod center temperature-rod surface temperature) 
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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, a 5 may range from 8,5 to 11 x 10 per °F, Thus, the cer­

met surface strain due to internal heat generation is between 0,3 and 

O.k 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,U.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 solution 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 0.1+ per­

cent strain due to internal heat generation seems high when compared 

to probable ductility values of approximately 1 percent. Discussion 

of the cermet 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. 

III,l+.6 Fuel Assembly Can Stresses and Strains 

A hexagonal shaped can,̂ which encloses each fuel bundles,,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. Biondle 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 grid.̂ 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: 

w = 75 lb/inch 

P -^ 
y V V y t' *• V V V / « V y V V / v 

I I 

> /. f t r < 

^—t=To93 

L = 2,9 

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

M = wj (1 -
U/2 

sinh U/2 

• ^ P 

The maximum deflection: 

.2 
L 
8P 

wj r̂ U(l - cosh U/2) _̂  „2-| „_po • v, 
y= «- ^ Sinh U/2 -̂  U ] = '^"^^ ^"^^^^ 

Where: 

U = L/j; j = EI/P; EI = flexural rigidity 

Since 

P = wL cos 30° = 188 lb. 

and 

E = 2l+ X 10 psi = Young's Modulus for 3l6 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: 

t b P ^^/2 -1/2 
(-|-) = (̂ ) (̂ ) i-f-) 
^f ^f ^f ^f 

where 

t = BCEX fuel assembly wall thickness 

t = Fermi fuel assembly wall thickness = O.O96 inches 

b = BCEX fuel assembly panel span =2.9 inches 

b = Fermi fuel assembly panel span = 2.1+5 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 

s.p = ASME Boiler Code VIII allowable stress at Fermi operating 

temperature for 3l6 SST = 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 (1+), and from the creep data for 3l6 stainless steel in Figure 

III.1+-11, the following table can be constructed for a clamped/clamped 

beam: 
rwL -,n ^2 

y L—2J k- ^ 
Beam Temp.. °F n ^ 2t t 

800 11.60 5.1+ X 10-^9 

900 

1000 10.00 

1100 

1 0 . 7 5 2 . 5 x 10 -^2 

1 .7 X 10 -56 

9 . 3 7 1.1+ X 1 0 - 5 1 

1200 8 . 8 1 3 .2 X 10-^ ' ' ' 

1300 8 . 3 1 2 . 5 X 1 0 - ^ 3 

ll+OO 7 . 8 6 8 .0 X 10"*^° 

1500 7.1+6 1 .1 X 1 0 " ^ 

1600 7 . 1 0 7 . 0 X 1 0 - 3 ^ 

I I I . 1 2 0 
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y is the mid-span deflection (inches) at time x (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 1+1 psi, and y is less than .0001 inches. 

Thus, it can be concluded that the can wall thickness is sufficient 

to withstand the imposed pressure gradients for x = 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 (l-/() 

Where a, the thermal expansion coefficient, equals 10 per °F, the 

maximum can wall temperature difference, AT, is less than 10°F, and y, 

the Poisson's Ratio equals 0.3, a surface strain on the order of 

0.01 percent is developed. This strain is considered negligible. 

III.1+.7 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 II core ' . 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 
1^,3(7,8,9.10)^ 

A bundle controlled expansion (BCEX) fuel assembly can is shown in 

Figure III.1+-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 II.1+-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.1+-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 

III.I+-II+ and III.I+-I5. 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 III,lt-ll+ 

and III,1+-15, the latter case (two restraints) results in a somewhat 

greater net outward movement. 

Analysis to this point has assxmied 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 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.I+-I6 and III.I+-I7. 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 is 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.I+-I6 and 

III,1+-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 initial gaps between adjacent 

fuel assemblies. 

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

locations for can restraints. 

1+. Further 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. 

7. 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 

III.1+-18 and III.1+-19. 

III,l+,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 irradiated 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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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. 
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III.5 Transient Analyses 

111,5.1 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 core and CEX fuel assembly design with an uprated power 
(2) 

density and lower operating temperatures as outlined in WCAP-2638 

(see Section III.l), were adopted as the reference design for these 

analytical studies. The analyses also included simulating several 
(1 2) postulated accidents that might occur in the reference reactor ' 

These studies were performed using the Westinghouse version of the 
(3) FORE 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 a 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 a 

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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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, 

III.5.2 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 obtain predictable axial expansion. The Westinghouse 
(1+ 5 6) program was checked with the available errata and addenda sheets 

to insure that all recommended 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 

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 maximxim 

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, 1+, 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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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. 

111,5.3 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/ft of fuel, identical to that in the carbide 

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

The nominal 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. In addition, 

in BCEX, the cell flow area around the cermet rods was adjusted to 

obtain the same coolant 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 1+0̂  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 Summary 

Carbide Oxide 

Core active height, inches 

Fuel rod O.D., inches 

Clad thickness, mils 

Fuel pellet diameter, inches 
3 

Total fuel volume, ft 

Fuel rod linear power, kw/ft 
3 

Heat generation rate, kw/ft of fuel 

Type of fuel clad bond 

Fuel-clad conductance, Btu/hr-ft -°F 

Clad-coolant heat transfer coefficient, 
Btu/hr-ft2-°F 

Coolant temperature, 100^ power 

Inlet 

Outlet (mixed-mean) 

BCEX cermet rod O.D., inches 

BCEX cermet rod clad thickness, mils 

Cermet diameter, inches 
3 

Total cermet voltmie, ft 
2 

Cermet-clad conductance, Btu/hr-ft -°F 

Metallurgical bond 

Gas bond 

72 

0,300 

10 

0.268 

10.2 

15.6 

39,800 

sodium 

72,000 

15,000 

850 

1100 

0,300-0 

10 

0.280-0 

0.65-0,. 

100,000 

1,000 

,360 

,31+0 

35 

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 

0,195-0.21+0-0.280 

0.65-0,95-1.29 

100,000 
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The physical properties of the core materials, fuel, cermet, cladding, 

and coolant, are given in Table 111,5-2. 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 111,5-2. 

Using the material properties given in Table III.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 III.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, 5-1+. An axial distri­

bution was applied to the sodium density coefficient as given in the 

footnote of Table 111.5-^. 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 = -0,39^, 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 vas not considered 

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

H 
H 
M 

H 
4r-W 

a. 

b. 

c. 

d. 

Material 

Fuel 

1. Carbide, (Pu-U)C 

2. Oxide, (PU-U)02 

Clad, Fuel and Cermet 

Cermet, UO^-SS 

Coolant, Sodium 

Physical Properties Used in 

Density 
lbs/ft3 

785.1 

630.1 

1+9̂ .1+ 

517.6 

51.2 

Specific 
Heat 
Btu/lb 

0.0733^^^ 

0.080^^^ 

0.l6 

0.11^9^^^ 

0.30 

the Transient Analy 

Thermal 
Conductivity 
Btu/hr-ft-°F 

11.1+3^^^ 

1.1+9^^) 

12.1 

T.eC" 

38.3<"' 

ses 

Linear 
Expansion 
1 0 - 6 / O F 

8.o(^) 

11.0 

10.0 

57.3 

Melting or 
Boiling Point 

°F 

1+200^^^ 

5000^^^ 

21+00 

21+00 

1800^^^ 

(A) Value at ll+00°F. In analyses is a function of temperature. 

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

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

(D) Value at 900°F. 

(E) Not used in calculating axial thermal expansion in the transient analyses. 

(F) Value at approximately two atmospheres pressure. 

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



Table III.5-3 

Time Constants 

Defining the time constant as: 

p c V 
E 

U A surface 

Heat capacitance 
Heat conductance 

Carbide pellet (0.268 inches) 

Oxide pellet (0.190 inches) 

Cermet (0.300 inch O.D.) 

From Location of Average 
Fuel Temperature (at 
TL = 0.7) to Clad 
R 
O 

Midpoint 

0.1+7 sec. 

2.08 sec. 

0.79 sec. 

From Location of Average 
Fuel Temperature (at 
r/^ =0.7) 

o 
to Coolant 

0.57 sec. 

2.15 sec. 

0,91 sec. 
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Table 111.5-^ 

Reactivity Coefficients Used in Transient Analyses 

Beginning of equilibrixim fuel cycle in carbide core, 33,333 MWD/T 

Doppler, T dk/dT -0,00335 

Sodium, pdk/dp^ +0,0l61+ 

Expansion, H dk/dH 

A. BCEX 

1. Cermet -O.762 

2. Clad, fuel rod +O.368 

B. CCEX 

1. Clad, fuel rod -0.39^ 

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

pdk/dp 

F i r s t o n e - s i x t h ( i n l e t ) +O.OO3I+I+8 

Second o n e - s i x t h +0.002720 

Third o n e - s i x t h +0.001991+ 

Fourth o n e - s i x t h +O.OOI98I 

F i f t h o n e - s i x t h +0.002720 

Six th one - s ix th ( o u t l e t ) +0.0035^1 

Tota l +O.OI6I+ 
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3.5 X 10 seconds, and the effective delay neutron fraction, 3, is 

O.OO36I+, In the analyses, six groups of delayed neutrons were used. 

111,5.^ 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 a 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 Table 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 III.5-5 

Terminating Limits for Transient Analyses 
(a) 

Name 

,8 
1. Thermal power, 10 Mw 

2. Fuel center temperature, °F 

3. Fuel average temperature, °F 

1+. Fuel surface temperature, °F 

5. Coolant temperature, °F 

6. Cermet center temperature, °F 

7. Cermet average temperature, °F 

8. Cermet surface temperature, °F 

Carbide 
Fuel 

1.0 

6000 

5500 

5000 

2000 

21+00 

Oxide 
Fuel 

1.0 

8000 

7500 

7000 

2000 

21+00 

21+00 

21+00 

(b) 

(t) 
21+00 

21+00 

(b) 

(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)0 . 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. 

111,5.^.1 Carbide Fueled Core 

Analyses were performed on the reference reactor core using the stated 

reactivity insertions for the three BCEX cermet volximetric 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 addition, to study the performance of gas-

bonded cermet, the cermet-clad interface conductance was decreased from the 
2 

value for a metallurgical bond, 100,000 Btu/hr-ft -°F, to the value 
o 

for a gas bond, 1000 Btu/hr-ft'"-°F. This latter analysis was performed 

on a cermet rod with a 1+0̂  heat generation rate and a 0,300 inch diameter. 

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 0.1 second ramp, and in 

Figure III.5-3 for the 2 dollars in 1.0 second ramp. Figure 111,5-1 

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 volxunetric heat generation rate, by increasing the cermet rod 

diameter, and by decreasing the BCEX cermet-clad interface conductance. 

In Figure 111,5-2, the total reactivity feedback for all BCEX heat rates 

from the end of the ramp insertion, 0.1 seconds, to approximately 0,1+ 

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 111,5-3, were not clearly established as the analyses 
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Figure 111,5-1 
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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 1+0̂  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 111,5-1 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 

Figure 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 111,5-^, III.5-5, and 111,5-6, 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 essentially constant 
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for approximately 0.150 seconds. The shorter time constant. Table III.5-3, 

between the carbide pellet and clad, 0.1+7 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.5-7 for an 80 cents 

in 0.1 second insertion. Figure III.5-7 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 111,5-9 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 

0.1+ and 0.55. The Doppler fraction correspondingly decreases to between 

0.3 and 0.1+. 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 III.5-10 

for the 80 cents in 0.1 second insertion. The effect of the BCEX fuel 

clad expansion is again clearly illustrated, as it is the difference 

between 1.0 and any point on a curve. Increasing 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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In all analyses performed for metallurgically bonded BCEX rods, the 

clad expansion downgrades the cermet expansion from 35^ to 50^ near 

the core's equilibriimi conditions. Reducing the BCEX cermet-clad 

contact conductance to a gas bonded value (lOOO Btu/hr-ft -°F) reduces 

significantly this downgrading phenomenon. For example, at a 1+0̂  heat 

generation rate in a 0.300 inch BCEX cermet rod, the downgrading was 

reduced by 50 percent (see Figure III,5-10). The improvement in the 

gas bonded BCEX is due to the increased temperature rise in the cermet 

for a given change 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 sodixjm density coefficients were set to 

zero (see Figure III.5-10). 

The ratio of the cermet to fuel clad linear expansion is shown in 

Figure III.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 ajcial 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, a relative heat generation rate 

in the cermet greater than 25^ is required. For example, in the reference 

BCEX core , the analyses on a 0,300 inch diameter 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. 

III.I60 



GAS B0NDED-0.3OO" O.D., 
CERMET - W% HEAT RATE 

ZERO SODIUM AND 
ZERO DOPPLER 

BCEX - 30% HEAT RATE 

HEAT 
RATE 

30% 

20/0 

3 4 5 6 7 
TIME, SECONDS 

BCEX EXPANSION PERFORMANCE-CARBIDE FUELED CORE 
RAMP REACTIVITY INSERTION 80 CENTS IN 0.1 SECONDS 

BCEX CERMET ROD DIAMETER 0.300 INCHES-CARBIDE FUEL 
ROD DIAMETER 0.300 INCHES 

Figure I I I .5 -11 

I I I .161 



The carbide fuel, cermet, fuel clad, and coolant average (integrated 

total length-wise) temperatures, as a 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 1+0̂  

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-l^(a) 

and III.5-ll+(b) for the 1.0 second insertion time. The maximvim centerline 

temperatiires of hot channel fuel for the above cases are shown in 

Figures 111.5-15, 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 III.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, 570°F for 

the 0.300 inch O.D. BCEX rod case (30^ relative heat rate), and 6lO°F 

for the 0.360 O.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 O.D. BCEX rod case, and 250°F for the 

0.360 inch O.D. BCEX rod case. 

For both two dollar insertions, only the CCEX analyses. Figures III.5-13, 

III.5-l^(a), III.5-I6, 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 

fueled core resulting in prompt criticality, clad axial expansion, 

CCEX, is more effective than BCEX in terminating the excursion. The 

downgrading of the cermet outward expansion by the fuel clad inward 

expansion. Figures 111,5-5 and III.5-6, during large rapid insertions, 

essentially makes BCEX an ineffective excursion terminating mechanism. 

The BCEX hot channel cermet maximiom centerline and average temperature 

in axial section number 1+ (1+ of 6) for the three reactivity insertions 

are shown in Figures III.5-17, III.5-18, and III.5-19. The average 
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temperature in an integrated average temperature over the cermet radius. 

The rise in temperature from zero time was foiind to be proportional to 

the ratio of the heat generation rate to the 0.21+ power. Likewise when 

increasing the cermet rod diameter. Figure 111,5-20, 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 1+0̂  relative heat rate and with the 80 cents 

in 0.1 second reactivity insertion, is illustrated in Figure 111,5-21. 

As the coefficients for the other temperature dependent feedback mechanisms 

become more positive, BCEX, of course, contributes more in terminating the 

excursion. Figure III.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 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 sodiimi 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, a more effective terminating mechanism than BCEX, 
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III,5.1+.2 Oxide Fueled Core 

Analyses were performed on the oxide fueled core. Table 111.5-1, 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 1+0̂ , The 2 dollars in 1.0 second insertion analysis was 

limited to be 0.300 inch O.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 

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 111,5-22 and 111,5-23. The 

longer oxide pellet-to-clad time constant. Table 111,5-3, 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.5-21+ and III. 5-25. For this same time 

period in the carbide core analyses. Figure 111.5-7, 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 1+0̂  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 maximiun 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 vidth 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 

i+75°F/sec. for the 20^, 30^, and kO% relative heat rates, respectively 

(see Figure III.5-28). The 20^ BCEX cermet relative heat rate case 

and the CCEX case lowers by i+10°F the reference core (no BCEX-no CCEX) 

average fuel temperatures. Increasing the BCEX cermet relative heat 

rate to kO% lowers the fuel average temperature by another li+0°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 111,5-29. 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 maximiom centerline and radial average temperatures,, 

which occur in axial section number k {h of 6), are shown in Figures 

III.5-30 and 111,5-31 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 into 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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reach the melting point, 5000°F. The average temperat\ire in a section 

is an integrated average over the radius of the fuel pellet. 

The hot channel cermet maximijm 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 III,5-l8 and 111,5-19-

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, 

111,5.^-3 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 voliimetric 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.5-31+ 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 0.1+7 

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 a 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 111,5-35 and 111,5-36, 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 III.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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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 diameter. The positive effect from fuel 

clad inward expansion is the difference between 1.0 and any of the curves 

shown in Figure III.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 enough 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» 111.5-^0, III.5-i+l, and 111,5-^2, respectively. 

The behavior characteristics of BCEX noted in the reactivity feedback 

ciorves 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 7 seconds in the no BCEX-no CCEX core fuel temperatures with the 

addition of axial expansion is kO% in the carbide core compared to 29^ 

in the oxide core. 
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III.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 

just subcritical core. 

2. Expulsion of a control rod at 100^ core thermal power. 

3. Loss of electrical power to all primary p\;imps at 100^ 

core thermal power. 

The analyses for these three accidents were performed on an isolated 

carbide fueled core representing one module of a multi-module system 

The BCEX analyses were performed using the recommended cermet rod dia­

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. In the BCEX analysis, the fuel 

clad expansion is inward, that is, towards the mid-plane of the core; 

in the CCEX analyses, it is outward, that is, it increases the core 

height, 

The temperature dependent reactivity coefficients which were used are 

given in Table 111,5-^- The fuel assembly and control rod reactivity 

worths selected for the first two accidents are the maximum worth of 
(1 7) the components to the entire seven modular core system ' , In the 

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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111,5.5.1 Refueling Accident - Dropping Fuel Assembly into a Just Subcritical 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 subcritical with a center fuel 

assembly missing. Then as the center fuel assembly is being lowered 

into the core, a 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, 0,6l5 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 111,5-1+3. 

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 lj-00°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/P , as a function of time is shown in Figure 

111.5-^^ 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 

III.5-5. 
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The fuel temperature rise in the average and hot channels, and the BCEX 

cermet temperature rise in the average channel are shown in Figures 

111.5-^5 and 111.5-^6. 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 8l5°F at 2.3 seconds, which then reduces to 675°F at 10 seconds, 

Figure 111.5-^6. 

The hot channel fuel maximiim temperature occurs in axial section number 1+ 

(1+ of 6), Figure 111.5-^7 shows the centerline and radial average tem­

peratures for this axial section. The maxim\jm 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 111,5-5, 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 111,5-^8. 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 111.5-^8), After 

the coolant temperature drops below its peak value (see Figure III,5-^9)> 

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 111.5-^9, was encountered in 

both the no BCEX-no CCEX and the BCEX cores. The assumed boiling tem­

perature of l830°F corresponds to a pressure of 1+0 psia and does not 

include any liquid 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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In the BCEX core,coolant boiling occurs only in the outlet of the hot 

channel. The rate of core voiding,,once 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 maximiim 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 19^0°F versus ll+80°F in the 

CCEX core. At 10 seconds, the fuel clad maximum temperatures in the 

two cores differ by 20°F, ll+50°F in the CCEX core and ll+30°F in the 

BCEX core. The no BCEX core calculation was terminated around 1.3 

seconds. 

In s\immary, 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. 

III.5.5.2 Expulsion of a Control Rod at 100^ Core Thermal Power 

(7) In the seven modular core array , there is a total of 1+9 control rods, 

seven rods per module. The maximum worth of a control is one dollar. 

This analysis assumes that the maximiim worth control rod is in the fully 
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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 rod. Under these conditions, the control 

rod would be expelled at an acceleration of 100 ft/sec. (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 k „ is shown in Figure 111,5-51. 

The initial core conditions were assumed to be 100^ power and full coolant 

flow. 

The core power ratio, P/P , as a function of time is shown in Figure 

III.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 

equilibritim power, 2.2 times full power at six seconds, occiirs 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 core are 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 Figxires III.5-53 and 111,5-5^. 

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 111.5-5^. 

The maximum hot channel fuel and cermet temperatures, centerline and 

radial average, occur in axial section number 1+ {k of 6), Figure III.5-55 

and III.5-56. In 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 seconds, 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 channel, whereas 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 maximijm 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, 

111,5.5.3 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 a 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 111,5-59). 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 l8 

mils, 2l+ 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 ll+00°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 

analysis,,as 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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III.5.6 Controlled Expansion 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 also 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: 

ak 
3P 

dk 
3L, 

1 

8L. 
i 

— 
3T^ 

3T, 
1 

3P + 
9k 
3L^ 

2 

3L„ 
2 

STg 

3T^ 
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where L and T are the length and average temperature of the bulk 

ceramic clad, and L_ and T. are length and average temperatiore of the 

cermet. 

Rewriting the relationship gives: 

V ' ,, , 3L. 3T. 
dk 
3P x _ , ^ .^. ^. 3̂ _ 

1 1 

where the summation is over the two components of the reference BCEX 

assembly. The first term, (L. -rr—), represents the reactivity expansion 

coefficients, y., which are constants. The second term, {- ), 
^ ^i 3T. 

1 

represents the ordinary thermal expansion coefficients, a., which are 

also constants (to a reasonable approximation). Hence, 

3k V '̂i 
y .OL. 

3P / I 'i i 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, 
in 

3T 
Then — = C 

and -r— = / y.a. C. = cons. 3P / I 1 1 1 

111,229 



Thus, the 6k feedback from thennal expansion is a constant times the 

change in the reactor power. 

The values of the y. 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 C. can be obtained from the steady-state 

thermal-hydraulic calculations directly, as 

or 

^ i 

C . 
1 

*" 

= 

T. + C P m 1 

T. - T. 
1 m 

P 

and T., T. , and P are known. These values are tabulated in Table 111.5-^ 
1 in 

for the reference carbide and oxide cases. Note that the total assembly, 

isothermal expansion, temperature coefficient, — , cannot be used to 
.̂ , 3k iso 

predict — . 

The data plotted in Figure 111.5-63 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 adequate 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 111,5-6 

BCEX Carbide: 

(w/0.360" cermet 

§ 30^) 

BCEX Oxide: 

(w/0.260" cermet 

i 30%) 

Clad 

Cennet 

Total 

Clad 

Cermet 

Total 

Quasi' 

Y 

+0.368 

-0.762 

-

+0.368 

-0.762 

— 

-Eqi lilibrium Reactivity Data 

a 

11 X 10" 

10 X 10"^ 

-

11 X 10 

10 X 10~ 

^ 

3k 
3T. 

ISO 

+I+.05 X 

-7.62 X 

-3.57 X 

+I+.05 X 

-7.62 X 

-3.57 X 

io-« 

io-« 

io-« 

io-« 

io-« 

io-« 

c 

0.1+89 

0.75i+ 

-

0.1+12 

0.531 

3k/3P 

+1.98 X 10"^ 

-5.7^ X 10" 

-3.76 X 10" 

+1.67 X 10" 

-I+.05 X 10" 

-2.38 X 10"^ 
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The data plotted in Figure 111,5-61+ are the values of partial and total 

feedback versus power rise between two equilibrium conditions for the 

reference oxide design. The cermet negative reactivity shown in Figure 

III. 5-61+ is less than in Figure 111,5-63. This is due to the smaller 

cermet diameter, as equal cermet volumetric heat generation rates, 

BTU/hr-ft"', were specified in both cores. 

The potential advantage of using a clad on the bulk ceramic with a lower 

coefficient of thermal exjjansion was investigated. The two representa­

tive examples selected for this analyses are the ferritic (1+00 series) 

stainless steels and the niobium alloys. These alloys have higher 

thermal conductivity than the austenitic (300 series) stainless steels 

used in the reference design, but this is a minor improvement compared 

to the improved thermal expansion characteristics. The advantage can be 

estimated by adjusting the thermal coefficient of expansion for the bulk 

ceramic clad. For this analyses of steady-stage conditions, Figure III.5-65 

illustrates the relative ECEZ 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 2^%. lliobium vrould 

increase the negative response of the reference carbide by 25%, and of the 

oxide by 35%. 

The effect of ferritic or niobium clad is shown more clearly by plotting 

the reactivity coefficient for power versus the relative pov/er generation 

rate in the cermet (relative to the power generation rate in the bulk 

ceramic). Figure 111,5-66 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 a percentage change. The magnitude of the improvement, 

-6 -6 

dk/dP, ranges between 0,6 x 10 and 1.0 x 10 , Alternatively, the 

same power coefficient can be achieved at a relative power generation 

rate which is lower by 1+ to 5 percentage points. The difference in slope 

between the carbide and oxide 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 controlled 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 
(l 2 7) core ' ' 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 axial expansion is based on changes in the 

core's overall 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/ft , as the 

carbide fueled core. This was achieved 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 terminating 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 0.1+7 seconds, compared to 0,79 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 reactivity 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 temperature overshoot characteristic of BCEX 

in a carbide core may become quite 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 consteint. 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 ^0% 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 diameter, 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/sec ) 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 imder 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 coolant boiling 
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temperature is l830°F, which corresponds to a pressure of 1+0 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. 

III.21+2 



Section III.5 - References 

Heck, F, M., et al, "Liquid Metal Fast Breeder Reactor Design 
Study", WCAP-3251-1, January I96I+. 

Gunson, W. E., et al, "High Power Density Stainless Steel Reference 
FBR Core Design", WCAP-2638, July I96I+. 

Greebler, P., Sherer, D. B., and Walton, N, H,, "FORE - A Computa­
tional Program for the Analysis of Fast Reactor Excursion", GEAP-
1+090, October 1962, 

Errata and Addenda Sheet, EA-1, October I963, 

Errata and Addenda Sheet, EA-2, February 1965. 

Errata and Addenda Sheet, EA-3, June I965. 

Wright, J. H. , Gunson, W. E., Daleas, R. S., Heck, F, M., "Conceptional 
Design and Preliminary Accident Analysis of a Sodium Cooled, Carbide 
Fueled, Large Modular Fast Reactor", to be published in the proceeding 
of the ML FBR Conference, October I965. 

III.243 



III.6 Nuclear Analyses 

111,6,1 Introduction 

The nuclear characteristics of the reference CEX fuel assemblies were 

calculated using standard Westinghouse Atomic Power Division fast 

reactor calculation procedures. Specifically, 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 assimied 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 required 

for such things as economic analysis, Burnup calculations were per­

formed to obtain parameters needed to calculate reactivity coefficients 

at various 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: 

(a) Coolant temperature coefficient 

(b) Doppler coefficient 

(c) Cermet expansion coefficient 

(d) 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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III.6.2 Description and Calculational Method 

III.6.2.1 Description of Model Used in the Nuclear Analysis 

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, an 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 reactor. Figure III.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 111,6-1 

Region 

Core 

Axial Blanket 

Radial Blanket 

Graphite Reflector 

SS + Na Reflector 

Center Rod Hole 

Volume Fractions 

Fuel 

,281+6 

,2981+ 

,5156 

Coolant 

.5758 

.5682 

' .301+7 

,0500 

.7500 

1.00 

Structure 
and Clad 

.1396 

.133!+ 

.1698 

.0500 

.2500 

Graphite 

.9000 

Void 

.0099 
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GEOMETRIC MODEL FOR NUCLEAR ANALYSIS 

Figure I I I . 6 - 1 
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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 .2769 

Coolant .5853 

Structure and Clad .1378 

2 
The core consists of 37 hexagonal assemblies,, each with a 23.09^ in. 

cross sectional area. This yields an equivalent core radius of 

1+1.889 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 11.91^ cm., giving a three-fourth 

thickness of 8.936 cm. As mentioned previously, the graphite is 

surrounded by 15.21+ cm. of steel and sodium reflector. The boundary 

condition used at the outer edge of this reflecter is d(()/dr = 0. 

111,6,2.2 Calculation Method 

The one-dimensional, 18 group, multiregion, W-MOBI diffusion theory 

(2) 

code (based on the FAIM 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 calculations 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 n-umber densities are: 

Fuel (PuC-UC) .O29U66 X lo"̂ ^ atom/cm.^ 

(at 92% of theoretical density) 

Structure (SS-30l+) .O8565 x lo"*"̂  atom/cm,^ 

Coolant (Sodium) .021581+ x lO"*"̂  atom/cm.-̂  

The depleted UO^ in the radial blanket is 90% of theoretical density, 
2I+ 

and at ll+00°F yields a basic number density of .211+71 x 10 mole-
3 

cules/cm. The basic number densities of stainless steel and sodiiim 

in the blankets are assumed to be the same as in the core. The plut-

onium composition is 0.659, O.29O, O.Ol+l, and 0.010 for Pu-239, 2l+0, 

2I+I, and 2I+2, 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-2l+0, and fission cross sections for Pu-239 in the 

lower 8 groups, i.e., below 1+0.7 kev. The remaining cross sections 

employed were from standard Westinghouse Atomic Power Division I8 

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 k 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 l8 group buckling iteration) was 

used, which takes into account the changes in the transverse leakage 

in each of the l8 lethargy groups. This method has been used very 

successfully at Westinghouse Atomic Power Division in calculating 

the spectra of various ZPR-III 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-OI+ 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 k = k Core Length = L (incl. g 

2. Cermet Expanded: Center Gap =0.6 inch. Fuel # Density= A 
Clad # Density= B 
Na # Density = C 

k = k Core Length = L+0.5 inch 
^^^ 2 (incl, gap 
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Cermet and Fuel Clad Expanded: Center Gap =0.1 inch 
L 

Fuel # Density = A( 
L + 0.5' 

Clad # Density = B(^ ^ n J 
J-J "r \J , \) 

Na # Density = C 

k ^^ = k_ Core Length = L+0,5 inch 
e f f 3 / . T >, 

(mcl. gap) 
The coefficients are then: 

dk ^2 " ̂ 1 
A. Cermet Expansion, L('Tr) , = L(—p—^—) L in inches 

dk ''̂3 ~ ^2 
B. Fuel Clad Expansion, L(-7-) ., , = L(—r—-—) L in inches 

dL clad 0. 5 

As k_ < k, , L(^) , <0, and as k. > k^, L(—) , ̂  >0. The 
2 1' dL cermet 3 2 dL clad 

cermet expansions serve to move fuel frcan 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: 

U—) = T( ^ ~ ^) 
^dL^ CCEX "• 0.5 

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, etc. 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 GG,GG'J 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 

.^ ^fiss. i *i(^fresh^ 
P = 1=1 
^ 18 

Z E d) (r ) 
,_, fiss. J j burned 
J -*-

To simplify the calculation, it was assumed that (j), (r ) = 

(J), (r, ); this is a valid assumption for neighboring fuel ele­

ments in a fast reactor. 

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 

UO -PuO (cermet fuel) were homogenized into a central region with 

1.1+92 centimeter radius and the remaining part of the assembly formed 

a ring from 1.1+92 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. 

III.6.3 Results and Discussion 

Table III.6-2 and Figures III.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 explanation. 

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 111,6-2 

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 

Alternate Cermet Enrichments: (l.5E) 

(1.9E) 

Local Power Peaking 

Effective Multiplication Factor, k eff 

Doppler Coefficient: T dk/dT 

Sodium Removal: p dk/dp 

(starting at Top of Core) 

First 1/6 of Core 

Second 1/6 of Core 

Third 1/6 of Core 

Fourth 1/6 of Core 

Fifth 1/6 of Core 

Sixth 1/6 of Core 

Total Core 

Cermet Expansion L dk/dL 

Clad Back Expansion L dk/dL 

Clad CEX Expansion L dk/dL 

Radial Maximum-to-Average Power (core) 

Axial Maxim\am-to-Average Power (core) 

Central Control Rod Worth 

Bowing Coefficient R dk/dR 

l a rge ) 

l a rge ) 

B e g i n n i n g 
of L i f e 

1 .0568 

- .0037c 

1+65 MWt 

385 MWt 

80 MWt 

1 6 . 2 6 

1 6 . 2 6 

2I+.39 

3 0 . 8 9 

1.10 

a / o Pu-239 + Pu-21+1 

a / o Pu-239 + Pu-21+1 

a / o Pu-239 + Pu-21+1 

a / o Pu-239 + Pu-21+1 

3 3 , 3 3 3 MWD/MT 6 6 , 6 6 7 MWD/MT 

1 

1 -

.0235 1.0025 

,00335 - .00300 

.00333 

.00252 

,00172 

.00170 

.00252 

.003^+2 

0 . 0 1 5 2 1 

- 0 . 7 8 9 0 

+0 ,3808 

-0,1+082 

1,325 

1 .358 

.0553 

- 0 . 5 2 5 5 

.OO3H5 

.00272 

.00199 

.00198 

.00272 

.0035^+ 

O.OI6I+O 

-O.762I+ 

+0 .3680 

- 0 . 3 9 ^ ^ 

1 .268 

1.3^+5 

.0522 

.00307 

.0019^^ 

.00093 

.00092 

,0019H 

,00315 

0 ,01195 

- 0 , 7 1 8 1 

+0.3^+66 

- 0 , 3 7 1 5 

1.212 

1 .333 

.01+83 
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roundelay and for batch loading schemes. The core radial power dis­

tribution is presented in Figures III.6-lt, 111,6-5 and III.6-6. A 

core peak-to-average radial power of 1,33, 1.27 azid 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.6-7. 

Figure III.6-8 compares the results of W-MOBI and PDQ-1+ analyses. Very 

close agreement was obtained. 

Table 111,6-2 presents the reactivity coefficients and other important 

nuclear data for the reference reactor 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 data 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 volume fraction of fuel 

in the stainless steel matrix, or to increase the plutoniimi content of 

the fuel in the cermet. In this study, the former was limited to 3I+ 

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 

0,21+1+, For the reference core, this corresponds to a cermet fuel having 

a 0,35 volume fraction of (PuU)O 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 1.9j respectively. Transient analyses must determine if 

the changes in heat generation rates in the cermet associated with the 

various enrichments are feasible, 

III.6.1+ 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 quantity. In numerous 

experiments (notably 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 l), 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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III.7 Material Review & Analyses 

111.7.1 General 

The Westinghouse Large Fast Breeder Modular Reactor core was selected 

as the reference design for the analyses 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-plutoniim mono-

carbide; and the cermet material as Uraniiim-plutonium dioxide particles 

contained in 3l6 L stainless steel matrix. These materials were se-
(37 lected based on past Westinghouse sodium-cooled FBR investigations ' 

38, 39, ho, Ul, 1+2, 1+3). 

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 3l6 L stainless steel, and design and speci­

fication criteria for (U Pu)02 in 3l6 L stainless steel cermets. 

The materials review and analyses was limited to the information 

currently available and to the broad requirements of this contact, 

111.7.2 Properties of 3l6 L Stainless Steel 

III.7.2.1 Chemical Composition 

The chemical composition of 3l6 L stainless steel is given in Table 

III-7-1 . 
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Table III. 7-1 

Chemical Composition of 3l6 L SS 

Element 

Carbon 

Manganese 

Phosphorus 

Sulphur 

Silicon 

Chromium 

Nickel 

Molybdenum 

Percent Concentration 

0.03 max. 

2.00 max. 

O.Ol+O max. 

0.030 max. 

1.00 max. 

16.00 - 18.00 

10.00 - ll+.OO 

2.00 - 3.00 

III.7.2.2 Mechanical Properties 

(l 2) Tensile Properties ' 

Tensile properties of 3l6 L are given in Figure III. 7-1. Also 

given for comparison are the tensile properties of 30l+ and 3l+7 

stainless steels. 

(1 2) Creep Rupture Properties ' 

There appears to be no marked difference in the creep-rupture 

strength of Types 3l6 and 3l6 L stainless steel, and reported 

values for both steels have been included in the creep-rupture 

curve as Type 3l6 L. The creep-rupture behavior of Types 30l+, 3^7, 

and 3l6 L at 1000, 1200, and 1500°F is given in Figure III. 7-2. 

(3 1+) 
Modulus of Elasticity * 

The modulus of elasticity of 3l6 stainless steel is given as a 

function of temperature in Figure III. 7-3-
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Poisson's Ratio 

No data on Poisson's Ratio was found for Type 3l6 L. For the 

austenitic steel in general, Poisson's Ratio varies from about 

0.30 at 800°F, to 0.33 at 1300°F. 

Impact Strength and Hardness 

Values of impact strength and hardness at different temperatures 

are given in Table III. 7-2. 

Table III. 7-2 

Impact Strength and Hardness 

Unexposed 

Room Temperature 

Charpy Keyhole Notch 

Impact Values (Ft-Lbs.) 79 

Brinell Hardness 135 

Fatigue Properties 

of Type 3l6 

Exposec 

900 F 

Ih 

137 

L 

i 1000 hrs. at 

1050 F 1200 ] 

72 51 

135 1̂ 2 

A curve of stress amplitude versus cycles to failure is given for 
(G) 

Type 3l6 stainless steel in Figure III. 7-^. Available data are 

given for room temperature to 800°F up to 10 cycles. Since fatigue 

life must be estimated for temperatures from 800°F, and up to 10 , cycles 

the following assumptions were made to extrapolate the available data: 

1. The room temperature to 800°F data were linearly extrapo­

lated from 10 to 10 cycles 

2. A curve of stress amplitude versus cycles to failure at 

1300°F was calculated by using the relationship; 
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UTSAQQ 

°1300 800 UTS^ 

where "̂ 1300 = stress at 1300°F 

'̂ SOO = stress at 800°F 

UTSg = ultimate tensile strength of 3l6 at 800°F 

UTS = ultimate tensile strength of 3l6 at 1300°F 

III.7.2.3 Physical Properties 

The physical properties of Type 3l6 L stainless steel are assumed 

to be the same as those of Type 3l6 stainless steel, for which data 

are presented. 

Thermal Conductivity 

The average thermal conductivity of Type 3l6 as a fimction of tem­

perature is given in Figure III. 7-5-

Coefficient of Thermal Expansion 

The coefficient of thermal expansion as a function of temperature 

is shown in Figure III. 7-5. 

Density 

The density of 3l6 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/lb/°F. 

Melting Point 

The melting point is approximately 2500°F. 
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III.7.2.i+ Effect of I r r a d i a t i on 

Although the effect of neutron irradiation on the tensile proper­

ties of Types 3l6 and 3l6 L stainless steel has not been investigated 

as thoroughly as for Types 30i+ and 3̂ 7 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 30i+ stainless steel is shown 
(PI) 

in Figure III. 7-6. Irradiation has a negligible effect on the 

thermal conductivity, specific heat, and linear expansion coeffi­

cient of stainless steels. 

III.7.3 Properties of (U.Pu)C Fuel 

III.7.3.1 Chemical Composition 

The major element concentration of the reference (U,Pu)C fuels is 

given in Table III. 7-3. 

Table III. 7-3 

Ma.jor Element Concentration of (U,Pu)C Fuel 

Plutonium 23^ /o of metal atoms 

Plutonium 239 + 2̂ +1 fraction 

of total Pu 70.0 w/o min. 

Uranium 77^ of metal atoms 

Equivalent carbon (C+O+N) k.T + 0.1 w/o 

Oxygen 1500 ppm max. 

Nitrogen 1000 ppm max. 

Iron 1.8 w/o 

III.7.3.2 Physical Properties of (U,Pu)C Fuel 

Thermal Conductivity 

(20) 

The addition of plutoniimi carbide t o uranium carbide t o form a sol id 

solution (U,Pu)C reduces the thermal conductivity of the solution 

III,27i+ 
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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 

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. 7-7. 

In this figure, data generated at Harwell (70°C)̂ "'"̂ ' ̂ ' "̂•̂' ' and 

Dounreay (20°C), ' are compared to LASL data (presumed to 

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 i+.55 to 

(9) 

5.23 w/o carbon; (12, 9, 13, Ik) 
the material used at Dounreay was 

reported to be carbon deficient, but single phase. (11) However, 

more recent information indicates that I5, ̂ 0, 70, and 100^ pluto­

nium carbide alloys exhibited a duplex structure, and that the 

carbon contents ranged from U.OO w/o to U.67 w/o. The fact that 

an alloy with a carbon content of h.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 (16) with 

the exception of the plutonium carbide binary alloy which was car­

bon deficient (PuC gg) 

The temperature dependence of the thermal conductivity of various 

uraniiom-plutonium carbides, determined at Los Alamos, is shown 

in Figure III. 7-8. Although plutoniiim 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 conductivity, but 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 

UC and (U,Pu)C is supported qualitatively by in-pile observations). 

The effect of carbon content on the thermal conductivity of (U ô  
.05 

Pu .,c:)C is shown in Figure III. 7-9 for arc—cast and hot.=pressed 

material. The hot—pressed material is all hyperstoichiometric; no 

marked trend with carbon content is apparent. Corrections 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 urani\;mi carbide. 

Strasser, et al., have reported the in-pile thermal conductivity 

of (U nPu. ^)C ^ to be equal to, or slightly less than, that 
0.0 0.2 0,95 (̂^ ^Q ig) 

observed for uranium carbide. Assuming a helixmi gap 
2 

conductance of 2000 BTU/hr-ft -°F, they estimate conductivities of 
(IT) 

approximately 0,037 to 0,053 cal/sec-cm-°C, ̂  and 0,i+7, 0,050, 

0,05U, and O.O58 cal/sec-cm°C 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. 7-10, extend only to 

700°K. The data of Mukaibo, et. al., ̂  ' ' ^ ' and Boettcher 
(21 2i+) 

and Snyder ' agree fairly well with the more recent data 
f PS ??) f2?\ 

of Westrum^^' ' and Martin^ ' in the region around 350-i+00°K. 

Several investigators have attempted to extrapolate these low 

temperature results by using various means to estimate the high 
(21 27) 

temperature specific heat. Krikorian ' has estimated the 

elevated temperature specific heat of uranium monocarbide from an 

empirical expression which is a function of S° •, the standard 

state entropy. The expression resulted in a reasonably good fit 

at high temperatures for carbides in general; it also fits the 

intermediate temperature data on uranium carbide fairly well. 

(21) 
A similar expression, suggested by Henney, et. al., is based 

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. 

{Pfi) 
Holley 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 i+00°K and the work of Levinson on UC at 1750°K. 

Holley noted that the specific heat of UCp can be approximated by 

that of UC + C, ajid applied this to Levinson's data. An IAEA 
(22) 

panel assessed the thermochemical data on the carbides and con­
cluded that Levinson's data for UC are questionable in view of 

(22) (22) 

recent determinations by Mukaibo and Westrimi . Therefore, 

the Holley estimate appears tenuous, and may be seen to be very 

much higher than other estimates, 

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 lk.3 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. 7-10, 

These values appear to have a better rationale than the estimate 

proposed by Krikorian, and probably represent the most reasonable 

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 
(17) 

reported by Stahl and Stresser indicated that (U^ ̂ P̂î ^ ̂ r^^ 
0.95 0.05JC g 

exhibited an average thermal expansion coefficient of approximately 

12.6 X 10~ /°C from room temperature to 1000°C; this value has been 

(1 P)) 

superceded by their later results which are in better agree­

ment with other values reported. Only the latter data are shown in 

Figure III. 7-11. 

The lowest values are those of Ogard, et. al. , ' for arc-^ 

cast single phase (U • Pu -10)^. These results are described by 

the expression: 

7^ = 3.8 X 10"^ + 8,7 X 10"^T + 3.0 X 10"^T^ 
L 
o 

This expression is for a temperature range of 25 °C to 900°C. This 
(12 lU) 

curve, and one value determined by investigators at Harwell ' , 

fall outside the data ranges given for uranium carbide. The remain-
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der of the data ' fall within the uraxiiiam carbide data ranges, 

although they can hest be described as on the low end of these data 

ranges below 1000°C, and on the high end in the temperature range 

1000-li+00°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 lH00°C 

would predict greater expansion for the uraniiim-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 arc-cast (U DPU„ p)C varies from approxi­

mately 13.4 to 13.2 g/cc over a carbon composition range of 48 to 
(9) 52.5 a/o, respectively. 

Melting Point 

Measured values of the melting points of (U pi-P̂  nc^^ ̂ •'̂^ ̂ ^ pPu )C 
fl2) (30) -̂  -̂  

are 234°C^ and 24T0°C , respectively. These results are 

equal to, or slightly higher than, values estimated by linear inter­

polation between the melting points of the uranium and plutonlum 

carbides. 

The iron modified (U,Pu)C fuel in the region (U,Pu)C + (U,Pu)Fe + Fe 

Temperature Limitations 

Lfi 

melts at 1910°F to form a small amount of liquid phase londer West-
(2) 

inghouse Large Fast Breeder Reactor conditions. 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 2l84°F is expected to contain only about 3-5 w/o 
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of a liquid phase (based on UC-UFe 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. 

111.7.^ Effect Of Sodium Environment On 3l6 L Stainless Steel 

111.7.^.1 Corrosion of 3.l6 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: 

i 

where: v = sodi\:im velocity, ft/sec. 

0 = oxygen concentration, ppm 

T = temperature, °F 

L/D, = downstream factor = 0 
1 

t = time, months 
— 2 
R = average corrosion rate, mg/dm -mo. 

Corrosion rates are given in Table III. 7-^ for a sodium velocity of 

36.7 ft/sec. (normal channel average in zone l) 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 = 1+ months, is used in the empirical 

expression to calculate R since corrosion rates are essentially 

constant for t greater than h months. 

III.286 



Table III. T-h 

Coolajit Oxygen Average Corrosion Rates for Stainless Steel In Sodium 
Level (mils/year) 

10 

25 

50 

Carburiz at ion of 

1100 

0.3 

0.8 

1.8 

318 St ainl 

1150 

0.5 

1.3 

2.9 

Temperature, 

ess Steel 

1200 

0.7 

2.0 

k.^ 

°F 

1250 

1.1 

3.1 

6.8 

1300 

1.6 

h.G 

10.1 

The level to which 3l6 stainless steel becomes carburized depends on 

the amount of carbon availalle to the sodium. If 2-1/1+ Cr is used 

as the intermediate heat exchanger (IHX) material, carburization to • 

a depth of 5 mils occurs in the 3l6 stainless steel of the hot zone. 

Use of 3l6 stainless steel, or 5 Cr-1/2 Ti in the IHX results in 
(33) insignificant carbon transfer to the hot zone. 

111.7.^.3 Formation of Ferritic Layer 

Microprobe analysis of 3l6 stainless steel samples exposed to sodium 

shows chromium and nickel depletion and ferritic layer formation to 
(31+) 

a depth of 5 microns from the surface. This effect is not ex­
pected to drastically change the properties of the clad. 

III.7.H.i+ Corrosion of Unclad Cermet Rod 

Experimental 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 sodiiom near the cermet surface (such as would occur with 
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exposed UOp) would cause high, if not catastrophic, corrosion 

rates of the stainless steel matrix. It is recommended that the 

cennet rod be clad with 3l6 or 3l6 L stainless steel. 

111.7.^.5 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 maximxmi 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-^ 

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. 

111.7.^.6 Effect of Sodium on Mechanical Properties of Steels 

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. 

111,7.1+.7 Self-Welding and Galling of Materials in Sodium 

Stellite 6, Colmonoy 6, and nitrided steels in sodium at 1000°F 

give better results them stainless steel with respect to galling. 

Gross galling occurs with stainless steel against stainless steel. 
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III.7.5 Calculation of Usage Factor for BCEX Elements 

A maximum operating strain of +_ .012% was calculated (see Section III.4) 

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, 
13 Figure III,7-1+, failure would occur in 10 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 10 cycles. The usage 

4> + N 1,6 X 10-̂ '̂  .^,. factor, — , = — = ,0016, 
10 

111,7.6 Uranium-Plutonium Dioxide - 3l6 L Stainless Steel Cermet Fuel 

111,7.6.1 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)0 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 accimiulated. 

Further, to minimize corrosion by the sodium coolant, 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 selection 

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)0 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. 

III.7.6.2 Cermet Properties 

The more easily determined properties of unirradiated uraniiim dioxide-

stainless steel cermet fuels are reported extensively in the literature 

and, therefore 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, because 

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 

(1+1+)). The development which is necessary to produce process and product 

specifications for cermet fuel elements to insure reliable core operation; 

should also insxLre 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 UO - stainless steel cermet 

is approximately 2l+50°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 

UOp 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 1+0 v/o and 

50 v/o UOg + SS cermets, from 122°F to ll+72°F at 90°F/sec, and from 122°F 

to ll+72°F at 392°F/sec. No metallurgical effects were noted in the fuel, 
(1+5) matrix or cermet-to-clad bond 

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 UOp are shown in Figure 111,7-12 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.7-12, 

Thermal Expansion 

(hk) 
The thermal expansion of cermets is controlled by the matrix and 

is almost independent of ceramic content (at least up to 50 volume 

percent)*. This observation is reasonable because a hole in a plate 

* Up to 65 volume percent UO2 in stainless steel , the alpha correction 
for ceramic content = -0,00l6 « V, where <== = the coefficient of thermal 
expansion of stainless steel, and V = the volume percent UO2. 
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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 
(1+7) reported to be negligible . Thermal cycling is also reported to have 

negligible effect. Specific data reported are shown in Figure 

III.7-13. Considering the discrepancy between the reported data as a 

function of ceramic content, the following design values for the mean 

coefficient of linear thermal expansion above 68°F are recommended: 

[10.1+5 + (0.000325 X °F)] x 10~ 

[8.9 + (0.0009 X °F)] X 10" 

[8.2 + (0.00083 X °F)] X 10"^ 

It is expected that these values will account for all of the following 

variables: 

Ceramic content from 0 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 is 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 f\inction of ceramic content up to 50 volume percent, especially 

at higher temperatures. 
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(1+6 1+8 1+9) Data from three independent sources ' ' have been smoothed and 

plotted as a function of temperature in Figure 111,7-1^5 and as a 

function of ceramic content in Figure III.7-15. The raw data show con­

sistent trends, and are sufficiently compatible to indicate a represen­

tative range of experimental variation. 

The influence of irradiation on thermal conductivity of stainless steels, 
(1+7) especially at operating temperatures, has been reported to be 

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 \i and a recoil zone of 10 p, 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 UOp, 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 y versus 100-150 p) was investigated 

at 5I+.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 III,7-ll+ and 111,7-15 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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Temperature 
(°F) 

500 

1000 

1500 

2000 

Lower Limit 
of Conductivity 

(W/Cm °C) 

nominal -0.020 

nominal -0.015 

nominal -0.015 

nominal -0.015 

Upper Limit 
of Conductivity 

(W/CM °C) 

nominal +0.020 

nominal +0.015 

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 show an increase in tensile strength up to 

5 percent burnup of the uraniimi atoms (25 weight percent UOp in 3l+7 SS), 

and a loss in strength after 10-15 percent burnup. The irradiation 

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 

ll+00°F were so variable as to prevent positive conclusions. The most 

appropriate conclusion 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 y versus 100-150 p particles (50 weight 

percent in I8-8 SS) averaged 500 psi (2 percent) between 70 and 1300°F '; 

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 kh y versus 

100-230 y) 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 to a value to 50^ of the tensile 

strength at 90% of achievable density. 

The ultimate tensile strength of unirradiated UOp - SS cermets reported 
(1+1+ lj.5 kG 1+9 50 51) 

by a number of investigators ' > » > > ĵĝg been averaged and 

smoothed and is shown in Figure III.7-I6 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 +_ 50% 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 

22 

exposed to a neutron flux approaching 10 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 in Figure III,7-l8. 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 following reasons, yield strength data are evaluated as the 

ratio 2 T: 1"^—TT^ (l) "the reasons stated above, (2) yield strength 
tensile strength ? \ ' j- & 

data in the literature is more sparse than for tensile strength, and 

(3) the ratio is more consistent than the absolute values reported. 

This ratio as a function of temperature and ceramic content is shown 

in Figure III.7-19. 

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. 

(1+9) It is interesting to note that tests made with clad tubular elements 

showed that the cladding completely obscured the effect on yield strength 

of up to 1+0 weight percent UO additions to the stainless matrix. 

Elongation 

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 UO addition to stainless steel 

causes a reduction of elongation of 50 percent (from 50 percent to 25 

percent elongation); at 20 volume percent UOp, elongation is approxi­

mately 12 percent with little dependence on temperature. At 50 volume 

percent UO2, elongation is approximately 7-8 percent between 158°F 
andl292°F^^^''^5,^6)^ 

Modulus of Elasticity 

as The modulus of elasticity for 3l+7 stainless steel is reported 

[29 - (0.0065 X °F)] X 10 psi. The slope is linear to 1000°F, and there 

is no reason to expect deviation at higher temperatures. The modulus for 

III.303 



RANGE VALUES 
DIFFERENT 

304L - POWDER MET (6) 

0 500 1000 
TEMP. Op 

1500 2000 

RATIO OF YIELD TO TENSI LE STRENGTH FOR UO2 - SS CERMETS 

Figure I I I .7-19 



31 volimie percent UOp + 37I+ 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 UOp, which pre 

nominal value of Modulus of Elasticity; E: 

percent to 50 volume percent UOp, which provides the following estimated 

E = [29 - (0,0065 X °F)] [1-0,025 X v/o UO^] X 10 psi 

The dynamic modulus is taken as 20 percent of the static modulus 
(1+7) 

The effect of irradiation is reported to be small 

Fatigue 

Fatigue results were reported by only two investigators ' , and are 

presented in Figure 111,7-20. 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,l60 

inch diameter simple beam specimens centrally located on a 3 inch support 

span with the results shown in Figure III.7-21, 

111,7.6,3 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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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. 

III.7.6.3.1 Cermet Characteristic Selection 

The generally accepted operating history and failure mode of a cermet 

fuel element is as follows: 

1. Early in life 

a) The released fission gases fill void spaces in each 

fuel particle; the other fission products cause slight 

swelling of the fuel. 

b) Recoil atoms cause severe damage and slight swelling 

in a 10 ij (maximum) thick matrix shell surrounding each 

fuel particle (recoil zone). 

c) The rest of the matrix and clad suffer mild irradiation 

damage. 

2. Mid-life 

a) 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. 

b) The recoil zone material loses all, or nearly all, 

ductility; it is extensively damaged and swells due 

to the presence of recoil atoms. 

c) The rest of the matrix and clad suffer progressively 

greater irradiation damage, 

3. End of life 

a) Fission gas pressure (augmented by loss in volxmie 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 ]i 

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. 

1+. 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 occur 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:l) 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 can 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 strength 

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 spheres, 85 percent as the maximimi 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 voliome. 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 1+1+ y 

at 25 volume percent ceramic and 250-350 u at 50 volume percent 
(1+5) ceramic . Therefore, the reference diameter is selected as 250-350 y. 

The effect of particle size on fission gas and fuel swelling containment 
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criteria is shown in Figure III.7-22 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 
(52) 

following equation which was used to calculate the curves in Figure 

111,7-22; 

d = D 

1/3 

3 /2V -1 -2X 

where d = Undamaged Ligament Thickness 

D = Particle Diameter 

V = Volume Fraction of Ceramic 

A = Recoil Distance (10 y assumed) 

The ratio of damaged (the recoil zone) matrix volume to total matrix 

volume, Ys 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 

used to calculate the curves in Figure III.7-22: 

was also 

V„ 
V 
1-V 

1 + D/2 -1 

where V^ = Voliome of Recoil (damaged) Matrix 
K 
V = 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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vessel which represents the undamaged matrix surrounding a fuel particle. 

The parameter, F, is essentially independent of particle sizes for values 

greater than 250 y 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 111,7-22 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 

25O-35O y - particle size 

50 v/o - maximum ceramic content 

111,7.6.3.2 Empirical Burnup Limits 

Several investigators have reported relevant irradiation data for 
(53) cermets; the most recent report was published in November I96I+ 

The best estimate of usable life is shown in Figure 111,7-23 with prior 

estimates based on 1958 and I961 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 196I+ ORNL estimate as a basis for present design purposes is 

basically conservative because of: (l) 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 elements,investi­

gators have attempted to factor this into rod-type element designs. For 

example, APDA^^^ and BNWL^ ^ have raised the curve 70°F and 100°F^^ , 

respectively and have applied it to centerline temperature. The I96I+ 

ORETL curve shifted 100°F with the revised abscissa is shown in Figure 

III.7-2I+. 

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 valid, 

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 196I+ ORNL curve shifted 50°F 

with the revised coordinate of mean or average fuel rod temperature is 

shown in Figure III.3-21+, 

No specific improvement in life has been assumed because of the use of 

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,7-2l+ with estimates calculated 

by a BNWL formula , For a centerline temperature of 1500°F, the 
20 

estimate of life from Figure III,7-2l+ is 6.25 x 10 fissions per cubic 
20 

centimeter compared to 6.9 x 10 by BNWL, Agreement within 10^ is 

considered adequate. 

Sources ' ' universally agree that no different effect on burnup 

is anticipated when substituting PuOp for UOp, 
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111,7.6,3,3 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 empirical results. These observations are not expected to 

supplant the empirical results because of the manifold uncertainties 

involved in cermet design. 

Fuel Swelling 

57) to swell at the rate of 0,7 percent (AV/V) per Bulk UO is reported 
20 

10 fissions per cc. With an 85 percent dense particle, all void space 
20 

would be filled at 25.5 x 10 fissions per cubic centimeter of UOp. 

Equating the fractional voliome of UOp in a cermet, the following equivalents 

are obtained: 

v/c 
in 

1 Particles 
Cermet 

20 

30 

1+0 

50 

% Swelling per 10 
Fissions per cc of 
Cermet 

1+.12 

2.88 

2.06 

1,65 

20 Fissions per cc of Dispersion 
to Occupy all Void Space 
by Fuel Swelling 

6,0 X 10 

9.8 X 10 

12.0 X 10 

15.0 X 10 

20 
I 

20 

20 

20 

Cermet fuels are a highly modified case of bulk UO ; a substantial fraction 

of recoil atoms escape into the matrix recoil zone. The quantity is given 

F - ̂  1- /if 
3a l6 ( B.) 

where: F = fraction of recoil atoms that escape from a sphere 

A = fission fragment range 

a = particle radius 
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F is equal to 8,1+ percent for the case where X = 9.̂  1+ and a = 150 y. 

The above values for fuel swelling probably should be reduced by 8.1+ 

percent. However, as recoil atoms in the matrix cause swelling, the net 

effect may be approximately equivalent. Apparently, recoil zone swelling 

and released fission gases compete with fuel swelling for the available 

void space. 

Recoil 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 10 
-6 

Recoil zone atoms = 25.6 x 10 

Particle volume = 11+.3 x 10 

16 

UO volume = 12.0 x 10 
-6 

11+ 
Particle fissions = 12.0 x 10 

70.60 X 10^, 
1+7.00 X 10|, 
35.30 X 10^ 
28.2U X 10^ 

Recoil zone fission 
product = 0.168 X 10 

11+ 

cc. per particle (at 300 y 
diameter particle and 10 y 
thick recoil zone) 

atoms per recoil zone (for 3l6 L 
stainless steel) 

cc. per particle (at 300 y 
diameter particle) 

cc. per particle (at 85 percent 
theoretical density) 

20 fissions per particle per 10 
fissions per cc, of UO 

20 
fissions per particle per 10 
fissions per cc. of dispersion* at 

20 v/o particles 
30 v/o particles 
1+0 v/o particles 
50 v/o particles 

atoms entering one recoil zone per 
IOII+ fissions per particle (at 
8.1+ percent of total fission pro­
ducts and 2 fission products per 
fission) 

12 X 10 
0.85 

11+ 
100 

v/o pa r t i c l e s 
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Fission product in 
recoil zone = O.OO656 

Recoil zone swelling = O.OO7I+ 

II+ 
atom percent per 10 fissions 
per particle 

II+ 
percent per 10 fissions per 
particle 

Calculated recoil zone swelling is summarized as follows: 

Volume Percent 
Particles in Dispersion 

20 

30 

1+0 

50 

Recoil Zone Swelling, Percent per 
1020 Fissions per cc. of Dispersion 

0.528 

O.3I+8 

0,261 

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 

a 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 : 

F = log"""" [0.1+9l+(0.602 + log a)] 

DT 
where a = --r. 

2 (59) 
D is the diffusion coefficient (cm /sec) given by 

n -1 r 1 28,800 1 

where B = temperature (°F) 

•7 
T = the time of irradiation in seconds (315,576,000 = 3.l6 x 10' 

sec./yr. ) 
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(59) 3 A = the effective diffusion length in cm. given by A = —, and 
2 

S = the surface area in cm /cc, as follows: 

% TD S(cm^/cc . ) A(cc./cm^) A^ 
_ Q 

70 30,000 0.000,100 1,00 X lO" 

75 25,000 0.000,120 1,1+1+ x lO"^ 
_ Q 

80 12,000 0.000,250 6.25 x 10 

85 8,000 0,000,375 1I+.I+ x 10"^ 
_ o 

90 2,500 0.001,200 1I+I+ X 10 
95 300 0.010,000 0.0001 

Combining the above equations: 

F = log-1 [0.U9I+ log ̂  - 1.678 - ^ ^ ] 

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 and on the information that 0.03857 atoms per 

fission are krypton and O.2183 atoms per fission are xenon for a total 

of O.2I+7 noble gas atoms per fission , The atoms of gas produced 
20 

per particle per 10 fissions per cc, of dispersion, which do not enter 

the recoil zone of the matrix, G, are: 

G = f i ^ ^ ^ X y ^ \ . , \ 0,21+7 X 0.916 X 0.85 ŷ  .85 v/o particles y 

1 I + 
2,52 X 10 
v/o particles 

Combining the equations for the gas fraction released, F, and the amount 

produced, G, yields th 

per cc, of dispersion: 

20 
produced, G, yields the amount released, R, in atoms per 10 fissions 

R = FG 

111,319 



Applying the reference conditions of 85 percent theoretical density, 

operation for approximately 75 percent of total cycle time, and a one 

year cycle at relatively constant conditions, the gas release reduces 
20 

to atoms of fission gas released per 10 fissions per cc. of dispersion. 

2.52 X 10"̂  r, -1 ,^ _^^ i M l O S-, 

R = ^ [log (5.352 - J - J - ^ ^ Q ) ] 

20 
From perfect gas considerations, O.269 x 10 atoms = 1 cc. at 1+92°R and 

II+.7 psia. With 15 percent void in a 300 y particle, O.619 x 10 atoms 

of fission gas produce a pressure of II+.7 psia at 1+92°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 [0.01+81+ (I+60 + B ) ] 10 "'" 

Combining 

P = 
1.22 (I+6O + B) 

V 
-, -1 /'cr oro 1^,210 ̂  

1°S (5.352 - B I î go) 

20 
per 10 fissions per cc. dispersion. 

Representative calculations are plotted in Figure 111,7-25. It is evident 

from these results that fission gas pressure is small when the entire 

particle void volume is available. This fact is not surprising because 

of the relatively low temperatures considered. However, as the UO swells 

during use, the void voliome available 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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1. Low temperature - Failure by fission gas pressure when 

the matrix yield strength is exceeded. 
(G'? \ 

2. Low temperature - Brittle failure by fission gas pressure 

and thermal stress in an elastic matrix when the ultimate 

tensile strength is exceeded, 

3. Low temperature - Plastic failure by fission gas pressure 

and thermal stress in an elastic matrix when the ultimate 

tensile strength is exceeded, 

1+, Short term stress peaks - Failure by fission gas pressure 

during sudden temperature rise when the ultimate tensile 

strength of the matrix is exceeded. 

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 1+0 volume 

percent dispersion operating at 1500°F, the life curve shows a limit of 
20 

6.25 X 10 fission/cc. Fuel swelling would occupy 71.5 percent of the 

original void space. Recoil zone swelling would occupy an additional 

1+,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 1+.75 psia (assuming, a one year cycle), 

but is multiplied by a factor of l+.l to 19.5 psia because of the reduction 

in the void volume. 

At 85 percent particle density, the conversion between fissions per cc. 

of dispersion and atom percent, U,Pu burnup is: 
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4. .1. TT I-.. T- Fissions per cc. dispersion atom percent U,Pu burnup = r-7 ^̂  =̂  
207.7I+ X 10 X volume percent particles 

At 10 atom percent U,Pu burnup, the following table applies: 

v/o Particles Fission per cc. of Dispersion 

?n 

20 l+.l X 10 

30 6.2 X 10^° 

1+0 8.3 X 10^° 

50 10.1+ X 10 

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.7.6.1+ Summary and Recommendations 

Cermet fuel, consisting of (U,Pu)0 in a 3l6 L stainless steel matrix 

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 a sodium cooled fast 

flux reactor. 

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 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 voliome percent ceramic are important factors. 

The reference design particle size was selected as 250-350 y, 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 l) 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 may be achieved through a rigorous 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. 

i 
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APPENDIX A 

BCEX FUEL ASSEMBLY DYNAMICS 

1, 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 analogous 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 continuiom, 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. 
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Nomenclature 

2 
A - area of cermet rods, in. 

amplitude of bundle vibration, in. 

constant 

sound velocity of cermet, ips 

cermet elastic modulus, psi 

total can to bundle force 

cermet/bundle spring rate, lb/in. 

length of cermet assembly, in. 

dynamic mass of bundle/cermet system 

number of cermet rods, also constant 

temperature excess, °F 

terminal temperature, °F 

time, sec. 

components of displacement, in, 

orthogonal cartesian coordinate system, z axis coincident 
to cermet ^ 

bundle displacement, in. 

free cermet thermal expansion, in. 

characteristic expansion, in. 

terminal or total free expansion, in. 

cermet compression, in. 

cermet coefficient of thermal expansion, per °F 

ramp time, sec. 

dimensionless distance 

coefficient of friction 

Poisson's ratio 

cermet density 

normal stresses in x, y, z directions, psi 

dimensionless time 

characteristic time, sec. 

characteristic time, sec. 

shear stresses, psi 

time, sec. 

bundle/cermet natural frequency, rad/sec. 
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3. Cermet Rod Kinetics 

The equilibrium equations for a continuous medium without body forces 

from reference (l) are: 

8a 3T 3T .2 
X , xy , XZ 3 u 
— + •:: ^ + •::: = p :r 

3x 3y 3z ^ g^2 

3a 3T 3X ^2 
-JL + xy _̂  yz = o -̂ -̂  
3y 3x 3z ^ ĝ 2 

3a 3x 3T ^2 
z , XZ , yz 3 w 

+ K-T + "T-"̂ — = p —— 
3z 3x 3y ^ g^2 

Stress is related to displacement in an isotropic Hooke solid in 

reference (l) by: 

1^ - aT = ^ [a - V (a + a )] 
3z E z X y 

3u _!_ 3v _ 2(l+v) 
9y 3x E ^xy 

^ _!_ 3w _ 2(l+v) 
3z 3x E '''xz 

3v _!_ 3w _ 2(l+v) 
3z 3y E ^yz 
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Assuming that x, y, z are the principle axes with x = T = 0 , and 

that a = a = 0 . The basic equations now are: 
X y 

!!z ifv 3fu 35r , 

'^ " ' 9t2 ' 3t2 % t 2 

1^ - aT = - V â /E 

|Z _ <,T = - V â /E 

1^ - aT = a /E 3z z 

3 ^ _ e, ^ = 1 ^ = ^ ^Si (A-1) 
^2 9z E 3z E ^̂ 2 *̂ ^̂  
dZ 9t 

3y 3x 3z 3x 3z 3y 

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 temperatiore is 

uniform throughout the rod volume. 

For: t < 0, temperature = 0 

0 < t < 5, temperature = (' 

5 < t, temperature = T 
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The boundary conditions for equation (A-l) are: 

w(o,t) = 0 lEfe(^'O) = 0 

f (L,t) = 0 |f(z,t) = 0 

A solution for this system is: 

w (z,t) ^ k_ Y ~ Sin nn/2 Sin nx Sin nA 
a(T /5)zt n /__ n nx nX 

o '—: 
n=l 

, lie , , n r^ ^ r 
where, T = ^ • t » ^ = 2 L ^ ' ^ ^ 

For z = L: 

w(L,t) ^ 1 _ _8 l~Sin X 1 Sin 3x 1_ Sin 5T ~1 

LaT̂ t/C n^ L "̂  ^ ^̂  ^̂  ^̂  " J 

The first term within brackets is dominant, thus; 

v(L,t) _ t 8 X ̂ . ^ 
L ^ - - - 7 ^^-^ 

^ ^ ^ = I - 4 (TI^) Sin (S|2.)(_^) 

w„(L,t) 

LaT 5 TT2 'nCc' '2L '' 5 
o n 

T 
For c = «=, -rr—7= = —, and the effect of a finite value for c is to 

LaT K 
o 

superpose an oscillating motion on the steady motion of the rod at z = L, 
p 

8 2L aT 
The amplitude of this oscillating motion is —^ (^ff?—^^' •^°^ ^^ acceptable 

2 n^ ^̂ "̂̂  

r a t i o between — (~iTr—~^ ^^^ ^°''^ °^ ^^°' ^^^ following i n e q u a l i t y must 

be observed: 
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5 > - ^ ^ (A-2) 
= j^3 

For c '^ 160,000 in/sec. and L "^ 100 in. 5 > 'v ,03 sec. Thus, equation 

(A-2) is satisfied and it is permissible to set p/E = 0 in equation (A-l) 

Equation (A-l) now becomes: 

3^w 3T ,. _̂  
- ^ = a 3^ (A-3) 
3z 

Defining the average values for the terms of equation (A-3), averaging 

over area A: 

3̂w _ 1 rr 3̂ w , , ^ a3T _ 1 T/^ 3T ̂  , 
37 = iJJ J^^^^^^""^-^ = iJJ ''JI^^^ 

^ A ^ A 

Equation (A-3) becomes; 

(A-1+) 

Forming the indefinite integral of equation (A-1+) with respect to z 

and interpreting the arbitrary function of time to be the axial strain 

in the cermet.' 

2 
3 w 

3z2 

a3T 
3z 

3^w ^ / a3T ^ ^ '^z(t) ,„ ^. 

dZ ^ 

A-6 



Now, integrating equation (A-5) over the cermet length: 

L L 

9̂ w ^ ̂  / / a3T ^ ̂  ^ °z L , . .. 
dzdz = / / —77 dzdz + —— (A-6) 

Finally, the following definitions are made, 

X = / / ̂  dzdz, Y = / ^ dzdz and Z = - ^ , (A-7a,b,c) 

and substituted into equation (A-6) to obtain: 

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 a , 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. No body forces exist - considers gravity effects as 

insignificant, 

3. The material is isotropic - no directional variations 

in structural properties due to fabrication history, 

1+. A Hooke solid is utilized - linear relation between 

stress and strain ignores hysteresis and internal 

damping. 

5. Zero shear stress exist on x,y,z axes - this implies 

no fluid damping. 
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6, The lateral stresses are zero - no buckling or lateral 

wave effects. 

7. 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 a , 
z 

At the cermet/bundle connection, a A = -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), 

a = -MX/A 
z 

Substituting this expression into equation (A-7c) 

Z = -MX L/AE 

and defining, 

K = AE/L and 1/ = K/M 

the following expression is obtained: 

X = -Zo)^. 

Equation (A-8) becomes: 

Z = X - Y 

Z - X = -Y 

Z + w^Z = -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): 
t 

Z = - - I Y(?) sin 0) (t-5) d5 (A-IO) 

0 

5. Forcing Functions 

In this analysis, both the terminated and unterminated power transient 

will be examined. For a terminated power transient, 

Y/Y^ = 3(t/x)^ - 2(t/x)^, 0 < t < T (A-ll) 

Y/Y = 1, t > X 
X = 

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. Y is the total amount of free cermet expansion. 

For an unterminated transient, 

Y/Y = e*/^o - 1 (A-12) 
o 

represents the free cermet thermal expansion, Y and x are a charac­

teristic deflection and a characteristic time, respectively, 

6, Fuel Bundle Kinematics 

Substituting the second derivatives of equations (A-ll) and (A-12) into 

equation (A-10) and carrying out the integration, the solution for the 

terminated transient is. 
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-Z/Y = — ^ (1 - cos UX) - ——- (ux-Sin ux) (A-13) 

^ (a)T)^ (ux)^ 

and the solution for the unterminated transient is, 

Z/Y = (cos ux + - ^ Sin ux - e'̂ '̂̂ o) (A-II+) 
o -1 , / ^2 ux 

1 + (uT ) o 
O 

For the terminated case, Z - Z and X = X at t = x. For t > x, the 
X X ' 

bundle oscillates with amplitude A about X = Y.̂ . A is found from; 

(f-) = i^f + i^f (A-15) 
X X X 

X = Y for the first time after t = x a t t = x +(j) where: 
X ^ 

A - l -1 X 

9 = — cos -r— 
u Au 

t/x 
For the unterminated case, at time t sufficiently large that e o >> 1, 

equations (A-12) and (A-II+) become 

Y/Y = e*/"o 
o 

° 1 + (OIT f 
o 

The ratio 

Z/Y = i (A-16) 

1 + (ux r 
o 

is a measure of the disparity between bundle displacement and free cermet 

expansion. 
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7. Parameters Used in Calculations 

Total cermet assembly length 

Total spacer bar length 

Active cermet length 

Spacer bar cross sectional area 

Cermet O.D, 

Number of cermet rods/bundle 

Total active cermet cross sectional area 

Total cermet assembly weight 

Carbide fuel rod length 

Carbide clad O.D, 

Carbide clad wall thickness 

Carbide clad cross sectional area 

Number of carbide fuel rods/bundle 

Total fuel clad weight/bundle 

Carbide fuel length 

Carbide fuel O.D. 

Total carbide fuel weight/bundle 

Total carbide fuel + clad weight/bundle 

Cermet Young's Modulus 

Clad and spacer bar Young's Modulus 

Spacer bar spring rate 

Active cermet spring rate 

Cermet assembly spring rate 

Bundle/cermet assembly natural frequency, u 

Cermet density 

101.07 in, 

26,12 in, 

7i+.95 in. 
1 1 - 2 
1.1 m . 

0,30 in. 

7 

0,50 in,^ 

20 lbs. 

50.5 in. 

0,3 in, 

0,01 in, 

0,009 in.^ 

120 

15 lbs. 

1+8 in. 

,268 in. 

160 lbs. 

175 lbs. 

15 X 10 psi 

20 X 10 psi 

0.81+ X 10 lbs/in 

0.099 X 10 lbs/in 

0,089 X 10 lbs/in 

1+30 rad/sec (68 cps) 

0,31 Ib/cu, in. 
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8, Effect of Restraining Forces on BCEX Response 

For a terminated transient, the previously derived differential equation 

of motion (equations A-9 and A-ll), for the lower rod bundle, when 

modified by the addition of a term for total can to bundle force is: 

2 ^̂  ̂r ^ ̂ x 2 t 
Z + u^ Z + — - ^ + - ^ (1 - ̂  = 0 (A-17) 

M 2 X 
X 

Where: 

y = coefficient of friction between fuel rod bundle and can 

F = total can to bundle force 
r 

F is defined such that: 
r 

at t = 0; F = 0 ' r 
a t t > 0 ; F = F = cons tan t 

r r 

The equation of motion is solved and the constants of integration deter­

mined from the boundary conditions: 

a t t = 0 ; Z = 0 ; Z = 0 

The result; 

6 Y 12 Y y F 
Z = - g — ^ (cos ut - 1) + ——^ (ut - sin ut) - -^-^ (A-l8) 

u X u X u M 

Since: 

2 AE 
LM 
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Thus: 

6 Y 12 Y ^ ̂ R ^ 
Z = -^-^ (cos ut - 1) + ——I (ut - sin ut) - —^— (A-19) 

U X U X 

It is seen that the effect of can to bundle forces is a reduction in 

response of the lower rod bundle just equal to the elastic compression 

of the cermet rods by the forces. 

For an unterminated transient, a modified differential equation is again 

written: 

y F „ 
Z + u^ Z + —^ + Bn^ e""* = 0 (A-20) 

where B and n are constants. 

Which has a solution: 

Z = —z (cos ut + — sin ut - e ) - — — — (A-21) 
d _ d. u Ailj 
n + u 

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: 

- A ^ ^ " ^ 

Or: 

^R ^ 
^7=- < < a L A T 
AE 

Therefore, the limitation on F becomes: 
R 

< < AEg AT 
R y 
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For the present case: 

A = 0.50 in,^ 
c 

E = 15 X 10 psi 
—G 

a = 10.9 X 10 in/in/°F 

y = 1.0 (assumed) 

Then: 

F^ < < 81.8 AT 

For a 10° temperature rise: 

F^ < < 818 

As a result, the limiting value of F can be put, somewhat arbitrarily, 
n 

in the 50-100 lb. range. 
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APPENDIX B 

BCEX FUEL ASSEMBLY THERMAL BOWING 

1, Introduction 

This appendix contains the equations and detailed calculations of the 

bowing analyses performed under the BCEX project. This appendix is 

organized as follows: 

a. 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, 

2, Nomenclature 

A 

C 

°I 
D 
o 
d 

E 

F 

h 

I 

L 

M 

R o 

h 
T 

V 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

.i.-

cross sectional area of cermet bundle, in. 

constant 

inside fuel rod diameter, in. 

outside fuel rod diameter, in. 

distance from neutral axis, in. 

modulus of elasticity, psi 

restraining force, lb. 

distance between bundle contact points, in. 
k 

moment of inertia, in. 

effective cermet rod length, in. 

bending moment, in.-lb 

one-half distance across fuel can (outside), in. 

one-half distance across fuel can (inside), in. 

temperature, °F 

shearing force, lb. 
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X - distance axially from reactor core plate, in, 

y - fuel assembly radial deflection, in, 

a - coefficient of thermal expansion, in/in/°F 

p - radius of curvature, in, 

6 - slope, radians 

3. 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: 

P = ^ (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: 

^ = - = aAT (B-2) 
dx^ P 

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. 
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This gradient for beginning life power distribution assuming no 

transverse coolant mixing, can be expressed as: 

AT = 0 (0 £ X <_ 27) 

ATjj = 6 . 6 / l - cos - ! ^ - ^ | | ^ ; ( 2 7 < x < 1 0 2 ) (B 

ATj-j.-|- = 1 3 . 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 (ll) 

"^ ^11 ^ ^ f, ^ (x-27) — - — = 6.6 a < 1 - cor 
dx 

A ^„. ^ (x-27) I |1 - cos —JJ—j 

S ^ = 6.6a[(x-27)-ifI s i n . i ^ j + C , 

ŷ ^ = G.G a I ( ^ . (I5l! eos . ^ } + Ĉ  x + Ĉ  

And in the upper blanket (ill) 

'̂ SlI 
P - = 13.2 a 

dx 

' ^y i i i 
= 13.2 a X + C-

dx 3 

2 
y^^j = G.G a x + C X + Cĵ  
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The constants of integration are found from the boundary conditions; 

X = 27; Yjj = 0; - ^ = 0 
dx 

Therefore: 

C^ = 0; Cg = -G.G a - ^ ^ 

Similarly: 

X = 102; y.̂.̂  = yrTT' 
^^11 ^̂ ÎII 

'II •'III' dx dx 

And: 

(75)^ C = -G.G a (129); C|̂  = -G.G a/(l02)^ + (129) (102) - - ^ 

Finally: 

y^ = 0 

^11 
= 6.6 aio.5 x^ -569.9 (1 - cos ^ ^ j ^ ^ l 

y^jj = G.G ayx^ - 129 X -207l+9i 

For austenitic stainless steel at 1000°F, a = 10,9 x 10~ in/in/°F, 

Upon substituting this value, the bowing curve presented in Figure 

III,1+-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: 

Mj = F^(x^-x) + Fj,yL^-yi) + F^^yi^-x) (O £ x £ x^) 

^11 ^ F2^^2~^^ "̂  •^3^^3~^^ ^^1 - ^ - ^ 2 ^ 

^III ^ F3(Xo-x) (̂ 2 - •̂  - ̂ 3̂̂  

The deflection of the fuel assembly is related to the moment by the 

differential equation: 

d̂ y M 
^ 2 EI 
dx 

If EI is constant, as is approximately the case, the equations can be 

intergrated to find the slope: 

dy^ F, 2 F„ 2 F^ 2 
I _ 1 / x •. ^ 2 , x ^ ^ 3 / x ^ ^ . 

- ^ - EI ^^1^ - — ) •" EI (̂ 2̂  - 2") •" El ^^3^ - — ) ^ % 

^^11 ^2 , x2 ^3 , x ^ 

dT— = EI ( V -—^^^2 

Where the 6 , G , and Q are constants of integration. Integrating 

again to find the deflections: 

B-6 



— r* ft 
K K K 

7/7/7/ 
0 
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B-7 



F 2 F 3 F 3 

^i = 2ii (-1-' -T^'ii ^-2-' - r^ ^ ill (-3^' - f-) ^ 0̂ - ^ 0̂ 

F 3 F 3 
- _2_ ( 2 x̂ ^ , 3 / 2 x^ 

^11 ~ 2EI "̂̂ 2̂  

|-) + ̂  (X3X̂  _ |_) . ê  X + ŷ  

F 2 

^III = ill ^^3^^ - r^ -̂  ̂2 ̂  -̂  ^2 

y , y and y^ are also constants of integration. At x = x^: 

dx dx 

^I ^11 

At X = X : 

'̂ 1̂1 _ '̂ ÎII 
dx dx 

^11 ^III 

Therefore: 

2 
Fx 

e. = 9̂  + 
I 0 2EI 

F̂ x̂ 3 

^1=^0"" ?EI~ 

m 2 „ 2 

II 0 2EI 2EI 

3 3 
^1^1 ^2^2 

^11 " ̂ 0 "̂  6EI '^r~ 
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Since the fuel assembly is assumed to be built into the reactor core plate 

at X = 0, the slope and deflection at this point ars.: * 

0̂ = ^ 0 = ° 

The final equations for the deflection of the fuel assembly under three upper 

restraints can then be written: 

F 3 F 3 F 3 
_ 11 / 2 xl^ + _2_ / 2 x_.̂  + _3_ / 2 xf_v 

^I 2EI ^ V " 3 ^ 2EI '̂'2'̂  " 3 ^ 2EI "̂̂ 3̂  " 3 ' 
3 

F X F 3 F 3 
- J^ I 2 tl^-. + 12 / 2 2£_̂  . _ 3 _ / 2 2L_̂  

^11 ' 2EI ̂ ''l "̂  " 3 ' 2EI ̂ ''2'' " 3 ^ 2EI ̂ ^3^^ " 3 ' 

3 3 
F " j c F "^ F ^ 

- _i_ ( 2 _1_N , _ 2 _ ( 2 ^2_. 13_ I 2 x_^ 
^III " 2EI ̂ ^ l"" " 3 ^ 2EI ̂ ""2 "" " 3 ' 2EI ̂ '̂ 3'' ~ 3 ' 

The equations at the points of restraint are: ,' 

i ^ . ! ^ f 2 ^̂ î . !i_, 2 fi!. 
^1 3EI 2EI ̂ ^2^1 " 3 ^ 2EI ̂ ^3^1 ~ 3 ^ 

3 2 
F X F F X - 12^ f 2 _ fl_. 12_ 3 . 13_ , 2 f2_^ 

^2 2EI ^̂ 1 ̂ 2 3 "̂ 2EI ̂ 2 2EI ^̂ 3̂ 2 " 3 ' 

3 3 
= !l_ / 2 ^ ^ ^ , 2 ^ . + !3_ 3 

^3 2EI ^̂ 1 ̂ 3 3 ' 2EI ^̂ 2 ̂ 3 3 ^ 3EI ̂ 3 

In the reference fuel assembly design, restraints are applied to the can at; 

X = 65 in, 

X2 = 90 in, 

x^ = 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 
O.915I+ X 10^ tr̂  + 1.1+1+35 X 10^ r|- + 1.9717 X 10^ r|- + 0.010 = 0 

i i l Sill Hil 

F F F 
1.1+1+35 X 10^ ^ + 2.1+300 X 10^ ^ + 3.1+1+25 x 10^ ^ + O.O65 = 0 

F F F 
1.9717 X 10^ z^ + 3.1+1+25 X 10^ :rf- + 5.0696 X 10^ :J- + 0.203 = 0 

E l rjJ- i!il 

Solving t h e s e e q u a t i o n s : 

F = -l+,5l6 X 10" EI 

Fg = 13.006 X 10" EI 

F = -7.1+76 X 10" EI 

It is then possible to calculate the can de(flection at any point. The 

resulting can deflections for the reference design (three restraints) 

are plotted in Figures III.1+-12 and III.I+-II+. The bowing of the rod 

bundles is shown also in Figure III.I+-II+. 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: 

X = 80 in. 

x_ = 115 in. 
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Again the net deflection at the support points is assumed to be equal to 

zero. Equations are then written: 

F F 
1.7067 X 10^ -V + 2.8267 X 10^ -f- + 0,120 = 0 

E i i i l 

F F 
2,8267 X 10^ r ; i + 5.0697 X 10^ r | - + 0,203 = 0 

JIJX Jil 

Solving: 

.-6 
F^ = 5.886 EI X 10 

- G 
Fg = -3.681 EI X 10 

The resulting can deflection curve of this alternate approach (two 

restraints) is plotted in Figures III,1+-13 and III.lt-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 

III,1+-13. 

5. 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 0.010 inch movement at the restraint 

points is assumed, the equations for the reference fuel assembly design 

become: 
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F F F 
O.915I+ X 10^ r;̂ - + 1.1+1+35 X 10^ r | - + 1.9717 X 10^ :J- + 0 = 0 

hii E l iiji 

F F F 
1.1+1+35 X 10^ 7;^ + 2.1+300 X 10^ -7- + 3.1+1+25 X 10^ :r;7- + 0.075 = 0 

hjl. E l i i j l 

F F F 
1.9717 X 10^ : ^ + 3.1+1+25 X 10^ T | - + 5.0696 X 10^ :r|- + 0.193 = 0 

till HJX i l l 

Upon solution, it is found that the direction of F is outward, indi­

cating that the deflection of this point is less than the 0.010 in. 

clearance. Since F cannot be outward, no restraint can exist at this 

point, and F 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.I+-I6, 

For 200^ power, the equations are again modified. With F = 0 for the 

reference design: 

F F 
2.1+300 X 10^ TI" + 3.1+1+25 X 10^ - | - + O.ll+O = 0 EI EI 

F F 
3.1+1+25 X 10^ :r|- + 5.0696 X 10^ =|- + 0.396 = 0 

El El 

The resulting deflection curve is also plotted in Figure III.I+-I6. 

The alternate design was studied in the same manner. The results are 

plotted in Figure III,1+-17. 

6, Restraining Forces to Bowing 

The cross-section of a fuel assembly is shown in Figure III,l+-3. The 

moment of inertia of the can: 

I = UT (R^_R.S 
c 9 o 1 
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Where R and R. are 2.552 and 2,1+59 inches, respectively, then: 

I =5.632 in 
c 

For austenitic stainless steel at 1000°F, the modulus of elasticity: 

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-1+. For the 

reference design: 

F^ = -(I+.516 X 10" )(22.9 X 10 )(5.632) = -582 lb, 

Fg = (13.006 X 10" )(22,9 X 10 )(5.632) = l677 lb, 

F = -(7.1+76 X 10" )(22,9 X 10 )(5.632) = -96I+ lb. 

For the alternate design: 

F^ = (0,5886 X 10"^)(22,9 X 10 )(5.632) = 758 lbs, 

F2 = (0.3681 X 10"^)(22,9 X 10 )(5.632) = -1+75 lbs. 

The moment and shear distributions, resulting from these forces for the 

case of no-clearances are shown in Figures III.I+-I8 and III.I+-I9. 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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M = M -^ 
B C I^ 

where subscript C refers to the assembly can and B to the fuel bundle. 

The shear in the bundle: 

V = V -^ 
B C I^ 

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 = 61+, 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: 

I , , = ^ ( D ^ - D . ^ + f ( D 2 _ D . 2 ) d̂  
rod,B 61+ ' o 1 1+ o 1 ' 

Where: 

D = outside diameter of cladding of fuel rod 

D. = 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: 
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li 
I^ = 1.832 in. 

Then: 

R - oftn (1-832) 12,000 (1.832) _ , 
\ - 280 (5^g32) - (9^0) (5.632) " "3^3 lbs, 

^ _ 12,000 (1.832) _ , , 
^2 - (9!o) (5.^32) - 3̂i+ l̂ ŝ. 

At the lower end (x = ll+): 

R' - ^ 
^2 " - h 

And: 

' _ r. (1.832) 2500 (1.832) _ 
^1 " - 280 (5.632) + (9.0) (5.632) " ° 

• _ 2500 (1.832) _ 
^2 " " (9.0) (5.632) ~ "^^ ̂ ^^' 

The t o t a l r e s t r a i n i n g force on the lower rod bundle by t h e can: 

F^ = | F ^ | + iFgl + | F ^ | + IF^ I = 3I+3 + I+3I+ + 0 + 91 = 868 l b s , 
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Table B-1 

Rod Bundle Moment of Inertia 

I .. = Zr (0.300^ - 0.280 ) rod 61+ 

-S 1+ 
= 9.589 X 10 -̂  in 

A ^ = f (0,300^ - 0,280^) 
rod 1+ ' 

= 9.032 X 10 ^ in^ 

Refering to Figure III.1+-3 

Row 

0 

1 

2 

3 

1+ 

5 

6 

No. of 
r o d s 

n 

13 

21+ 

22 

20 

18 

16 

11+ 

d 

0 

.369 

.738 

1 .107 

1.1+76 

1.81+5 

2,2ll+ 

9 .032 
- 3 2 

X 10 -̂  d n 

0 

.0295 

.1033 

.2211+ 

.351+2 

.^919 

.6198 

Total 1.8201 

Total Moment of Inertia 

-S 1+ 
I^ = 127(9.589 X 10 '̂) + 1.8201 = 1,832 in 
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APPENDIX C 

FUEL CLAD STRESSES AND STRAINS 

1, 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: 

a, 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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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. + 1 
2 

aAT, top bundle, away from bundle ends, outer bundle edge. 

clad coefficient of thermal expansion; AT = maximum bundle temperature 
gradient in radial direction. 

H = 0, lower bundle - no restraint, 

Summary of Results 
Region I Region II Region III 

Top Bundle 
Max. Min. 

Lower Bundle Top Bundle Lower Bundle 
Max. Min. Max. Min. Max. Min. 

Top Bundle Lower Biondle 
Max. Min. Max. Min. 

a X 10 

AT 

% Mixing 
in Assembly 

\ xlO^ 

11.2 

20.8 

0 

+117 

9.2 

0 

100 

0 

100 

11.2 

50.0 

0 

9.2 

0 

100 

+280 

100 

11.1 9.1 

67.6 0 

0 100 

+375 0 

100 



(2) 
3. 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 c and e are previously defined. 

Calculations 

— ti 
li 

aAT (-

AT^ 

AT 
2 
—) , away from bundle ends, outer bundle edges. 

AT - center temperature minus outer temperature in radial direction. 

AT - temperature difference across bundle in radial direction. 

o 

u) Summary of Results 

Region I Region II Region III 

Top Bundle Lower Bundle Top Bundle Lower Bundle Top Bundle Lower Biondle 

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Min. Max. 
a X 10 

% Mixing 
in Assembly 

AT 

^T^ 

A'T 

+ e X 10 
— z 

11.2 

0 

20.8 

.61 

17 

9.2 

100 

0 

0 

0 

10.9 

0 

10.1+ 

.61 

8.3 

9.0 

100 

0 

0 

0 

11.2 

0 

50.0 

.55 

18.8 

9.2 

100 

0 

0 

0 

10.9 

0 

25.0 

.55 

9.1 

9.0 

100 

0 

0 

0 

11.1 

0 

67.6 

.51+ 

19.9 

9.1 

100 

0 

0 

0 

10.9 

0 

33.8 

.5i+ 

9.8 

9.0 

100 

0 

0 

0 



Clad Radial Temperatiore Gradient (1) 

The clad heat flux results in a temperature gradient across the clad wall of the fuel ajid results 

in clad strain due to internal restraint. J'x and a are as previously defined and y-C is the clad 

Poisson's ratio. 

Calculations 

e = 
z - l l 

y = 0.3 min. , 0.1+ max. 

aAT 
1 - y 

AT = radial temperature drop across carbide fuel clad wall 

in core mid-plane, where the maximum heat flux exists. 

Summary of Results 

4 X 10 

Region I Region II Region III 

Top Bundle 
Max. Min. 

Lower Bundle 
Max. Min. 

Top Bundle 
Max. Min. 

Lower Bundle 
Max. Min. 

Top Bundle Lower Bundle 
Max. Min. Max. Min. 

11.2 9.2 10.9 9.0 11.2 9.2 10.9 9.0 11.1 9.1 10. 9.0 

JiT 115 93 115 93 10l+ 80 101+ 80 85 62 85 62 

+ e = &, X 10 1073 6ll 101+1+ 598 971 526 9^5 51^ 786 1+03 772 399 



o 
I 
vn 

(3) Clad Axial Temperature Gradient 

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, 

as previously defined; e is the tangential component of clad strain. 

Calculations 

e and Q^ are 

e - JL 3 aT R t/l+i , where T - axial temperature rise along clad. 

1 - length of core. 

e, = ue R - mean clad radius 
t z 

t - clad wall thickness 

P' - Poisson's Ratio 

Summary of Results (location of e and e is at core-axial blanket interface) 

a X 10 

^ 1 

R 

t 

1 

y 

+ e 
— z 

+ e 
- t 
A c t u a l 
Temp,°F 

Region ; 

Top Bundle 

Max. 

1 1 . 2 

ll+6 

.1^5 

. 0 1 

37 
.k 

T i P ct c; 

Less 

111+2 

Min. 

9 . 2 

136 

.li+5 

. 0 1 

37 

. 3 

t h a n ]O" 

t h a n 1 0 ' 

1122 

-8 

-9 

I 

Lower 

Max. 

1 0 , 9 

ll+6 

.li+5 

. 0 1 

37 

.1+ 

i n / i n 

i n / i n 

850 

Bundle 

Min. 

9 . 0 

136 

.li+5 

, 0 1 

37 

. 3 

850 

Region 

Top Bundle 

Max. 

1 1 . 2 

155 

.11+5 

. 0 1 

37 

.1+ 

l l 6 0 

Min. 

9 .2 

133 

.li+5 

. 0 1 

37 

. 3 

1115 

I I 

Lower 

Max. 

1 0 . 9 

155 

.H+5 

, 0 1 

37 

.1+ 

850 

Bundle 

Min. 

9 . 0 

133 

.11+5 

. 0 1 

37 

. 3 

850 

Region 

Top Bundle 

Max. 

1 1 . 1 

135 

.1^5 

. 0 1 

37 

,1+ 

1120 

Min, 

9 . 1 

102 

.li+5 

. 0 1 

37 

. 3 

105I+ 

I I I 

Lower 

Max, 

1 0 , 9 

135 

.1^5 

. 0 1 

37 

.1+ 

850 

Bundle 

Min, 

9 . 0 

102 

.li+5 

. 0 1 

37 

. 3 

850 



6. Static Weight 

Each BCEX fuel bundle is supported at its ends by 1+8 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 l eng th 1+9-775 i n . 

Clad v o l . / i n . .0091 ±n.^/ i n . 

Clad density .29 lb./in 

Clad wt/in. .0026 Ib./in.^ 
3 

Fuel vol./in. .0536 in. /in. 
3 

Fuel density ,1+8 lb,/in. 

Fuel wt./in. ,0258 lb,/in. 

Rod wt./in. .0283 lb,/in. 

Bundle wt, 170 lb. 

No. Rods supporting bundle 5^ 

Nominal clad wall .010 in. 

Min. clad wall, end of life .006 in. 
2 

Nom. clad support area .1+92 in. 
2 

Min. clad support area .295 in. 

Nom. static wt. stress 3l+5 psi 

Max. static wt. stress 575 psi 

Young's Modulus Elasticity 20 x 10 psi 

Nom. static wt. strain 17 x 10 

Max, static wt, strain 29 x 10 
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— C I 

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 1+8 fuel rod clads which support the bundle due to pressure drop across the bundle. 

Calculations 

Drag Force = No rods x area per rod x AF along rod 

= 120 X n IT ^ 3 Ap = 8.1+8 AP 

Clad Stress = Drag force/area per clad x no. clads loaded 

= 17.2 Ap, beginning of life 

= 28.7 Ap, end of life 

Elastic 
i 

Modulus = 20 X 10 

Summary of Results 

psi 

Region I Region II Region III 
Top Bundle 
Max. Min, 

Lower Bundle Top Bundle Lower Bundle Top Bundle 
Max. Min. Max. Min. Max. Min. Max. Min, 

Lower Bundle 
Max, Min, 

Ap 

Drag Stress 

Static Wt, 

Net Stress 

Net Strain, 
X 10+° 

38 38 

-1 ,090 -655 

+575 +3I+5 

-515 -310 

-26 -16 

37 37 30,1+ 

+1,060 +635 -870 

-575 -3I+5 +575 

+1+85 +290 -295 

+2I+ +15 -15 

30,1+ 29.6 

-525 +850 

+3I+5 -575 

-180 +275 

-9 +1I+ 

29.6 

+510 

-31+5 

+165 

+8 

27.8 

-800 

+575 

-225 

-12 

27.8 

-1+80 

+31+5 

-135 

-7 

27.2 

+780 

-575 

+205 

+10 

27.2 

+1+70 

-3I+5 

+125 

+7 



Rod Vibration in Parallel Flow 
(U) 

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 

o 
I 
00 

= K^L V / 10^ 

p 

V 

L 

- Burgreen Parameter 

- 5,for pinned ends 
-7 2 1+ 

sodium dens i ty = 750 x 10 l b . s e c . / i n . 
sodium kinematic v i s c o s i t y = 1+1+0 x 10 i n . / s e c , 

^ EI vco 

- Span length between ferrules = 7 in. 

Span natural freq., rad/sec = n /gEI/wL A] 

Summary of Results 

w 

A 

D 
e 
e 
z 

V 

EI 

rod O.D = .300 in. 

rod weight/inch = .0283 lb/in. 

Amplitude of vibration, in. 

Hydraulic dia. = 0.35 in. 

, clad strain 
2 ? 
H A D /2L : 

o 

Region I Region II 

Coolant flow velocity, in/sec 
2 

Rod stiffness, Ib-in. 

Region III 
Top Bundle Lower Bundle Top Bundle 
Min. Max. Min. Max. Min. Max. 

Lower Bundle Top Bundle 
Min. Max. Min. Max. 

Lower Bundle 
Min. Max. 

V 

E X 1 0 " 

I X 10^ 

CO 

B 

A/D 
e 

A(max) 

+ e X 10 
— z 

1+50 

2k 

9.G 

1126 

. 0 0 8 1 

.0057 

.002 

60 

1+40 

20 

5 .5 

780 

.0160 

.010 

.001+ 

120 

1+1+0 

21+ 

9.G 

1126 

.0076 

.0055 

.002 

60 

1+30 

20 

5 .5 

780 

.OII+9 

.0090 

.003 

90 

396 

21+ 

9 . 6 

1126 

.0055 

.OOl+O 

. 0 0 1 

30 

386 

20 

5 .5 

780 

.0108 

.0075 

.003 

90 

386 

21+ 

9 . 6 

1126 

. 0 0 5 1 

.001+0 

. 0 0 1 

30 

377 

20 

5 .5 

780 

.0100 

.0070 

.002 

60 

373 

2k 

9 . 6 

1126 

.00I+6 

.0037 

. 0 0 1 

30 

367 

20 

5 .5 

780 

.0092 

. 0063 

.002 

60 

367 

2I+ 

9.G 

1126 

.001+1+ 

.0036 

. 0 0 1 

30 

360 

20 

5 .5 

780 

.0087 

.0065 

.002 

60 



9. Bundle Vibration in Parallel Flow (5) 

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. 

Calcu l a t i ons 

L ^' 

( 
I 

i 

t 

. I 

• \ 

i l 
•[ 

* * 

1 

FLAT: 

t 
i 
I 

1 ; 

ii 
i 

:> 

\ 
\ 

SC 

b 
II U-

\ 
^ 

k"" 

) IM 

t 
\ 
I 

, MPD, .8 .3.2 ?.1+ 
A = 2.91+ a-^ [ - ^ ] ^ V 

EI 
D 

2 2 2 
y = M V L /EI, dimensionless 

e = [1 + m/M]" 

B 
2/3 

1 + 1+e 1 + 2y 

Results 

A 

D 
r 
2 a = 

L 

m = 

M 

V 

EI 

P 

D, 

max, bundle amplitude, in. 

rod dia., in. 

normal mode eigenvalue 

bundle length, in. 
2 2 

rod mass per inch of rod, lb-sec /in. 
2 2 

fluid virtual mass per inch of rod, lb-sec /in. 

fluid velocity, in./sec 
2 

bundle stiffness, Ib-in. 
2 1+ 

fluid density, lb. sec /in. 

rod hydraulic diameter, in. 

-5 5 X 10 ^ 

0 . 3 0 

9.87 

50 

7 . 3 X 

5 .3 X 

1+1+0 

10 

10 

1+ X l o ' ^ 

7 . 5 X 

0 .35 

10 

-5 

-6 

-5 
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APPENDIX D 

CERMET STRESSES AND STRAINS 

1. 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. 

2, Nomenclature 

d - inside diameter of hypothetical fission gas space 

d - outside diameter of hypothetical fission gas space = actual 
fuel particle diameter 

d - inside diameter of hypothetical spherical shell which 
contains fission gas 

• 

N - 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 x 

V - initial fission gas void volume 

W - weight of fission gas released to void volume 

a - cermet coefficient of thermal expansion 

AV - change in fission gas volume due to steel matrix creep 
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AVp - change in fission gas volume due to fuel swelling 

e - matrix strain 

y - Poisson's ratio =0.3 

p - actual fuel density 

p - theoretical fuel density 

a - stress 

a - stress based on original void volume 
c 

X - time 

5 E v/V^ 

3. 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 is 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, 
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The following sketch illustrates this model. 

Fission gas 
space 

100$̂  dens 
fuel 
particle 

Stainless steel 
matrix 

— Damage 
zone 

10 

• < ^ d, 
20 

(Actual particle 
diameter) 

-X 

-^ '30 -> i 

r<r -— --> 
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The fission gas volume is given by: 

and: 

V = V + AV, - AV^ 
o 1 2 

^^1 = Ssfd^o^ = Sefd^o^x 

^^2 = ^f^io'^ 

Thus; 

^ = ^o-^3sf d^o^-Nfd^O^^ (D 

Since by definition 

V-V 
V = ^ 

V = 3s f d̂ ô  - N ^ dy 

Since: 

^o = f "̂̂ 20̂  - '̂ lÔ ) 

Then: 

V _ 3e + N 

""̂  1 " (̂ 1̂0/̂ 20)̂  1 - ('̂ 20/<̂ 10)̂  

As idealized: 

•̂̂ 20̂  = Px "̂ 10̂  

Thus; 

1 = - ^ + _ J (D 
VQ 1 - P/P^ 1 - P̂ /p 
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From Figure III.1+-11; the matrix strain in inches per inch is: 

e = a a^ (D-3 

where: 

a = 1.66 X 10^3 (3.1+1+5 x 10~ ) 

and: 

b = ll+,620/T, where T i s in °R 

S u b s t i t u t i n g (D-3) i n t o (D-2) 

b 
V _ 3a g" ^ N . , 

v̂  " r ^ - ^ -̂  r ^ - ^ (̂ "̂  

For a t h i n s p h e r i c a l s h e l l : 

a = Pd^Q/l+t (D-5 

S u b s t i t u t i n g (D-5) i n t o (D-1+): 

3a (d,,/l+t)V 
V -' ^^30'""' " 
V 1 - p/p 0 ^'^x 

From Ideal Gas Law: 

P = WRT/V 

W = WT 

P = WRT x/V 

+ N 
1 - P̂ /P 

S u b s t i t u t i n g (D-7) i n t o (D-6) 

Nb 
V 3a (d3Q/l+t)' 

V V / 1 - ( V^ 1 - p/p^ \ V / 1 - p /̂p 

D-5 
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V 3a (d3o^T/4t )^ • 

v^ 1 - p/p., ( v ) "̂  1 - P.,/P 
o 

. ^ 3a (d3^WRT/l+tV^)^ / Nb ^ • 

V 1 " p/px y / ^ o / ^ - Px/p 
o 

Since: 

a = d.,̂ WRT/l+tV c 30 o 

^^%^ A_\b ^ N 
1 - P/P, \Y/YJ 1 - p^. v„ 1 - p/p^ V v / v ^ ; ' 1 - p / p 

Define: 

5 , V/V^; f^ E V/V^ 

and 

3a a • 
A - 2 • B = - -
"̂  - 1 - P/P.̂  ' "̂  - 1 - P.,/P 

The following differential equation is obtained: 

f^ = A r^ T̂  - B 
dx 

or 
5^ M. + B5^ = Ax^ (D-8) 

The boundary conditions for the non-linear differential equation (D-8) 

are: 

At X = 0, 1^ = -B dx 

D-6 



At T -> ", 5 = const. X T 

The solution to (D-8) can be portrayed as follows; 

/o 

C = -B 
Actual 
Solution 

C = constant x t 

• ^ > -

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. 
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APPENDIX E 

SAMPLE OF WESTINGHOUSE FORE COMPUTER PROGRAM OUTPUT 

This appendix presents a partial reproduction 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 111,5.5.3. 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 
3 

(BTU/ft ) 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 is 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. 
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Pages four through twenty-seven list the fuel and cermet temperature 

data as a function of time in the six axial 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. 
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TIME 
C. 
0.177i>0 
0.5t>875 
0.62125 
0.6837i. 
0.86875 
C.93125 
0.99375 
I.05625 
1.08625 
1.12250 
1.H9750 
1.84250 
2.17250 
2.52750 
2.91999 
3.2S749 
3.63999 
3.7C249 
3.7649V 
3.82749 
3.88999 
3-95^49 
4.bl49S 
•4.07749 
4.13999 
4-20249 
4.26499 
4.32749 
4.33499 
4.38999 
4.45249 
4.31499 
4.57749 
4.63999 
4.7C249 
4.76499 
4.82749 
4.88999 
4.95249 

STEP 
C 

38 
128 
143 
158 
203 
21e 
233 
248 
235 
2o3 
355 
ttl 
521 
608 
7C2 
793 
876 
891 
906 
921 
936 
951 
960 
9al 
996 
1011 
1026 
i041 
1044 
1056 
1071 
1086 
1101 
1116 
1131 
1146 
1161 
11/6 
1191 

ENERGY 
C. 

-1.7tC56E 
-3.54669E 
-4.764C4E 
-6.17691E 
-1.193C1E 
-i.44C57£ 
-1.72124E 
-2.02964E 
- 2 . 19131 £ 
-2.3S274E 
-5.14729E 
-S.76C97E 
-1.32326E 
-1.94678E 
-2.77449E 
-3.71649E 
-4.699C9E 
-4.89184E 
-5.Cde91E 
-5.29CCUE 
-5.49536E 
-5.7C47CE 
-5.9ie25£ 
-6.12574E 
-6.35738E 
-6.58290E 
-6.81250E 
-7.045£8£ 
-7.C7422E 
-7.26327E 
-7.52439E 
-7.7fc945£ 
-8.C1819t 
-8.27C66E 
-a.52721E 
-8.7£749t 
-9.C5147E 
-9.31943E 
-9.5911^£ 

CC 
Cl 
01 
01 
02 
C2 
C2 
C2 
C2 
C^ 
C2 
C2 
C3 
C3 
C3 
C3 
C3 
C3 
C3 
C3 
C3 
03 
C3 
C3 
C3 
03 
C3 
C3 
C3 
03 
C3 
C3 
C3 
C3 
C3 
03 
C3 
03 
C3 

POhEB 
4.1546CE 
4.15537E 
4.1336CE 
4.13465E 
4.12613E 
4.11679E 
4.107C2E 
4.10594E 
4.09663E 
4.C9827E 
4.09ll9t 
4.054C9E 
4.01545E 
3.9d530E 
3.g4897£ 
3.9C4C6E 
3.86Clb£ 
3.82227E 
3.813CCE 
3.8G753E 
3.79843E 
3.793CCE 
3.784C2E 
3.77863E 
3.76977E 
3.76445E 
3.75573E 
3.75046E 
3.74199E 
3.74449E 
3-73687t 
3.72847E 
3.723446 
3.7151CE 
3.710C9E 
3.7C175E 
3.69673E 
3.6e832E 
3.68324E 
3.67473E 

POWER AND ENERGY FACTORS 

LENGTH LOWER HALF 
CLAD FUEL CEX 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
01 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 

C. 
2.8027t-05 
5.4669E-05 
1.07iaE-04 
8.56lOE-0:> 
1.52766-04 
1.3661E-04 
1.72186-04 
1.62646-04 
1.9009E-04 
1.73916-04 
2.3665C-04 
2.9608E-04 
3.4929E-04 
3.9829E-04 
4.4296E-04 
4.9068E-04 
5.44946-04 
5.4999E-04 
5.6042E-04 
5.6398E-04 
5.73216-04 
5.76946-04 
5.85846-04 
5.89366-04 
5.97836-04 
6.01086-04 
6.08946-04 
6.10466-04 
6.12356-04 
6.17506-04 
6.202o6-04 
6.28086-04 
6.31566-04 
6.4001E-04 
6.4420E-04 
6.53356-04 
6.58536-04 
6.68496-04 
6.74186-04 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

c. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
2.95755-06 
2.66976-05 
3.2017E-05 
3.7641E-05 
5.5060E-05 
6.1126E-G5 
6.70846-05 
7.30386-05 
7.581t.£-05 
7.9218E-05 
1.1028E-C4 
1.36286-04 
1.60516-04 
1.81416-04 
1.98196-04 
2.11496-04 
2.25606-04 
2.2788E-C4 
2.2999E-04 
2.31856-04 
2.3349E-04 
2.3501E-C4 
2.36386-04 
2.3763E-04 
2.3373E-04 
2.3972E-C4 
2.4056E-04 
2.41116-04 
2.4115E-04 
2.4143E-04 
2.4182E-04 
2.4213E-04 
2.42486-04 
2.4284E-04 
2.43286-04 
2.43766-C4 
2.4440E-04 
2.45126-04 
2.45976-04 

LENGTH UPPER HALF 
CLAD FUEL CEX 

0. 
4.9661E-05 
1.7178E-C4 
3.1256E-C4 
2.6114E-C4 
4.89576-C4 
4.2601E-C4 
5.69626-04 
5.20526-C4 
6.4626E-C4 
5.6395E-C4 
8.30496-04 
1.07836-03 
1.30606-03 
1.55516-03 
1.79446-C3 
1.97986-03 
2.2742E-C3 
2.2527E-C3 
2.35306-03 
2.33016-03 
2.4260E-C3 
2.40296-C3 
2.49646-03 
2.4729E-C3 
2.56446-03 
2.54036-03 
2.62986-C3 
2.60236-03 
2.63866-C3 
2.68936-03 
2.6623E-C3 
2.7'4956-C3 
2.7231E-C3 
2.8117E-03 
2.7362E-03 
2.87686-03 
2.85266-03 
2.94616-03 
2.92256-03 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
5.3610E-06 
6.9855E-05 
8.6428E-05 
1.04476-04 
1.647/6-04 
1.87266-04 
2.10426-04 
2.34336-04 
2.4594E-04 
2.60235-04 
4.11816-04 
5.5992E-04 
7.1485E-04 
8.8275E-04 
1.0620E-03 
1.23016-03 
1.39195-03 
1.4217E-03 
1.4512E-03 
1.48056-03 
1.5093E-03 
1.5378E-03 
1.5660E-03 
1.5939E-03 
1.6215E-03 
1.64876-03 
1.675oE-03 
1.70196-03 
1.7050E-03 
1.7276E-03 
1.7530E-03 
1.7782E-03 
1.8032E-03 
1.8281E-03 
1.8530E-03 
1.87796-03 
1.9030E-03 
1.92836-03 
1.9538E-03 



REACTIVITY 

I 

TIME 
0. 
0.17750 
0.55875 
0.62125 

• 0.68375 
0.86875 
0.93125 
0.99375 
1.05625 
1.08625 
1.12250 
1.49750 
1.84250 
2.17250 
2.52750 
2.91999 
3.29749 
3.63999 
3.70249 
3.76499 
3.827t9 
3.88999 
3.95249 
4.01499 
4.07749 
4.13999 
4.2C249 
4.26499 
4.32749 
4,33499 
4.38999 
4.45249 
4.51499 
4.57749 
4.63999 
4.7C249 
4.76499 
4.82749 
4.88999 
4.95249 

TOTAL 
i.OOCCE CC 
1.0CCC6 CC 
9.9999t-01 
9.99986-01 
9.99986-01 
9.99966-01 
9.99976-01 
9.9996t-01 
9.99966-01 
9.9995E-01 
9.99966-01 
9.99936-01 
9.99916-01 
9.99896-01 
9.99b6E-Cl 
9.99846-01 
•9.99626-01 
9.99796-01 
9.99796-01 
9.99786-01 
9.99766-01 
9.99786-01 
9.9978E-C1 
9.99776-Cl 
9.99776-01 
9.9976t-Cl 
9.9976E-01 
9.9976E-C1 
9.9976E-C1 
9.9975E-C1 
9.99756-01 
9.99756-Cl 
9.99746-01 
9.99746-01 
9.9974E-01 
9.9974E-C1 
9.99736-01 
9.99736-01 
9.99736-01 
9.99736-01 

FRLGRA 
l.CC 
l.CC 
l.OC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CO 
l.CO 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CO 
l.CC 
l.CC 
l.CC 
l.CO 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 
l.CC 

MKtC 
CC£ OC 
CCE 00 
C0£ 00 
CCE OC 
CCE 00 
CCt OC 
CCE 00 
CCt oc 
CCE oc 
CCE 00 
CCt 00 
CCE 00 
CCt oc 
CCE 00 
CCt oc 
CCE 00 
CCE 00 
CCt OC 
CCE 00 
CCE 00 
CCE 00 
CCE OC 
CCE 00 
COE 00 
CCE OC 
CCE 00 
CCE 00 
COE 00 
CCE 00 
CCE 00 
COE 00 
CCE 00 
CCE 00 
CCE OC 
CCE 00 
CCE 00 
CCE 00 
CCE 00 
CCE 00 
CCE OC 

FEE08ACK 
C. 
1 . 1 7 4 8 6 - 0 8 

- 2 . 0 2 7 O E - 0 5 
- 1 . 3 8 3 9 E - 0 5 
- 2 . 5 4 5 0 6 - 0 5 
- 2 . 7 0 3 1 E - 0 5 
- 3 . 9 7 9 0 E - 0 5 
- 3 . 5 3 5 0 6 - 0 5 
- 4 . 6 7 6 2 6 - 0 5 
- 4 . 0 1 7 9 6 - 0 5 
- 5 . 1 0 9 O 6 - 0 5 
- 7 . 2 2 9 1 6 - 0 5 
- 9 . 3 3 C 9 E - 0 5 
- 1 . 1 6 3 3 E - 0 4 
- 1 . 3 8 4 7 6 - 0 4 
- 1 . 6 1 9 9 E - 0 4 
- 1 . 8 7 1 5 E - 0 4 
- 2 . 0 4 2 2 E - 0 4 
- 2 . 1 2 3 2 6 - 0 4 
- 2 . 1 1 9 6 E - 0 4 
- 2 . 1 9 8 3 E - 0 4 
- 2 . 1 9 4 7 E - 0 4 
- 2 . 2 7 1 1 E - 0 4 
- 2 . 2 6 7 i e - 0 4 
- 2 . 3 4 1 5 C - 0 4 
- 2 . 3 3 6 6 t - 0 4 
- 2 . 4 0 9 3 6 - 0 4 
- 2 . 4 0 3 3 6 - 0 4 
- 2 . 4 7 4 0 6 - 0 4 
- 2 . 4 5 5 9 E - 0 4 
- 2 . 4 6 6 9 6 - 0 4 
- 2 . 5 3 6 1 6 - 0 4 
- 2 . 5 2 8 0 6 - 0 4 
- 2 . 5 9 6 7 6 - 0 4 
- 2 . 5 8 8 1 6 - 0 4 
- 2 . 6 5 7 0 E - 0 t 
- 2 . 6 4 8 4 6 - 0 4 
- 2 . 7 1 8 2 6 - 0 4 
- 2 . 7 0 9 7 6 - 0 4 
- 2 . 7 8 1 0 E - 0 4 

OUPPLER 
0 . 

- 2 . 3 9 3 7 6 -
- 5 . 5 3 3 6 E -
- 5 . 3 8 2 8 E -
- 7 . 2 5 2 0 E -
- 9 . 0 6 1 3 E -
- 1 . 1 0 C 0 6 -
- 1 . 1 0 1 9 5 -
- 1 . 2 7 5 5 6 -
- 1 . 2 2 6 0 6 -
- 1 . 3 7 1 5 E -
- 1 . 8 1 0 8 E -
- 2 . 1 7 3 4 t -
- 2 . 5 4 2 3 E -
- 2 . 8 5 5 1 E -
- 3 . 1 2 3 8 E -
- 3 . 3 7 7 1 E -
- 3 . 5 9 C 7 E -
- 3 . 6 7 5 5 E -
- 3 . 6 7 g 8 E -
- 3 . 7 5 7 4 6 -
- 3 . 7 5 5 9 6 -
- 3 . 8 2 8 1 6 -
- 3 . 8 2 3 3 6 -
- 3 . 8 9 0 7 6 -
- 3 . 8 8 2 8 6 -
- 3 . 9 4 5 8 6 -
- 3 . 9 3 4 9 6 -
- 3 . 9 9 2 0 5 -
- 3 . 9 7 4 1 6 -
- 3 . 9 7 4 9 6 -
- 4 . 0 2 7 6 E -
- 4 . 0 0 8 9 6 -
- 4 . 0 6 1 2 6 -
- 4 . 0 H 3 2 6 -
- 4 . 0 9 6 9 t -
- 4 . 0 d C 9 E -
- 4 . 1 3 8 0 E -
- 4 . 1 2 5 5 E -
- 4 . i 8 7 0 E -

^ A D I A L 
Ext»ANSlON 

•07 
•06 
•06 
•06 
0 6 
05 
•05 
•05 
05 
•05 
05 

•05 
•05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 
05 

D E N S I T I E S 
0 . 

- 3 . 4 5 6 7 6 - 0 6 
- 1 . 6 3 6 3 E - 0 5 
- 1 . 9 1 5 1 6 - 0 5 
- 2 . 1 4 0 7 6 - 0 5 
- 2 . 9 4 3 2 6 - 0 5 
- 3 . 1 7 3 5 £ - 0 5 
- 3 . 4 5 6 6 6 - 0 5 
- 3 . 6 8 5 1 6 - 0 5 
- 3 . 8 3 3 0 6 - 0 5 
- 3 . 9 5 0 4 6 - 0 5 
- 5 . 3 2 9 4 6 - 0 5 
- 6 . 7 4 0 7 6 - 0 5 
- 8 . 1 2 0 4 6 - 0 5 
- 9 . 4 5 0 9 6 - 0 5 
- I . 0 7 8 4 6 - 0 4 
- 1 . 2 1 7 2 6 - 0 4 
- 1 . 3 5 6 8 6 - 0 4 
- 1 . 3 7 8 6 C - 0 4 
- 1 . 4 0 2 4 6 - 0 4 
- 1 . 4 2 1 8 E - 0 4 
- 1 . 4 4 4 2 6 - 0 4 
- 1 . 4 6 3 2 6 - 0 4 
- 1 . 4 8 5 0 6 - 0 4 
- 1 . 5 0 3 4 6 - 0 4 
- 1 . 5 2 4 4 6 - 0 4 
- 1 . 5 4 2 1 6 - 0 4 
- 1 . 5 6 1 5 6 - 0 4 
- 1 . 5 7 6 7 6 - 0 4 
- 1 . 5 7 9 5 6 - 0 4 
- 1 . 5 9 5 5 E - 0 4 
- 1 . 6 1 1 9 5 - 0 4 
- 1 . 6 3 1 6 6 - 0 4 
- 1 . 6 4 8 8 6 - 0 4 
- 1 . 6 6 9 4 6 - 0 4 
- 1 . 6 8 7 7 6 - 0 4 
- 1 . 7 0 9 6 6 - 0 4 
- 1 . 7 2 9 3 6 - 0 4 
- 1 . 7 5 2 4 6 - 0 4 
- 1 . 7 7 3 1 6 - 0 4 

A X I A L 
TOTAL 
0 . 
3 . 7 0 7 8 6 - 0 6 
1 . 6 2 0 4 6 - 0 6 
1 . 0 6 9 5 E - 0 5 
3 . 2 0 9 7 5 - 0 6 
1 . 1 4 6 3 E - 0 5 
2 . 9 4 5 8 E - 0 6 
1 .02356-05 
2.8445E-C6 
1.04116-05 
2 .1228E-06 

- 8 . 8 8 8 2 6 - 0 7 
- 4 . 1 6 8 2 E - 0 6 
- 9 . 7 0 7 1 E - 0 6 
-1 .5410E-05 
- 2 . 2 9 1 2 6 - 0 5 
-3 .1652E-05 
-3 .2627E-05 
- 3 . 7 / 0 3 E - 0 5 
-3 .4934E-05 
-4 .0073E-05 
- 3 . 7 4 9 7 6 - 0 5 
- 4 . 2 5 0 7 6 - 0 5 
-3 .9980E-05 
-4 .4g08E-05 
- 4 . 2 4 1 8 5 - 0 5 
- 4 .7284E-05 
-4 .4830E-05 
- 4 . 9 8 1 0 6 - 0 5 
- 4 . 7 8 9 4 5 - 0 5 
-4 .7385E-05 
- 5 . 2 1 4 9 5 - 0 5 
- 4 . 9 5 5 5 5 - 0 5 
- 5 . 4 1 8 0 5 - 0 5 
- 5 . 1 4 3 6 6 - 0 5 
- 5 . 5 9 6 6 5 - 0 5 
-5 .3O72E-05 
- 5 . 7 5 1 6 6 - 0 5 
• 5 . 4 4 7 0 5 - 0 5 
- 5 . 3 9 2 1 5 - 0 5 

EXPAJNSION 

cex 
0 . 

- 1 . 0 5 7 0 6 - 0 6 
- 1 . 2 2 6 9 5 - 0 5 
- 1 . 5 0 5 0 6 - 0 5 
- 1 . 8 0 5 8 6 - 0 5 
- 2 . 7 9 3 4 6 - 0 5 
- 3 . 1 5 6 1 5 - 0 5 
- 3 . 5 2 6 2 6 - 0 5 
- 3 . 9 0 5 6 6 - 0 5 
- 4 . 0 8 8 4 5 - 0 5 
- 4 . 3 1 3 2 6 - 0 5 
- 6 . 6 3 4 1 6 - 0 5 
- 8 . 8 4 6 4 6 - 0 5 
- 1 . 1 1 2 3 6 - 0 4 
- 1 . 3 5 2 2 5 - 0 4 
- 1 . 6 0 1 3 6 - 0 4 
- 1 . 8 3 1 8 6 - 0 4 
- 2 . 0 5 5 3 E - 0 4 
- 2 . 0 9 6 0 6 - 0 4 
- 2 . 1 3 6 3 6 - 0 4 
- 2 . 1 7 5 8 E - 0 4 
- 2 . 2 1 4 5 5 - 0 4 
- 2 . 2 5 2 7 6 - 0 4 
- 2 . 2 9 0 2 5 - 0 4 
- 2 . 3 2 7 3 6 - 0 4 
- 2 . 3 6 3 7 5 - 0 4 
- 2 . 3 9 9 5 E - 0 4 
- 2 . 4 3 4 7 E - 0 4 
- 2 . 4 6 8 9 6 - 0 4 
- 2 . 4 7 2 9 5 - 0 4 
- 2 . 5 0 2 1 E - 0 4 
- 2 . 5 3 4 8 E - 0 4 
- 2 . 5 6 7 1 5 - 0 4 
- 2 . 5 9 9 3 6 - 0 4 
- 2 . 6 3 1 4 6 - 0 4 
- 2 . 6 6 3 6 5 - 0 4 
- 2 . 6 9 5 9 5 - 0 4 
- 2 . 7 2 8 6 5 - 0 4 
- 2 . 7 6 1 7 6 - 0 4 
- 2 . 7 9 5 2 6 - 0 4 



AVERAGt CHANNEL - AVERAGE TEMPtRATURE 

TIME 
0. 
0.17750 
0.5587i> 
0.62125 
0.68375 
0.86873 
0.93125 
0.99375 
1.05625 
1.08625 
1.12250 
1.49750 
1.8H250 
2.17250 
2.52750 
2.9199S 
3.29749 
3.63999 
3.7C249 
3.76499 
3.82749 
3.88999 
3.S.5249 
4.01499 
4.07749 
4.13999 
4.20249 
4.26499 
4.32749 
4.33499 
4.38999 
4.45249 
4.51499 
4.57749 
4.63999 
4^7C2'«9 
4.76499 
4.82749 
4.88999 
4.95249 

FUEL 
1.2e4fcE 
1.2b47E 
1.2fa74E 
1.28746 
1.2 8E3E 
1.2894E 
1.29C4E 
1.29C5t 
1.29146 
1.2912E 
1.2919E 
1.294tt 
1.29t96 
1.29S2E 
1.3Ci3E 
1.3C33E 
1.3C52t 
1.30686 
1.3G73E 
1.3C75t 
1.3CeC6 
1.3C8CE 
1.30856 
1.3Cfa66 
1.3C9Ct 
1.3C91E 
i.3C956 
1.3C9te 
1.31CCE 
1.3C99t 
1.31CCt 
1.31C3E 
1.31C36 
1.31C7E 
1.31C7E 
1.3111E 
1.31116 
1.3115t 
1.31156 
1.31196 

03 
C3 
C3 
C3 
C3 
C3 
C3 
03 
03 
03 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
C3 
03 
03 
C3 
C3 
03 
03 
C3 
03 
03 
C3 
03 
03 
03 
03 
C3 
03 
03 
03 
C3 
03 

CLAD 
1.C53CE 
1.C541E 
1.C564E 
1.C593E 
1.C582E 
l.C6^7E 
l.CfelSE 
l.C642t 
1.06336 
l.C656t 
l.Ct41E 
1.C691E 
1.0738E 
l.C78Ct 
1-Ce25£ 
l.Cfct86 
l.C9C4t 
1.C937E 
1.C954E 
l.C971t 
l.C9t8E 
1.C984E 
l.C981t 
1.C9976 
1.C993E 
l.lCL9e 
1.1CC56 
1.1C2C6 
1.1C16E 
1.10^26 
1.1C316 
1.1C276 
l.lC4lt 
1.10386 
1.10536 
1.1C496 
1.U646 
l.lCtlE 
l.lC77t 
1.10746 

03 
03 
Oi 
03 
03 
03 
03 
03 
03 
U3 
03 
03 
03 
U3 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 

CCCLANT 
9.84546 
9.85756 
9.905JE 
9.91346 
9.9232t 
9.95C26 
9.96026 
9.9o886 
9.978^6 
9.9820E 
9.9879E 
1.0037E 
1.0087E 
1.U137E 
1.0la4E 
1.0231E 
l.U282t 
1.0331E 
1.03406 
1.0347t 
1.03556 
1.03626 
1.03706 
1.03776 
1.03846 
1.C3916 
1.03986 
1.04C't6 
1.04106 
1.04116 
1.04166 
1.04236 
1.04296 
1.04366 
1.04436 
1.04506 
1.04576 
1.04656 
1.04726 
1.04816 

02 
02 
02 
02 
02 
02 
02 . 
02 
02 . 
02 
02 
03 
03 
03 J 
03 
03 
03 
03 
03 
03 J 
03 
03 
Oi 
Oi ] 
03 
03 
03 ] 
03 J 
03 
03 1 
03 1 
03 1 
03 ] 
03 ] 
03 J 
03 1 
03 ] 
03 ] 
03 J 
03 ] 

CERf'ET 
L.1629E 
L.16306 
L. 16456 
1.16496 
L.16536 
.. I0606 
L.16706 
L.lo75e 
L.16806 
L.16S3E 
I.16866 
L.I7I06 
L.17456 
L.17756 
1.18066 
L.18396 
L.lbc9E 
L.18996 
1.19046 
L. 19096 
L.19146 
L.19196 
L.19246 
L.1929c 
L.19346 
L. 1939t 
L.19446 
L.19486 
L.19536 
L.19536 
L.ig57c 
L.19616 
L.19666 
L.19706 
..19746 
L. 19786 
1.19836 
..19876 
L.1V916 
L.19966 

hUT CHANNeL - AVERAGE TEMPERATURE 

03 
03 
03 
03 
03 
03 
03 
03 
Oi 

a 
03 
03 
03 
03 
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 

FUEL 
1.3 76.186 
1.37&86 
1.37946 
1.37936 
1.3802c 
1.38126 
1.38236 
1.38236 
1.38326 
1.3B30E 
1.3838E 
1.36c46 
1.38856 
1.39U7E 
1.39266 
1.39446 
I.390OE 
1.39726 
1.39786 
1.39786 
1.39H3E 
1.39836 
1.39(586 
1.3988t 
1.39926 
1.39926 
1.39966 
1.39966 
1.4000c 
1.39996 
1.39^96 
1-40036 
1.40026 
1.40056 
1.40U46 
1.40086 
1.40076 
1.40116 
1.40106 
1.'40146 

03 
03 
Oi 
03 
03 
03 
03 
03 . 
03 
03 
03 
03 
03 1 
03 
03 
03 ] 
03 J 
03 ) 
03 J 
03 ] 
03 
03 
03 J 
03 ] 
03 
03 ] 
03 ] 
03 ] 
03 1 
03 i 
03 ] 
03 ] 
03 1 
03 ] 
03 ] 
03 ] 
03 ] 
03 ] 
03 ] 
03 ] 

CLAO 
1.08^96 
L.08625 
L.08836 
1.0919E 
L.09036 
L.09556 
L.09396 
L.0972E 
L.09596 
1.09886 
1.09586 
1.10236 
L.10746 
L.11206 
L.11706 
L.12166 
L.1253t 
L.13126 
L.13086 
L.13286 
L.13236 
L-13426 
..1337t: 
L.1355c 
L.13506 
L.13686 
1.13636 
L.13816 
L.13756 
1.13826 
.13926 
L.13866 
L.14046 
L.13986 
..14166 
L.14106 
L.1428c 
-.14236 
L.14426 
1.143^76 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

CCCLANT 
9.98706 
1.00006 
1.00536 
1.00626 
1.00736 
1.0103E 
1.01146 
1.01236 
1.01346 
1.01386 
1.01456 
1.01996 
1.02546 
1.03096 
1.03616 
1.04146 
1.04696 
1.0524E 
1.05336 
1.05426 
1.05506 
I.05586 
1.05676 
1.05746 
1.05826 
1.05906 
1.059«e 
1.06046 
1.06UE 
i.0&126 
I.O0I86 
1.06256-
1.06326 
1.064CE 
1.06476 
1.06556 
1.06636 
1.06726 
I.O08O6 
1.0C)896 

02 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
Qi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

CERMET 
1.22346 
1.22346 
1.22456 
1.2249E 
1.2252E 
1.22646 
1.22695 
1.22736 
1.22786 
1.22816 
1.22836 
1.23146 
1.23436 
1.2373E 
1.2405E 
1.24396 
1.24696 
1.24996 
1.25046 
1.25106 
1.25156 
1.25206 
1.25256 
1.25316 
1.25366 
1.254iE 
1.25455 
1.25506 
1.25556 
1.25556 
1.25596 
1.256tE 
1.25686 
1.25726 
1.25776 
1.25816 
1.25856 
1.2389t 
1.25946 
1.25936 

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 
03 
03 
03 
03 
03 



I 
ON 

TIM6 
0. 
0.17750 
0.55875 
0.62125 
0.68375 
0.86875 
0.93125 
0.99375 
1.05625 
1.C862D 
1.12250 
1.49750 
1.8425U 
2.1725U 
2.5275U 
2.91999 
3.29749 
3.63999 
3.7C249 
3.76499 
3.82749 
3.88999 
3.95249 
4.01499 
4.077'»9 
4.13999 
4.2C2H9 
4.26499 
4.32749 
4.33499 
4.38999 
4.45249 
4.51499 
4.57749 
4.63999 
4.70249 
4.76499 
4.82749 
4.a6999 
4.95249 

CENTER 
,1929£ 03 
,20256 
.2C51E 
,2C51E 
.2C52t 
.2C51E 
,2C5Ct 
.2C49E 
.2C47E 
.20476 
.20466 
.20326 
.2C166 
,1997t 
,19746 
,19476 
.19196 
.18946 
.la9Ct 
.18856 
.188C6 
.18756 
.18716 
,1866E 
.18616 
,18566 
.la51E 
.ie47E 
.lb42E 
.1841t 
,18376 
,18226 
,l827t 
,1823E 
,lelbE 
,18136 
,18C8fc 
,lfaC4t 
,17996 
1794E 

03 
02 
03 
C3 
03 
03 
C3 
03 
03 
C3 
02 
03 
02 
03 
03 
03 
03 
03 
C3 
03 
03 
C3 
03 
03 
03 
C3 
03 
C3 
03 
03 
03 
03 
02 
03 
03 
03 
03 
03 
03 

FUEL 
2 

1.1292E 
1.1282E 
I.12e6£ 
1.1286E 
1.1286E 
1.1286t 
i.l^65E 
1.1284E 
1.12836 
1.1283E 
i-12b2E 
1.12726 
1.12tCt 
1.1246c 
1.12296 
1.12C9E 
1.11866 
1.117C6 
1.11666 
1.11636 
1.11596 
1.1156t 
1.11526 
1.11496 
1.11456 
I.1141t 
1.11386 
1.11346 
1.11216 
1.113C6 
1.11276 
1.11236 
1.112CE 
1.1116E 
1.1113E 
l.llC9t 
1.11C5E 
1.11C2E 
1.10986 
1.1C956 

AV6RAG6 CHANN 
AXIA 
NUMb 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
02 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
o3 
03 
03 
03 
03 
03 

RAOILS 
4 

1.06436 
1.06386 
1.06396 
1.06396 
1.06406 
1.06406 
1.0639t 
1.0639t 
1.06386 
1.0o385 
1.06386 
1.05316 
1.0623t 
1.C613C 
1.C6C26 
1.05876 
1.05736 
1.05606 
1.055o6 
l.C555t 
l.C553t 
1.05506 
1.054o6 
1.0545t 
1.05436 
1.05406 
1.05376 
1.0535t 
1.05326 
1.05325 
1.05306 
1.05276 
1.05246 
1.05226 
1.05196 
1.0i>17c 
1.05146 
1.05125 
1 . 0 D C 9 6 

1.05C76 

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 
03 
03 
03 
03 
03 

9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 
9. 

eC T6MPERATURES - FUEL 
L FOSITIO(|< 1 
£R 
6 dCUNCARY 

98C4E 02 9.3037E 02 
97826 02 9.29386 02 
9oC76 02 9.31556 02 
98C6E 02 9.30266 02 
9816c 02 9.31396 02 
98206 02 9.3075t 02 
98256 02 9.31526 02 
98226 02 9.30976 02 
98246 02 9.3153C 02 
98215 02 9.31006 02 
98225 02 9.3159t 02 
97936 02 9.31536 02 
97536 02 9.3157E 02 
97C7c 02 9.3164E 02 
9642E 02 9.3151E 02 
g56CE 02 9.31326 02 
94636 02 9.31346 02 
94146 02 9.3111E 02 
94C26 02 9.31256 02 
93876 02 9.31066 02 
93736 02 9.31186 02 
935bt 02 9.3C99E 02 
9i44£ 02 9.31116 02 
93266 02 9.30g2c 02 
93146 02 9.31036 02 
929aE 02 9.30846 02 
92846 02 9.30956 02 
92686 02 9.30766 02 
92536 02 9.30846 02 
9^5o6 02 9.30766 02 
9236t 02 9.30656 02 
92216 02 9.30756 02 
92C56 02 9.30576 02 
91916 02 9.30676 OZ 
917oe 02 9.30506 02 
91626 02 9.30616 02 
91476 02 9.30446 02 
91346 02 9.30566 02 
91206 02 9.30406 02 
91086 02 9.30526 02 

CLAO 
9.07686 02 
9.0795E 02 
9.08106 02 
9.08426 02 
9.08336 02 
9.08726 02 
9.08586 02 
9.08856 02 
9.08836 02 
9.08956 02 
9.08896 02 
9.09176 02 
9.0945E 02 
9.096t.6 02 
9.09796 02 
9.09856 02 
9.0997E 02 
9.10146 02 
9.10136 02 
9.1017t 02 
9.10146 02 
9.10176 02 
.10146 02 
.1017c 02 
.1014c 02 
.IOI06 02 
,1013c 02 
,10156 02 

9.10116 02 
9.10126 OZ 
9.10126 02 
9.10096 02 
9.10116 02 
9.10096 02 
9.10126 02 
9.10106 02 
9.10146 02 
9.10136 02 
9.10186 02 
9.10176 02 

COOLANT 
8.64246 02 
8.6448E 02 
8.6511E 02 
8.6521E 02 
8.65336 02 
8.65656 02 
8.65766 02 
8.6585E 02 
8.65g6E 02 
8.66C0E 02 
8.66C6t 02 
8.6o58£ 02 
8.6717E 02 
8.6770E 02 
8.6819E 02 
8.6068E 02 
8.69286 02 
8.69816 02 
a.699uE 02 
8.69966 02 
8.7004E 02 
8.7011E 02 
8.7019E 02 
8.70265 02 
8.70336 02 
8.70406 02 
8.70476 02 
8.70526 02 
3.7057E 02 
8.705oE 02 
8.7064E 02 
8.7071E 02 
3.7078E 02 
8.7086E 02 
8.7094E 02 
3.7102E 02 
8.71116 02 
8.71206 02 
8.71296 02 
8.71396 02 

AV6RAG5 
1.06346 03 
1.06345 03 
1.0o40e 03 
1.0o396 03 
1.06406 03 
1.0640E 03 
1.0640E 03 
1.0639E 03 
1.0639E 03 
1.0o39E 03 
1.06386 03 
1.0O325 03 
1.06246 03 
1.06155 03 
1.0O036 03 
1.0589E 03 
1.05756 03 
1.05626 03 
1.05595 03 
1.0557E 03 
1.05555 03 
1.05526 03 
1.05495 03 
1.05475 03 
1.0544E 03 
1.0542E 03 
1.0539E 03 
1.0537E 03 
1.05346 03 
1.0534E 03 
1.0531E 03 
1.05296 03 
1.05265 03 
1.05246 03 
1.0521E 03 
1.0519E 03 
1.0516E 03 
1.0514E 03 
1.05116 03 
1.0509E 03 



FUEL 
TIME 
0. 
0.1775U 
0.65875 
0.O2125 
0.68375 
0.66075 
0.93125 
0.99375 
1.05O25 
1.06625 
1.12250 
1.49750 
1.64250 
2.17230 
2.32750 
2.91999 
3.29749 
3.63999 
3.7C249 
3.76499 
3.82749 
3.80999 
3.95249 
4.01^*99 
4.07749 
4.13999 
4-2C249 
4.26499 
4.32749 
4.33499 
4.36999 
4.45249 
4.51499 
4.37749 
4.63999 
4.7C249 
4.76499 
4.82749 
4.86999 
4.95249 

CtMER 
1.4319E 
1.4472t 
1.4514t 
1.^5156 
1.45176 
1.45166 
1.45l7t 
1.4517t 
1.45166 
1.43l6t 
1.45156 
1.43C36 
1.4^fc56 
1.4^646 
1.44376 
1.44C5C 
1.4371c 
1.43406 
1.4335t 
1.43296 
1.4323c 
1.43176 
1.43126 
i.43C66 
1.43006 
1.42946 
1.42ec6 
1.4282c 
1.427tt 
1.4^756 
1.427C6 
1.42C46 
1.42566 
1.H2516 
l.HZH5e 
1.4239c 
1.42236 
1.^12276 
l.'«2216 
l.H215t 

C3 
C2 
C2 
03 
03 
C3 
03 
03 
02 
02 
02 
o2 
C3 
03 
03 
03 
C2 
C3 
C3 
03 
C3 
03 
03 
03 
03 
02 
03 
03 
03 
C3 
03 
02 
03 
03 
03 
03 
03 
03 
02 
03 

2 
.23216 
.32C5t 
.32166 
.2317E 
.23186 
.2221t 
.33216 
.23226 
.33^^E 
.23<ilE 
.23216 
.2315t 
.32C4E 
.2291E 
.3274E 
.2252E 
.2229E 
.22C9E 
.32C56 
.32C26 
.31966 
.31946 
.31906 
.31666 
.21e2c 
.31766 
.21736 
.31696 
.21t56 
.31646 
.21tl6 
.21566 
.315^6 
.21466 
.31436 
.3l39t 
.31356 
.312Ce 
.31^tt 
.31226 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
0:5 

AV6RAGe CHANN64. T6MP6RATUR6S - FU6L 
AXIAL POSITION 2 

RADIUS NUMB6R 
4 

1.22926 
1.22846 
1.22926 
1.22946 
1.22966 
1.23006 
1.23016 
1.23C2C 
1.23C3E 
1.23C3C 
1-23C46 
1.23C36 
1.22996 
1.229^6 
1.22856 
1.22726 
1.22596 
1.22486 
1.22466 
1.22446 
1.22426 
1.22396 
1.22376 
1.22346 
1.22326 
1.22296 
1.222ot 
1.2224c 
1.2221t 
1.22216 
1.22186 
1.22156 
1.22136 
1.22106 
1.22076 
1.22046 
1.22C26 
l.,^199c 
1.219/t 
1.21936 

03 ] 
03 
03 
03 J 
03 
03 ] 
03 
03 1 
03 
03 ] 
03 ] 
03 1 
03 1 
03 ] 
03 ] 
03 ] 
03 ] 
03 J 
03 ] 
03 J 
03 J 
03 J 
03 ] 
03 ] 
03 J 
03 J 
03 
03 ] 
03 ] 
03 1 
03 ] 
03 1 
03 ] 
03 1 
0:> 1 
03 1 
03 J 
03 J 
03 J 
03 ] 

6 
L.12316 
L.12276 
L.12406 
L.12406 
L.12456 
1.12506 
L.1253t 
L.12546 
1.12566 
L.1256t 
L. 12586 
I. 12636 
L.12676 
L.12706 
L.12696 
L.12666 
L.12646 
L.12636 
1.12636 
1.12626 
L.12616 
L.12606 
L.12fcC6 
L.12596 
L.12586 
1.12576 
L.12566 
1.12556 
L.12546 
L.12546 
L.12536 
L.12526 
L. 12506 
L.12496 
L.12486 
L. 12486 
L. 12476 
L.124ot 
L. 124-36 
L.12456 

03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
U3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 

BCUNCARY 
1.01336 
1.01116 
1.0179E 
1.01326 
1.01766 
1.U1516 
1.C183E 
1.01626 
1.01846 
l.Ul6 5t 
1.0l87t 
1.01936 
1.U203C 
i.0215c 
1.0223c 
1.02306 
1.02426 
1.02476 
1.02536 
1.U2506 
1.02556 
1.U252E 
1.02576 
1.02546 
1.02596 
1.02566 
1.02606 
1.02576 
1.02616 
1.02596 
1.02586 
1.02626 
1.02606 
1.02046 
1.02616 
1.02666 
l.02c3t 
1.026OC 
1.02066 
1.02716 

03 
03 
03 
03 
03 
03 
U3 
03 
03 
03 
03 
03 
03 
03 
Oi 
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 

CLAD 
9.75226 
9.76036 
9.76936 
9.78146 
9.77796 
9.79386 
9.79226 
9.79946 
9.79905 
9.80406 
9.80216 
9.81816 
9.83386 
9.84786 
9.86036 
9.87156 
9.88416 
9.89816 
g.8995t 
9.90206 
9.90296 
9-9051t 
9.90606 
9.90826 
9.9C91c 
9.91116 
9.91ig6 
9.9138c 
9.9140t 
9.91456 
9.9157t 
9.91046 
9.91836 
9.91926 
9.92136 
9.92246 
9.92486 
9. /262E 
9.92876 
9.93036 

02 
02 
02 
02 
02 
02 
02 
OZ 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 

COOLANT 
9.02366 
9.03146 
9.05386 
9.05746 
9.061o5 
9.0731E 
9.07716 
9.08076 
9.08446 
9.03606 
9.08836 
9.10746 
9.123o6 
9.14826 
9.1o626 
9.18426 
9.20576 
9.2253E 
9.22856 
9.23136 
9.23^06 
9.23676 
9.23956 
9.24216 
9.24486 
9.24746 
9.24996 
9.25206 
9.25406 
9.25426 
9.25646 
9.2589F 
9.26155 
9.26436 
9.2671E 
9.2701E 
9.2732E 
9.2765E 
9.27986 
9.2'5336 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
02 

AVERAGE 
1.2269E 
1.22716 
1.22866 
1.22666 
1.22896 
1.22936 
1.22955 
1.22956 
1.22976 
1.229o6 
1.22975 
1.2297E 
1.22936 
1.22866 
1.22796 
1.22676 
1.22546 
1.22445 
1.22426 
1.22406 
1.22376 
1.22356 
1.22336 
1.22306 
i.2ZZaE 
1.22256 
1.22236 
1.22206 
1.22176 
1.22175 
1.22146 
1.2212E 
1.22096 
1.22066 
1.22036 
1.22016 
1.21986 
1.21966 
1.21936 
1.21916 

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 
03 
03 
03 
03 
03 



TlMt 
0. 
C.17750 
0.55875 
0.02125 
0.68375 
0.86875 
0.93125 
0.99375 
1.05625 
1.08625 
1.12230 
1.H9750 
1.8'.250 
2.17250 
2.52750 
2.91999 
3.29749 
3.63999 
3.70249 
3.76499 
3.82749 
3.88999 
3.95249 
4.01499 
4.07749 
4.13999 
4.20249 
4.26499 
4.32749 
4.33499 
4.38999 
4.45249 
4.51^99 
4.57749 
4.63999 
4.7C249 
4.76499 
4.82749 
4.88999 
4.95249 

CENTER 
1.5845E 
I.OC26E 
1.0C76E 
1.6C796 
l.oCblE 
l.oCc6c 
1.6Cb7c 
l.oCbfcE 
1.0C896 
l.oCfa9c 
1.609C6 
I.0C886 
1.0C786 
1.6tt66 
1.6C496 
1.0C25E 
1.6CCCE 
1.5976E 
1.3971E 
1.5967E 
1.5963E 
1.59566 
1.59546 
1.59495 
1.59456 
1.594C6 
1.5935E 
1.5931E 
1.3926E 
1.59256 
1.59216 
1.59166 
1.59116 
1.5906t 
1.59016 
1.58956 
1.389C6 
1.58856 
1.58806 
1.5875E 

03 
03 
03 
03 
03 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
03 
02 
03 
03 
02 
03 
03 
03 
C3 
03 
03 
03 

2 
1.4675E 
1.4657E 
1.4674E 
1.4677E 
1.468CE 
1.4688E 
i.4691E 
1.46936 
1.46956 
1.46966 
l.'«6976 
1.47C36 
1.47C36 
1.47016 
1.4695E 
i.46b5£ 
1.46716 
1.46616 
1.4659E 
1.4657E 
1.4655E 
1.4653E 
1.465Ct 
1.4648E 
1.46456 
1.46436 
1.464CE 
1.4637E 
1.4635E 
1.4634E 
1.46326 
1.46296 
1.46266 
1.46226 
1.46196 
1.4616E 
1.46136 
1.461C6 
1.46C7t 
1.46C56 

03 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
03 
C3 
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 

AVERAGE CHANNEL TEMPERATURES - FUEL 
AXIAL PCSITICN 3 

RADIUS NUMBER 
4 

1.3466E 
1.3457E 
1.3473E 
1.3477E 
1.34815 
1.34925 
1.34966 
1.3499E 
1.35C2E 
1.350^6 
1.35C6E 
1.3519E 
1.35286 
1.3535E 
1.3540E 
1.3540E 
1.35366 
1.3529E 
1.3539E 
1.3539t 
1.3539E 
1.35396 
1.35306 
1.35385 
1.3537E 
1.3536t 
1.3536t 
1.35356 
1.35345 
1.35335 
1.3532E 
1.3531E 
1.3530E 
1.3529E 
1.35276 
1.3526E 
1.3525E 
1.3524E 
1.3523E 
1.3523E 

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 
03 
03 
03 
03 
03 

6 
1.2212E 
1.22C7E 
1.2236E 
1.22335 
1.2245E 
1.22546 
1.22646 
1.22646 
1.22736 
1.22716 
1.22786 
1.22986 
1.23166 
1.23346 
1.23496 
1.23606 
1.23726 
1.23866 
1.2388E 
1.2390E 
1.2392E 
1.23936 
1.23956 
1.23966 
1.23986 
1.23986 
1.24C0E 
1.24C0E 
1.2402E 
1.24C1E 
1.24C2E 
1.24C3E 
1.24C3E 
1.24C4E 
1.24C5E 
1.24C6t 
1-24C76 
1.24C86 
1.2410E 
1.2412E 

80UNDARY 
03 
03 
03 
03 1 
03 
03 
03 
03 
03 
03 
03 
03 
C3 
03 
03 
03 1 
03 i 
03 
03 
03 1 
03 
03 ] 
Oi 1 
03 1 
03 
03 1 
03 ] 
03 ] 
03 ] 
03 ] 
03 1 
03 ] 
03 1 
03 1 
03 ] 
03 ] 
03 1 
03 ] 
03 1 
03 1 

L.0908E 
1.0869E 
L.1C25E 
L.08825 
1.10165 
L.09166 
L.10356 
1.09446 
L.10346 
L.09466 
1.10426 
1.10436 
L.10646 
1.10956 
L.11166 
L.1139E 
1.11725 
L.11896 
L.12036 
L.1198E 
t-1211E 
L.12056 
L.12185 
L.12136 
L.12255 
L.12196 
L.12316 
..12266 
L.12366 
1.12326 
L.1231E 
L.1241E 
.1236E 
L.12476 
..12436 
.1253E 
.1250E 
.1261E 
..1257E 
.1269E 

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 
03 
03 
03 
03 
03 

CLAD 
1.04436 
1.04586 
1.04725 
1.05046 
1.04896 
1.05306 
1.05186 
1.05416 
1.05336 
1.05526 
1.05396 
1.05786 
1.06136 
1.06456 
1.0O766 
1.07056 
1.07346 
1.07686 
1.07725 
1.07735 
1.078ie 
1.0787E 
1.0739E 
1.07956 
1.07936 
1.08036 
1.08056 
1.08115 
1.08126 
1.08136 
1.08176 
1.08195 
1.08246 
1.08265 
1.08326 
1.08345 
1.08406 
1.08436 
1.08495 
1.08536 

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 
03 
03 
03 
03 
03 

COOLANT 
9.55395 
9.5671E 
9.61016 
9.61675 
9.6252E 
9.6476E 
9.6559E 
9.6626E 
9.6705E 
9.6733E 
9.6781E 
g.7165E 
9.7581E 
9.79745 
9.8340E 
9.8706E 
9.9121E 
9.95175 
9.9582E 
9.96425 
9.96975 
9.97535 
9.93095 
9.9864E 
9.99185 
9.9971E 
1.00025 
1.0007E 
l.OOllE 
1.00125 
1.00165 
1.00215 
1.0026E 
1.00315 
1.00375 
1.00435 
1.00495 
1.00555 
1.00625 
1.00685 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

AV6RAG6 
1.34356 
1.3436E 
1.3464E 
1.3462E 
1.3471E 
1.34786 
1.34866 
1.34865 
1.34935 
1.34916 
1.34966 
1.35096 
1.35186 
1.35266 
1.35306 
1.35315 
1.35306 
1.35316 
1.35326 
1.3531E 
1.3532E 
1.35315 
1.35315 
1.35306 
1.35306 
1.35295 
1.35285 
1.35276 
1.3526E 
1.35266 
1.35255 
1.35245 
1.3522E 
1.35216 
1.35205 
1.35196 
1.35186 
1.35185 
1.35175 
1.35166 

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 
03 
03 
03 
03 
03 



FUEL 
Tlrft 
0. J 
0.17750 J 
0.55873 ] 
0.O2125 ] 
0.OC375 J 
0.86875 
0.93125 J 
0.99373 

1.J5625 J 
1.08625 ) 
1.12230 1 
1.-49750 1 
1.04^50 ] 
2.17^50 1 
2.5273U J 
2.91V9V 
3.29749 
3.C3999 
3.7C249 
3.76^99 i 
3.6^749 J 
3.88999 i 
J.S,5249 J 
4.01499 ] 
4.0774*, J 
4.13999 J 
4.20249 ] 
4.26499 J 
4.32749 ) 
4.33499 ) 
4.38999 ] 
4.45249 1 
4.31499 ] 
4.57749 ] 
4.C3999 ] 
4.7C249 1 
4.76499 1 
4.02749 j 
't.00999 ] 
4.95249 1 

C6NT6R 
L.63516 
L.6530E 
L.65616 
L.05856 
L.o58et 
L.659bc 
.. occ 16 
L.66C4E 
L.66076 
L.ooOfct 
L.otlOc 
L.oc^46 
L.663<:c 
.. oojc6 

L .ocJbt 
L.663c6 
L.6c3Ct 
L.06236 
L.662^6 
L.ofc^lE 
L.o620t 
L.o6l9c 
L.oclfcE 
L.oti76 
L.06166 
L.o6i.56 
L.66136 
L.0ol2t 
L.otlC6 
L.06106 
L.66L66 
L.o6C7t 
L.oto5t 
L-66C3C 
L.o6CCe 
L .o59fc6 
..659c6 
..65946 
L.05916 
. o589c 

03 J 
C3 ] 
02 ] 
02 ] 
03 ] 
03 J 
03 
02 ] 
03 
03 
03 
03 1 
Oi 1 
02 
o3 
03 
C2 ] 
03 
o2 
0 3 

CJ 
03 ] 
02 J 
02 J 
02 ] 
C3 
03 1 
03 ] 
03 ] 
03 ] 
03 1 
03 ] 
03 1 
03 J 
03 ] 
03 ] 
o2 1 
03 1 
03 1 
03 ] 

2 
L.5197c 
L.516CC 
L.52016 
L.52C66 
L.52116 
L.52256 
L.522CC 
L.5^356 
1.524CE 
L.52426 
1.5^446 
L.5^c9t 
L.52o6e 
L.33026 
L.3317c 
L.3327t 
L.53346 
L-53416 
L.33436 
L.3344t 
L.534Ct 
L.53476 
1.33486 
L.33496 
L.535C6 
L.333Ct 
L.53516 
L.53526 
L.53526 
L.5352t 
L.3332t 
1.5J326 
L.533<ic 
L.5352t 
L.53326 
L.3352c 
L .5332t 
L.53526 
1.53326 
L-5332E 

03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
OJ 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
Ci 
03 
03 
03 
03 
Oi 
03 
Oi 
03 
03 
0:i 
Oi 
03 
03 
03 
03 
03 
03 
03 

AV6RAGe CHANNeL TtyP6RATUReS - FU6L 
AXIAL POSITION 4 

RACILS NUMD6R 
4 

1.4CCo6 
1.39976 
1.4021t 
1.4o27c 
1.40236 
1.40525 
1.4C595 
1.40636 
1.4u726 
1.4074t 
1.40706 
1.41115 
1.413d6 
1.41646 
1.41896 
1.4211E 
1.4^29t 
1.4249E 
1.4253E 
1.4257E 
1.4260E 
1.42636 
I..t26c6 
1.42o96 
1.42726 
1.42746 
1.4270C 
1.4279t 
1.4Z816 
1.4^81t 
1.42836 
I.'•2846 
1.42866 
1.4^886 
1.42896 
1.42916 
1.42936 
1.42936 
1.42976 
1.•42996 

03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
Oi 
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 

6 
1.27726 
1.27686 

1.2810E 
1.28C66 
1.28256 
1.28376 
1.285o6 
1.28546 
1.2o736 
1.28t5c 
1.2882t 
1.29206 
1.29566 
1.29956 
1.30296 
1.30626 
l.:>0966 
1.3126c 
1.31366 
1.31306 
1.314o6 
1.31496 
1.31506 
1.3i5ot 
1.31036 
1.31676 
1.31746 
1.31766 
1.31826 
1.31816 
1.31636 
1.31696 
1.31906 
1.319o6 
1.3198t 
1.32C46 
1.32CoE 
1.32126 
1.32156 
1.3221t 

03 
03 
Oi 
03 
03 

0 3 
03 
03 

03 
03 
03 
03 
03 
03 
Oi 
03 
03 
o3 
03 
03 
03 
03 
03 
03 
03 
Oi 
Oi 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 

6CUN0ARY 
1.14916 
1.1446E 
1.1671E 
1.14376 
1.1669c 
1.14C46 
1.17216 
1.15056 
1.17226 
1.14936 
1.17376 
1.1726c 
1.17456 
1.18096 
l.lo27e 
1.18026 
1.1960t 
1.1940c 
1.20116 
1.19586 
1.20246 
1.19756 
1.2036c 
1.1990t 
1.20486 
1.20056 
1.20596 
1.20196 
1.20O96 
1.2045c 
1.20316 
1.20795 
1.2043E 
1.20896 
1.20566 
1.21016 
1.20O96 
1.21136 
1.20046 
1.2127t 

03 
03 
03 
03 
03 

03 
03 
03 
03 
03 
Oi 
03 
03 
Oi 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

CLAO 
.10266 
.10446 
.10656 
.1117c 
.10896 
.1161c 
.11296 
.11786 
.11336 
.11906 
.llo3t 
.12206 
.12886 
.13396 
.13956 
.14476 
.14896 
.15546 
.1552c 
.15716 
.15696 
.15865 
.15846 
.16016 
.15995 
.1615c 
.16146 
.16286 
.16276 
.16326 
.16406 
.16396 
.16536 
.16326 
.16666 
.1666c 
.1660c 
.16816 
.lo9o6 
.10985 

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 
03 
03 
03 
03 
03 

COOLANT 
1.0137E 
1.01546 

1.02166 
1.02265 
1.02396 
1.02726 
1.02856 
1.02956 
1.03086 
1.03116 
1.03196 
1.03796 
1.04415 
1.05026 
1.03596 
1.0ol76 
1.0o796 
1.07406 
1.07506 
1.07606 
1.07695 
1.077S6 
1.07876 
1.07956 
1.03046 
1.00126 
1.08216 
1.03286 
1.0833E 
1.0836E 
1.0342E 
1.03506 
1.08585 
1.06665 
1.0874E 
1.08836 
1.C892E 
1.09026 
1.09116 
1.09216 

03 
03 
03 
03 
03 
03 
03 
Oi 
Oi 
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 

AV6KAGE 
1.3977E 
1.397aE 
1.4015t 
1.4013c 
1.4027E 
1.403O6 
1.40536 
1.40516 
1.40656 
1.40606 
1.40726 
1.41036 
1.41306 
1.415TE 
1.41olE 
1.42036 
1.42236 
1.42426 
1.42485 
1.4^496 
1.42556 
1.425ot 
1.42616 
1.42626 
1.42oo6 
1.42676 
1.42716 
1.42726 
1.42756 
1.42756 
1.42706 
1.42796 
1.4279t 
1.42836 
1.42836 
1.42866 
1.42076 
1.42906 
1.42916 
1.42956 

03 
03 
Oi 
03 
03 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
33 
03 
03 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 



TIME 
0. 1 
0.1775U 
0.55675 
0.O2125 
0.O8375 1 
0.06875 ] 
0.93125 J 
0.99375 J 
1.05o25 
1.08625 
1.12250 
1.4975U ] 
1.84250 ] 
2.17250 J 
2.52750 ] 
2.91999 1 
3.29749 J 
3.63999 J 
3.7C249 1 
3.76499 J 
3.62749 J 
3.86999 J 
3.^.5249 
4.01499 J 
4.07749 J 
4.13999 1 
4.20249 ] 
4.26499 ] 
4.32749 ] 
4.3349^* 1 
4.38999 J 
4.45249 J 
4.31499 ] 
4.57749 J 
4.63999 1 
4.7C249 ] 
4.76499 J 
4.82749 ] 
4.88999 J 
4.95^:49 J 

CENTER 
1.3775E 
L.59246 
L.59686 
L.5972E 
L.5977E 
.59906 
L.59956 
L.60C0E 
l.oCCtE 
L.0CO86 
L.o012c 
1.00465 
.6C756 
L.olO^t 
L.0I3I6 
L.01596 
L.olblt 
L.o200c 
L.o204L 
L.62076 
.o211E 
L.o^l5£ 
L.C219C 
L.62236 
L.6^2t£ 
L.6^:306 
L-0233E 
[,6jcitt 
1.6^406 
L.024C6 
L.0243E 
L.624tt 
L.6248t 
.o251E 
L.o253t 
.o23Ct 
.o256E 
.o260t 
.o26<iE 
.62646 

C2 
03 
02 
03 
03 
Qi 
Qi 
03 
03 
03 
03 
0 3 
03 
03 
02 
o3 
03 
03 
03 
03 
02 
02 
02 
02 
C3 
03 
03 
03 
03 
03 
03 
02 
02 
03 
03 
03 
03 
03 
03 
03 

2 
1.48166 

1.48C3t 
1.4626E 
1.4e31£ 
1.4b36£ 

1.4857E 
1.48656 
1.48726 
1.46606 
1.46836 
1 .46o8c 
1.4933E 
1.4971E 
1.5CC9t 
1.50496 

i . sccse 
1.5U16 
1.5153t 
1.5139E 
1.51c5E 
1.3l71c 
1.51776 
1.51836 
1.51866 
1.51946 
1.51996 
1.52046 
1.5i:C96 
1.52146 
1.5214fc 
1.52196 
1.52236 
1.52^76 
1.5^316 
1.52256 
1.524C6 
1.52436 
1.5248E 
1.5252t 
1.523eE 

03 
03 
03 
03 
Ci 
03 
Oi 
Oi 
03 
03 
03 
Oi 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
Oi 
Oi 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 

AVERAGE CHANNEL TEMPERATURES - FUEL 
AXIAL POSITION 5 

KADILS NUMoER 
4 

1.3634E 
1.3fa27E 
1.3655E 
1.3862t 
1.3b71E 
1.3896E 
1.39C5E 
1.39146 
1.39246 
1.39285 
1.3924E 
1.398dt 
1.40356 
1.40846 
1.41336 
1.41816 
1.42246 
1.42676 
1.4275E 
1.42836 
1.42916 
1.42986 
1.43C66 
1.43136 
1.43206 
1.4326t 
1.4333E 
1.4339E 
I.4340E 
I.4340E 
1.4352E 
1.4358E 
1.4363E 
1.4369E 
1.4374E 
1.4380E 
1.43856 
1.43915 
1.43976 
1.44036 

Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

6 
1.28216 
1.20195 
1.2866E 
1.2865E 
1.2865E 
1.29C6E 
1.2929E 
1.2929E 
1.29516 
1.29446 
1.29636 
1.30^:36 
1.30796 
1.31396 
1.31956 
1.32526 
1.33136 
1.33586 
1.33796 
1.33776 
1.33906 
1.33966 
1.34166 
1.34136 
1.34335 
1.34306 
1.34506 
1.34466 
1.34656 
1.34606 
1.3t615 
1.3460E 
1.3475E 
1.3494E 
1.3489E 
1.35066 
1.35C46 
1.35246 
1.35196 
1.35405 

Oi 
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 
03 
03 
03 
03 

BOUNDARY 
1.17766 
1.17496 
1.19436 
1.17556 
1.19546 
1.1784E 
1.2026E 
1. 1824E 
1.204C6 
1.18146 
1.20596 
1.20766 
1.21106 
1.2205c 
1.22256 
1.2268E 
1.24706 
1.23316 
1.25566 
1.23366 
1.25776 
1.23796 
1.25976 
1.240CE 
1.2618E 
1.2420E 
1.2637E 
1.2439E 
1.2656E 
1.2539c 
1.2456E 
1.2674E 
1.24726 
1.26936 
1.24886 
1.27146 
1.25056 
1.27356 
1.25226 
1.27586 

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 
03 
03 
03 
03 
03 

CLAO 
1.13966 
1.14126 
1.1450E 
1.14966 
1.14776 
1.15536 
1.15286 
1.15786 
1.15576 
1.16046 
1.1571t 
1.16556 
1.17336 
1.18026 
1.18826 
1.19586 
1.20056 
1.2113E 
1.20896 
1.2137c 
1.21136 
1.21606 
1.21366 
1.21826 
1.21576 
1.22036 
1.21785 
1.22236 
1.21976 
1.22186 
1.22416 
1.22156 
1.22605 
1.22336 
1.22796 
1.2252E 
1.23006 
1.22736 
1.23226 
1.22946 

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 
03 
03 
03 
03 
03 

COOLANT 
1.06676 
1.06856 
1.0760E 
1.0773E 
1.07885 
1.08315 
1.03485 
1.0861E 
1.0877E 
1.08826 
1.08925 
1.09716 
1.10516 
1.11316 
1.1207E 
1.12846 
1. 13646 
1. 1442E 
1.14575 
1.1469E 
1.1482E 
1.1493E 
1.15065 
1.15175 
1.15306 
1.15406 
1.15526 
1.15616 
1.15726 
1.15736 
1.15815 
1.15935 
1.16025 
1.16146 
l.lb235 
1.16365 
1.16466 
1.16596 
1.16706 
l.lo846 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

AVtRAGE 
1.38145 
1.38165 
1.38536 
1.38556 
1.3870E 
1.38B9E 
1.3906E 
1.3908E 
1.3924E 
1.3'?20E 
1.3934E 
1.3986E 
1.40336 
1.40836 
1.41306 
1.41786 
1.42265 
1.42626 
1.42786 
1.42786 
1.42936 
1.42935 
1.43085 
1.4308E 
1.4322E 
1.43215 
1.43366 
1.43355 
1.4348E 
1.4345E 
1.4347E 
1.4360E 
1.43585 
1.4371E 
1.4369E 
1.4383E 
1.4381E 
1.4394E 
1.43926 
1.44075 

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 
03 
03 
03 
03 
03 



AVeRAoE CHANNEL 
AXIAL 

FUEL RADIOS N U M D E K 
TIKE 
0. J 
0.17730 
U.55b75 1 
0.02125 
0.06375 
u.66075 ] 
0.',3125 
0.99373 
1.03623 
1.06625 J 
1.12250 
1.49750 
1.04250 J 
2.17250 J 
2.52730 J 
2.91999 
3.29749 
3.63999 
3.70249 
3.76499 
3.02749 J 
3.d8-,99 ] 
3.^5249 J 
4.01499 J 
4.07749 
4.13999 J 
4.20249 ] 
4.20499 
4.32749 J 
4.33499 1 
4.3o999 
4.45249 J 
4.51499 ] 
4.57749 1 
4.C3999 1 
4.7024-» 1 
4.7649S> ] 
4.02749 ] 
4.d89Si-* J 
4.952-49 

CENTER 
L.41556 
L.424cE 
L.4277E 
L.4^olC 
L.4265c 
L.43016 
L.43006 
L.43l4t 
l.-ii^^E 
L.43266 
L.M330e 
L.43fc46 
L.4437c 
L.44th6 
L.4 34 76 
1.46116 
L.4cc7c 
L.4717c 
.47266 
L.47Jcc 
1.47456 
L.4755t 
L.4764c 
L.47 746 
L.47836 
L.479^6 
L.46C^c 
L.4811c 
L.48206 
L.4dzl6 
, .4o29c 
L.4837c 
L.-<b46e 
L.40546 
L.466^6 
L.407C6 
.4o7c6 
.46cc6 
L.4o94c 
L.490lt 

02 
C3 
C3 
03 
02 
03 
o2 
03 
C3 
C2 
02 
C2 
03 
C2 
o3 
C3 
o2 
03 
02 
02 
03 
03 
03 
C3 
02 
02 
C3 
03 
03 
Ji 
02 
02 
03 
03 
03 
03 
03 
u3 
03 
03 

2 
1-356C6 
1.255C6 
1.35/16 
1.2577c 
1.25636 
1.26C7E 
1.3616t 
1.36256 
1.3CJ56 
1.3c4Cc 
1.364bt 
1.371CE 
1.277CE 
1.38316 
1.3e9o6 
1.39t9t 
1.4o22t 
1.4C9C6 
1.41016 
1.4112c 
1.41236 
1.41246 
1.4145c 
1.41556 
l-4166t 
1.41766 
1.41o 7t 
1.41976 
1.42C7E 
1.42C8C 
1.4216t 
1.4/;266 
1.4/;256 
1.4244t 
1.4253t 
1.42626 
1.42716 
1.426Ct 
1.4209E 
1.42986 

Oi 
03 
03 
03 
03 
03 
03 
03 
33 
Oi 
Ci 
03 
03 
03 
Oi 
03 
03 
03 
o3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
C3 
03 
03 

4 
1.29546 
1.29506 
1.29796 
1.2987c 
1.2996c 
1.30^56 
1.30266 
1.30486 
1.30596 
1.3063t 
1.30726 
1.31445 
1.32116 
1.32306 
1.33546 
1.34Jo6 
1.34996 
1.35656 
1.35776 
1.3390c 
1.36C26 
1.36146 
1.362o6 
1.3o376 
1.3o496 
1.36005 
1.3o71c 
1.36626 
1.3o93t 
1.30946 
1.37C36 
1.371t6 
1.37235 
1.3723t 
1.37436 
1.37536 
1.37636 
1.37726 
1.37826 
1.3792E 

03 
03 
03 
03 
Oi 
Qi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

6 
1.23 
1.23 
1.23 
1.23 
1.24 
1.2 4 
1.24 
1.24 
1.24 
1.24 
1.24 
1.25 
1.26 
1.27 
1.28 
1.28 
1.29 
1.30 
1.30 
1.30 
1.30 
1.30 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.32 
1.32 
1.32 
1.32 
1.32 
1.32 
1.32 
1.32 

TEMPERATURES - FUEL 
POSITION o 

37E 
386 
836 
866 
C 4 e 
356 
53t 
026 
606 
616 
946 
736 
4o6 
246 
C36 
b56 
t2c 
346 
506 
61t 
776 
876 
C36 
135 
26t 
376 
526 
6lc 
75E 
75E 
83t 
976 
056 
166 
266 
40t 
406 
616 
70t 
845 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

dCCNUARY 
1.17106 
1.16986 
1.16226 
1.17436 
1.18406 
1.17936 
1.19046 
1.16316 
1.19276 
1.18436 
1.19466 
1.2CC96 
1.20786 
1.21716 
1.2242t 
1.23236 
1.24426 
1.24726 
1.25^06 
1.25026 
1.25o96 
1.25316 
1.25966 
1.2550C 
1.26226 
1.25856 
1.26486 
1.26106 
1.26726 
1.26456 
1.26336 
1.20966 
1.20566 
1.27196 
1.26796 
1.27436 
1.27025 
1.27086 
1.27266 
1.27946 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
0 3 
03 
03 
03 
03 
03 
03 
Oi 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

CLAO 
1.14836 
1.14946 
1.15476 
1.15766 
1.15706 
1.16366 
1.16356 
1.16666 
1.16686 
1.16916 
1.16846 
1.17775 
1.18646 
1.19516 
1.20416 
1.21316 
1.22105 
1.23056 
1.23126 
1.23366 
1.23416 
1.23646 
1.23706 
1.23926 
1.2397c 
1.24196 
1.24236 
1.2444E 
1.24486 
1.245H6 
1.24686 
1.24716 
1.24926 
1.24956 
1.2516c 
1.25196 
1.25406 
1.2544c 
1.25666 
1.25706 

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 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
0 3 
03 
o3 
03 

COOLANT 
1. 10486 
1. 10646 
1.11416 
1.11566 
1.11726 
1.12216 
1.12356 
1.12546 
1.12726 
1. 12796 
1.12896 
1.13816 
1.14725 
1.15645 
1.1654E 
1.1746E 
1.18376 
1. l-J2o6 
1. 194'*6 
1. 195^55 
1.19745 
1. l98o6 
1.20036 
1.20176 
1.20316 
1.2044E 
1.20586 
1.20705 
1.20836 
1.20846 
1.20956 
1.21076 
1.21196 
1.21326 
1.21446 
1.21576 
1.21706 
1.21846 
1.21986 
1.22126 

03 
03 
03 
03 
03 
Oi 
Qi 
Oi 
Qi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

AV5RAG6 
1.29466 
1.29406 
1.29846 
1.29096 
1. 30016 
1.30276 
1.30416 
1.30506 
1. 30646 
1.30666 
1.30776 
1.3148E 
1.32146 
1.32846 
1.33566 
1.3^326 
1.35036 
1. 35676 
1.35826 
1.35926 
1.36066 
1.3ol6e 
1.36306 
1.36396 
1.36536 
1.36626 
1.36756 
1.36846 
1.36976 
1.36975 
1.37055 
I.37176 
1.37255 
1.37376 
1.37455 
1.37576 
1.3765E 
1.37776 
1.37856 
1.3797E 

03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
33 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
OJ 



TIME 
0. ] 
0.17750 ] 
0.55o75 
0.O2123 
0.68375 
0.860/3 J 
0.93125 

0.99373 
1.05623 
1.08623 J 
1.12250 ] 
1.49730 
1.84250 J 
2.17250 
2.52750 ] 
2.91999 ] 
3.2'7749 
3.63999 
3.70249 
3.76499 
3.82749 
3.38999 J 
3.9524'3 J 
4.01499 
4.07749 J 
4.13999 ] 
4.^0249 1 
4.26499 ] 
4.32749 J 
4.33499 
4.38999 ] 
4.45249 ] 
4.51499 ] 
4.57749 J 
4.03999 J 
4.70249 J 
4.76499 ] 
4.02749 J 

4.00999 ] 
4.95249 ) 

OENTtl^ 
L.07^:5t 
L.07676 
L.0798E 
L.oeCCE 
L.oOClc 
L.0OC56 
L.0oL36 
L.OoCoc 
. .O0066 
L.OoOtC 
L.ooCtc 
L.0tC46 
L.07996 
L.07936 
L.07O46 
L.07736 
L.07cC6 
L.0746c 
1.07456 
L.07436 
L.07416 
L.073o6 
L.0/366 
L.0723t 
L.o731t 
L.07^66 
L.07<i66 
L.07^3fc 
L.u721c 
L.07216 
L.07106 
L.07166 
L.0713c 
L.07116 
L.07006 
L.07Cc6 
L.07C36 
L.o700c 
..069ot 
L.06956 

03 
03 

03 
03 
03 
03 
03 
03 
o3 
03 
03 
03 1 
Oi J 

03 
03 
02 
03 
03 
03 
Oi i 
03 
03 1 
Oi J 

02 
03 
o3 J 
03 J 
03 
03 
03 J 
03 ] 
02 1 
03 ] 
Ci ] 
02 J 

02 J 
C3 J 
03 ] 
03 ] 
02 ] 

2 
L.0277E 
L.C272t 
l.C27Ct 
L.C27C6 
L.0^715 
1.02716 
L.o2 716 
1.02716 
L.C271C 
L.02716 
L.C2716 
L.C2/C6 
L.C^c 7t 
1.0^626 
L.02376 
L.02496 
..0 240t 
L.0232E 
L.C230t 
. . C 2 <: 9 c 

L.02276 
L.0^:266 
L.C2246 
L.o2^i:t 
L.0^216 
L-o219t 
L.02176 
L.0^156 
L.C2146 
L.C/:146 
L.C212t 
1.02106 
L.02C86 
L.0^076 
L.C2o5t 
L.C2C3t 
L.02C16 
.C199E 

L.C198E 
L.0l96t 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
Oi 
03 
Oi 
Oi 
03 
Oi 
03 
03 
Qi 
03 
03 
Oi 
o3 
03 
03 
03 
03 
Oi 
03 
03 
Oi 
Oi 
03 
03 
03 

03 
03 

AV6RAGE CHAN.MEL TEMPERATJReS - C tX 
A X I A L P C S I T I C N 1 

R E G I O N 
4 

9.d240E 

9.8227E 
9.62106 
9.8211E 
9.8212E 
9.82ldE 
9.82206 
9.82226 
9.82236 
9.82246 
9.02256 
9.o225t 
9.82146 
9.8l9o5 
9.8I606 
9.0122c 
9.80716 
9.8025c 
9.0OI06 
9.60075 
9.79986 
9.79886 
9.797ot 
9.79666 

9.79586 
9.79476 
9.79376 
9.79266 
9.79156 
9.79146 
9.790-t6 
9.7b93t 
9.78315 
9.78706 
9.78596 
9.78486 
9.78365 
9.78256 

9.78146 
9.78C45 

02 
02 
02 
02 
02 
02 
OZ 
OZ 
OZ 
OZ 
OZ 
02 
02 
02 
OZ 
02 
02 

02 
02 
02 
OZ 
02 
02 
OZ 
02 
OZ 
02 
u2 
02 
02 
02 
02 
OZ 
OZ 
02 
02 
02 
02 
02 
02 

6 
9.364o6 
9.3643E 
9.30546 
9.365ot 
9.36C26 
9.36776 
9.36825 
9.30866 
9.36916 
9.36936 
9.36956 
9.37146 
9.37206 
9.37366 
9.37306 
9.37266 
9.37156 
9.37086 
9.37C06 
9.370tt 
9.37C16 
9.36986 
9.3695t 
9.3o916 
9.3ooo6 

9.3o846 
9.308O6 
9.3o7o6 
9.36726 
9.36716 
9.3667E 
9.3662t 
9.30536 
9.3o535 
9.36495 
9.36456 
9.36426 
9.3638E 

9.36336 
9.30326 

02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 

02 
02 
02 
02 
02 
OZ 
0^ 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 

02 
02 

BCUNCARY 
8.89815 
8.89936 
a.9038t 
d.9046E 
3.9055E 
3.90b0£ 
3.90896 
3.90v7t 
8.91056 
3.91096 
8.91146 
8.91536 
8.91956 
0.92336 
3.92656 
3.92926 
3.93266 

0.93596 
8.93o4c 
3.93o66 
3.93726 
3.93756 
8.93795 
8.93825 
3.93066 
8.93b9c 
3.93926 
3.93^/56 
8.9396c 
8.9396t 
8.93986 
0.94C1E 
3.94C46 
8.94C76 
8.9411c 
8.94156 
8.94196 
8.94236 
8.9428t 
3.94336 

02 
02 
02 
02 
02 
02 
02 
OZ 
02 
OZ 
OZ 
OZ 
02 
02 
OZ 
02 
02 
OZ 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 

CLAD 
8.81866 
8.82016 
8.82516 
8.82606 
6.82696 
8.82976 
8.83065 
8.83156 
8.83246 
O.332oc 
8.3333t 
8.33766 
8.84236 
8.84566 
8.35036 
8.85386 
8.85796 
8.86196 
3.86255 
8.86306 
8.86346 
8.86395 
8.86446 
8.3649c 
8.36536 
8.80586 
3.86o2e 
8.06666 
8.86686 
8.86696 
8.86726 
8.36766 
8.36605 
8.86856 
8.86896 
8.86955 
8.37006 
3.37056 
8.87126 
8.87195 

02 
02 
02 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
02 

02 
02 
OZ 
OZ 
02 
02 
02 
02 
02 
OZ 
02 
OZ 
OZ 
02 
02 
02 
02 
02 
02 
02 

02 
OZ 
02 

STRUCTURe 
8.65895 
8.6599E 
8.6651E 
8.606I6 
8.66716 
3.67036 
3.67136 
3.67246 
3.5734E 
8.67396 
8.67456 
8.67965 
8.63515 
3.69055 
3.6956E 
3.7305c 
3.7056E 

8.71116 
8.71206 
8.71285 
3. 7135E 
8.714^6 
a.7151£ 
8.71566 
8.71666 
3.71736 
3.71606 
3.71806 
8.71926 
3.71936 
8.71936 
8.72046 
8.72106 
8.7217E 
3.72246 
8.7231E 
3.7239E 
8.72476 
8.72556 
3.72646 

02 
02 
02 
02 
02 
02 
02 

02 
02 
02 
02 
02 

02 
02 
OZ 
OZ 
C2 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
02 
OZ 

AVeRAGE 
9.81976 
9.82006 
9.82216 
9.82256 
9.82306 
9.82415 
9.32456 
9.32486 
9.82516 
9.82526 
9.82536 
9,3256E 
9.82486 
9.82326 
9.32036 
9.31605 
9.31116 
9.3J066 
9.30505 
9.30486 
9.80396 
9.30296 
9.30196 
9.30096 
9.79996 
9.79886 
9.79706 
9.79676 
9.79506 
9.79556 
9.79456 
9.79346 
9.7923E 
9.79115 
9.79006 
9.78896 
9.78706 
9.78685 
9.78576 
9.784oe 

02 
0? 

02 
02 
02 
02 
02 
02 

02 
02 
02 
02 
02 
02 
02 
02 
07 
32 
02 
02 
02 
02 
02 
OZ 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 



1 IME 
0. 
0.17750 

0.35875 
0.62125 

0.O8375 
C.8t)073 
0.93125 

C.99375 

1.05o23 
1.0bc25 
1.12250 
1.49/50 
1.8'<250 
2.17250 

2.52730 
2.S,1999 
3.29749 

3.03999 

3.7C2'.>» 
3.76499 
3.02749 
3.0O999 
3.9524-5 
4.0i49V 
'..07749 
4.13999 
4.20249 
4.2o499 
4.32749 
4.33499 
4.36999 
4.45249 
4.31499 
4-5774^ 
4.63999 
4.70249 
4.76499 
4.0274"* 
4.oo9S«9 
4.9324V 

OENIER 

i.24la£ 
1.24b8c 

1.25376 
1.25406 
1.25436 

1.25496 
1.25506 

1.2551c 

1.255^c 
1.2632t 
i.233j6 
i.25346 
1.2352t 

1.25466 
1.2541E 
1.252^£ 
1.2321E 

1.2509E 
1.2tC7c 
1.25050 
i.25C3c 
i.2500c 
l.^;49o£ 
1.24S;cE 
1.2493t 
l.,i491t 
1.24e9t 
1.24066 
l.,(;464E 

1.2403E 
1.246lt 
1.2479c 
l.<i476t 
1.2474t 
1.24716 
1.24fc9c 
i.,:;4c6t 
1.24t3t 
1.24tlc 
i.243fcc 

Oi i 
02 . 
02 

02 
02 
03 

C3 

02 

03 
03 
03 ] 

03 
u3 
C3 
02 
03 J 
03 J 

02 

02 i 
02 
o2 
03 
03 
03 

03 
03 ] 
03 ] 
03 ] 
C3 
03 1 
03 
03 J 
03 1 
03 ] 
02 ] 
03 J 
03 ] 
02 ] 
02 ] 
02 1 

2 
L.16',96 
L.1691E 

l.l69Ct 

L.1691E 
1.16916 

L.0c94t 
1.16936 

L.16966 

L.loS7t 
L.16966 
. It itit. 

L.17036 
L.17C56 
L.17C6t 

L.17C6C 
L.17L36 
L.lt9t6 

L.lfc93t 
L.10936 
1.169<:6 
L.16916 
L.lt9Ct 
L.lcc96 
L.Icboc 
L.16c7t 
L.lOOOt 
I.l6o4t 
L.ltc36 
L.16626 
L.16826 
L.16016 
1.16796 
L.1678E 
.10776 
L-1675t 
L.16746 
.lo7^t 
L.16716 
i.loc96 
L-loeoL 

03 

03 
03 

03 
03 
03 
Oi 
03 

03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 

Oi 
Qi 
Ci 
03 
03 
03 
o3 
Oi 
Oi 
Oi 
03 
03 
03 
Oi 
03 
C3 
03 
03 
03 
03 
Oi 
Oi 

AV6RAG6 CnAN)Vi6L T6MPERATUR6S - C6X 
AXIAL POSITION 2 

R E 0 I C N 
4 

1.09666 

1.09646 
1.09656 
1.0966E 

1.0967t 
1.0972t 
1.0973E 

1.C973E 
1.C977E 

1.09736 
i.097ot 

1.09876 
1.C993E 
l.C999t 
1.10C4t 
1.1007t 
l.lOoBE 

I.IOIOE 
1.10106 
I.IOIOC 
l.lollt 
l.lOUt 
1.10116 
l.iollE 

l.lullE 
I.IOIIE 
l.lollE 
1.10106 
1.10106 
1.10106 
1.10106 
1.1CC96 
1.1GC96 
1.10096 
1.10C8E 
1.lOCoE 
1.lOCoE 
l.lG07t 

l.luC76 
1-10C76 

03 
03 

Oi 
Oi 
Oi 
Qi 

03 

03 
Oi 
03 
03 
03 
03 
03 
03 
03 

03 

03 
03 
03 
03 
03 
03 
03 
u3 
03 
03 
03 
03 

03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 

o 

1.02186 
1.0218t 
1.022OE 
1.0229E 

1.02316 
1.023bt 
1.024O6 

1.02 436 

1.02456 
1.02466 
1.024OC 
1.02606 
1.02716 

1.02636 

1.02936 
1.03Clt 
1.J3C96 

1.03196 
1.0320E 
1.03216 
1.0323t 
1.032^*0 
1.0323t 
1.03266 
1.0327t 
1.03286 
1.03296 
1.03306 

1.0330c 
1.03306 
1.03316 
1.03326 
1.03326 
1.03336 
1.0334c 
1.0335c 
1.033OC 
1.03366 

1.03386 
1.0339t 

03 
03 
03 

03 
03 
03 

03 

03 

03 
03 

03 
oi 
03 
03 
03 
03 

03 

Oi 
03 
03 
03 
03 
03 
03 
03 
Oi 

Qi 

03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 

BCONCAKY 

9.45246 

9.45o56 
9.4736c 
9.47686 

9.4802E 
9.49026 
9.49366 

9.4969c 

9.5002c 
9.50166 
9.50366 

9.52056 
9.53806 
9.55^86 

9.57C2C 
9.38496 
9.6011t 
9.6174c 
9.0200c 
9.62255 
9 . O 2 H 7 6 

9.o2o8t 
9.6290b 
9.03116 

9.03326 
9.63526 
9.6372c 
9.0391E 

9.64C6C 
9.o407c 
9.D4226 
9.044G6 
9.64396 
9.0-4796 
9.04996 
9.0521C 
9.o543t 
9.03586 

9.0593E 
9.66186 

02 
02 
02 

02 
02 
02 
02 

02 

02 
02 
02 
02 
OZ 
02 

02 
02 
02 

02 
02 
uZ 
OZ 
0 2 
32 
02 
02 
02 
02 
02 
02 
02 
u2 
02 
02 
OZ 
OZ 
02 
02 
02 
02 
OZ 

CLAO 
9.31906 
9.32416 
9.34266 

9.34oie 
9.3495c 

9.36025 
9.3630c 
9.3o716 

9.37056 
9.37216 
9.37406 
9.3916C 
9.4103c 

9.42806 
9.44426 
9.46006 

9,47776 

9.49526 
9.4979c 
9.5006c 
9.502^6 
9.50526 
9.50706 
9.50996 
9.5121c 
9.5144c 

9.51o5c 
9.5180C 
9.52016 

9.52036 
9.5220c 
9.5240c 
9.32616 
9.32836 
9.330o6 
9.53306 
9.5355c 
9.33o2c 
V.34106 
9.54386 

02 

02 
02 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
32 
02 
02 
02 
02 
02 
02 
o2 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
0 2 
02 
02 

02 
02 

ST^UCTUK6 
9.03136 
9.05436 
9.07256 

9.07626 

9.07996 
9.09136 
9.0^516 
9.09906 

9.10276 

9.10456 
9. 1066E 
9.1265E 
9.14606 

9.16606 
9.13506 
9.2033E 

9.22^36 

9.24256 
9.24596 
9.24926 
9.25226 
9.25516 
9.2579F 

9.26075 
9.2o34E 
9.2661E 
9.2o87E 

9.27135 
9.27366 
9.273o6 
9.27566 
9.27816 
9.23056 
9.2a29t 
9.23556 
9.28326 
9.29106 
9.29396 
9.29696 
9.33016 

02 
02 
02 

02 
02 
02 

02 

02 

02 
02 
0? 
02 
02 

02 
02 
02 

32 
02 
02 
02 

02 
02 
02 
02 
02 
02 
02 
02 
02 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 

AVf^AOe 

1.095o6 
1.0957c 
1.09646 

1.096O6 
1.09586 
1.0973c 
1.0-J755 

1.09776 
1.097OC 

1.09 796 

1.098ot 
1.0q8H6 
1.099OC 

1.13026 

1. 13076 
1.13096 

1. lOllE 

1. 10136 
1.1J146 
1.13146 
U1314t 

1.1J146 
1.131H6 
1.10l46 

1.10146 
1.10146 
1. 1014t 
1. 1014c 
1.1313c 

1.1^136 
1.10136 
1.Iul36 
1.10126 
1.1312c 
1.1012c 
1. 10126 
I. 10116 
1.10116 
1.10116 
1.10116 

03 

Oi 
03 

33 
03 
03 
03 
03 

03 

03 
03 

03 
03 
03 
03 
03 

03 
03 
03 
03 
Oi 
Oi 
03 
03 
03 

03 

03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 



TIMt 
0. 
0.1775u 
0.55675 
0.62125 
0.06375 
0.O6875 
0.93125 
0.99373 
1.05625 
1.0a6i;5 
1.12250 
1.4975VJ 
1.842 30 
2.17250 
2.52730 
2.'51999 
3.29749 
3.63999 
3.7C249 
3.76499 
3.02749 
3.00999 
3.9524V 
4.014^9 
4.07749 
4.13999 
4.20249 
4.26499 
4.32749 
4.33499 
4.38999 
4.45249 
4.51499 
4.57749 
4.03999 
4.7o249 
4.76499 
4.82749 
4.C8999 
4.95249 

0 t M 6 f< 

i.361Cc 
1.36936 
1.3751t 
i.3755t 
1.37396 
1.37066 
1.37666 
1.37706 
1.3772c 
i.377^6 
1.3773t 
1.37016 
1 . 3 7 O 7 L 

1.37916 
i.3794t 
1.37976 
1.3797t 
1.37956 
1.37966 
1.37S4t 
1.3794c 
1.3793C 
1.3793c 
1.37936 
1.379^6 
1.37926 
1.3791c 
1.37916 
1.37,06 
1.37906 
1.37o96 
i.37o9t 
l-37ooc 
1.37fc76 
1.37o7t 
i.37do6 
1.37856 
l.37o4c 
1.3703C 
1.37o<:t 

o3 
03 
o3 
03 
03 
03 
0 2 

C3 
o2 
03 
02 
02 
C2 
02 
02 
03 
03 
03 
03 
03 
02 
C3 
o2 
02 
03 
02 
02 
03 
o3 
02 
03 
03 
03 
03 
03 
C3 
C3 
C3 
03 
C3 

2 
1.27576 

1.27476 

1.2747E 
1.2749E 
1.27506 
1.2757t 
1.2739t 
1.27016 
1.27c4t 
l.<:7t56 
1.27t7c 
1.^7o2E 
1.27936 
1.^6o7e 
1.28196 
1.263C6 
1.263ot 
1.2645c 
1.2t476 
1.2e48t 
l.,:;649t 
1.28316 
1.20326 
1.26536 
1.28346 
1.28556 
1.26506 
i . ^ e 3 7 c 
1.2658t 
1.2b5ot 
1.^6596 
1.266C6 
1.26605 
1.26tlc 
1.2661t 
1.2cc26 
1 .260^6 
1.20C36 
1.26036 
1.20646 

03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
VJ3 

^3 
03 
Oi 
Ci 
Oi 
03 
Oi 
Oi 
C3 
o3 
Oi 
03 
03 
Oi 
Oi 
Oi 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
Oi 

AVtRAG6 ChAN('«6L T C M P C R A T U K C S - C6X 

AXIAL POSITION 3 
K E G I C N 

4 
1.1883E 
1. 1683E 
1.1688E 
1.1890E 
1.1893E 
1.1903E 
1.19C7E 
1.1910E 
1. 19146 
1.191ct 
1.19136 
i.l',40E 
l.i960E 
1. 1979E 
1. 19V8C 
l.^017c 
1.2C32E 
1.2048t 
1.2051E 
1.20346 
1.2057c 
1.20596 
1.20625 
1.2G64t 
1.20676 
1.20696 
1.^0715 
1.2073t 
1.20736 
1.20766 
l.,i0776 
1.20795 
1.20316 
1.20836 
1.2084C 
1.^08oc 
1.2088c 
1.2090t 
1.20916 
1.2093t 

03 
03 
03 
03 
03 
03 
03 J 
03 J 
Oi 
03 
03 
03 J 
03 
03 ] 
03 
03 1 
03 
03 
03 ] 
03 1 
03 1 
03 J 
03 ] 
03 
03 J 
03 1 
03 ] 
03 ] 
03 J 
03 J 
03 ] 
03 1 
03 J 
03 ] 
03 ] 
03 J 
03 J 
03 ] 
03 J 
03 1 

6 
L.0993t 
L.09946 
1.10126 
L.10166 
L.10206 
L.10356 
L.104OE 
L.104o£ 
L.1051E 
L.10536 
L.10566 
L. lOoSc 
1.11125 
I. 11396 
L.II606 
1.11926 
L.12166 
L.1241t 
L.1245c 
L.12506 
L.12546 
L.1250C 
.12026 
L.12655 
L.12696 
L.12725 
L.12766 
L.1279c 
.12826 
..12826 
L.12856 
. 1268c 
.12916 
. 12946 
L. 12976 
.13C06 
.13035 
.I3C0C 
.13100 
.13136 

BOUNDARY 
03 
03 
03 
03 ] 
03 1 
03 ] 
03 ] 
Oi 
03 
03 1 
03 
03 
03 
03 
03 ] 
03 J 
03 
03 1 
03 ] 
03 ] 
03 ] 
03 ] 
03 J 
03 ] 
Oi 1 

03 ] 
03 ] 
03 ] 
03 ] 
03 ] 
03 ] 
03 1 
03 1 
03 J 
03 1 
03 1 
03 1 
03 ] 
03 1 
03 J 

L.00776 
L.00846 
L.01176 
L.01246 
L.01306 
L.01506 
L.01576 
L.0lo46 
L.01716 
L.01745 
1.01786 
L.02136 
L.02496 
L.o2o5c 
L.u3l8t 
L.03316 
1.03665 
1.04216 
L.04276 
..0432c 
..04376 
L.C442t 
L.04476 
.04526 
..0437c 
L.04626 
.04066 
.-04716 
.04756 
.0475t 
.04796 
.04836 
.04876 
.04916 
.04906 
.05Clc 
.05056 
.05116 
.0516c 
.05226 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
33 
03 
03 
03 
33 
33 
3 3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
33 
03 
03 

CLAO 
9.91455 
9.92316 
9.95866 
9.96556 
9.97235 
9.99356 
1.00006 
1.00076 
1.3014c 
1.3013b 
1.00216 
1.00536 
1.00955 
1.01326 
1.01676 
1.02016 
1.0237c 
1.0274!: 
1.02805 
1.02366 
1.0291t 
1.32976 
1.03026 
1.3307: 
1.03126 
1.03176 
1.0322t 
1.0326E 
1.03306 
1.03316 
1.03346 
1.0339c 
1.33436 
1.03436 
1.3353c 
1.33586 
1.0363c 
1.03696 
1.03 74c 
1.33aOc 

02 
02 
02 
02 
02 
02 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 

STRUCTUR6 
9.53776 
9.59255 
9.6?o56 
9.63366 
9.64086 
9.6O306 
9.57076 
9.67826 
9.63576 
9.68936 
9.09356 
9.73375 
9.77226 
9.31236 
9.35086 
9.83865 
9.92606 
9.900IE 
9.9730E 
9.97966 
9.93596 
9.<,^19c 
9.9v7o6 
1.00046 
1.00095 
1.00156 
1.00206 
1.00256 
1.00305 
1.00315 
1.0J35E 
1.30406 
1.00446 
1-0049E 
1.0355E 
1.0060E 
1.0065E 
1.00716 
1.00776 
1.00836 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

AV6RAG5 
1.18716 
1.18726 
I.I8806 
1.18906 
1.16936 
1.1904c 
1. 19036 
1. 19126 
1.191o6 
1. 19186 
1. 19205 
1.19426 
1.19626 
1.19826 
1.2301c 
1.2019E 
1.2u35c 
1.20526 
1.2)546 
1.2357c 
1.20606 
1.20626 
1.2J655 
1.20675 
1.20706 
1.20 726 
1.2074E 
1.2376E 
1.20786 
1.20786 
1.23B0t 
1.20826 
1.20846 
1.20a5c 
1.20876 
1.20896 
1.20916 
1.20935 
1.20955 
1.20976 

0 3 
03 
03 
03 
03 
03 
UJ 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
33 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
0 3 

0 3 
03 



c 
TIME 
0. J 
0.17750 J 
0.55673 J 
0.62125 
0.68375 ] 
0.86073 
0.93125 
C.99375 
1.05625 
1.08625 ] 
1.12250 1 
1.49730 J 
1.84250 
2.17250 J 
2.52750 ] 
2.-,1999 J 
3.29749 
3.63999 1 
3.7024-, 
3.76499 
3.82749 ] 
3.00999 
3.95249 J 
4.0149", 
4.07749 
4.1399s. 
4.2024S. 1 
4.26499 J 
4.3,^749 1 
4.334yv J 
4.36999 J 
4.45249 J 
4.31499 J 
4.oi lH^ 
4.03999 
4.7024-, J 
4.76499 J 
4.62749 1 
't.dO'iy", J 
4.95249 ] 

OtNTER 
L.41ilc 
L.4223E 
L.4261E 
L.42355 
L.4269E 

L.42966 
L.43006 
L.43o3t 
L.4305t 
L.4307c 
L.43Cbc 
L.43246 
L.4341t 
l.'«j57t 
L.4375t 
L.43956 
L.4414c 
L.443Ct 
L.44326 
L.44356 
L . 4 4 J C 6 

L.4441t 
L.44436 
L.44466 
l.4449t 
L.4452c 
L.44356 
..44376 
L.44o06 
.'•460c 
L.44036 
.44o3t 
L.44obt 
L.44 706 
[.••^736 
L.44756 
L.447bc 
L.4460t 
L.4'«o,it 
L-44c4t 

03 
03 
02 
C3 
C3 
03 
03 
03 
03 
03 
03 
o3 
03 
03 
C J 

03 
03 
02 
02 
C J 

03 
02 
02 
03 
02 
03 
03 
03 
02 
02 
02 
02 
02 
02 
C3 
02 
02 
C2 
02 
03 

c 
1.33006 
1.32906 
1.229^t 
1.3294E 
1.3297E 
1.J3C6E 
1.231CE 
1.22146 
1.3318t 
1.232Ct 
1.23,i3t 
l.J351t 
1.2377E 
1.J404E 

1 .i^iii. 
1.34046 
1.349lt 
1.35166 
1-25216 
1.25^66 
1.35206 
1.3535t 
1.354C6 
1.3544t 
1.3549t 
1.J5536 
1-3537C 
1.35026 
1.35066 
1.25o66 
1.35706 
1.35746 
1.35705 
1.35625 
1.25o5t 
1.356-,c 
1.25936 
1.J596E 
1.26000 
1.36C3E 

AVERAGE CHANNEL TtMP6KATUR6S - C5X 
AXIAL POSITION 4 

e x R 6 G I L N 

03 
03 
03 
Ji 

03 

03 
03 
03 
03 
03 
03 
03 
03 
Oi 
o3 
Oi 
U3 
Oi 
03 
C3 
03 
03 
OJ 
OJ 
O J 

03 
03 
03 
03 
Oi 

O J 

03 
03 
03 
OJ 
03 
03 
OJ 
03 
03 

4 
1.24406 
1.24385 
1.2448E 
1.2452c 
1.2456E 
1.2471E 
1.2477E 
1.24036 
1.24896 
1.24926 
1.24906 
1.25346 
1.23696 
1.2oC3e 
1.^6436 
1.25826 
1.^7176 
1.27326 
1.275ot 
1.27655 
1.27716 
1.27776 
1.27B36 
1.27896 
1.^793t 
i.26C06 
1.2bCo6 
1.2811E 
1.2al66 
1.26176 
1.28226 
1.20276 
1.2e21t 
1.20366 
1.20416 
1.28466 
1.2o50E 
1.26536 
1.2O60E 
1.2663E 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
OJ 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

6 
l.lSclE 
1.15636 
1.13896 
1.15966 
l.loCJt 
1. lo26c 
1.16346 
l.l642t 
1.lo50t 
1.10546 
l.lo59c 
1.17066 
1.17516 
1.17976 

1.18446 
1.18906 
1.19346 
1.19796 
1.19876 
1.19956 
1.20CJC 
1.20106 
1.20176 
1.2o24t 
1.2031c 
1.20366 
1.20456 
1.20516 
i.205o6 
1.205ot 
1.20646 
1.20696 
1.2075t 
1.20615 
1.20676 
1.20935 
1.20996 
1.21C6C 
1.21126 
1.21196 

BOUNDARY 
03 
03 ] 
03 
03 
03 
03 
03 

03 J 
03 
03 
03 

o3 
03 
03 
03 
O J 

03 
03 
03 
03 J 
03 1 
03 
Oi 

Oi J 

03 1 
03 
03 
03 ] 
03 1 

Qi 1 
33 1 
03 J 
03 
03 ] 
03 ] 
03 ] 
03 ] 
03 ] 
Oi 
Oi J 

L.06606 
L.06o96 
L.07176 
L.0726c 
L.073O6 
L.07676 
L.07776 

1.07386 
L.07VO6 
L.05036 
L.03096 
L.08t56 
L.09216 
L.0977c 
L.1031c 
..1C63C 
L.11406 
L.11V6C 

L. 12066 
1.12156 
I.1224t 
L.1232c 
L.124CC 
L.12485 
L.12576 
L.1264c 
L.12726 
L.12806 
L.12o76 
L.12o76 
L.12936 
.13CC5 
L.13076 
L.13156 
L.13226 
L.13306 
.13386 
..13466 
L.1354t 
..13636 

03 
03 
03 
OJ 
03 
03 
03 
03 
33 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

03 
Oi 

CLAD 
.04935 
.05086 

.05606 

.05705 

.05806 

.06126 

.06236 

.06346 

.06446 

.06496 

.0655c 

.0713c 

.07706 

.08236 
,06836 
.09396 
.0993c 
.1053c 
.10o3c 
.107^6 
.10816 
.10906 
.10966 
.1107c 
.11156 
.11236 
.1131c 
.11386 
.11456 
.11466 
,11526 
11596 
llo76 
.11746 
.11626 
.11905 
11985 
12076 
12166 
1225c 

03 
03 

03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
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 

STRUCTUR5 
1.01716 
1.01776 
1.0225E 
1.02356 
1.02466 
1.02796 
1.02906 

1.03025 
1.0313c 
1.03196 
1.03256 
1.03O7E 
1.0446F 
1.33076 

1.05666 
1.0o27c 
1.0o84e 
1.07456 
1.07556 
1.07666 
1.07766 
1.078o6 
1.07956 
1.03046 
1.03136 
1.03226 
1.33316 
1.0O396 
1.03476 
1.03436 
1.03545 
1.03626 
1.03706 
1.03776 
1.0d85c 
1.0393c 
1.0)026 

1.09106 
l.O^l^E 

1.C9296 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
OJ 
OJ 
33 
33 
0 3 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

AVErlAOc 
1.24276 
i.2t296 
1.24486 
1.24536 
1-24586 
1.2'+736 
1.24elc 
1.2467c 
1.24936 
1.2496E 
1.23006 
1.23376 
1.25736 
1.2o09c 
1 . 2 D 4 7 6 

l.2o835 
1.27<^16 
1 . 2 7 5 O 6 

1.27636 
1.27696 
1.27756 
1.27815 
1.27876 
1.27936 
1.27986 
1.2o046 
1.2ci09c 
1.2=^150 
1.28206 
1.23205 
1.2525c 
1.2330c 
1.20355 
1.2b396 
1.23446 
1.20496 
1.28545 
1.28596 
1.23646 
1.23596 

03 
03 
33 
03 
03 
)3 
0 3 
Oi 
Oi 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
33 
03 
03 
03 
33 
03 
33 
03 
03 
03 
0 3 

03 
03 
03 
03 



TIM6 
0. J 
0-17750 J 
0-55o75 
0.62125 
0.68375 
0.86o75 1 
0.9 3123 ] 
0.^9375 
1.05o25 
1.08025 
1.12250 J 
1.49750 
1.3425o i 
2.17230 J 
2.32730 
2.91999 
3.29749 J 
3.63999 
3./G249 
3.76499 J 
3.32749 J 
3.88999 
3.9524', J 
4.01499 J 
4.07749 J 
4.1399"^ ] 
4-20249 J 
4.26499 
4.32749 
4-33499 ] 
4.38999 J 
4.45249 1 
4.51499 J 
4.57749 J 
4.03999 
4.70249 ] 
4.76499 ] 
4.02749 1 
4.38999 ] 
4.,5249 ] 

CeNT6t< 
1.J9J96 

[.'•C0C6 
L.H054t 
L.4C56C 
L.40016 
L.407C6 
L.4073t 
L.4C76t 
L . 4 0 7 9 c 

L.406C6 
L • 4 0 0 2 6 
L.41066 
L.41346 

[.'•1646 
^••1996 
L.4^416 
L.4,io36 
L.4319c 

L.43266 
L.43336 
L.4J4uE 
L.4J4C6 

L.43336 
L.t3606 
..4J676 
L.43?4t 
1.43606 
L.43076 
L.43946 
.43956 
L.44C16 
L.44086 
L.44l4t 
L.4421c 

.44266 
L.44346 
L.44416 
L.4447c 
.44336 
.44006 

03 
C3 

02 
03 
02 

03 
C3 
C3 
C2 
03 

02 
03 
03 

02 

02 
02 
C2 

0 2 
03 

03 
03 
03 
03 

03 
03 
C3 
03 
C2 
03 

03 
03 

03 
03 
02 
0 3 

03 
C3 

03 

02 . 
03 

2 
1.32476 
1.32396 
1-32436 
1-32456 
1.22496 
l-32olc 
l-32t5t 
1.32716 
1-32766 
1.32796 
1 .32o26 
1.22226 
1.23CJE 

1.34056 
1.24536 
1.35006 
1.3556c 
1.36015 
1.jcl06 
1.36186 
1.26276 
1.36356 
1 .36446 
1.3c52c 
1.36616 
1.36696 
1.36776 
1.36666 
1.3tS4e 
1.36956 
1.27026 
l-371Ct 
1.3718c 
1.37256 
1.37236 
1.274C6 
1.37486 
1.37356 
1.27c2E 
1.27706 

03 
03 
03 
03 
C2 
03 
33 

Oi 
Oi 
03 
03 
03 
Oi 
03 
03 
03 

03 
03 
03 
33 

03 
03 
03 
03 

03 
03 
03 
Ci 
33 
33 
03 
03 
03 
03 
Oi 
03 
03 
03 

03 
03 

AVcRAGc CHANi\6L T6,^PeRAT JR6 S - C6X 
A X I A L P L S I T I C N 5 

R 6 G I 0 N 
4 

1.25446 
1.2542c 
1.25556 
1.25606 
1.25666 
1.25856 
1.2593t 
1.2oC16 
1.26Cg6 
1.20136 
1.26136 
1.25716 
1.27216 
1.27/46 
1.28326 
1.28936 
1.2930c 
1.30046 
1.30146 
1.30246 
1.30346 
1.30446 
1.30546 
1.30036 
1.30736 
1.3082c 
1.30916 
1.31C16 
1.31 106 
1.31116 
1.31186 
1.31276 
1.31356 
1.3144C 
1.31526 
1.31606 
1.3160C 

1.31776 
1.31856 

1.31936 

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 
03 
03 

03 
03 

03 

6 
l.lo27c 
1.18296 
1.13616 
1.10706 
1.18786 
1.19C7E 
1.1910E 
1. 1929E 
1.19406 
1.19456 
1.19516 
I.2OI06 
1.20776 
1.21416 
1.22C76 
1.22756 
1.23396 
1.24CJ6 

1.24156 
1.24256 
1.243o6 
1.24496 
1.2'^596 
1.24706 
1.2480c 
1.24916 
1.25016 
1.25116 
1.25206 
1.25226 
1.25306 
1.25396 
1.23466 
1.25576 
1.25666 
1.25756 
1.25&5t 
1.2594C 

1.25046 
1.26146 

BOUNDARY 
03 
03 
03 
03 
03 

03 ] 
03 

03 
03 
03 

03 
03 

03 

0 3 
03 
03 
Oi 
Oi 
Oi 
03 

33 ] 
33 

03 J 

03 ] 

03 
Oi ] 
03 
Oi 
03 1 
03 ] 
03 ] 
03 ] 
03 ] 
03 ] 
03 ] 
03 ] 
03 1 
03 1 
03 1 
03 J 

L.10966 
L.11056 
L.11625 
1.11746 
L.11676 
L.12256 
1.12396 
L.12526 
L.1266c 
L.12726 
L.I20C6 
1.13555 
L.14276 
L.15026 
L.15766 
L.16506 
L.1723c 
L.1796c 
L.1811c 
1.16246 
L.16366 
L.10486 
L.lo596 
L.18716 
L.16626 
L.10936 
L.19046 
L.19156 
..19256 
L.1926c 
L.19346 
L.19446 
.19546 
.19046 
.19746 
.19656 
L.19956 
.20056 
.2017c 
..20296 

03 
03 
03 
03 
0 3 
03 
03 
03 
03 
03 
03 
Oi 
33 

03 

03 
03 

33 
03 
03 

33 
Oi 
33 
33 

03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 

CLAD 
.09636 
.09746 
.1036c 
.10486 
.10616 
.11026 
.11156 
.11296 

.11436 

.11506 

.11566 

.12346 

.13096 

.13656 

.14506 

.15356 

.16106 

.16856 

.1699c 

.17126 

.17246 

.17376 

.17486 

.17o06 

.17716 

.1782c 

.17936 

.18046 

.16146 

.18156 

.18246 

.18336 

.18445 

.18546 

.13646 

.16756 

.18866 

.18976 

.19396 

.19206 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
0 3 
03 
03 
03 
33 
3 3 
03 
03 
0 3 
03 
33 
03 
3 3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
0 3 
03 
03 
03 
03 
03 
0 3 

ST.J^UCTURe 
1.0o956 
1.07016 
1.07576 
1.07706 
1.076J6 
1.03246 
1.0.'53g6 
1.03545 
1.05666 
1.03756 
1.03846 
1.09006 
1.10426 
1. 11216 
1.12016 
1. 12816 
1. 13566 
1-14346 
I. 14496 
1.14626 
1.14766 
1. 14896 
1.15016 
1.15136 
1.15266 
1.15375 
1.15495 
1. 15606 
1.15716 
1.15726 
1.15826 
1.15925 
1.16026 
1.16136 
1.16236 
1.16 346 
1.16456 
1.lo56e 
1. 106-^6 
I.16790 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

03 
03 
03 
03 
Oi 
0 3 

03 
03 
03 

03 
03 

03 
03 
03 
03 
03 
03 
03 
03 
03 

03 

03 
03 
03 
03 
0 3 

03 

AVERAGE 
1.2535E 
1.25376 

1.25596 
1.25656 
1.25716 

1.25926 

I.20OO5 
1-26036 

I.26I06 
1.26206 
1.26256 
1.2o77c 
1.27266 
1.27806 
1.23376 
1.28986 
1.29556 
1.30105 
1.30206 
1.33336 
1.30396 
I.30496 
1.3059 5 
1.30666 
1.30 70 6 
1.306 7 5 
1.30965 
1.31056 
1.31145 
1.31156 
1.31236 
1.31316 
1.31396 
1.31486 
l.3i5o6 
1.31656 
1.31736 
1.31816 
1.31906 
1.31965 

03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
Oi 
03 
0 3 

03 
03 

0 3 

03 
03 
03 

03 
03 
03 
03 
03 
03 
03 

03 

33 
03 

03 
03 
03 
03 
03 

03 
03 



€0 

CO 

£0 

£0 
£0 

£0 

£0 

£0 

£0 

CO 

CO 

£0 

CO 

£0 

CO 

CO 
Cn 

CO 

cc 
CO 

CO 

CO 

£0 

CC 

CC 
£0 

CO 

CO 

£C 

CO 

CC 

CO 

£0 

CC 

£0 

iO 

£0 

fC 

to 
£0 

3*'10C •! 

3Z00C *I 
3066Z'T 

38i6Z*T 
3i96Z'I 

3SS6Z*1 

3C^76Z'I 

3ZC6Z-I 

3076?*T 

3806Z*! 

31682*1 
3^68Z*T 

3f9CZ*T 

3T/.8Z-T 

3°9RZ*T 

36<7°?*T 

3C£PZ*I 

307P7*T 

3I0bZ'T 

3V6Z.Z*! 

308iZ*T 

3191Z"{ 

^*'<^IZ'\ 

3Z8o?*l 

3O09Z*T 

3Q2SZ*T 

3Cc;^7?*1 

3i9CZ*l 
39ZCZ-I 

3C9ZZ*T 

3i9??'T 

scqzz-i 
3C<7ZZ-I 

3*7£ZZ*T 

3SZZZ*! 

3£0ZZ*I 

396TZ*I 

3n6IZ*T 

^99TZ*T 
39912*1 

3'>V''3AV 

CO 
CO 

£0 

CO 
CO 

CO 

CO 

CO 

CO 

CO 
CO 

CO 

CO 

CO 

CO 

CO 

CO 

cn 
CO 

CO 

CO 

CO 

£0 

CO 

CO 
CP 

CO 

cc 
iO 

CC 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

^V61Z*T 

SlPlZ'l 
3/.9IZ*! 

3^?TZ*T 

32*7^*1 

36Z1Z*I 

3ZTTZ*! 
3^01Z*T 

3Z60Z*T 
36/.nZ*T 

3P90Z*1 

3990Z*1 

3CSPZ*I 

36CPZ-T 

39zrz*I 

3\1( Z*T 

3Z6ftI*l 

3Z86T-T 

3i96I •! 

3Z96T*! 

30C6I •! 

30Z6T*! 

^*?0f I •! 

35TCTT 

31ZITJ 
3ZC9T•! 

36€ei*l 

3««7*7T 'T 

3T9CT *T 

359ZT1 

39S?I*I 

36«7Z1 •! 

3TCZTI 

351ZI 'T 

35611*I 

3fSTTT 

3CCTI*1 

39Zn*I 

30iCT*T 

39901 "I 

sanioniJis 

CC 

£P 

£0 

CP 
£0 

CP 
£0 

£P 

£0 

£0 

£0 

£0 

£0 

CD 

£0 

£0 
£0 

£P 

£0 

£0 
CO 

£0 

CO 
CO 

£0 

£0 

£P 
£P 

£0 

CO 

CP 

cn 
£0 

£0 

CO 

CO 

£0 

£0 

£0 

£0 

3SCCZ*T 

3ZZEZ*! 

380CZ*T 

=96ZZ*I 

?ZbZZ*T 

30iZZ*I 

3iSZZ*T 
= <;V2Z*1 

?CCZZ*T 
3TZZZ*T 

30IZZ*I 

380ZZ*T 

3<36TZ*T 

3CPIZ-T 

36qiZ*I 

?9ST?*T 

3Z*7TZ'T 

38ZTZ*T 

dCnZ'T 

=660Z*I 

3<7POZ*T 

^890Z*T 

=£50Z*T 

-^706TT 

3LLS1"l 
398il*T 

3/59T*T 

^609T*T 

^CZST-T 

3*?^*7-[-\ 

3SZ»7l*I 

-/I*?1*T 

3T0*'T*T 

398CTT 

30Zf TI 

3SZCT*T 

3T1CTT 

386ZT*T 

3<7£ZT*T 

39ZZTT 

OVTD 

CO 

cc 
CO 

CO 
£0 

£0 

CP 
£0 

CP 

CO 

CO 

CO 

£P 
£P 

CC 

CO 

cc 
£0 

£0 

£P 

CP 

£0 

£C 

CP 

CO 

CC 

£0 

CP 

CO 

CO 

CO 
CO 

CP 

CO 

CO 

CO 

CP 
£0 

£P 

£C 

3£6£7*T 

36i£Z*I 

39QfZ*T 

^CSC?*T 

3T*7£Z*I 
387fZ*T 

39TCZ*T 

3*70C?*T 

3T6ZZ*T 
^6iZZ*I 

38927*1 

S/.^'ZZ'T 

3*?9ZZ*I 

3T7ZZ*T 

^0Z?Z*1 

3'7lZZ*I 

^03Z?*1 
39QT7*T 

3ZZ.TZ*! 

3Z9TZ*T 

^CVTZ'l 

3iZTZ*T 

3ZTIZ*T 
-57D7M 

3PCfcT*I 
38'7PI*T 

3P9ZT*T 

3CA9T*! 

^ISRST*! 

3ZPCT*I 

3C6VTT 

ssevT*! 
=10Z*'T*T 

3SS^TI 

30'?''T*! 

3Z5CTT 

3£8CI*T 

STZETT 

3ZTCT*T 

3^70CT*T 

AavoN/ms 

o 

£0 
£0 

CO 
CO 

CP 

CP 

CP 

£C 

fP 

£0 

CC 

CO 

CO 

CP 

CO 
C" 

£0 

CP 
CO 

CO 

£0 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

£0 

£0 

£P 

£0 

£0 

£0 
CO 

£0 

CO 

£P 

£P 

=IT3Z7*T 

3^P°Z*T 

3Zi9Z*T 

^5307*I 
3C9°Z*1 

3TV9Z*T 

36ZO?'\ 
3ZI9Z*I 

3CD9Z*T 

^fSSZ'T 
3Z8CZ*I 

30957*1 

3Z9CZ-T 

3VSSZ*T 

3T''«;Z*T 

30767*1 

3^\<^Z'-[ 

3T0C7*T 

3Z9*'Z*T 
^£L*77--l 

^PSt'Z'I 
3*7*7*77'T 

3f.Z*7Z*T 

3P9CZ*T 

30ZZZ*T 
3*70TZ*T 

3Z0T?*T 

3SZPZ*T 
379^^1*1 

3£;ZPT*I 

TqgPT'T 

3Z5CT*T 

36VPT*T 

3Z£PT*T 

3<;ZPT*T 

3eSZTT 

3V9ZI*T 

39ZZT*T 

3TVZT*T 

36£ZT*T 
o 

N 1 

£P 
£P 

£0 

CO 
CO 

CP 

£0 
EP 

CP 

£0 

£0 

CO 

£0 

CO 

£P 

CP 

CC 

CO 

£0 

CO 

£0 

£0 

CO 

£0 

PC 

fp 

£0 

£0 

CO 

CO 

£0 

£0 

<^0 

£0 

£0 

CO 

£0 

£0 

£0 
£0 

I 9 

NJOlilSnd TVIXV 

30T0£*T 

386^7*1 

^9867*1 

^9Z6Z*T 
3£96Z*T 

3ZS6Z*T 

3P'7'^Z*1 

3PZ6Z*T 
39T6?*T 

3«7D6Z*I 

5ff,97-T 

3Zf.PZ*T 

3'^ZP7*T 

3Z9PZ*T 

3«?6PZ*T 

3T»787*T 

^9707*1 

3';TP?*T 

3Z0O7*! 
308ZZ*T 

3Cil7«T 

3Z9Z?*T 

39hl.Z'\ 

3ZZ°Z*T 
3TD02--J 

30757*1 

30*, vz*! 

308£Z*T 

3ZT£7*T 

3«757?*T 

^PbZ?*I 

^CbZZ*T 

3*'CZZ*T 

3SZZ7*T 

39T7?*T 

^<75TZ*T 

3P8IZ*I 

3C8TZ*T 

389TZ*T 

3691Z*I 
*> 

3 a 

X^D - S3aPiVa3dW^l T3NNVH3 30wa3AV 

£0 

£P 

CP 
CP 

CP 

CO 

CO 
CD 

CP 

CO 
CP 

CO 
CO 
CP 

CP 

CP 
CC 

rr 
CO 

CP 
CP 

CP 
cn 

CP 

CP 

<^p 

^0 

£P 

CO 
CO 

CP 
cn 

CP 

CP 

CO 

CO 

£0 

CO 

CP 

£0 

X 3 

3PIE£*T 
^9DEC*T 

355?E*T 

3»?8ZE*T 

3EZZE*! 
379ZC-T 

3P?7J*T 
38CZE-1 

3Z77C-T 

3STZE-T 
3<ri7C-T 

3CT7C*T 
^iT'-TE*! 

3SZTC-T 

^Z5Tr*I 

^•75IE*T 
3Z'7TC*1 

='3ETE*T 

38TTr*T 

^5PTE*T 

3E5DC-I 

3T93E*T 
3S3T£*I 

3>7"'0£'T 

^£CS7*T 

3PS0?*I 

=IC5Z?*T 

^P£LZ'l 

39997*T 
30Cq7-T 

3»'E9?*I 

=ITE9?*T 

3«7?9Z*T 
3PT9Z*T 

3CT97*T 

33397*1 

3Z5SZ*T 

3».55?*T 

3D55Z-T 

3?S5Z*T 

Z 

3 

EO 

EO 

CP 

EP 
CP 

CO 

£0 

EO 

CO 

EO 

CP 

EO 

CO 

£0 

CO 

C" 
CP 

EO 

EP 
CP 

ED 

£0 

EO 

EP 

EP 

ED 

EO 

CP 
cn 

CO 

cn 
CP 

CO 

EP 

EO 

CO 

CP 

CD 

£0 

EO 

3£,30f •-[ 

^9Z9C*I 
3Z99C*T 

lOG^C*! 
3="79C*T 

35C9C*T 

^»7?oc*T 

3CT9C*T 

3TD9C*T 

3P55C*T 
aoocc * T 

35zg<-*T 

Doocc *T 
3zcqr-T 

39t7!;f *T 

='e<^<;c*i 
3EZ5C*T 

=I7T5C*T 

^inSC'I 
^'>5'7C*T 

30OVC-T 

359t7C*T 

39S'7C*T 
36'-CCM 

35EEC •! 

3TZ7C*T 

^5T7C*T 

3ZZTC*T 
3PVTC*T 

^DTTC*T 

3P-)TC 'T 

3/PTC'T 

^C^TC*! 

^0D1C*T 

3P5DC*T 

30'^DC*I 

38P0C*T 

399DC*T 

395TC-T 

35TPC*T 
X31MTD 

SV75'-**' 

f'6'oP**' 

5*7Z73*V 

«>|5»79Z*'7 

f^VZDZ**' 
S65C9**? 

f>*7LL<:'*7 
f^^^JC'f; 

6«,75*7*»7 

hbh^£-*7 

'^6'7CC*»' 

evz^c**? 
56*r97*b 

6<770Z*'7 

^(^SET**? 

fiVZZ"*^ 
-^f^VTO'V 

6»775'.*C 

66fop-C 
S«TZZ3*£ 

S6»79Z*C 

6'7ZDZ*f 

«^'S6E°•<^ 
f><7Z57*C 

'^6615'Z 
05Z7c;*7 

PCZZT*? 

'^5Z'7P*T 
oc/6».M 

nc??T*T 
qjoqo"J 

5Z05n*T 

5ZC6'^*D 

5ZTCf,*D 

5^808*0 

9Z£9°*0 

9ZTZo*0 

CZPSS'P 

P5ZZT*0 

*0 

3WI1 

t— 

I 



OD 

TIMt 
0. 
0.17750 
0-53875 
0.O2125 

0.O8373 
0.06875 
0.93125 
0.:*9373 
1.05o25 
1.C8625 
1.12250 
1.49750 
1.04250 
2.17250 

2.52750 
2.91*99 
3.29749 
3.03999 
3.70249 
3.7649', 
3.62749 

3.0O':*9', 
3.^.5249 
4.31499 
4.0/749 
4.13999 
4-20249 
4.26499 
4.32749 
4.33499 
4.38999 
4.45249 
4.51499 
4.57749 
4.63999 
4.70249 
4.76499 
4. o^!749 
4.08999 
4.^5249 

CbNTtK 
1.27996 
1.2919c 
1.29516 
l.2',51c 
1.29316 
1.^9306 
1.2940C 
1.29476 
1.^9456 
1.29446 
1.^943t 
1.29,^56 
l.,^903c 
1.20/96 
1.2049c 
1.26146 
1.2779c 
1.274CC 
1.27406 
1.27246 
1.272o6 
1.27^26 
1.2716c 
1.2710c 
1.27C36 
1.26976 
1.2c91t 
1.2tc3c 
1.2o79L 
1.2670c 
l,2t,'lit 
1.26C76 
1.2o50£ 
1.2c54c 
1.2646c 
1.^642t 
1.2o3c6 
1.263CE 
1.2c<i46 
1.26i6t 

02 J 
03 
03 
03 
03 J 
02 
02 ] 
Ci ] 
03 
03 J 
03 
03 
03 
C3 
02 J 
03 ] 
C2 1 
02 J 
02 1 
03 
03 J 
03 1 
03 
02 1 
02 1 

02 \ 
03 J 
03 ] 
03 ] 
C J ] 
03 1 
03 J 
03 ] 
C2 1 
03 1 
03 ] 
03 ] 
02 ] 
03 J 
03 ] 

FUEL K 
2 

L.19906 
L.1983t 
L.19076 
,.19o7c 
L-19t7c 
L-19oot 
L.19656 
L.1984t 
L.19b^c 
L-1982C 
L.19ol6 
L.1967c 
L.19316 
L.19336 
L.19106 
L.16046 
L.lo576 
L.16J36 
L.16290 
L.lo24b 
L.162CL 
L.16156 
L.lollt 
L.leCbe 
L.16016 
.1797b 
L.17926 
1.17675 
L-17036 
L.17026 
L.17786 
.1773b 
L.1769c 
.17o46 
-17395 
L.175£t 
.1730t 
.17466 
L.1741c 
.17276 

03 1 
03 1 
03 1 

Oi 1 
03 1 
03 1 
03 1 

Oi 1 
Oi 1 
03 1 
o3 1 
33 1 
Oi 1 
03 1 

Oi 1 
03 1 
u3 1 
03 1 
UJ 1 
33 1 
03 1 
03 1 

Oi 1 
Oi 1 
Oi 1 
03 1 
Oi 1 
03 1 
03 1 
03 1 
03 1 
Oi 1 
03 1 
03 1 
03 1 
03 1 
03 1 
33 1 
03 1 
J 3 1 

HOT CHA.\N6L IcMP6t 

AOILS 
4 

.11706 

.1172c 

.11726 

.117^6 

.1172b 

.11726 

.11716 

.11/16 

.117ut 

.11696 

.1169c 

.11006 

.11436 

.113o6 

.ll.:o6 

.licit 

.lo32t 

. 10656 

.10 02 6 

. 1C596 

.lu5o6 

.1052t 

. 10496 

.10405 

.10426 

. lo39t 

.10366 

.1032t 

.10296 

.10286 

.10256 

.1022t 

. 10196 

.10136 

.10126 

.10096 

.10C3t 

.10C2t 

.09996 

.C99o6 

\AIUR65 - FUeL 
AXIAL PCSITICN 
NUMBcK 

03 
03 
03 
03 
03 
03 
03 
Oi 
03 
Oi 
03 
03 
03 
03 
03 
Oi 
03 
Oi 
Oi 
03 
03 
Qi 
03 
Oi 
03 

Oi 
Oi 
O J 

03 
03 
Oi 
03 
03 
03 
Qi 
Oi 
Qi 
03 
Oi 
03 

6 
1.0J436 
1.03406 
1.03426 
1.03425 
1.03436 
1.0343c 
1.03446 
1.03436 
1.034JC 
1.03436 
1.03436 
1.033ot 
1.03326 
1.032OC 
1.03176 
l.03Co6 
1.3295c 
1.02366 
1.02O46 
1.0262c 
1.0283b 
1.32706 
1.327o6 
1.02746 
1.02726 
1.02706 
1.0266c 
1.02656 
1.02646 
1.02C46 
1.02626 
1.02606 
1.02586 
1.325ob 
1.0254b 
1.02526 
1.02506 
1.32486 
1.3246c 
1.024HC 

03 
03 

Oi 
03 
03 
03 
03 
03 
03 
03 
03 
33 
Oi 
03 
03 
03 
o3 
03 
03 
03 
03 
03 
03 
03 
0 3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Qi 
03 

03 
33 
Oi 

1 

BOUNDARY 
9.49C76 
9.4778b 
9.50426 
9.4876b 
9.50186 
9.4933c 
9.53275 
9.49576 
9.50266 
•:/.49596 
V.5032b 
9.30176 
9.3012c 
9.50136 

9.4966c 
9.4':<57c 
9.49316 
9.49136 
9.493GC 
9.49o5e 
9.49196 
9.4d93c 
9.49u75 
9.46o26 
'J.4895c 
9.407C6 
9.43026 
'^.43586 
9.43o86 
:*.48376 
9.48436 
9.4354b 
9.43306 
9.48426 
9.48196 
9.48326 
9-4309t 
9.43236 
9.43G16 
9.43156 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
oZ 
02 
02 
02 
OZ 
OZ 
OZ 
02 
0 2 
02 
02 
02 
02 
02 
02 
OZ 
OZ 
OZ 
OZ 
OZ 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 

CLAO 
9.20486 
9.20766 
9.2C87b 
9.21265 
9.21126 
9.21576 
9.21496 
9.21700 
9.21656 
9.21806 
9.21716 
9.2199t 
9.22256 
9.22436 
9.2252c 
9.22526 
9.22506 
9.2272c 
9.22686 

9.22726 
9.22676 
9.22706 
g.??656 
9.22o8c 
9.22536 
9.22536 
9.22o3c 
9.22o26 
9.22556 
9.22566 
9.22556 
9.22316 
9.22536 
9.2249c 
9.22316 
9.22486 
9.22516 
9.22496 
9.2233c 
9.22515 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
0 2 
02 
02 
02 
02 
02 
02 
02 
02 
02 
32 
02 
02 

02 
32' 
32 

CuOLANT 
8.63746 

3.65016 
6.65715 
3.608I6 
3.65945 

3.57305 
3.67425 
3.67326 
3.67645 
3.67636 
3.57755 
a.53336 
3.6o93e 
3.69576 
8.73106 
8.70646 
a.71315 
8.7l8:;6 
3.7199c 
3.72076 
3.72156 
i.TZZic 
3.72315 
3.7239b 
3.72476 
3.72556 
8. 72o25 
3.72ofcc 
3.72746 
3.72746 
3.72816 
3.72896 
3.72975 
0.73055 
3.73146 

3.73236 
3.73335 
3.73436 
3.73536 
8. 7 304b 

AV6RAGE 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 I 
02 1 
02 1 
02 1 
02 1 
u2 1 
02 1 
02 1 
02 1 
02 1 
02 1 
02 I 
02 I 
02 1 
02 1 
02 
02 1 
02 1 
02 1 
02 1 

02 1 
02 1 
0? i 

.11676 

.ll67c 

.11726 

.11726 

.11736 

.11726 

.11725 

. 11716 

. 11716 

.11706 

. 11706 

. 11616 

. 11506 

. 11376 

.1122c 

.11036 

.13846 

. 1357t 

. 10646 

. 13616 

. 10586 

. 1)546 

. 13515 

. 13436 

. 10445 

.1J416 

.133o6 

.1:345 

. lo316 

. I J 3 1 6 

.132o6 

. 1324c 
- ̂  ^16 
. lol36 
.13146 
. 13116 
.130dc 
.13036 
. 10016 
. J V S 3 6 

03 
03 
03 
03 
03 
03 

03 
03 
0 3 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
0 3 
03 
03 
0 3 
03 
33 
3 3 
03 
03 
33 
03 
03 
0 3 
33 
03 
0 3 
03 
03 
33 
M 
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TIMt 
0. 
0.17750 
0.55875 
0.02125 
0.O8375 
0.86875 
0.93125 
0.99375 
1.05625 
1-08625 
1.12250 
1.49750 
1.0-4250 
2.17250 
2.32750 ] 
2.919gg 
3.29749 J 
3.63999 J 
3.70249 1 
3.76499 
3.8274-, J 
3.88999 
3.95249 
4.014^:; 
4.o774S( 
4.13999 J 
4.2C249 ] 
4.26499 ] 
4.32749 ] 
4.33499 ] 
4.38999 ] 
4.45249 
4.5149V 
4.37/49 J 
4.03999 ] 
4.70249 J 
4.76499 J 
4.8274'y ] 
4-00999 J 
4.',5249 J 

CtNieR 
L.57516 
L.5943t 
L.5992t 
L-5993t 
L.5994E 
L.3994E 
L.3993E 
L.5991E 
L.3990E 
L.39C9E 
L.59oeE 
L.597C6 
L.39446 
L.39146 
1.56786 
L.5c34b 
L.57896 
L.37465 
L.5739t 
L.37316 
L.37246 
L.57106 
L.37086 
L.57C06 
L.3o9i;b 
L .3ot56 
L.5o77e 
..5oc9E 
L.56016 
L.36cC6 
N36536 
L.50456 
L.30376 
L.3029b 
L.362C6 
L.5612c 
..30o46 
L.33966 
L.55oo6 
L.55 cOt 

03 
03 
03 
03 
03 
02 
03 
03 
02 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
02 
o3 
03 
03 
03 
02 
02 
02 
02 
02 
C3 
02 
CJ 

C2 
C2 
C2 

2 
1.4493E 
1.4472E 
1.4462E 
1.44836 
l-4484t 
1.44066 
1.44066 
1.44656 
1.44056 
1.44046 
1.44846 
1.44736 
1.44566 
1.44276 
1.44136 
1.43626 
1.43306 
l.'^3216 
1.43166 
1.43116 
1.43C6t 
1,43C06 
1-42956 
1.42696 
1.42646 
1.42786 
1.42/26 
1.42676 
1.42616 
1.426C6 
1.42556 
1.4249E 
1-42436 
1-4230E 
1.42326 
1.42266 
1.42206 
1.42146 
1,42086 
1.42C36 

03 
03 
03 
03 
03 
03 
03 
03 
C3 
C3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
OJ 
03 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
C3 
Oi 
02 
03 
03 
03 
03 
03 

HOT CHANNEL T5MPERATUR6S - FU6L 
AXIAL POSITION 2 

RADIUS NUMB5R 
4 

1.3198E 
1.31866 
1.31926 
1.3194E 
1.3196E 
1.3199E 
1.32CUE 
1.32015 
1.32C1E 
1.3201t 
1.32C2E 
1.3198E 
1.31396 
1.3180E 
1.31666 
1.31476 
1.3127E 
1.311CE 
1.31076 
1.J1046 
1.31Clt 
1.30976 
1.30946 
1.3090t 
1.3087t 
1.3083E 
1.3079E 
1.307oE 
1.3072t 
1.30716 
1.3068E 
i.3064£ 
1.3060E 
1.J03OE 
1.30526 
1.304a6 
1.3045c 
1.30416 
1.3037E 
1.3034E 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
0 3 
03 
03 
03 
03 
03 
Oi 
Oi 
03 
03 
03 
OJ 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

6 
1.1859E 
1.1854E 
1.1867E 
I.I860E 
1.18716 
1.13766 
1.18795 
1.13805 
1.13826 
1.13825 
1.18846 
I.I8806 
1.10896 
1.1869t 
1.I8606 
1.18/96 
1.16736 
1.lo696 
1.10686 
1.18676 
1.I0666 
1.13646 
1.18636 
1.16615 
1.18606 
1.10586 
1.1857b 
1.18556 
1. 18536 
1.18535 
1.18516 
1.10506 
1. 18476 
1.184o6 
1-18445 
1.13435 
1.18416 
1.18405 
1.18306 
1.18375 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Qi 
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 

BOUNDARY 
1.04766 
1.04485 
1.05306 
1.04706 
1.05246 
L.04925 
1.05316 
1.05046 
1.05326 
1.05076 
1.05356 
1.05396 
1.05496 
1.05616 
1.05686 
1.05746 
1.05856 
1.C5896 
1.05966 
1.05926 
1-05986 
1.05946 
1.05996 
1.05956 
1.06016 
1.05976 
1.06025 
1.05986 
1.06C26 
1.C6C06 
1.05986 
1.06036 
1.05996 
1.06C46 
I.06OI6 
1.06056 
1.06026 
1.06076 
1.05046 
1.06105 

03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
3 3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
33 
03 
03 
03 
03 
03 
03 
33 

CLAD 
9.99676 
1.0006E 
1.0014E 
1.00286 
1.00236 
1.00426 
1.00396 
1.00476 
1.00466 
1.00525 
1.00506 
1.0 0676 
1.3063c 
1.30936 
1.01116 
1.01226 
1.01356 
1.01496 
1.01516 
1.0153c 
1.01546 
1.015o6 
1.31576 
1.01606 
1.01606 
1.31626 
1.3163c 
1.31555 
1.01656 
1.01665 
1.01676 
1.01676 
1.01696 
1.3170c 
1.01726 
1.01736 
1.01766 
1.01776 
1.01606 
1.01816 

02 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
0 3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

CUOLANT 
9.0787E 
9.0873E 
9.1121E 
9.1161E 
9.1207E 
9,1335E 
9. 1379E 
9.14186 
9.14606 
9.14776 
9. 15025 
9.17136 
9.19456 
9.21646 
9.23636 
9.25536 
9.23006 
9.30176 
9.30526 
9.30835 
9. 31125 
9.31425 
9.31736 
9.32036 
9.32325 
9.32606 
9.32895 
9.33126 
9.33345 
9.33365 
9.33606 
9.33385 
9.34176 
9.34476 
9.34 795 
9.35125 
9.35466 
9.35836 
9.35195 
9.3o576 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 

AVERAG5 
1.31696 
1.31695 
1.31845 
1.31845 
1.31876 
1.31905 
1.31925 
1.31925 
1.31935 
1.31925 
1.31945 
1.3I90E 
1.31626 
1.3173E 
1.3159E 
1.31406 
1.31216 
1.31056 
1.31026 
1.30996 
1.30966 
1.33926 
1.33896 
1.30856 
1.30825 
1.30785 
1.33745 
1.33716 
1.30675 
1.30665 
1.33635 
1.30596 
1,30556 
1.30526 
1.30486 
1.30445 
1.30405 
1.30376 
1.30336 
1.30306 

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 
03 
03 
03 
03 
03 



FUeL 
Tli-'b CtNTcfi 2 
0. 
0.17750 

0.55o75 
0.C2125 
0.60375 J 
0.80873 
0. :«J125 
C.,9375 
l.u5523 
i.u6o25 
1.12250 i 
1.4V750 
1.64<i50 
2.17250 
2.52730 
2. ',1'*',9 

3.<^9749 
j.tJ9<,9 i 
J.70249 J 
J. 7fc4'i'5 1 
3.0274^ J 
3.do999 ] 
3.9524'7 
4.ul49* ] 
4.0774V ] 
4.13999 
4.^0249 
4.2049-, J 
4.32/49 J 
4.33499 
4.3099', 
4.••3249 1 
4.31499 
4.3774V 1 
4.c3vv9 1 
4.70249 J 
4.7o499 ] 
4.02749 1 
4.oo999 
4.9524V 

L.73926 
I./olo6 
I./674b 
L.7e776 
L.7o7o6 
L./able 
L.7cblc 
L.7oolb 
L./bolt 
L./dolt 
L.7ocl6 
I .7o72b 
.7o34c 
.7o 32c 
. .7oo 5c 
l.777ob 
L.7/316 
L.7c956 
L. /tbcc 
.7co2t 
L.7c75c 
.7tc96 
. /COJC 
.70306 
.7o3o6 
L.7643c 
./ojob 
.7o^9c 

L. /0^36 

L.7o22t 
L. 76l6c 
L.7oo96 
..75C16 
L.75V',6 
.750/6 
L./3796 
.737^6 
./5c46 
L.75576 
L.7550c 

03 ] 
03 
03 J 
o3 ] 
03 
03 J 
02 J 
03 
02 
Ci 

02 J 
C J J 

02 
02 
0 2 
02 1 

02 1 
03 ) 
CJ ] 
03 ] 
02 i 
C2 J 

o3 ] 
o2 I 
C2 J 
03 ] 
o3 J 
o3 j 
02 ) 
u3 J 
02 1 
03 i 
02 J 
03 ] 
03 1 
03 J 
C3 J 
02 J 
03 1 
oJ ] 

L.olloE 
L.oC93t 

L.olOoE 
L-clllE 
L-6ll3t 
L .5l2Cb 
L .6l^2E 
L.0 1^36 
L.61256 
L.C126C 
L.6l^cc 
L.ol2o6 
L.61216 
L.6113c 
L-5100C 
. .OOo 16 
L.C0576 
L .cC2a6 
. .O024C 
.c021b 
.oCioE 
.0 02 4c 
.cO«;Cc 
.cClct 
.CO l^c 
.cOLbb 
.0CC46 
.OCCCt 
.599c6 
..3995c 
.59916 
.3987t 
.39c2b 
L.5977c 
.59726 
.39666 
.5962c 
.5950b 
.5954t 
.59496 

03 
03 
03 
03 
03 
03 
03 
Ci 
Oi 
Ci 
03 

u3 
U J 

03 
33 
03 
03 
0 3 
O J 

33 
Oi 
Qi 
Oi 
Ji 
Ci 
o3 
03 
03 
O J 

03 
33 
03 
03 
03 
o3 
03 
03 
33 
03 
Oi 

HOT CHANN6L TbMP6RATUR6S - FU6L 
AXIAL POSITION 3 

KADILS NUMB5R 
4 

.45946 

.4580E 

.4594E 

.4396E 

.46C2E 

.4ol2b 

.4ol66 

.46196 

.4o22E 

.4o236 

.4o256 

.4o366 

.4o40b 

.4o4Hb 

.4o43b 

.4o3o6 

.4o2vt 

.40236 

.40^46 

.4o23c 

.-•0225 

.46216 

.4619b 

.45lo6 

.'•6I06 

.HO 146 

.4ol26 

.46lCb 

.4oC96 

.4oo3c 

.45 C56 

.45C4E 

.450lb 

.4599b 

.4397t 

.45946 

.43926 

.43905 

.45636 

.45806 

03 
03 
03 
03 
03 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
O J 

03 
03 
03 
03 
03 
03 
UJ 
OJ 
Oi 
Oi 
Qi 

Oi 
Oi 
03 
03 

0 
1.301t6 
1.30C66 
1.30356 
1.30316 
1.30446 
1.30526 
1.30646 
1.30636 
1.3073c 
1.30/06 
1.30766 
1.30976 
1 . 3 1 1 J 6 

1.31306 
1.31436 
1.31526 
I.3160b 
1.3171c 
1.31746 
1.31756 
1.3177c 
1.31776 
1.31796 
1.3179c 
1.31a06 
1.316U6 
1.31816 
1.3161c 
1.3162E 
1,3162E 
1.31b2c 
1.31626 
1.31826 
1.31626 
1.31026 
1.31636 
1.31836 
1.31846 
1.31846 
1.31oob 

BOUNDARY 
03 
03 
03 
03 
03 
03 
03 J 
03 
Oi 
03 
03 
03 
03 
33 
03 1 
03 
Oi 1 
03 
03 
03 ] 
O J ] 
03 1 
0 3 1 

03 ] 
03 J 
03 1 
03 i 
C3 1 
03 1 
03 i 
03 1 
03 1 
03 1 
03 1 
03 J 
03 1 
03 1 

03 1 
03 1 
OJ 1 

L.13716 
L-13206 
L.1509b 
L.132 86 
L.14966 
L.13o76 
L.15156 
I.1399b 
L.15126 
L.14006 
L. 152C6 
L.15176 
L.15366 
L.15o96 
L.15906 
L.lol36 
L.16496 
L.15646 
L.16816 
.lo736 
.loo96 
L.16816 
.10956 
. 1603c 
.17026 
.16950 
.17086 
. 17016 
.17146 
..17086 
. 1706c 
.17196 

.17126 

.1724c 

.17186 

.17316 

.17256 

.17386 

.17336 

.17466 

03 
03 
03 
03 

03 
0 3 
03 
33 
03 
03 
03 
Oi 
Oi 
03 
Oi 
33 
33 
03 
03 
03 
33 
33 
03 
33 
0 3 
33 
33 
33 
0 3 
33 
3 3 
33 
Oi 
Oi 
03 
03 
3 3 
33 
03 
33 

CLAD 
07856 
08026 
08136 
38526 
08326 
0880c 
03636 
08926 
08806 
09036 
06676 
39306 
39636 

10026 
10356 
10656 
10975 
11336 
11356 
11446 
11466 
11536 
11356 

11526 
llc.46 
11 706 
11726 
11786 
11796 
11816 
I 1855 
11856 
11926 
11946 
12006 
12036 
12096 
12126 
12196 
12226 

Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 

03 
Oi 
03 
0 3 
Oi 
03 
33 
03 
03 
03 
03 
03 
33 
Oi 
0 3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

COOLANT 
9.66485 
9.67945 
9.72596 
9.73426 
9.74366 
9.76845 
9.77755 
9.73506 
9.7)376 
9.79586 
9.30216 
9.84455 
9.3)056 
9.93406 
9.97456 
1.00156 
1.00616 
1.31056 
1.01126 
1.01186 
1.01246 
1.01316 
1.01376 
1.01436 
1.01496 
1.01556 
1.01606 
1.01666 
1.01706 
1.01716 
1.01756 
1.01816 
1.01876 
1.01936 
1.01995 
1.0205E 
1.02126 
1.02196 
1.02266 
1.02336 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

AV5RAGE 
1.4555E 

1.45556 
1.45326 
1.45806 
1.45395 
1.45956 
1.46046 
1.4o026 
i.4o095 
1.46076 
1.45136 
1.'+O2J6 

1.46236 
1.46326 
1.45326 
1,462o6 
1. 4019 6 
1.46156 
1.45145 
1,46136 

1.4ol26 
I.40II6 
1.4J136 
1.-+D0a6 
I.40O66 
l.Ho046 
1.46036 
I.40OI6 
1.45996 
1.43996 
1.4397c 
1.45955 

1.45926 
1.45906 
1.45676 
l.t5666 
1.45836 
1.43626 
1.45796 
1.45786 

03 
03 
03 
03 
03 
03 
03 
03 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
0 3 
33 
33 
33 
03 
33 
03 
33 
3 3 
03 
33 
33 
33 
03 

33 
03 
33 
33 
33 
33 
03 
33 



TlMc 
0. 
0.17730 
0.55o75 
0.C2123 
O.oc3/3 
0 . 0 0 0 / 3 

0.V3125 
0 . * 9 J 7 3 

1 .w5o23 
1 . ooO<^ 3 

1. i<i<i30 
1.49730 
1 . 0 4 2 5 0 

i:. i7^5u 
i:. 5^ 7 3u 
^.vlVVV 
3.^97-^v 
3. c J-,v^ 
3.7o24v 
3 . Jo'-t^-y 

J. o<:74v 

3 . C O V 9 9 

3. V3,14V 

4 . 0 W V , 

4.U774V 
4. I J 9 V 9 

4 . <::u<l4v 

4.20H-,', 
4.3274V 
4.334V, 
4.3a999 
4.43249 
4.3i4V9 
4.3/747 
4.02999 
4 . 7o2 H", 
4.7c4VV 
4.0<i74V 
4.od9VV 
4. ,3^49 

CeNTtR 
l.al39c 
l.o36z6 
1.04176 
l.o420b 
1 .d4^ZC 
l.o4^9c 
l.o43l6 
1.d4JJC 
i.c435c 
1.042tt 
1.o4^7c 
1.044CC 

1.o44cc 
i..o4ilc 
i•04 Jtc 

I .o4 2 4c 
1 . o4v. /c 
i . 0 J 0 V i_ 

i •0 J 0 cc 

1 . 0 J c J c 

i.0Jolc 
l.o27ou 
1 . 0 J 7 3 C 

l.aJ7Jc 
1.3370= 
1.Cjc76 
1 . G J C I C 

i.03clc 
i . 0 J 3 /c 

1.0J376 
i.o3346 
i.oJ3lt 
1.034/6 
l.o343c 
l.oJjVt 
l.oJ35t 
i.o3J ic 
1.d320c 
i.ai22t 
1.031 /c 

02 
03 
03 
o3 
u2 
02 
o2 
02 
Ci 
C3 
u2 
02 
o2 
0 2 

0 J 

o2 
0 J 

o2 
0 J 

OJ 

02 
Ci 
o3 
o2 
^ 2 

o3 
Oi 
02 
>J — 

02 
o2 
Jj 

u2 
o3 
u J 

u3 
o2 
o2 
02 
o3 

2 
1 .06866 
1.66cCt 
1.66/uE 
1.c6o 36 
1 .oOo76 
1.oo99c 
l.o703c 
l.c /OdE 
I.c7i26 
I.c7l4t 

1 .o7l 7t 
1.c 7 Job 
1.o75oL 
1 .o7clt 
l.o7/Cc 
L.C773C 
i.c773t 
I . Q 7 ? 3 C 

l-o7?4c 
1.07746 
I.c77-^L 
1.0775c 
i.c775t 
l.o774t 
1 . C 7 7 H C 

l.o774c 
1.C773C 
l.o7/2c 
i.o7726 
1.6772c 
1.07716 
i .o77Cc 
l.o7tv6 
1.J 7c oc 
i.o7fc66 
1.0703C 
1.0 7c 3c 
l.o7olE 
1.0 7o Cc 
l.o75c6 

03 
03 
03 
o3 
Ci 
C J 

33 

33 
u J 

Ci 
Ji 
Ci 
ui 
Ji 
uJ 
V, J 

03 
03 
^i 
Ci 
Ci 
Ji 
<j i 

Ci 
Zi 
uJ 
OJ 
33 
Ci 
G J 

CJ 
UJ 
03 
02 
02 
Oi 
UJ 

Oi 
u3 
Oo 

HOT CHANN6L T6MP6RATUR6S - FU6L 
AXIAL POSITION 4 

RACILi NUMbciv 
4 

.51846 

.51716 

.51910 

.51976 

.52036 

.5221t 

.522bt 

.52346 

.52406 

.5<i43b 

. 5 2 H 7 C 

.52796 

.33G36 

.5327c 

.3350c 

. 53006 

.33315 

. 339o6 

. 34C1 c 

. 5'tC-^6 

.54oc6 

.54-09b 

. 5 H 1 1 C 

.54146 

.5'+ic6 

. 5 H 1 7 C 

.541ic 

.5421b 

.34236 

.5423c 

.5424C 

.5425c 

. 542c6 

.54266 

.54276 

.542o6 

. 54<i96 

.5'^206 

.5421c 

.3433c 

03 
03 
03 
03 
03 
03 
03 

O J 

03 
O J 

Oi 
Oi 
Oi 
Oi 
Ji 

Oi 
03 
03 
O J 

OJ 
03 
Oi 
Oi 
03 
Ji 
Ji 

Oi 
Ji 
O J 

Oi 
Oi 
03 
03 
C J 

03 
33 
03 
03 
03 
03 

6 
1.36306 
1.36226 
1.3606C 
1.365dc 
1.35606 
1.369ue 
1.3715t 
1.37096 
1.3730t 
1.37196 
1 . 3 7 J 9 C 

1.37796 
1.3ol46 
1.335-+t 
1. 3 8 .b 0 c 

1.3V21C 
1.3V346 
1.3V036 
1 . J V V J C 

1.3 9 •,'•6 
1. -»0 C J c 

l.H3C5t 
1.431JC 
1.40 1'+r 

1.4u22E 
1.40236 
1.403OC 
1.40316 
1.43306 
1.43376 
1.40396 
1.4345c 
1.4045c 
1.40516 
1.4052c 
1.43506 
1.43396 
I.4OO06 
1.40076 
1.40746 

03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Ci 
Qi 
03 
o3 
33 
Oi 
Oi 
u3 
Ci 
Qi 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
O3 
33 
Oi 
C J 

BOUNDARY 
1.20155 
1.19586 
1.22306 
1.19346 
l.,d2246 
1.19606 
1.2232c 
1.20086 
1.223u6 
l-1991c 
1.22976 

1.22746 
1.22386 
1.23oGc 
1.2273c 
1.2H096 
1.25226 
1.24o8z 
1.23766 
1.^308£ 
1.25096 

1-25266 
1.2601c 
1.25436 
1.23136 
1.2359c 
1.26256 
1.^3746 
1 .2o3o6 
1.2605c 
l..i567b 
1.20466 
1.26006 
1.2030c 
1.20136 
1 ..1^6086 

l.2o276 
1.260lt 
1.2o43c 
l.^o95c 

03 
33 
03 
03 
Oi 
Oi 
03 
33 
0 3 
Oi 
03 
03 
03 
Oi 
02 
03 
33 
03 
33 
33 

03 
Oi 
33 
03 
33 
03 
33 
03 
:3 
o3 
03 
Oi 
Oi 
Ji 
Oi 
u3 
33 
33 
u3 
)3 

CLAD 
1.1430c 
1.14506 
1.14666 
1.1530c 
1.14936 
1.15786 
1.15366 
1.1597c 
1.15o3E 
1.16196 

1,15736 
1.1647c 
1,17126 
1,17676 
1.18296 
1.18a56 
1.1929c 
1,20016 
1,19976 
1.20196 
1.2015c 
1.20306 
1.23326 
1,20526 
1,2049c 
1,20676 
1.20o46 
1,20616 
1,20736 
1.208'+6 
1.20v4e 
1.20926 
1.2137c 
1.2105C 
1.2122c 
1,21216 
1,21375 
1.21376 
1,21536 
1.21546 

03 
33 
03 
03 
03 
03 
03 
33 
33 
03 
33 
03 
3 3 
03 
33 
33 
03 
03 
Ji 
33 
33 
33 
J3 

33 
03 
33 
33 

03 
O J 

03 
03 
33 
33 
03 
Oi 
33 
03 
03 
33 
33 

CJOLANT 

1.0309E 
1.0326b 
1.03976 
1.04065 
1.04226 
1.04596 
1.04736 

1.0434E 
1.04906 
1,0502c 
1.05116 
1.33776 
1,05466 
1.07136 
1.07766 
1.3^3406 
1.39C96 
1.09766 
1.0V876 
I.09936 
I.13066 
1.13176 
L.1 )27c 
1.13376 
1.Iu45e 
1.13556 
1.13650 
1.13 736 
1, IO0I6 
1.13826 
1. 1^396 
1. lo975 
1, 11065 
1. 11155 
1. 11246 
1. 11346 
1. 1144t 
1.1155c 
1.1165c 
1. 11756 

AV6RAG5 
03 
03 
03 
03 
03 
03 
03 
03 
03 1 
03 
P3 ] 
03 
03 
03 

03 
03 
03 J 

03 
03 1 
03 

03 
33 ] 
03 ] 
03 
03 ] 
03 1 
03 
03 
03 
03 
03 ] 
03 
03 
O J 

0 3 

03 
33 
05 
33 
3 3 

1.5147E 
L.31476 
1,51846 
L.51796 
L.51956 
L.5203c 
L,52216 

1.52175 
L. 52336 
L.5^236 
..52396 
L. 52696 
L.52936 
L.33136 
L. 5340c 
,53535 
1.53746 
L.53860 
L,53946 
L,53946 
L.5t006 
.,34C06 
I.3405c 
L.5'+045 
,54096 
L.3'+09b 
L, 5 H 1 3 C 

L . 5 4 U 6 
L , 5 H 1 6 6 

L,5415b 
L.54156 
L.54I0C 
L.5tl76 
L.5'+236 
L,5-+1V6 
L.5422c 
L. bĤ i 16 
L,54246 
L. 5-t2tF 
L. 5-+2 76 

03 

03 
03 
33 
03 

03 
03 
03 
03 
03 
03 
0 3 
33 
03 
33 
33 
03 

03 
03 
03 
03 
03 
03 
03 
03 
0 3 
03 
U3 
03 
33 
03 
03 
03 
03 
Qi 
03 
Oi 
Oi 
03 
3 3 



TIME 
0. 
0.17750 
0.55875 
0.62125 
0.60375 
0.86875 
0.93125 
0.99375 
1.05O25 
1.08525 
1-12250 
1-49750 
1.84250 
2.17230 
2.52750 
2.91999 
3.29749 
3.03999 
3.7C249 
3.76499 
3.82749 
3.38999 
3.95249 
4.01499 
4.07749 
4.13999 
4.20249 
4.26499 
4.32749 
4.33499 
4.38999 
4.45249 
4.51-499 
4.57749 
4.63999 
4.70249 
4.76499 
4.62749 
4.38999 
4.95249 

CENTER 
1.7331E 
1.7516E 
1.756CE 
1.7564E 
1.7567E 
1.75776 
1.75816 
1.7585t 
1.75906 
1.759.^6 
1.75956 
1.76^06 
1.763C6 
1.7671b 
i.7o96t 
1.7719b 
1.7735c 
1.7747c 
1.77496 
1.77526 
1.7755E 
1.77566 
1.7761c 
1.77046 
1.77666 
1.77696 
1.77716 
1.7774c 
1.77766 
1.77775 
1.77795 
1-77816 
1.77036 
1.77046 
1.77866 
1.77076 
1.77686 
1.77b9t 
1.779C6 
1.779C6 

03 
03 
03 
03 
03 
03 
02 
03 
03 
C3 
u3 
03 
CJ 
03 
C3 
03 
03 
03 
03 
03 
C3 
G3 
02 
03 
02 
03 
03 
02 
03 
03 
03 
03 
03 
03 
03 
03 
02 
03 
02 
02 

2 
1.61256 
1.61C36 
1.61215 
1.0126E 
1.6121E 
1.615CE 
1.6156E 
1.01626 
1.6l7Ct 
l.ol74c 
1.61786 
1.62236 
1.62396 
1.62956 
1.63236 
1.63716 
1.04006 
1.64^66 
1.6423t 
1.64396 
1.64446 
1.645C6 
1.6455E 
1.546C6 
1.64656 
1.647C6 
1.64756 
1.64806 
1.6464E 
1.6485E 
1.6469E 
1-64926 
1.64966 
1.65CC6 
1.65C36 
1.65C76 
1.051CE 
1.6513E 
1.6516E 
1.0519E 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
02 
03 
Qi 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

HUT CHANNEL TEMPERATURES - FUEL 
AXIAL POSITION 5 

RADIOS NUMBER 
4 

1.4885E 
1.48746 
1-40986 
1.49C5t 
1.4913t 
1.4938t 
1.49476 
1.49576 
1.49656 
1.49716 
1.49776 
1.50325 
1.5G796 
1.51236 
1.51/06 
1.32236 
1.52696 
1.53116 
1.53196 
1.53275 
1.53356 
1.53436 
1.53506 
1.53576 
1.53646 
1.53715 
1.5378E 
1.5384E 
1.5390E 
1.5391E 
1.5396E 
1.54C2E 
1-54C7E 
1-5413E 
1.5418E 
1.5423E 
1.5429E 
1-5434E 
1.5439E 
1.5445E 

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 
03 
03 
03 
03 
03 

6 
1.36C9E 
1.36C3E 
1.36526 
1.36496 
1.36716 
1.3691t 
1.3718b 
1.37155 
1.37406 
1.3731E 
1.3753E 
1,3317E 
1.3874E 
1.3938E 
1.3997E 
1.4057E 
1.4121E 
1.4165E 
1.4190E 
1.4186E 
1.4210E 
i.42Co£ 
1.4229E 
1.42246 
1.42476 
1.42426 
1.42645 
1.42595 
1.42616 
1.42746 
1.4274E 
1.4296E 
1.42896 
1.4310t 
1.43C36 
1.43255 
1.43185 
1.43416 
1.43346 
1.43575 

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 
03 
03 
03 
G3 
03 

BOUNDARY 
1.22936 
1.22556 
1.24885 
1.22506 
1.24986 
1.2277E 
1.258C6 
1.23236 
1.25925 
1.23066 
1.26156 
1.26246 
1.26546 
1.27626 
1.27756 
1.28176 
1.30596 
1-28726 
1-31536 
1.28995 
1.31766 
1.29245 
1.31985 
1.29476 
1.32196 
1.2969E 
1.32416 
1.29905 
1.32616 
1.31146 
1.30086 
1.32816 
1.30256 
1.33025 
1.30426 
1.33245 
1.30606 
1.33475 
1.30785 
1.33736 

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 
03 
03 
03 
33 
03 

CLAO 
1.1813E 
1.18305 
1.16675 
1.19246 
1.18976 
1.19866 
1.19526 
1.20136 
1.19845 
1.20425 
1.19996 
1.20926 
1.21795 
l,225t6 
1.23436 
1.24265 
1.24746 
1.25976 
1.25o5e 
1.26245 
1.25916 
1.26486 
1.26106 
1.26726 
1.26396 
1.26956 
1.26626 
1.2717E 
1.26826 
1.27096 
1.2737E 
1.27026 
1.27585 
1.27226 
1.27795 
1.27435 
1.28015 
1.27555 
1.28256 
1.27886 

( 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 ] 
03 
03 
03 
03 
03 
03 ] 
03 
03 
03 ] 
03 1 
03 ] 
03 ] 
03 ] 
03 
03 ] 
03 1 
03 I 
03 1 
03 ] 
03 1 
03 ] 
03 1 
03 1 
03 ] 
03 1 
03 1 
03 1 
03 1 
03 1 
03 1 

:OOLANT 
1.03955 
1.0915E 
I.C9986 
1.10I2E 
I. 10295 
L,1077E 
1.1095E 
L.IUOE 
L-1127E 
L.1133E 
L.11446 
L,1231E 
L,1319E 
L.1408E 
L.1492E 
L. 1577E 
L.1665E 
L.1752E 
L. 1768E 
L.1781E 
L, 17966 
.,18086 
., 1823E 
I. 1834E 
.,1349E 
. 1860E 
. 1373E 
.1384E 
,1896E 
. 1896E 
.1905E 
,19185 
. 1928E 
.1941E 
.1952E 
.19666 
,19775 
.19925 
.23046 
.20206 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
OJ 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

AVERAGE 
1.43606 
1.43606 
1.48986 
1.43965 
1.49135 
1.49295 
1.4948E 
1.49486 
1.49676 
1.49616 
1.49775 
1.50306 
1.50775 
1.51276 
1.51755 
1.52235 
1.52726 
1.53056 
1.53235 
1.53216 
1.53386 
1.53365 
1.53535 
1.5351E 
1.53676 
1.53656 
1.53816 
1.53785 
1.53936 
1.53896 
1.5390E 
1.54056 
1.54016 
1.54165 
1.54126 
1.5427E 
1.54236 
1.54386 
1.54346 
1.54506 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 



FUEL 
TIME 
0- J 
0.17750 
0.55875 
0.02125 
0.683/5 1 
0.86875 
0.93123 
0.99375 J 
1-O5o25 

1.08625 
1.12250 
l.-^975o ] 
1-34250 
^.17250 1 
2.32750 
2.91999 
J.29/49 
3.6J999 
3.70249 J 
3. /6499 
3.82/49 
3.88999 J 
3.95249 1 
4.01499 J 
4.07749 ] 
4.13999 ] 
4.20249 J 
4.26499 ] 
4.J2749 ] 
4.33499 ] 
4.38999 ] 
4.45249 
4.51'.99 J 
4.57749 ] 
4.03999 
4.70249 ] 
4.70499 1 
4.02749 ] 
4.86999 ] 
4.9524V 

OtNTER 
L.52315 
L.53436 
1.53706 
L.33736 
1.53/66 
L.5j68t 
L.53946 
L.34CCc 
L.3407t 
L.34l0b 
L.34i5t 
L.54086 
L.35206 
L.3371c 
L,3631t 
L•3oS7e 
.3/336 

L.3ooJb 
L.5ol<::6 
L.3o2^c 
L.5oJlt 
L.50416 
..58516 
L.5o6C6 
L.3o7ot 
L . 5boC6 
L.56096 
.30V9c 
L.59066 
L.3910c 
L.39106 
L.59276 
L.59366 
L.3944t 
1.59536 
L.59616 
L . 3-,69t 
L.39766 
.39o4c 
L.599it 

03 
03 
C3 
03 
03 
03 
03 
03 
02 
02 
02 
03 
0 2 
02 
03 
03 
OJ 
03 
03 
02 
02 
02 
u3 
02 
02 
03 
03 
03 
03 
03 
02 
03 
03 
03 
03 
02 
02 
03 
03 
Ci 

2 
1.44616 
1.44665 
1.44606 
1.44o6b 
1.44926 
1.45136 
1.4522E 
1.45216 
1.45416 
1.45466 

1.455^:6 
1.46166 
1 .406o6 
1.4743t 
1.48136 
1 ,48606 
1,49536 
1.50136 
1.50246 
1.50266 
1.5C476 
1.3C596 
1.30706 
1.50016 
1.50936 
1-51C4C 
1-51156 
1.51256 
1.5136t 
1.51376 
1.5146E 
1.5157E 
1.5106E 
i-5176E 
1.51e5E 
1.51956 
1.52C46 
1-32135 
1-52226 
1-52J16 

03 
03 
03 
C3 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
C3 
03 
03 
03 
03 
03 
C3 
C3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
02 

HOT CHAi<N6L T6MP5RATUR5S - FUEL 
AXIAL POSITION 6 

RADIUS NUMBER 
4 

1.371dt 
1.3710E 

1.3735E 
1.3742E 
1.37516 
1.3781E 
1.3792E 
1.38C4E 

1.36166 
1.3022E 
1.3829E 
1.3906E 
1.39766 
1.40496 
1.41276 
1.42C9t 
1.42826 
1.43516 
1.43656 
1.43735 
1.4391t 
1.44046 
1.44156 
1.44296 
1.4441t 
1.4453c 
1.44656 
1.4477c 
1.44896 
1.44906 
1.45005 
1.45116 
1.45226 
l,4532t 
1.45426 
1.45536 
1.45636 
1.4573t 
1.45a3t 
1.45946 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
02 
Qi 

03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
O J 

03 
03 
03 
03 
03 
03 

6 
1.2941E 

1.29396 
1.2984E 
1.2989E 
1.30C6E 
1.3036b 
1.30586 
1.30566 

1.3066E 
1.30675 
1.31C1E 
1.3166E 
1.3265E 
1.3348E 
1.34 34E 
1.3522E 
1.36C6E 
1.36826 
1.37C06 
1.37126 
1.37296 
1.37405 
1.37576 
1.37co6 
1.37845 
1.37946 
1.38115 
1.30205 
1.38366 
1.38356 
1.38456 
1.3650t 
1.3a68t 
1.38836 
1.38916 
1.39066 
1.39146 
1.39296 
1.39376 
1 . 3 9 5 J 6 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

BOUNDARY 
1.21506 
1.2133E 
1.2277E 
1.21756 
1.22956 
1.22286 
1.23656 
1.2270b 
1.23906 
1.22026 

1.2410E 
1.2475b 
1.25496 
1.26516 
1.27276 
1.28156 
1.29506 
1.29746 
1.30586 
1.3007t 
1,30695 
1.30396 
1.3119t 
1.30696 
1.31486 
1.30986 
1.31765 
1.31266 
1.32035 
1.31086 
1.31526 
1.32296 
1.31776 
1.32546 
1.32026 
1.32805 
1.32276 
1.33086 
1.32536 
1.33366 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
33 

CLAO 
1.18646 
1.18766 
1.19206 
1.19655 
1.19526 
1.20306 
1.20276 
1.20635 
1-20636 
1.2091E 
1.2080E 
1.2183E 
1.2279E 
1.2374E 

1.24746 
1.25736 
1.26596 
1.27656 
1.27706 
1.27986 
1.28o3c 
1.28296 
1.28346 
1.28606 
1.28636 
1.28896 
1.28925 
1.29175 
1.29205 
1.29276 
1.29446 
1.29466 
1.29705 
1.29725 
1.29965 
1.29986 
1.30236 
1.30256 
1.3051c 
1.30545 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
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 

COOLANT 
1.1317E 
1.13336 
1.14195 
1.1435E 
1.1453E 
1, 15076 
1.1526E 
1.15445 
1.15635 
1.15726 
1.15836 
1,16855 
1,1785E 
1, 1886E 
1.1987E 
1,2088E 
1,21885 
1,22865 
1.23066 
1.23236 
1.23406 
1.23566 
1.23726 
1.23875 
1.2402E 
1.2417E 
1.2432E 
1.2446E 
1.24606 
1.2461E 
1.2473E 
1.24875 
1.2500E 
1.25146 
1.2328E 
1.25425 
1.25576 
1.2372E 
1.25876 
1.25036 

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 
03 
03 
03 
03 
03 

AV5RAGE 
1.37086 
1.37086 
1.37415 
1.3745E 
1.37575 
1.37636 
1.37996 
1.38065 

1.38225 
1.38246 
1.38355 
1.39106 
1.3980E 
1.4053E 
1.41316 
1.42126 
1.42876 
1.43556 
1.4370E 
1.43816 
1.43966 
1.4405E 

1.44216 
1.44316 
1.4446E 
1.44565 
1.44706 
1.4480E 
1.44936 
1.4493E 
1,45026 
1.4516E 
1.45246 
1.45376 
1.45456 
1.45586 
1.45666 
1.45786 
1.4586E 
1.4599E 

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 
03 
03 
03 
03 
03 



TIME 
0. 
0.17750 
0.55875 
0.62123 
0.O8375 
0-d6o73 
0.93123 
0.V9J/3 
1.05o23 
1.06623 
1.12250 
1.49750 
1.84250 J 
2.17250 ] 
2.52/30 J 
2.91999 J 
3.29749 
3.03999 J 
3.7024V 
3.76499 J 
J.32/49 ] 
3.80999 J 
3.93249 ] 
4.0149V J 
4.07749 1 
4.13V99 i 
4.20249 J 
4.20499 
4.32749 ] 
4.33499 ] 
4.3899V J 
4.45249 J 
•4.31499 ] 
4.57749 J 
4.C3999 ] 
4.7024V i 
4.70499 1 
4-02749 
4.8899V ] 
4.93249 J 

CENTER 
L.1281E 
L.13346 
L.lj72t 
L.i3 74t 
L.137tE 
L.13806 
L.1360t 
L.I3oo6 
1.13816 
L.1361c 
L.13olt 
L.1377E 
L.1371t 
I.1352t 
L.13306 
L.1334t 
L.1310C 
L.13016 
L.12906 
L.1295t 
.I29<;t 
..1269c 
L.12066 
.12636 
.1279b 
L.127tE 
L.1273c 
L.127C6 
L.1267b 
.1266t 
L.12635 
.12605 
L.12575 
I. 12536 
1.12305 
1.1^476 
L.12435 
L.1^406 
L.l^Jtt 
.12336 

03 
03 
C3 
03 
C3 
03 
03 
C3 
02 
03 
03 
03 
02 
03 
C2 
03 
03 
03 
o3 
03 
Ci 
02 
03 
C3 
C3 
03 
03 
C3 
02 
02 
02 
03 
Oi 
03 
o2 
02 
o3 
03 
02 
03 

2 
1.C7176 
1.07115 
1.07C7E 
1.0707E 
1.C7C7E 
1.07C7E 
I.C707E 
l.07C7t 
1.C7C7E 
1.07C7E 
1.C7C76 
1.07C46 
1.0699E 
1.00936 
l.C6b5b 
1-06/56 
l.C6c3£ 
1.06526 
1.0C5C6 
1.CC47E 
1.0645E 
1-C643E 
1.064lt 
1.0629E 
1.C0376 
1.0634C 
1.00326 
1.063C6 
1.C6276 
1.06276 
1.0o255 
1.06236 
l.o6^Ce 
1.06185 
1.06165 
1.0O13E 
1.06116 
1.C6C6E 
1.C6C6E 
1.06C4E 

03 
03 
03 
03 
03 
03 
02 
03 
03 
03 
03 
Oi 
Oi 
03 
03 
03 
03 
03 
03 
03 
Oi 
Qi 
03 
03 
03 
03 
Oi 
Oi 
Qi 
03 
03 
03 
VJ3 

03 
o3 
03 
03 
Oi 
Qi 
03 

HUT CHANNEL TEMPERATURES - CEX 
AXIAL POSITION I 

X R t G I 0 N 
4 

1.0146E 
1.0144E 
1.01415 
1.0141E 
1.0141E 
1.01416 
1.0141E 
1.0141E 
1.0141E 
1.0141E 
1.0141E 
1.0141E 
1.0138b 
1-0123E 
1.0131E 
1.C1246 
1.01175 
1.01116 
1.01CV6 
1.01005 
1.0107E 
l.ClC3t 
1.C1C4E 
1.01C36 
l.OlClt 
1.01005 
1.009bc 
l.C09/t 
1.00936 
1.0093t 
1.00945 
1.00926 
1.00915 
1.C0896 
1.00865 
1.008o£ 
1.00a5E 
1.00836 
1.0082E 
l.OQdOE 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
Oi 
C3 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
Oi 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

6 
9.5073E 
9.5o66E 
9.5670E 
9.5674E 
9.5677E 
9.5690E 
9.5695E 
9.5599E 
9.37C4E 
9.57C6E 
9.57COE 
9.5723E 
9.5729E 
9.5733E 
9.37255 
9.57C5E 
9.5682E 
9.3o66c 
9.5062E 
9.3658E 
9.5553E 
9.564dt 
9.5543E 
9.55j7t 
9.5632E 
9.56266 
9.5O206 
9.56145 
9.56066 
9.56076 
9.56C1E 
9.55946 
9.5587E 
9.55615 
9.5574E 
9.53686 
9.55626 
9.5556E 
9,5550£ 
9.5543E 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 

BOUNDARY 
a.9795E 
8.98085 
8.98545 
8.98626 
8.90725 
8.98995 
8.99086 
8.99175 
3.99265 
8.9929E 
8.g935£ 
0.99/76 
9.00206 
V.0C6C6 
9.0092c 
9.01196 
9.01526 
9.01856 
9.01906 
9.0195E 
9.0198E 
9.0201E 
9.02056 
9.02086 
9.02115 
9.0214E 
9.02176 
9.02206 
9.02216 
9.02216 
9.0222E 
9.02256 
9.0227E 
9.02305 
9.02335 
9.02375 
9.02416 
9.02456 
9.02506 
9.02555 

02 
02 
OZ 
02 
02 
02 
02 
02 
02 
32 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
32 
02 
02 
02 
02 
OZ 
OZ 
OZ 
OZ 
02 
02 
02 
02 
32 
02 
02 
02 
02 
02 

CLAO 
8.87936 
8.8810c 
8.88626 
8.8872E 
8.88825 
8.89126 
8.89226 
0.89326 
6.89416 
8.89455 
6,69515 
3.89965 
8.V0486 
3.90936 
8.91336 
8.91665 
3.92116 
8.92536 
8.92596 
8.92556 
8.92695 
8.9274c 
8.92795 
8.92846 
8.92896 
8.92936 
8.92976 
8.93016 
8.93036 
8.9304t 
8.93076 
8.93116 
8.93156 
8.93206 
8.93255 
8.93306 
8.93365 
8.93426 
8.93486 
8.93556 

02 
02 
02 
02 
02 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
OZ 
02 
J2 
02 
02 
02 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 

STRUCTURE 
8.6782E 
8.6790E 
a.6846£ 
3.63535 
8.6869E 
8.6903E 
3,69l3£ 
3,6927E 
3.6938E 
6.69436 
3.O9506 
8.73096 
3.7367E 
3,71276 
3.718JE 
3,72376 
3,72926 
8,73536 
3.73636 
3.73736 
8.73815 
3,73936 
8.73936 
8,74065 
8,74145 
8.7422E 
3.742VE 
8.7437E 
8.7444E 
8.7444E 
3.7450E 
3.74565 
3.7463E 
3.7470E 
3.747SE 
8.74865 
3.74945 
3.75035 
3.7312E 
8.75215 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
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 
1.0141E 
1.01426 
1.01435 
1.01435 
1.01446 
1.01446 
1.01456 
1.01456 
1.01455 
1.0145E 
1.01456 
1.0143E 
1.3140E 
1.01356 
1.01296 
1.01226 
1.01166 
1.01146 
1.0113E 
1,0112E 
1,31116 
1.01095 
1.01085 
I.OIO06 
1.01055 
1.01045 
1.01025 
1.01015 
1,01005 
1,00996 
1.00985 
1.00966 
1.00955 
1.00935 
1,30925 
1,00906 
1.00896 
1.00876 
1.00855 

03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
Oi 
03 
Oi 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

d:^ 



1 

vn 

TIMt 
0. 
0.17750 
0.55875 
0.62125 
0.68375 
0.66875 
0.93125 
0.99373 
1.35o23 
1.08o25 
1.12250 
1.49750 
1.84250 
2. 17230 
2.52750 
2.91999 
3.29749 
J.0399V 
3.7C249 
3.76499 
3.02749 
3.88999 
3.95249 
4,0149V 
4.07749 
4.13999 
4.20249 
4.2649') 
4.32749 
4.3349V 
4.38999 
4.45249 
4.514VV 
4.37749 
4.63999 
4.70249 
4.76499 
4.02749 
4.08999 
4.95249 

otNTtR 
1.3356t 
1.J4425 
1.35C16 
1.35C5E 
1.35C6E 
1.35136 
1.35145 
1.35155 
1.35156 
1.35156 
1.35156 
1.J514C 
1.35C96 
1.35005 
I.J40V6 
1.34756 
1,34576 
1,34406 
1,j436t 
1.34335 
1.34306 
1.34276 
1.34^36 
1.34206 
1.34166 
1.3413t 
1.341Ct 
1.340c6 
1.J4036 
1.34026 
1.33996 
1.3390c 
1.33926 
1.33896 
1.J385t 
1.33elc 
1.33775 
1.33736 
1.33706 
i.j366t 

03 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
03 
03 
02 
03 
02 
OJ 
02 
03 
03 
03 
03 
02 
03 
03 
02 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
C3 
u3 
o3 

C 
2 

1.245CE 
1.2439t 
1.24235 
1.24346 
1.24245 
1.24266 
1.24376 
1.<:4J86 
1.24366 
1.24396 
1.24396 
1.24426 
1.24416 
1.^4396 
1.24265 
1.243C6 
1.^42C6 
1.24116 
1.241CE 
1.2408E 
1.24C7E 
1.24056 
1-24C3E 
1-24026 
1.24CCt 
1-23966 
1-23906 
1.23945 
1.23935 
1.23925 
1.23916 
1.23096 
1-23666 
1.23646 
1.23626 
1.238GE 
1.23776 
1.2375t 
1.23736 
1.23706 

6 X 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
Oi 
Ci 
03 
Oi 
03 
03 
Oi 1 
Oi 
Oi J 

03 J 
03 i 
03 
03 
03 ] 
03 ] 
Oi 
03 ] 
03 ] 
03 1 
03 ] 
03 J 
03 ] 
03 1 
03 ] 
03 1 
03 J 
03 ] 
03 J 
03 J 

HOT CHANN6L T6MP5RATUR6S - CEX 

R 5 
4 

L.15266 
L.15235 
L.15206 
L.1521E 
L.15226 
L.1526E 
1.1527E 
L.1529E 
1.1530E 
L.1531E 
1.1532E 
1.15405 
L.13446 
L. 15496 
L.15526 
1.15326 
L.15516 
L.15506 
L.15306 
L.15506 
L. 15506 
L.15 505 
1.15495 
1.15495 
L.15485 
1.15485 
L. 1347E 
L.1547E 
L.1545E 
L.1545E 
L.15456 
1.15445 
1.15445 
L.13435 
L.1542c 
L.15415 
L.15406 
L.1539t 
..15385 
.15375 

AXIAL POSITION 
G I 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
OJ 

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 

0 N 
6 

1.05836 
1.05835 
1.0590E 
1.0592E 
1.0594E 
1.06015 
1.05C35 
1.05C66 
1.06Cb6 
1.05106 
1.05116 
1.0o24t 
1,06356 
1.064O6 
1.055O6 
l,056t6 
l,0o716 
I,0o7v6 
I.O06I6 
1.06826 
1.05836 
1.05846 
1.05656 
1.05666 
1.06676 
1.05686 
1.05086 
1.00896 
1.06906 
1.0o90c 
1.05905 
1.05906 
1.06916 
1.06915 
1.06926 
1.06926 
1.05936 
1.06945 
1.06956 
1.0695E 

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 
03 
03 
03 
03 
03 

2 

BOUNDARY 
9.61905 
9.623CE 
9.64115 
9.64455 
9.64815 
9.65896 
9.0627E 
9.6662E 
9.6698E 
9.57146 
9.67356 
9.69186 
9.71066 
9.72886 
9.74536 
9.76116 
9.77326 
9.79576 
9.79856 
9.60126 
9.60356 
9.80565 
9.60316 
9.81046 
9.81265 
9.81475 
9.81686 
9.81896 
9.82046 
9.82065 
9.82216 
9.82406 
9.82606 
9.82816 
9.83026 
9.83256 
9.83486 
9.83746 
9.84006 
9.04276 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
0 2 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
OZ 
OZ 
OZ 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 

CLAD 
9.45106 
9.45616 
9.47505 
9.47986 
9.48356 
9.49516 
9.49896 
9.50275 
9.50536 
9.50825 
9.51026 
9.52956 
9.54976 
9.56396 
9.58o7c 
9.60376 
9.02276 
9.04176 
9.64476 
9.o476c 
9.65005 
9.65266 
9,65516 
9.65766 
9.66016 
9.66246 
9.66435 
9.66705 
9.66876 
9.56896 
9.67076 
9.67236 
9.67515 
9.67746 
9.67995 
9.68246 
9.68516 
9.58806 
9.69096 
9.69396 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
OZ 

STRUCTURE 
9.1136E 
9.1161E 
9.1357E 
9,13975 
9,14386 
9.1563E 
9,1606E 
9,1648E 
9,lo90E 
9.1710E 
9.1733E 
9.19546 
9,21676 
9,23896 
9.26006 
9.23C56 
9.33096 
9.32336 
9.32716 
9.33086 
9.33425 
9,33745 
9,34056 
9.34366 
9.34675 
9.34965 
9.35255 
9.35546 
9.35805 
9.35836 
9.36055 
9.3o305 
9.36565 
9.3683E 
9.37105 
9.37396 
9.37705 
9.33016 
9.33355 
9.33696 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 1 
02 
02 
02 ] 
02 1 
02 J 
02 1 
02 ] 
02 
02 J 
02 J 
02 1 
02 ] 
02 J 
02 1 
02 1 
02 1 
02 ] 
02 ] 
02 1 
02 1 
02 1 
02 1 
02 J 
02 ] 
02 ] 
02 1 
02 
02 J 
02 ] 
02 ] 

W6RAGE 
L.15135 
L.15136 
1.15196 
L.15216 
L.15226 
1.15276 
L.15296 
L.1531E 
1.1532E 
L,1533E 
L,15345 
L.15426 
L.15476 
L,15526 
L,15555 
..15556 
.15555 
.15555 
..15556 
1.15546 
.15546 
.15546 
L. 15546 
L. 15536 
.15535 
L.1552E 
..1552c 
.15516 
.15506 
..15505 
.15505 
.15496 
. 15485 
.. 15476 
.. 15466 
.15456 
L. 15455 
L. 15446 
.. 15436 
..15426 

03 
03 
03 
03 
0 3 
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 



I 
IV) 
O N 

TIME 
0. 
0.17750 i 
0.35875 
0.52125 
0.6O375 
O.aoo 75 
0.93125 
0.99375 
1.U3025 
1.0d525 
1.12250 
1.49/30 
1.34230 1 
2.17250 
2.52750 
2.V1999 1 
3.2974V J 
3.03999 
3.70249 
3.76499 1 
3.02749 
3-88999 1 
3.95249 1 
4.ol499 J 
4.07749 ] 
4.13999 J 
4.20249 ] 
4.26499 J 
4-32749 ] 
4.33499 ] 
4.38999 ] 
4.45249 J 
4.51499 J 
4.577'+9 1 
4.63999 ] 
4.70249 J 
4.76499 ] 
4.82749 ] 
4.88999 ] 
4.95249 ] 

OcNTtP 
L,4/75E 
l,4677E 
L.-»944t 
L,4949c 
L-493/S5 
L.t936t 
L.4959t 
L.4960t 
L . H 9 O 1 6 

L.496^6 
L.4902E 
L.49cot 
L.49o7E 
L.49c6t 
[.'•904E 
L.49o^6 
..49556 
L.49476 
L.4946c 
1.49-440 
L.49436 
L.4V416 
L.4940c 
L.49396 
L.49375 
L.49365 
L.49345 
L.49335 
1.49326 
..••9316 
L.4930t 
L.49285 
L.49275 
L.4925E 
L.4923t 
L.49^1E 
L.4919t 
L.4917t 
L.4915E 
L.4913E 

03 
03 
03 
03 
C3 
03 
03 
03 
02 
03 
03 
02 
03 
02 
Oi 
Qi 
Oi 
03 
Ci 
03 
03 
C3 
02 
03 
03 
o2 
03 
03 
o3 
03 
03 
03 
03 
03 
03 
03 
03 
02 
02 
03 

C 
2 

1.37C1E 
1.3686E 
1.366CE 
1.3C81C 
1.3681E 
1.3066E 
1.36e8t 
1.369CE 
1.3692t 
1.26v3t 
1.3694t 
1.37o7E 
1.3717E 
1.37266 
1.3735L 
1.3743t 
1.3747t 
1.375Ct 
1.3751E 
1.3752E 
1.3753E 
1.3753E 
1.3754E 
1.3753E 
1.2735E 
1.3756E 
1-3736E 
1-37576 
1.37576 
1.J757E 
1.37576 
1.3738E 
1.375eE 
1.3758E 
1.3757E 
1.J757E 
1.3757E 
1.3756E 
1.3756t 
1.3756E 

E X 

03 
03 
03 
03 
03 
Qi 
Qi 
03 
03 
03 
03 
OJ 
o3 
03 
03 
03 
Qi 
Qi 
03 
u3 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
Oi 
03 
03 
03 
03 

HUT CHAi'JNEl 

R E 
4 

1.2602E 
1.2597E 
1.2597t 
1.25995 
1.26C25 
1.26106 
l,2ol4E 
1,26175 
1.25216 
1.26236 
1,26256 
l,2547t 
1.2665t 
1.26e3E 
1.27C2E 
1.2719E 
1.2732E 
1.274ot 
1.274VC 
1.2752E 
1.2754E 
1.2757E 
1.2759E 
1.2761E 
1.27636 
1.27056 
1.27675 
1.27696 
1.2771E 
1.2771E 
1.27735 
1.27745 
1.27765 
1.27775 
1.27785 
1.27aOE 
1.278lt 
1.27o2E 
1.2763E 
1.2785E 

AX 
G I ( 

03 
03 1 
03 
03 
03 
03 J 
03 
03 ] 
03 
03 1 
03 
03 
03 ] 
03 
03 ] 
03 1 
Oi 
Oi J 

03 
03 ] 
03 J 
03 J 
03 1 
03 ] 
03 1 
03 ] 
Oi 1 
03 1 
Oi ] 
03 J 
03 ] 
03 ) 
03 ] 
03 I 
03 ] 
03 1 
03 J 
03 ] 
03 1 
03 ] 

. TEMPERATURES - CEX 
[AL POSITION 
: N 

5 
L.1478E 
L.1477E 
L.1493E 
L.1497E 
L.15C2E 
L.15175 
L.15226 
L.15286 
L.15336 
L.15366 
L.1539c 
L.13696 
L.15956 
t.16256 
L.16536 
L.16796 
L.17C36 
L.17296 
L.17345 
1,17385 
L,174.^6 
L,17476 
L.17506 
L,1754c 
L, 17586 
,17616 
,17655 
L,176b6 
1.17725 
.17726 
.17746 
.17776 
..17805 
.1/835 
.17866 
.1789c 
.1/926 
,17956 
.1799E 
..18C25 

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 
03 
03 
03 
03 
03 

3 

BOUNDARY 
1.03245 
1.03315 
1.03666 
1.03735 
1.03805 
1.04026 
1.04096 
1.0417t 
1.0424c 
1.04276 
1.04326 
1.04705 
1.0509c 
1.05486 
1.05656 
l,0620t 
1.0O376 
1.06966 
1.07026 
1.07086 
1.0714c 
1.07195 
1.07256 
1.0/305 
1.07356 
1.07406 
1.07456 
1.07506 
1.07545 
1.07555 
1.07586 
1.07635 
1.0758E 
1.0772E 
1.07776 
1.0782E 
1.07836 
1.07936 
1.07995 
1.03056 

03 
03 
03 
03 
03 
03 
Oi 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 

CLAO 
1.01195 
1.01285 
1.0l6o5 
1.01746 
1.01616 
1.02046 
1.02126 
1.02206 
1.02276 
1.0231c 
1.02356 
1.02756 
1.03166 
1.03556 
1.0394c 
1.04315 
1.04716 
1.05115 
1.05186 
1.05246 
1.05306 
1.05356 
1.05416 
1.05476 
1.05525 
1.05575 
1.05635 
1.0568t 
1.05726 
1.05735 
1.05775 
1.0561b 
1.05865 
1.05916 
1.05976 
1.06026 
1.06086 
1,06145 
1.06205 
1.06265 

03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
Qi 
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 

STRUCTURE 
9.70745 
g.7ll5E 
9.7477E 
9.75555 
9.76335 
9.7879E 
9.7962E 
9.80475 
9.8129E 
9.81695 
9,82165 
9.86535 
9.90336 
9.95276 
9.99556 
1.00386 
1.0078E 
1.0123E 
1.0130E 
1.01385 
1.0145E 
1.0152E 
1.01586 
1.0164E 
1.0171E 
1.0177E 
1.0ia3E 
1.0189E 
1.0194E 
1.0195E 
1.0I99E 
1.0205E 
1.0210E 
1.0215E 
1.0221E 
1.0227E 
1.02336 
1.0239E 
1.0245E 
1.0252E 

02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
02 
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 

AVERAGE 
1.2564E 
1.2384E 
1.25956 
1.2598E 
1.26015 
1.2ol2E 
1.2615E 
1.26196 
1.26235 
1.26256 
1.25275 
1.26495 
1.26675 
1.25866 
1.27045 
1.27226 
1.27366 
1.2750E 
1.2753E 
1.2756E 
1.2758E 
1.2760E 
1.2763E 
1.27655 
1.27676 
1.2769E 
1.27716 
1.2773E 
1.27755 
1.2775E 
1.27766 
1.27786 
1.2779E 
1.27816 
1.2782E 
1.2783E 
1.2785E 
1.27865 
1.27885 
1.27096 

03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 



TIME 
0. 
0.17750 
0.53875 
0-62125 
0.66375 
0.058/5 
0.93125 
0.99373 
1.35525 
1.0O625 
1. 12^50 
1.49750 
1.64250 ] 
2.17250 
2.52730 J 
2.91999 1 
3.29749 ] 
3.639V9 
3.70249 1 
3.7o499 1 
3.02749 
3.38999 1 
3.95249 ] 
4.U1499 ] 
4.07749 ] 
4.13V99 ] 
4.2024V 
4.2o499 
4.32749 
4.334V9 
4.38V99 ] 
4.452'+9 J 
4.51499 1 
4.37749 ] 
4.03999 1 
4.7C24V 1 
4.76499 J 
4.02749 1 
"•.oogvv 1 
4.95249 ] 

OENTc 
L.3355E 
L.3455E 
L.3519t 
L . 55226 
L.35^^55 
L.55Jlt 
L.55326 
L.55346 
L.35356 
L,5536t 
L.35376 
L.35406 
L.5559c 
L.557LL 
L,55o4t 
L.5oClc 
L.30i5t 
L. 30.^56 
L-5627t 
L.36296 
L.35316 
L ,3o33£ 
,5635t 
..3037c 
1.30396 
L.36426 
L.3644c 
L,364o6 
L.36466 
L . 3 6 H V C 

L.50516 
L.30336 
L.5655t 
L.5657c 
L.56396 
..36oOb 
L .56ci;b 
L.56o3c 
..56C46 
.5606c 

^ 

0-3 
03 
03 
03 
03 
03 
u2 
Oi 
03 
03 
03 
03 
o3 
03 

03 
o2 
o3 

02 
o3 
C3 
03 
02 
03 
03 
03 
C2 
03 
03 
03 
02 
02 
03 
02 
C3 
03 
03 
03 
02 
o2 
03 

2 
1.4294L 
1.426Ct 
1.427^6 
1.42/36 
1.4275b 
1.426^;t 
1.4264E 
1.42ooc 
1.4291c 
1.4^936 
I.4^956 
1.42216 
1.43456 
1.4Jc9£ 
1.4397c 
1.44^7t 
1-44326 
1.44746 
1-4478C 
1.44036 
1.44676 
1.44926 
1.44966 
1.45016 
1.45o5b 
1.45C9b 
1.45136 
1.4516c 
1.45,i26 

1.45226 
1.45266 
1.45206 
1.45236 
1.45376 
1.454CC 
1.4543b 
1.45476 
1,45506 
1,4553c 
1.4555b 

HUT CHANN5L T6MP6RATURES - C5X 
AXIAL POSITION 4 

5 X R 6 G I C N 

03 
Oi 
03 
03 
03 
03 
0 3 
Oi 
Qi 

Ji 
03 
Oi 
Qi 

Oi 
03 
C3 
03 
03 
03 
03 
03 
03 
03 
o3 
03 
03 
Oi 
Ci 
Ci 
Ji 
03 
03 
03 
Oi 
C3 
03 
OJ 
CJ 
03 
03 

4 
1.32116 
1.32C06 

1.32C3b 
1.32125 
1.32105 
1.323u6 
1.32355 
1.32416 
1.3247c 
1.32505 
1.32535 
1.32926 
1.332ot 
1.33636 
1.34C26 
1.3f425 
1.34776 
1.35116 
1.35176 
1.3524C 
1.35205 
1.35376 
1.35436 
1.35496 
1.3553E 
1.3361E 
1.3566t 
1.337^t 
1.35776 
1.35736 
1.J583E 
1.358bE 
1.3593b 
1.35975 
1.J6C26 
1.36C76 
1.J6116 
1.J6156 
1.3o216 
1.35256 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
OJ 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
Qi 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

6 
1.21C46 
1.21C35 
1.21276 
1.21346 
1.21416 
1.21645 
1,21726 
1.21816 
1.21696 
1.21946 
1.21996 
1.22496 
1.22966 
1.23455 
1,23945 
1,24445 
1,24906 
1.25376 
1,2546c 
1.25546 
1.25636 
1.25706 
1.25786 
1.25666 
1.25936 
1.26C05 
1.25C76 
1.26146 
1.26216 
1.25226 
1.252bc 
1.25346 
1.25406 
1.25456 
1.20526 
1.2o59£ 
1.25656 
1.25726 
1.25786 
1.2o856 

3OUN0ARY 
03 
03 ] 

03 ] 
03 i 
03 
03 
03 
03 1 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 

03 
03 J 
03 J 

03 
03 
03 
03 1 
03 J 
03 
03 1 
03 J 
03 i 
03 1 
03 ] 
03 ) 
03 ] 
03 ] 
03 ] 
03 1 
03 1 
03 J 
03 ] 
03 1 

L.09695 
L.0977E 
1.10286 
L.10386 
1.10496 
L.1082E 
L.10935 
L.11056 
1.11166 
L.11216 

L.11286 
L.11896 
L.12496 
L.13116 

L.13716 
L,14306 
L.14896 
L.15506 
L.1561c 
L.15716 
L.15616 
L-15906 
L.15996 
.16086 
L.16176 
L.16255 
.16346 
L.lo426 
L.16506 
1.16516 
1.16576 
L.16656 
..16726 
.16306 
..16366 
.lo976 
.17056 
.17146 
.17236 
.17336 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
u3 
03 
03 
03 
03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
33 
03 
03 

CLAD 
.07645 
.07746 
.08306 
.08416 

.08526 

.08876 

.08985 

.09115 

.09226 

.09286 

.09346 

.09976 

.1060c 

.11236 

.11856 
,12456 
.13075 
.13706 
.13816 
.13926 
.14015 
.14116 
.14206 
.14296 
.14386 
.14475 
.1456c 
.14645 
.14726 
.1473c 
.14796 
.14876 
.14936 
.15036 
.15126 
.15216 
.15306 
.15396 
.15496 
.15535 

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 
03 
03 
03 
03 
03 

STRUCTURE 
.0352E 
.0357E 
.04075 
.0419E 
.0430E 
.04676 
.0479E 
.0492E 
.0505E 
.0511E 
.0518E 
.0587E 
.0552E 
.0719E 
.0786E 
,0853E 
.09156 
.09826 
.09946 
10066 

.10176 

.10286 
10366 
10485 
10585 
. 1068E 
. 1077E 
,10a7£ 
1096E 
1097E 
1104E 
11135 
.11216 
11296 
11385 
11475 
1I56E 
1166E 
11755 
11855 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
OJ 
OJ 
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 

AV6RAG6 
1.3194E 

1.31946 
1.32095 
1.32145 
1.32185 
1.3234E 
1.32396 
1,32456 
1.32516 
1.32555 
1.32585 
1.32966 
1.33316 
1.33666 
1.34066 
1.34465 
1.34815 
1.3516E 
i.3523E 
1.3529E 
1.3535E 
1.35426 
1.35485 
1.35545 
1.35595 
1.3565E 
1.3571E 
1.3576E 
1.35625 
1.3582E 
1.35875 
1.3592E 
1.3597E 
1.3602E 
1.3606E 
1.3611E 
1.3616E 
1.36216 
1.36265 
1.35316 

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 
03 
03 
03 
03 
03 



c 
TIME 
0. 
0.17750 
0.55875 
0.62125 
0.68375 
0.86875 
0.93125 
0.99375 
1.05o25 
1.08625 
1.12250 
1.49750 
1.84250 
2-17250 
2.52750 
2.91999 
3-29749 
3.63999 
3.70249 
3.76499 
3.82749 
3.88999 
3.95249 
4.01499 
4.07749 
4.13999 
4-20249 
4.26499 
4.32749 
4.33499 
4.38999 
4-45249 
4.51499 
4.57749 
4.63999 
4.70249 
4.76499 
4.62749 
4.88999 
4.95249 

CENTER 
1.5C18E 
1.51CCE 
l.5149t 
1.5151E 
1.51535 
1.5157E 
l-5l5tE 
1.516CE 
1.5162E 
1.5l63t 
1.5164E 
1.5181E 
1.52C4E 
l.5229t 
1.3<i626 
1.53036 
1.53436 
1.33776 
1.53t36 
1.539CE 
1.5396E 
1.54C36 
1.54105 
1.3417t 
1.34236 
1.34306 
1.543/t 
1.54445 
1.54515 
1.54525 
l.5436t 
1.54655 
1.547^:6 
1.54795 
1.54a6E 
1-54926 
1.D499E 
1.55056 
1.55116 
1.55176 

03 
C3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
C3 
03 
03 
03 
03 
02 
03 
03 
03 
03 
C2 
02 
03 
03 
03 
02 
03 
03 
03 
03 
03 
03 
03 

2 
1.4146E 
1.4134E 
1.4126E 
1.4l27t 
1.4129E 
1.4138E 
1.4141E 
1.4146E 
1.4130E 
I.4153E 
1.4156t 
1.4194E 
1.4232E 
1.4273E 
1.4322E 
1.4377E 
1.4427t 
1.44725 
1.44816 
1.44906 
1.4498E 
1.45C7E 
1.4516E 
1.4525E 
1.4534E 
1.4543E 
1.45516 
1.45605 
1-4569E 
1.457CE 
1.457bE 
1-45S6E 
1.4594E 
1.46C2E 
1.461CE 
1.4617E 
1.4625E 
1.4632E 
1.464CE 
1.4647E 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
C3 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

HOT CHANNEL TEMPERATURES - CEX 
AXIAL P O S I T I O N 5 

R E G I O N 
4 

1.3260E 
1.3255E 
1.3260E 
1.32fc4E 
1.3269E 
1.32875 
1.3294E 
1.33C2E 
1.33105 
1.3314E 
1.3319E 
1.3373E 
1.3424E 
1.34786 
1.35395 
1.36055 
1.36635 
1.37195 
1.37305 
1.3741E 
1.3751E 
1.37626 
1.3772E 
1.3783E 
1.3793E 
1.36C3E 
1.3813E 
1.J623E 
1.3833E 
1.38 34E 
1.384*;£ 
1.3651E 
1.3861E 
1.3869E 
1.38765 
1.3687E 
1.3895E 
1.39045 
1.39135 
1.39216 

03 
03 
03 
03 
03 
OJ 
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 

6 
1.2356E 
1.2355E 
1.2386E 
1.23945 
1.24C35 
1.24335 
1.2t436 
1.24556 
1.24666 
1.2472t 
1.24785 
1.25485 
1.25126 
1.26606 
1.27526 
1.28265 
1.2o9^t 
1.2963E 
1.2975E 
l.29e8E 
1.30COE 
1.3012E 
1.3024E 
1.3035E 
1.3047E 
1.30585 
1.3069E 
1.3080E 
1.3090E 
1.3092E 
1.31C1E 
1.31115 
1.3121E 
1.3130E 
1.3140E 
1.315CE 
1.3160E 
1-3170E 
1.3160E 
1.3190E 

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 
03 
03 
03 
03 
03 

BOUNDARY 
1.1436E 
1.14445 
1.1505E 
1.1518E 
1.1531E 
1.15736 
1.15885 
1.16026 
1.16176 
1.16245 
1.16336 
1.17156 
1.17946 
1.18756 
1.19575 
1.2039c 
1.21185 
1.22006 
1.22146 
1.22286 
1.22425 
1.22556 
1.22586 
1.22606 
1.22936 
1.23055 
1.23175 
1.23295 
1.23405 
1.2341t 
1.23506 
1.23615 
1.23726 
1.23835 
1.23946 
1.24055 
1.24176 
1.^4295 
1.24416 
1.2434c 

03 
03 
03 
03 
03 
Oi 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

CLAD 
1.12686 
1.12796 
1.13456 
1.13595 
1.13735 
1.14175 
1.1432E 
1.1448E 
1.14526 
1.14706 
1.14785 
1.15626 
1.16446 
1.17286 
1.18106 
1.18946 
1,19756 
1.20596 
1.20736 
1.20385 
1.21015 
1.21155 
1.21276 
1.21416 
1.21536 
1.21656 
1.21776 
1.21895 
1.22006 
1.22015 
1.22116 
1.22226 
1.22335 
1.22445 
1.22566 
1.22676 
1.22795 
1.22916 
1.23045 
1.23176 

SI 
03 1 
03 1 
03 J 
03 1 
03 ] 
03 1 
03 1 
03 1 
03 ] 
03 1 
03 1 
03 ] 
03 1 
03 ] 
03 ] 
03 1 
03 ] 
03 1 
03 1 
03 1 
03 1 
03 I 
03 1 
03 ] 
03 1 
03 1 
03 1 
03 1 
03 1 
03 1 
03 1 
03 ] 
03 1 
03 ] 
03 1 
03 1 
03 1 
03 1 
03 1 
03 1 

PRUCTURE 
L.09306 
L.0935E 
L.09946 
L.1008E 
L.10225 
1.1068E 
L. 10846 
L.llOOE 
.1116E 
.1124E 
.11335 
. 1225E 
..1303E 
..1396E 
.1485E 
L.15736 
.15566 
.17425 
.1758E 
.1773E 
.. 17886 
.16026 
.13166 
.18305 
.18435 
.13576 
.18695 
.13826 
.13945 
.18965 
. 19065 
.19176 
.19295 
.19405 
.19525 
.19636 
.19765 
. 19885 
.20016 
.2013c 

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 
03 
03 
03 
03 
03 

AVERAGE 
1.3248E 
1.3248E 
1.3265E 
1-32705 
1-32756 
1.32955 
1.33035 
1.33115 
1.33196 
1.33235 
1.33285 
1.33815 
1.3432E 
1.34855 
1.3345E 
I.36116 
1.36705 
1.37275 
1.37376 
1.3748E 
1.3758E 
1.37o95 
1.37796 
1.37895 
1.37996 
1.38095 
1.38195 
1.38296 
1.38385 
1.38395 
1. 38485 
1.33576 
1.33666 
1.38746 
1.33845 
1.38926 
1.39016 
1.39106 
1.39195 
1.39275 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

E X 



T1K6 
0. 
0.17750 

0.556/5 ] 
0.O2125 J 
0.60375 ] 

0,060/5 J 
C.93125 j 

0.99J73 J 

1.05625 J 
1.06523 
l.l^^bO ] 

1.49750 J 
1.34250 
2.1/230 

2.5273U 
2.91V9V 
J.29/49 

3.cj)99V 

3,70249 
3.704VV J 
3-0^7'iV J 
3.C6VVV 
3.V524V J 
4.ui'+9V 
4.0774V ] 
4.13999 J 
4.2o24v ] 
4.2o49V J 
4.J<i7HV 1 
4.J349V 1 
4 . 30VV^ ] 
4.4524V 1 
4.5149^ J 
4.3774V J 
1. 0 3 V V V 1 
4.7o24v 
4 . 7 6 H 9 V J 

4.a^ 74V ] 
4.c;ovVV 1 
4 , V524V J 

o6i\T6P 
L.3795c 
L.36446 
L.36C96 
, J07C6 

L. J 6 7 I C 

L.30726 
L. Jo736 

L . Jb746 

L. J 0 7 5 6 

L.Jo 7cc 

L.J o 7 t c 

L.J9o0c 
L.39J36 

L.j972c 
. H0,s4C 

L . 40^o6 
L . •+ 1 3 76 

L.H2176 

..-+2 200 
L.Hi 39c 
L . '•2306 
[ .-tiLCut 
L. '•i 74b 

L, 4 2 c 3C 

.4^9/c 
..4j09c 
.-•2^16 
,433jb 
.4343C 
.434 7c 
..••3576 
. . H J 706 

.4jo26 
,4jS4b 
.44Ccc 
,4417c 
.-•-li^Vc 

. .44Hic 
.44 526 
. ••-• 0 JC 

03 
Oi 
03 

C2 
02 

03 
o2 

o2 
03 
02 
Ci 
02 
02 
03 

02 

o2 
o3 
Ci 
Ji 
C J 

C3 
Ji 
Ci 
o3 
o2 
03 
u3 
C2 
C3 
o3 
C3 
C2 
C3 
03 
C2 
02 
0 J 

03 
o2 
02 

^ 
1.32t56 
1-32576 

1-225C5 
1.32516 
1 .3<:326 
1,32616 
1-22556 
1.22706 
1.3^/66 
l,2<i79£ 

1 ,22o^6 
i.22<;9c 
1.JJooL 
1.J4JC6 

1.25C3t 
i .35t3£ 
1 .363&C 

1.37266 

1 .J729t 
1.3/526 
1.37c5E 
1.J77ac 

1.279^6 
1.36o56 
1.3ol8c 
1.20326 
1.30436 
1.Jc5ac 
1.2o/lc 
1,30/36 
1 ,J 5o 3L 
1.J e V 6c 
1.391ot 
1.29^36 
1.393cc 
1.3 94 6 6 
1.j9cCt 

i ,39726 
l,iSo4t 
1.2990b 
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33 
OJ 

03 
03 
03 

03 
03 
C J 

C3 
03 
Oi 
Ci 
Ji 

Oi 
Oi 
Ci 
Ji 

03 
u3 
03 
33 
03 

OJ 
u3 
03 
03 
03 
OJ 
03 

03 
03 
0 J 

C3 
C3 
o3 
03 
0 3 
o3 
03 
03 

4 
1.2729E 
1.2726E 

1.2722E 
1.273o5 

1.2742b 

l,2762t 
1.2770t 

1.277o6 

l,27ba6 
1,27926 
1,27936 

l,2b6H6 
1.29296 
1.299o6 

1.30776 

l,31c56 
1.32456 

1.33226 

1,33376 
1.33516 
1.33fcc6 
1.333u6 

1.33956 
1.3409c 
1.3423C 
1.343/6 
1.34516 
1.3463t 
1.34796 
1.34316 
1.3493b 
1.35065 
1.35196 
1.352^5 
1.35456 
1.33536 
1.33705 
1.33836 
1.35936 
1.J5Ca6 

03 
03 

03 
03 
03 
03 
03 

O J 

03 

03 
03 

03 
03 

O J 

03 
02 
Oi 
03 

03 
O J 

33 
O J 

03 
03 
03 
Oi 
Oi 
03 
03 
03 
03 
OJ 
03 
03 
0 J 

0 J 
03 
Oi 
02 
Qi 

o 
1.21676 

1.21b75 

1.22175 
1.22265 
1.22366 

l,22c96 
1,22616 

1,22946 

1 , 2 J G 7 5 

1.23146 
1.23216 

1.24C4b 
1.2461b 
1.25t4t 

1.25536 
1.27436 
1.23356 

1.29216 

1.29366 
1.2V525 
1.29to6 
1.29846 
1.29996 
i.3jl4c 
1.30296 

1.30446 
1.305a6 
1.30726 
1.30a76 

1.30666 
1.3100c 
1,3114c 
1.31276 
1.31406 
1.J1536 
1.31060 
l,3I3u6 
1.J1936 

i.32Co6 
1,32196 

03 
03 
03 
03 
03 

03 
03 
03 

03 
33 
03 

C3 
33 

03 

03 
03 
03 

03 

03 
03 
03 
03 
03 
03 
03 
03 
03 
03 
03 

03 
03 
03 
03 
03 
C3 
0 3 
33 
03 

03 
Oi 

BOUNDARY 
1.16396 
1.16466 
1.17C65 
1.17226 
1.17376 

1.17636 
1.17995 
1.16166 

1,1533c 
1,16416 
1,1&5C6 

1.19466 
1 . 2 0 J 8 6 

1,21336 

1,2230c 
l.<i3J06 
1.24^56 
1.25206 

1.25J7C 
1.25546 
1.25716 
1.23676 

1.26036 
1.26186 
1.2633c 

1.20495 
1.25036 
1.25/86 
1.26926 
1.20946 
1.^7066 
1.27196 
1.27326 
1.2746c 
1.27o06 
1,2773c 
1.27876 
1.2ooIc 

1.26166 

1.2''21c 

03 
03 

03 
0 3 

03 
03 
03 

Oi 
33 
03 
03 

03 
03 

0 3 

Oi 
Ci 
Oi 
Ji 

Oi 
03 
03 
3 3 
Oi 
03 
03 
0 3 
03 
33 
Oi 
03 
03 
33 
Oi 
33 
33 
33 
0 3 
33 

03 
Ji 

CLAD 

1.15396 
1.15486 

1.16166 
1.16316 
1.16466 
1.16956 

1.17126 
1.17306 

1.17476 
1.17356 
1.1765b 
1,10636 
1.19576 

1.20546 
1.21536 
1.225J6 
1.23496 

1.24466 

1.24636 
l.24o06 
1.24976 
1.25136 

1,25296 
1.2544c 
1.25o0e 

1.25756 
1.25906 
1 .20046 
1,26186 
1.2620c 
1.26326 
1.26456 
l,2659t 
1,26726 
l,26o6e 
1.27336 
1,2714E 
1,2725c 
1.2743t 
1,27536 

03 
03 

03 
03 

03 

03 
03 
03 

03 
03 
33 

03 
Oi 
03 
33 

03 
0 3 
03 

33 
03 
03 
0 3 
3 3 

03 
03 

03 
33 
33 
33 
03 
Oi 
03 
33 
03 
03 
03 
3 3 
33 

03 
33 

STRUCTUR6 
1,13376 
1,13416 

I.14006 

1.14146 
1,14306 

1.14306 
I. 14975 
1.15156 

1.15346 
1. 15426 

I. 1553c 
1. lo596 
1.17546 
1.10546 

1. 19596 
1.23046 
1.21636 

1.22536 
1.227o6 
1.22946 
1.23126 

1,23295 
1.23466 
1.23c2c 
1.2J786 
1.2 3946 
1.2-+095 
1.24256 
1.24396 
1.2'i4ie 
1,24545 
1.24036 
L.2-+al6 
1.2HV56 
1.2509b 
1.23236 
1.23376 
1.25516 
1,23656 

1.23036 

03 
03 

03 
03 
03 

03 
03 
03 

03 
03 
03 
03 
03 
03 
Oi 
03 
03 

03 
03 
03 

03 
Oi 
33 
33 
33 
J3 

33 
03 
03 
0 3 
03 
03 
33 
03 
03 
03 
03 
03 
03 
03 

AV6PAG6 
1.27255 
1.27255 
1,27416 

l,274o6 
1.27526 

1.27736 
1.27316 
1.27906 

1.27996 
1. 260'+6 

1.23106 
1.20746 
1.^9336 
1. 30076 

1 . 3 3 3 J 5 

1.31716 
1.32536 

1.3329c 

1.3343c 
i.335o6 
1.33726 
1.3367c 

1.34016 
1.34156 
1.34296 
l,3^+436 
1. 3457c 
1 . 3 H 7 3 6 

1.3434b 
1, 348ob 
1. 34975 
1.33115 
1.35246 
1,35376 
1.33496 

l,33o2E 
1.35756 
1.35676 
1, 3o03c 
1,JolJ6 

03 
03 

0 3 
03 
33 

03 
33 

03 
03 
33 

33 
33 

0 3 

03 

3 3 

33 
J 4 

33 
^i 
Oi 
33 

33 
03 
3 3 
33 
0 3 
33 
03 
33 
33 
33 
33 
33 
03 
33 
Ji 
Oi 
33 
33 
33 



APPENDIX F 

NEUTRON ENERGY GROUP STRUCTURE OF STANDARD 

WAPD 18 GROUP LIBRARY 

Group 

0 

1 

2 

3 

k 

3 
G 

7 

8 

9 

10 

11 

12 

13 

11+ 

15 

16 

IT 

18 

Lower Energy ( e v ) 

9 .9700 

3 .6678 

2.22I+6 

1.3i+93 

8 ,1839 

k.9G3Q 

3 .0107 

1 .8261 

1 ,1076 

6 ,7177 

14,071+5 

2,1+713 

1,1+989 

0 ,0915 

l+.OOOO 

1,0000 

3 .0000 

1 ,0000 

3 .0000 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

y 
y 
y 
y 
105 

105 

105 

105 

105 

10^ 

10^ 

10^ 

10^ 

10^ 

103 

103 

102 

102 

10^ 

L e t h a r g y Width 

1,00000 

0,50000 

0,50000 

0,50000 

0,50000 

0,50000 

0,50000 

0,50000 

0,50000 

0,50000 

0,50000 

0,50000 

0,50000 

0,82101+ 

1,38629 

1,20397 

1,09861 

1,20397 
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APPENDIX G 

CERMET MATERIALS LITERATURE SEARCH 

The following documents were reviewed as reference sources only as part 

of the Cermet Fuel Review, Section III.7.6. 

Reactor Core Materials 

Nuclear Science Abstracts 
May 1963 through 1965 

The following dociiments 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-I+5I+2, Radiation Effects on 30I+ Stainless Steel 

ASTM-STP-3I+I, 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-36I+, 1962 R e a c t o r S t r u c t u r a l M a t e r i a l s 

A/Conf. 1 5 / 1 8 7 8 , H, M. B a r t z , P e r f o r m a n c e of M a t e r i a l s , J u n e 1958 

APED-1+51+2, R a d i a t i o n E f f e c t s on 30l+ S t a i n l e s s S t e e l 

The f o l l o w i n g doc\iments were r e v i e w e d and found t o c o n t a i n no p e r t i n e n t 

i n f o r m a t i o n : 

BMI-I29I+ 

BMI-IO3I+ 

BMl-1307 

BMl-1315 

BMl-1325 

BM1-1330 

BMl-ll+1+2 

BMI-II+6I+ 

BMl-ll+69 

BMl-ll+73 

BMI-II+8O 

BMl-1527 

BMl-1528 

BMl-1529 

BMl-APDA-61+7 

ORNL-2988 

ORNL-307T 

ORNL-3386 

ORNL-3I+7O 
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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 I965. 

CF-58-2-TI V. D. Hayes, Summary of UO2 - SS Dispersion Element 
Irradiation Experiments, 1958. 

Goslee, D. E, , Improving Performance of Stainless Steel UO2 Cermet 
Fuels, Nucleonics, Vol. 21, No. 7, p. 1+8-52. 

A/Conf. 28/P/239, J. H, Kittel, et al, Irradiation Behavior of 
Metallic Fuels, May 1951̂ . 
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