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MODELING THE THERMAL EFFECTS OF FABRICATED FUEL-TO-CLADDING
GAP Ii FAST REACTOR FUEL

A.1 Introduction

This thesis presents analyses made to refine the calculation of

centerline temperature and the linear-heat-rating needed to cause

incipient melting, %, of mixed-oxide (75% UO2 - 25% Pu02) fuel typical

of that to be used in the driver assemblies of the Fast Flux Test

Facility, FFTF (Figure 1). The results also have direct application to

Liquid Metal Fast Breeder Reactor, LMFBR, fuel pins. The analysis is

specifically concerned with the effects of fabricated fuel-to-cladding

gap and accumulated fuel burnup up to 10,900 MWd/MTM (1.1 At%) on the

thermal performance of the fuel pins. The data used in this analysis

are from the HEDL P-19 and P-20 experiments which were irradiated in the

Experimental Breeder Reactor 2, EBR-II, for the Hanford Engineering

Development Laboratory, HEDL.

The fuel and cladding system of interest in this analysis, Figure

1, is made up of a cladding with an outside diameter, OD, of 0.230 inch

(0.58 cm) and an inner diameter, ID, of 0.200 inch (0.51 cm). The fuel

contained in this cladding is normally fabricated with a diameter about

0.005 inch (0.13 mm) less than the ID of the cladding. For all calcula-

tional purposes in this report it is assumed the fuel is concentric

within the cladding ID. The pin plenum and gap between the fuel and

cladding are originally filled with a gas mixture of 90% He + 10% (Xe +

Kr) in present FFTF /LMFBR fuel pins. The majority of the data used in

this report, however, are from pins which were back-filled with pure He.

Only radial heat transfer is assumed in this study because the length,

36 inches (81 cm) for FFTF pins and 13.5 inch (34 cm) for the test pins,
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of the fuel columns is much greater than the radii of the fuel and

cladding involved.

During irradiation, a number of changes occur in the fuel and

cladding early in life. Cracks form in the fuel due to thermal stresses

and the fuel-to-cladding gap tends to close due to fuel swelling and

crack healing mechanisms. The fuel and cladding also naturally expand

due to increased temperatures. The solid ceramic fuel operating at

high, greater than 10 kW/ft (330 W/cm), linear heat rates develop fuel

restructuring regions. Normally an inner radius of high density columnar

grains form and a corresponding central void of significant proportions

is also created. Gases, both absorbed during fabrication (H, N2 and

Ar) and those generated from fissioning (Xe and Kr) in the fuel, are

released to the gap and fuel pin plenum, this results in lower thermal

conductivity gas in the gap. If temperatures are high enough, about

5000°F (2760°C), the fuel will begin to melt and can relocate in the

central void under the influence of gravity and/or gas pressure.

The calculation of fuel centerline temperature is of interest to

LMFBR's because reactor design limits normally require that there be a

low probability of fuel melting even during a 15% overpower condition.

This requirement has a direct effect on the steady state power limit of

the fuel element and the reactor. Optimization of this power is

important to reactor thermal efficiency and economy of operation.

Design factors, that are probably unnecessarily conservative because of

a small data base, are applied in fuel temperature calculations causing

a penalty in power limits that may not be needed. This uncertainty also

causes very conservative fuel-to-cladding gap specification tolerances
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to be used (requiring grinding of each fuel pellet) which increases fuel

fabrication costs.

The calculation of fuel centerline temperatures in the complex heat

transfer system of the fuel pin is difficult. With the edge of the

central void of a typical "fresh" experimental fuel pin, (assuming a

0.005 inch diametral fuel-to-cladding gap), at the melting point, the

temperature drop across the hot radial gap is about 800°F (430°C), and

the drop across the fuel itself is about 2300°F (1650°C). Looking at

the calculation of radial temperature drops from the coolant to the fuel

melt boundary we have:

(A) f

T
m dT = ATE, + ATC + ATG + ATF + ATRF

TI

where

Tm
= Melting temperature of fuel

T
I
= Sodium coolant temperature

AT
Fl

= Temperature drop between coolant and cladding

ATc = Temperature drop through cladding

AT
G

= Temperature drop through fuel-to-cladding gap

AT = Temperature drop through unrestructured fuel region

AT
RF

= Temperature drop through restructured fuel regions.

There are two methods of characterizing this heat transfer system with

respect to melting. The right side of Equation A can be used, with

each regions' temperature drop being characterized from the coolant to

the fuel center, or the left side can be used, looking only at the

"integral" effect based on prototypic test data.
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Using the right side of Equation A to calculate fuel temperatures

at linear heat rates high enough to cause melting results in a large

uncertainty. The characterization of the temperature drops in the gap

and fuel is not simple. Each has significant uncertainty due its com-

plexity, the present "state of the art" of understanding and the limited

data base. For example, calculation of the temperature drop across the

gap depends on the hot gap size, the gas composition in the gap, inter-

face pressure, gas pressure, and the surface conditions of the fuel and

cladding. The thermal conductivity of the mixed-oxide fuel depends on

temperature, density, size and shape of porosity, the oxygen-to-metal-

ratio, (0/M), and perhaps several other parameters. Uncertainty for

fuel conductivity above 1700°C is large because of very little data

being available. Further, for calculating fuel temperatures the size of

the columnar grain region and central void, and the density of the

columnar grain must be calculated since these have a significant effect

on fuel temperatures (in a high power fuel the centerline temperature

can drop as much as 600°F due to restructuring). Development of the

columnar grain region and central void is generally qualitatively

understood but prediction of them still involves significant uncer-

tainty.

The characterization of individual temperature drops, the right

side of Equation A, and the summing of corresponding uncertainties led

to the development of "integral" heat-rating-to-incipient fuel melting,

(11:1,
("power-to-melt") tests to decrease uncertainties. These tests, in

effect, use the left hand side of Equation A. These experiments, based

on prototypic parameters, result in 01:1 values which can be applied to
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reactor design with a minimum of additional calculation. Uncertainty is

mainly reduced to characterizing local linear heat rates in the test

fuel. The HEDL P-19 and P-20 tests were conducted to develop integral

data for FFTF. The fuel pins and test operating conditions were as near

prototypic of the FFTF design as possible. The prime concern and vari-

able was fabricated fuel-to-cladding gap size because of the major

uncertainty in calculating fuel-to-cladding gap conductance.

The HEDL P-19 test was irradiated to investigate the effects of

initial fuel-to-cladding gap size on Qm at beginning-of-life (BOL)

conditions(1)(3)(4). It included 0.230 inch OD fuel pins, and 0.250

inch OD pins to assure sufficient heat generation to have partial fuel

melting in a major number of the pins. The P-20 test followed and was

designed to determine the effects of fuel burnup up to 10,900 MWd/MTM on

Q' at several different gap sizes
(2)(4)

The data from the HEDL P-19 test provided the basis for establish-

ing the specifications for fuel-to-cladding gap size in the FFTF driver

fuel pins in order to assure that the fuel has the capability for 400 MW

reactor operation under the most severe "design" conditions. P-19 and

P-20 simulated the most severe history expected for a 15% overpower in

the FFTF.

Normalization of the "integral" Q1 data from the tests is necessary

since the experimental values of Q:11 are derived at different coolant

temperatures, pellet densities (in some cases) and, as noted previously,

sometimes different fuel and cladding OD sizes. All the values need

to be adjusted to a single set of design conditions. This type analysis
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requires an understanding of the heat transfer mechanisms used on the

right side of Equation A but involves a minimum of adjustment calcula-

tions, thus minimizing introduced uncertainty. The final result in

this analysis is a curve of normalized values as a function of fabri-

cated fuel-to-cladding gap.

However, there are several reasons for which the calculations

considering the temperature drops through all the regions, the right

side of Equation A, are required. First it is needed to the study Qm

predictions for advanced fuels and/or operating conditions where the

parameters deviate significantly from the integral tests. Secondly,

there is a need for predicting fuel temperatures at linear heat rates

lower than Qm, where the fuel will normally be operating under steady

state conditions. Thus calibrated thermal performance digital computer

codes which in effect calculate values for, or model, the right side of

Equation A have been and are being developed.

Since a known isotherm in the fuel occurs at the extent of melting,

data from the integral P-19 and P-20 experiments can be used directly

for calibrating fuel thermal performance codes. At Q' these provide an

in-reactor check on the total integral calculation.

The P-19 and P-20 experiments represent a unique set of data in the

United States fast reactor program. Only one other test, the General

Electric F-20
(79)

test, resulted in this type of data. Complete results

of the F-20 test remain to be published but are expected to extend the

data ranges found in these analyses. The use of the known isotherm in
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the fuel that occurs at the extents of fuel melting provides the best

available data to date, for calibrating fuel thermal performance models.

Other possible methods for measuring temperatures introduce "something

extra", i.e. thermocouples or melt wires, into the fuel which may effect

the results. Further, because of the high temperatures and environment

involved, tests using these other methods in fast reactor fuel have been

used very little in the U.S.

Using the P-19 and P-20 data the later portion of this thesis

describes the calibration of the gap conductance model in a revised

version of the SIEX(5) thermal performance code. Because of the nature

of the model involved information from other work is also used. The gap

conductance model was chosen to be calibrated because, as noted pre-

viously, it is considered to have the most significant uncertainty in

the calculation of fuel temperatures. Prior to calibration of the

model, summaries of the heat transfer formulations used in the revised

code, SIEX -Mi, are made and reviews of related material properties are

discussed. Here the effort was made to choose the most realistic models

possible for calculating the radial temperature drops over each region.

As is seen by Equation A any gap conductance model calibrated using

integral Q1:1 data is meaningful only if the complete heat transfer path

is specified since assumptions made for the other region models are not

unique. The gap conductance model and heat transfer system developed in

this manner will have a minimum of uncertainty in predicted fuel temper-

ature drops through each region and in the system as a whole.
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The SIEX(5) thermal performance code was chosen for calibration

purposes because of the author's involvement in its development and its

successful and extensive use at HEDL(8) .k)r fast reactor fuel predic-

tion. It offers quick running tines and the ability to be correlated to

large data bases. Other codes in use in the U.S., GAPCON
(6)

, FMODEL
(23)

LIFE(77) and UNCLE ($) use methods similar to those used in versions of

SIEX for calculating gap conductance though detailed assumptions vary

considerably.

The HEDL P -19 data have been previously described in past re-

ports(1)(3) with preliminary analyses. Similarly, P-20 data have been

reported
(2)(4)

and preliminary analyses discussed. The current analysis

of the raw data is the first ore using the combined P-19 and P-20

results with the same analysis tools, and should reflect the best

analysis to date. The present study incorporates many analysis refine-

ments not used on the data previously (i.e. special handling of fuel

restructuring and use of the SIEX thermal performance code). All

measurements from P-19 ceramography were remeasured as part of these

analyses to assure the same criteria were applied in interpreting the

observations as were used for P-20 data. On the whole the P-19 measure-

ments changed very little. In addition, a change in power levels used

-for the P-19 experiment (and thus P-20) has also been made. This power

adjustment reflects more detailed analyses
(71)

made by the EBR-II

project to establish the actual power the reactor is running at.

Appendix C Includes summary descriptions of the nomenclature

used in this report which may not be familiar to those not working
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directly in this field. it also includes definition of mathematic

variables and constants used in the later portion of this thesis.
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A.2 Summary

The object of this study is to:

1) Make a refined analysis of the combined results of experi-

ments HEDL P-19 and P-20 to find the integral linear-heat-

rate-to-cause incipient fuel melting,

2) Set forth a realistic set of mathematical models for the

radial heat path from the fuel centerline to coolant.

3) Use the experimental data, item 1, with the mathematical

models, item 2, to calibrate a fuel-to-cladding gap conduc-

tance model.

The data from the HEDL P-19 and P-20 test represent a unique set of

information in the U.S. fast reactor program. The HEDL P-19 test was

irradiated to investigate the effects of initial fuel-to-cladding dia-

metral gap sizes, from 0.003 to 0.010 inch (.08 to .25 mm), on Qm at

beginning-of-life conditions. The P-20 test was irradiated primarily to

determine the effects of fuel burnup to 10,900 MWd/MTM on Qm at several

selected diametral gap sizes, 0.0035, 0.0055 and 0.0075 inch (.09, .14,

and .19 mm). Both experiments were designed to be "integral" power-to-

melt tests, the fuel pin fabrication and operating parameters simulating

FFTF/LMFBR design conditions.

Results from the final combined analysis, and normalization of

data, at beginning-of-life conditions (60 to 90 MWd/MTM) to a single set

of fuel and operating conditions show a definite dependence of C11;1 on

fabricated fuel-to-cladding gap size. The normalized Qm values varied

from 18.3 to 14.8 kW/ft (600 to 490 W/cm), Figure 11. Apparent closure
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of the hot gap occurred at fabricated diametral gaps of about 0.005 inch

for this "fresh" fuel. The effect of having lower conductivity fill-gas

mixture (18% Xe - 82% He instead of pure He) was a significant decrease

in %, as expected. A reason for the scatter in data between the two

tests at a diametral gap of 0.0055 inch was not found however several

possibilities, were identified.

The results of the higher burnup data show that by the time a

burnup of about 3700 MWd/MTM is reached, Qm is at least 18.5 kW/ft in a

prototypic (except in length) FFTF/LMFBR mixed-oxide fuel pin and is

essentially independent of starting fuel-to-cladding gap size Figure 12.

This represents, for the 0.0075 inch gap case, an improvement in WTI of

about 20% relative to "fresh" fuel (60 to 90 MWd/MTM). This improvement

comes about primarily by rapid closure of the fuel-to-cladding gap, due

to the fuel moving outward by cracking and crack healing mechanisms.

Improvement is also caused by additional fuel restructuring.

These later test results indicate that with a short conditioning

period (3700 MWd/MTM or about 12 equivalent full power days) the thermal

rating of an LMFBR can be increased by at least 20%. Further, restric-

tive limits on maximum fabricated fuel-to-cladding gap sizes can be

relaxed, which could result in more viable fuel fabrication processes.

The data from these two experiments represent the best information

to calibrate fuel pin thermal performance models to; the molten fuel

extent represents a known isotherm. This allows, with the use of

mathematical heat transfer models for the rest of the radial heat path,

the calibration of the model with the most significant uncertainty
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associated it, the fuel-to-cladding gap conductance model. Once this

model is calibrated and using heat transfer formulations developed for

the rest of the radial path a basic heat transfer model for the fuel-

cladding system is established. This can be used as the basis for a

thermal performance code for LMFBR fuel pins under many conditions.

Later, using a larger data base, fuel behavior models, such as for fuel

restructuring and fission gas release, can be combined with it to make a

total predictive package.

An analysis of the heat transfer formulations used for the fuel-

cladding radial heat path was made. The SIEX(5) thermal performance

code was the starting point because of the past ability of it to make

satisfactory predictions for LMFBR type fuel. Material property models

were also developed. A proposed set of heat transfer models consistant

with the apparent "state of the art" resulted. ' Particular emphasis was

placed on the complex heat transfer system at the fuel-to-cladding gap.

The conclusion of the analysis in this regard was the continued use of

the gap conductance model proposed by Ross and Stoute(7) was entirely

satisfactory.

Hot fuel-to-cladding gaps must be predicted as part of the modeling

of gap conductance. Models characterizing these were developed based on

the HEDL P-19 and P-20 data. A postirradiation residual fuel-to-cladding

gap, the gap size observed at room temperature ("cold"), model was

correlated to measurements made from transverse ceramography from the

test pins. The model developed, Equation 40, is dependent on original

gap size, local power, local burnup, reactor cycles and irradiation
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history. It agrees well with the data, Figure 21. Other observations

of fuel behavior led to the conclusion of using the radial integral of

thermal expansion for the fuel, rather than a radial average value, in

calculating the final fuel-to-cladding hot gap.

Using the set of proposed heat transfer formulations, material

properties, and fuel-to-cladding gap closure models the three constants

in the gap conductance model were calibrated using the experimental Qm

data. These constants are basically corrections concerned with the

effects of the "waviness" of the fuel and cladding surfaces. The two

constants dealing with solid-to-solid contact could not be uniquely

determined and thus one was set based laboratory results and model

behavior; and the other calibrated. The resulting calibrated gap conduc-

tance model and radial heat transfer formulations appear to model the

heat transfer system of the fuel pins well. This is evidenced for the

"fresh" pins by the comparison shown in Figure 24 of Qm data and pre-

dictions (SIEX-M1). At higher fuel burnups (up to 10,900 MWd/MTM) the

model predictions also agree well with the available data points and

lower bound data, Figure 23. It is believed this model represents a

refined predictive system for in-reactor fuel performance.

Surface roughness of the test fuel and cladding was not measured

(it is recommended in the near future these measurements should be made

from archive samples) thus direct comparison of the constants derived in

laboratory work and from this work cannot be made. However, the cali-

brated constants from this work compare well with those found by Ross

and Stoute(7) for zircaloy and UO2 material pairs using typical values

for roughness.
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B Derivation of Integral Power-to-Melt Curves Based on HEDL P-19 and

P-20 Test Results

The following summarizes the analysis of the HEDL P-19 and P-20

test with respect to the linear heat-rating-to-incipient fuel melting,

CV11, which is also referred to as "power-to-melt." At all times as little

as possible manipulation of the data is made to retain the advantage of

an integral type test, run very near the conditions required in the fuel

pin design of interest (FFTF driver type fuel pins). Some normalization

of the data is necessary however, in order that data from the 0.250 inch

(0.635 cm) OD pins can be applied to the 0.230 inch (0.584 cm) OD type

fuel pins of direct interest, and so Qm data taken at different cladding

temperatures can be used and compared. There is also the experimental

need to verify similarity of behavior of the different fuels under

different operating conditions.

B.l.a Summary of the HEDL P-19 test

The experiment HEDL P-19, was conducted in EBR-II to determine the

effect of initial, cold, diametral fuel-to-cladding gap, from 0.0034 to

0.010 inches (0.086 to 0.254 mm), on the linear-heat-rating (W11) re-

quired to cause incipient fuel melting in mixed-oxide (25% Pu02 - 75%

UO
2
) fuel pins under very rapid LMFBR startup conditions. P-19 was a

nineteen (encapsulated) pin subassembly, Figure 2, consisting of eight

0.230 inch OD pins, eight 0.250 inch OD pins and three preirradiated

elements. All pins were backfilled with pure helium. The "fresh" pins

were clad with 316 SS (20% CW) and were fabricated to RDT Standards for

LMFBR fuel. Appendix A of Reference 4 summarizes detailed fabrication



EBR-II GRID
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CAPSULE
IDENTIFICATION

NUMBER

SUBASSEMBLY
LOCATION
NUMBER

FUEL PIN
DIAMETER,

IN.

NOMINAL

FUEL-CLADDING
DIAMETRAL GAP,

IN.

NOMINAL
PELLET

DIAMETER,
IN.

P-19-8 1 0.230 0.010 0.190

PNL-2-16 2 0.238 PREIRRAD. 0.212**

P-19-20 3 0.230 0.010 0.190

P-19-35 4 0.230 0.00721 0.193

P-19-13 5 0.230 0.008 0.192

P-19-2 6 0.230 0.008 0.192

P-19-5 7 0.230 0.006 0.194

P-19-3R 8 0.250 0.010 0.208

P-19-6 9 0.230 0.004 0.196

PNL-1-11 10 0.250 PREIRRAD. 0.212**

P-19-33 11 0.230 0.0049' 0.195

P-19-24R 12 0.250 0.010 0.208

P-19-26R 13 0.250 0.006 0.212

P-19-25R 14 0.250 0.008 0.210

P-19-30 15 0.250 0.0070 1 0.211

P-19-7R 16 0.250 0.006 0.212

P-19-27R 17 0.250 0.004 0.214

PNL-2-18 18 0.238 PREIRRAD. 0.212**

P-19-28 19 0.250 0.0034 1 0.215

**INITIAL

t AS-SINTERED
HEDL 7506-117.15

Figure 2. Fuel Pins Used in HER P-19 Test Assembly
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data for the P-19 test pins, Table I shows data of direct interest to

this analysis.

The P-19 test was conducted to simulate a fast startup to steady

state power. After a one hour hold period, power was then increased

rapidly an additional 15 percent. This level was held ten minutes, and

the reactor was then scrammed (see Figure 3) to quench the fuel struc-

ture.

The P-19 experiment (X108) was irradiated in row 2, position 2B1 in

the EBR-II. The subassembly loading is shown in Figure 2. The posi-

tions immediately adjacent to the test were occupied by driver fuel

assemblies(67).

After irradiation, the P-19 pins were removed from EBR-II and

neutron radiographed. This confirmed partial fuel melting in a number

of pins. All 0.230 inch OD pins with fuel -to- cladding gaps equal to or

less than 0.0055 inch had no fuel melting. The remaining 0.230 inch OD

pins and all the 0.250 inch OD pins experienced partial melting. The

capsules were then returned to HEDL where detailed destructive examina-

tion was conducted.

Transverse ceramographic sections were used to obtain measurements

of fuel restructuring zone radii and residual fuel-to-cladding gap.

They were also used to obtain the radial extent of melting at the peak

power locations of those pins experiencing partial fuel melting. How-

ever, power-to-melt, Qm' data calculated from these sections were consi-

dered less accurate because of the uncertain influence of relocated

molten fuel on local power. While this relocation must be relatively

small, no more than 4 percent, it is believed to have contributed to
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TABLE I

SUMMARY OF FABRICATION PARAMETERS FOR EACH P-19 PIN

Capsule
Ident.
Number

Avg.

Fuel Dia.
(in.)

Avg. Pellet
Density
(% 70)

Average Cladding Dimensions
(in.)

Fuel

Column
Length

in.)

Average
Fuel-Cladding

(in.)ID 0D

P-19-2 0.1922+0.0002 90.75 0.2000+0.0001 0.2304+0.0001 13.4286 0.0078+0.0003
P-19-3R 0.2078 92.40 0.2178 0.2503 13.4595 0.0100

P-19-5 0.1943 90.75 0.2000 0.2304 13.4842 0.0057P-19-6 0.1962 90.75 0.2001 0.2304 13.4253 0.0039

P-19-7R 0.2117 92.40 0.2179 0.2504 13.4740 0.0062
P-19-8 0.1903 90.75 0.1999 0.2303 13.4970 0.0096

P-19-13 0.1922 90.75 0.2000 0.2303 13.4011 0.0078
P-19-20 0.1903 90.75 0.2000 0.2302 13.5327 0.0097

P-19-24R 0.2078 92.40 0.2178 0.2502 13.4547 0.0100
P-19-25R 0.2098 92.40 0.2178 0.2501 13.4565 0.0080

P-19-26R 0.2117 92.40 0.2177 0.2501 13.4791 0.0060
P-19-27R 0.2137 92.40 0.2177 0.2502 13.5511 0.0040

P-19-28(a) 0.2147 92.40 0.2181 0.2502 13.4857 0.0034
P-19-30(a) 0.2108 92.40 0.2179 0.2401 13.4678 0.0070

P-19-33(a) 0.1943
. 90.75 0.1992 0.2300 13.5845 0.0049

P-19-35(a) 0.1920 90.75 0.1992 0.2300 13.5701 0.0072

PNL-1-11 0.2120±0.0005 89.45 0.2180±0.0002 0.2498±0.0001 13.4060 0.0060±0.0007
PNL-2-16 0.2120±0.006, 90.57 0.2181 0.2380±0.0003 13.4680 0.0061±0.0008
PNL-2-18 0.2122±0.003 90.05 0.2181 0.2375±0.005 .13.4680 0.0059±0.0005

(a) Pellet surfaces in the as-sintered condition. All other pins contained ground pellets.
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the moderate scatter found in the C11:1 values calculated from these data.

It was judged that the axial extents of melting, as determined from

longitudinal ceramographic sections, offered the best data for determin-

ing Qm since these sections experienced the least variation due to

molten fuel relocation. Local generated power and temperatures are

highest near the axial midplane and decrease toward each end of the fuel

column, as will be discussed later. These longitudinal sections also

allowed direct evaluation of whether a once molten fuel plug was present

and should represent incipient melting positions.

13.1.b Summary of HEDL P-20 Test

The primary purpose of the P-20 test was to determine the effect of

burnup, up to 1.1 At.% (about 10,900 MWd/MTM) on power-to-melt, Q:11,

over a range of fuel-to-cladding gaps of interest to LMFBR's. Table II

summarizes the experiment variables and general fabrication parameters.

Table III summarizes specific pin data.

The pins with 0.0035, 0.0055, or 0.0075 inch (0.099, 0.14 or 0.19

mm) fuel-to-cladding diametral gaps constitute the main portion of the

test since these span the present allowable range in FFTF driver and

LMFBR fuel pins. These pins were backfilled with pure helium to permit

a direct comparison of the results with the HEDL P-19 results. Several

pins with 0.0075 inch fuel-to-cladding gaps were included that were

back-filled with 82% He-18% Xe to assess the effect of "tag" gas on

thermal performance. (FFTF driver and LMFBR fuel pins will be filled,

"tagged" with a 90% He-10% (Xe+Kr) mixture with predetermined ratios of
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TABLE II

SCOPE OF HEDL P-20 THERMAL PERFORMANCE TEST

General Parameters

Cladding

Fuel

316 20% CW stainless steel

0.230" OD x 0.015" wall thickness

75% UO
2

x 25% Pu0
2

Preslugged (High pressure) same as P-19

0/M - 1.96

Pellet density ti 91.% (similar to P-19, 0.230 inch OD pins)

He bonded to cladding

13.5" fuel column length

Subassembly

19 encapsulated pins

Shroud tubes

Main Variables

Fuel burnup, three increments to 10,900 MWd/MTM (1.1 At.%)

Fuel to cladding diametral gap (0.0035" to 0.0096" Phase 1 & II)
(0.0035", 0.0055" and 0.0075" Phase III)

Secondary Variables

Fill gas, pins with 18.% Xe Tag

Fuel fabricated structure, pins with low pressure preslugged fuel

HEDL P-19 fuel batch

Mixed fuel-to-cladding gaps in the same pin

One high burnup PNL-2 pin (304 SS cladding 0.250" OD x 0.016" wall)
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N
Average Fuel

Fuel

Phase
0

TABLE III

SUMMARY OF FABRICATED PARAMETERS FOR EACH P-20 PIN

Nominal

Pin

Diametral Plenum
Fuel-To-Clad Fill0

Pellet Density,
Column Length,

!dent. f-+ II +III Gap, mils Gas Fuel Batch X ID Inches

P-20-1 X 7.6 He FE116.1 90.7 13.44

P-20-2R X X 7.6 He FE116.1 91.0 13.57

P-20-3 X X 7.6 He FE116.1 90.9 13.44

P-20-4 X X X 7.6 He FE116.1 90.6 13.46

P-20-5 X 7.6 He FE116.1 90.8 13.47

P-20-7 X 7.6 He FE116.1 91.1 13.44

P-20-8 X X 7.6 He FE116.1 90.6 13.50

P-20-9 X 7.4 Xe+He FE116.1 91.2 13.42

P-20-10 X X 7.6 Xe+He FE116.1 91.2 13.56

P-20-11 X X 7.5 Xe+He FE116.1 91.1 13.43

P-20-12 X 7.5 Xe+He FE116.1 91.3 13,76

P-20-13 X 7.4 Xe+He FE116.1 91.1 13.58

P-20-15 X 7,7 He FE117.2 91.4 13.40

P-20-18 X M 5.5
0 He FE116.1 91.4 13.61

P-20-19 X X H 5.4 He FE116.1 91.3 13.61

P-20-20 X X M 5.6 He FE116.1 91.3 13.59

P-20-21 X H 5.5 He FE116.1 91.2 13.48

P-20-22 X H 5.6 He FE116.1 91.4 -13.43

P-20-24 X 5.6 He FE116.1 90.8 13.45

P-20-25R X X 5.6 He FE116.1 91.2 13.59

P-20-26 X X 5.5 He FE116.1 91.1 13.43

P-20-27 X X X 5.6 He FE116.1 91.0 13.48

P-20-28 X 5.5 He FE116.1 91.2 13.48

P-20-29 X X 5.6 He FE116.1 91.3 13.45

P-20-30 X 5.5 He FE116.1 91.0 13.55

P-20-32 X 3.6 He FE116.1 90.6 13.42

P-20-33 X X 3.6 He FE116.1 90.6 13.52

P-20-34R X X 3.5 He FE116.1 91.1 13.60

P-20-35 X X X 3.5 He FE116.1 90.7 13.45

P-20-36 X 3.6 He FE116.1 90.6 13.48

P-20-37 X X 3.5 He FE116.1 90.6 13.50

P-20-39 X 7.6 He FE117.2 91.5 13.59

P-20/19-1R X 9.6 He FE100.1 90.8 13.40

P-20/19-14 X 3.8 He FE100.1 90.8 13.62

P-20/19-21 X 7.6 He FE100.1 90.8 13.49

P-20/19-23 X 3.8 He FE100.1 90.8 13.40
P-20/19-34 X 7.2 He FE100.1 90.8 13.58

P- 20 /PHL -2 -5 X 6 He MEE-13 91.7 13.59

O Phase I. Subassembly IX169A; Phase II, Subassembly 4X169; Phase III, Subassembly fX1698.

He 100% Helium, Xe + He -18.3% Xe +81.7 Helium.

O FE100.1 P-19 Fuel, High Pressure preslugged; FE 116.1 P-20 Fuel. High Pressure Preslugged;

FE117.2 P-20 Fuel, Low Pressure Preslugged; 1MEE-13 PUL -2 Fuel, low Pressure Press.

0
M 5.5 - Mixed gap pin; Mixed gap sizes over

four inches length near axial midplane with

5.5 mil gap fuel in remainder of fuel column.
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certain Xe and Kr isotopes, for a given subassembly to allow identifying

"leakers" in the event of a cladding breach.) In addition, pins were

included with fuel columns made up of different diameter pellets (mixed

gap) to evaluate axial "smoothing" of WTI, and with fuel fabricated by

low pressure preslugging
(68)

, see Section D.6, to determine the impact

on Qm of varying the type of porosity. Other pins in the test were

unirradiated spares from the HEDL P-19 test to provide the internal

calibration of the HEDL P-20 test to the P-19 test. Also a pin from the

PNL-2(59) subassembly was included to help assess Q1;1 at high burnup.

Detailed fabrication descriptions on those pins whose data are used

in the analysis described in this report are given in Appendix C Refer-

ence 4. These pins were essentially the same design as the 0.230 inch OD

pins used in the P-19 experiment. However, different fuel fabrication

lots were used. The mixed gap P-20 pins and the PNL 2-5 pin are not

discussed in the following analyses because analyses on these are still

preliminary.

The P-20 test was conducted in three phases. The purpose of Phases

I and II was to accumulate fuel burnup under steady-state conditions,

see Figure 4. The peak fuel pin linear power in these phases was about

13.75 kW/ft or approximately 78 percent of the peak linear power during

Phase III. This power was intended to be about 87 percent of the peak

power during Phase III similar to the one hour hold level in the P-19

test. However, the peak power obtained in Phase III, Figure 4, was

slightly higher than predicted. Since complete fuel restructuring occur-

red this will not significantly affect the Qr;1 results. After Phases I
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and II some pins were removed and unirradiated pins added so that

three different burnup levels were achieved, (see Table IV). Phase III

was then conducted using several pins from each of the three burnup

levels, plus six "fresh" pins and one PNL-2 fuel pin (burnup of 65,000

MWd/MTM).

The Phase III portion of the test was scheduled to be conducted

with the same power-time history as in the P-19 test, Figure 3. Actual

power history for the test is shown in Figure 5. Several of the hold

times were longer than in the P-19 test because of reactor operating

requirements. However, these were judged to be of no consequence to the

test results because they occurred at fairly low powers. The core

loading for EBR-II for this phase was adjusted to obtain at least the

same pin power levels as the P-19 test. A special core loading
(70)

was necessary since the reactor radial reflector had been changed from

depleted uranium to stainless steel, causing lower flux levels in the

center of the reactor at the same reactor power level. As will be shown

later, burnups and (11'n data indicate that the powers in the P-20 test

were actually higher than the P-19 test.

After Phase III irradiation was completed, the pins were neutron

radiographed and shipped as rapidly as possible to Los Alamos Scientific

Laboratory (LASL) for nondestructive examination. Destructive exami-

nation followed at both HEDL and LASL. Table V summarizes neutron and

betatron radiograph data. Later ceramography confirmed these observa-

tions.



TABLE IV

SUMMARY OF P-20 IRRADIATION CONDITIONS

EBR-II

Run

No.

Test

Posi-

tion

Page 25

Approximate.

Equivalent Accumulated

Full Power Burnup

Days MWOMTM

Reactor

Full Power

Cycles

hase I 61A 3F2 12.4 3700 2.

hase II 59B 3F2 23.7 7200 6.

hase I + II --- - -- 36.1 10,900 8.

hase III 62E fkl 0.26 90 1.
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TABLE V

FUEL MELTING RESULTS FOR THE PHASE III HEDL P-20 TEST PINS

Pre-
irradiated
Burnup, Total

Pure He Pin Fill Gas 18% Xe-82% He
Pin Fill Gas

3.5* 5.5* 7.5* Mixed Othert4Wd /MTM Pins 7.5*

0 7 -- 1 2** 1
2*** 1

3700 5 1 1 1 1 -- 1

7200 3 1 1 1 -- -- 411.,

10900 3 1 1 1 -- -- 111.

65000 1 ... -- -- 1 WO

*As built, nominal fuel-to-cladding diametral gap size, mils

**One pin contained low pressure preslugged fuel

***P-19 spare pins, 7.2 and 7.6 mil gaps

All pins had fuel
'melting

Only the 3.5 mil
gap pin had fuel
melting

Ho fuel melting

No fuel melting

PHL-2-5 (0.250 in.
0.D., 6 mil gap)
had fuel melting
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Using neutron radiography, betatron radiography, ceramography and

autoradiography, the axial extents of fuel melting were determined by

the same methods used in the analysis of the P -19 test.

B.2 Ceramographic Data From HEDL P-19 and P-20

The longitudinal ceramography sections, used to identify the axial

extents of melting, were located based on the appearance of the central

voids observed on the neutron radiographs and betatron radiographs, see

Appendix A. Longitudinal ceramography sections were then cut from the

pins at those locations. The sections were mounted in plastic and

ground to the longitudinal centerline of the pin. Reimpregnation mini-

mized fuel "fall out" and "pull out". Photomacrographs, a and i3 -y

autoradiographs and 75x photomosaics in the polished and etched con-

dition were prepared for each section.

From this ceramography the axial extents of melting were accurately

located. Figure 6 and 7 show examples from P-20 of the data used to find

the axial extents of melting, Reference 4 includes examples of addi-

tional pins. Appendix A describes the fuel characteristics used to

locate the axial extent of fuel melting. The positions of the axial

extents of fuel melting (which correspond to the location for incipient

fuel melting) were found on the neutron radiographs, and measurements

from the bottom of the fuel column to this location were made. These

positions are summarized in Table VI and VII.

An estimate of the central void and columnar grain radii are needed

near the axial extents of melting but in fuel where no melting occurred

for normalizing the 1Q11 data. If a transverse ceramography section
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Figure 6. Regions at Axial Extents of Fuel Melting in HEDL P-20/19-34 (Etched
Longitudinal Ceramography, Betatron Radiography, Neutron Radiography with
Arrows Locating Positions of Axial Extents of Melting.)
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Figure 7. Regions at Axial Extents of Fuel Melting in P-20-33 (Etched Longitudinal
Ceramography, Betatron Radiography, and Neutron Radiography with Arrows
Locating Positions of Axial Extents of Melting.)



Pin Identity

P -19 -2

3R

5

6

7R

8

13

20

24R

25R

26R

27R

28

30

33

35

TABLE VI

PEAK PIN POWERS AND AXIAL EXTENTS OF MELTING FOR HEDL P-19 PINS

Peak Pin
Power
kW/ft

16.6

19.5

17.1'

17.1

20.3

16.4

16.6

16.5

19.7

20.1

20.4

20.4

20.7

20.0

16.8

16.5

Bottom Axial Extent of Melting

Location' Local Powerz
kW/ft

2.84 15.8

0.35 16.0

1.61 18.0

2.49 15.5

3.33 16.1

3.87 16.0

0.59 16.1

0.83 16.8

1.84 13.4.

2.33 18.8

2.35 18.9

1.11 17.2

11.

3.26 16.0

Coolant Temp
Deg. F

726.

704.

718.

723.

732.

737.

725.

709.

720.

727.

'27.

712.

731.

Top

Location'

Axial. Extent of

Local Powerz
kW/ft

Melting
Coolant Temp.

Dea. F.

9.78 15.4 799.

12.32 15./ 843.

/la CI MD

11.27 17.3 333,

10.48 14.8 8C5.

9.41 15.7 796.

10.64 14.8 807,

12.60 15.1 88.

12.01 16,1 846.

10.68 18.2 333..

10,18 18.5' 828.

10.70 18.0 835.

11.35 17.1 838,

8.84 16.0 '.790..

(1) Distanqe from bottom of fuel column in inches.

(2) Powers corrected for once molten fuel plugs if present in ceramography,.



TABLE VII

PEAK PIN POWERS AND AXIAL EXTENTS OF MELTING FOR PHASE III HEDL P-20 PINS

Pin Identity_
Preconditioning

Phase

Peak Phase III
Pin Power
Wife

Bottorn Axial Extent of eltino Too Axial
location 2

Exttrit. a

Local Power.'
gi ft '

Coolant Temp
De . F

gailona Local Coolant Temp
Des. F

P-20-2R I .18.1 ...

.-A./ft

... ... ... ... - --

4 I & II 17.9 ... --r ... ... .... ..-

7 NONE 18.0 0,70 15.4 713. 11.50 15.1 934.

8 II 17.7 ... .

--- ... ... ...
- --

10 I 17.9 ... ... ... ... --- - --

13 NONE 18.0 0.103 14.9 703. 13.303 13.9 966.

25R I 18.3 --- --- --- ... --- ---

27 1 & II 18.1 --- ... ... ... --- ---

29 II 18.2 ... ... ---
.

...
'

... --
30 NONE 18.4 1.35 '16.5 725. 10.92 15.9 ' 929..

33 I 18,6 4.98 18.4 802. 7.51 18.6 859.

35 I & II 18.4 ... ..,.. ... ..-- ... ...

37 II 18.5 ... ...., -,- ... ... - --

33 NONE 18.0 1.73 15.5 731. 10.06 16.3 907.

P- 20/19 -21 NONE 17.9 1,22 15.9 724. 11.58 15.2 937.

P-20/19-34 NONE 18.0 1.50 15.0 731. 10.87 16.2 923.

(1)' Powers normalized to P-19 powers as described in Appendix B.

(2) Distance from bottom of fuel column in inches.

(3) "Axial extents of melting" for this Xenon tagged pin extended into the two dimensional heat transfer region at each end
of the fuel column. Thus the fuel can be considered to have melted through the top and bottom of the fuel column.

(4) Powers corrected for once molten fuel plug if present in ceramogrey.
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(which allows the most accurate measurement of radial regions) was not

available, the longitudinal f:ections used for measurement of axial

extents of melting, or sibling pin data were used. Table VIII summa-

rizes these estimates. When measurements from the longitudinal sections

are used, as was the case mol:t of the time, a slightly underestimated

normalized WI, may result because the restructured zones are typically

underestimated due to 1) the regions forming at the thermal center and

not necessarily at the geometric center to which they were ground, and 2)

there being some uncertainty that these long (up to 1 inch) sections are

uniformly ground to the exact center of pin.

Because of the short comings of using the data on radial extents of

melting from the transverse ceramography sections taken near the axial

midplane of the fuel columns, these data are not considered directly.

The problems with using these include:

1) not knowing the amount of fuel present at the section location

when the maximum extent of melting occurred (because of molten

fuel relocation).

2) not being able to assess accurately the behavior of the fuel

restructuring because of the amount of radial melting that

occurred.

These data, however, should make a good check of trends and magnitude of

the QT;1 data. Measurements of central channel sizes, melt radii, colum-

nar grain region radii and fuel-to-cladding gap taken from transverse

ceramography from the P-19 and P-20 ;1ns is described in Tables IX and

X.



TABLE VIII

ESTIMATES OF RESTRUCTURING AT AXIAL EXTENTS OF MELTING

Top Axial Extent of Meltin Bottom Axial Extent of Meltin

Pin Identit

a ius
Central Void,

Inches

&a. us

Columnar Grain,
Inches

caicuiatedz
Columnar Grain

Region Deniity.ATO

Radius
Central. Void,

Inches

Radius
Columnar Grain

Inches __

calculateov
CclJmnar Grain

. Region Density. 'ITO,

P-19-2 .014 .061 96.4 .015 .060 98.0

3R .016 .073 96.9 .016 .073 97.2

7R .015 .068 97.4 .015 .061 98.6

8 .017 .063 98.0 .016 .062 98.0

13 .014 .061 98.0 .015 .060 98.0

20 .017 .062 97.3 .016 .062 97.4

24R .008 .067 93.1 .008 .067 92.9

25R .018 .071 98.5 .009 .068 93.6
26R .017 .066 98.2 .015 .060 98.6

27R .014 .057 98.4 .012 .060 41.41

28 .008 .058 94.5 .009 .057 94.5

30 .015 .065 97.9 .013 .065 16.0

35 .016 .064 96.6 .015 .067 96.0

P-20-7 .015 .065 96.9 .0151 '.064 96.9

13 .015 .071 98.0 ,015 .070 98.0

30 .018 .065 98.5 .0181 .060 98.5

23 .012 .072 93.5 .019 .074 96.5

39 .016 .068 97.1 .0151 .064 98.2

0/19-21 .012 .065 93.9 .015 .068 96.0

0/19-34 .017 .065 96.1 .014 .061 97.8

0) The Central void at the bottom section was obliterated by molten fuel relocation: In this case the central void Sirs
from the top of the pin was used, see Appendix A-

2) Based on densification of columnar grain needed to form central void, Densities were limited to no higher than 98,57. TO
based on observations of grain region,



TABLE IX

MEASUREMENTS FROM TRANSVERSE CERAMOGRAPHY FROM HEDL P-19
Measured adi

Pin Identity
LocationC1/.
Inches

Fabricated
Diametral
Fuel -to -Clad

Gap. mils

Pellet
Density
S 10

Central
Void
Radius.
Inches

Molten
Region
Radius.
Inches

Columnar
Grain
Region RA41146
Inches

Diametral
Fuel-to-Clad
ao Mils

F-15-2 B 6.1 7.9 90.4 .025 .037 .071 6.6
0 7.5 7.7 90.5 .023 .031 .068 5.6

P-19-5 B 6.1 5./ 90.7 .018 0.0 .066 4.0
0 7.3 5.8 . 91.6 .019 0.0 .065 5.9
F 8.0 5.7 91.2 .017 0.0 .061 4.0
G 8.5 5.8 91.1 .018 0.0 .063 4.8

.

P-19-6 B 6.1 3.8 90.7 .014 0.0 .062 2.8
C 7.0 3.S 90.9 .014 0.0 .059 . 2.7
0 7.4 3.9 91.4 .015 0.0 . .060 3.6
E 7.9 4.0 90.7 .015 0.0 .062 2.9
F 0.4 J.9 91.0 .015 0.) .055 2.6
G 8.9 3.7 90.3 .013 0.0 .055 3.3

F.-19-8 8 6.1 . '9.8 90.0 .018 .038 .073 8.2

P-19-24R 8 6.1 10.0 92.1 .007 .045 .083 4.2

P-1-5-258 8 6.1 8.0 92.4 .639 . .048 .083 4.9
0 7.3 4.0 92.5 .031 .035 .080 4.1

.

P-19-26R B 6:1 6.1 92.6 .025 .028 .075 4.0
o 7.4 6.1 52.1 .027 .047 ,079 3.".

E 7.4 6.1 92.9 .00 .0.16 .0u 4.1
F 8.2 6.1 02.3 .005 .030 .073 3,6

P-19.27R IS G.1 4.1 92.2 .013 .040 .073 2.7
D 7.3 4.0 92.8 .029 .033 :074 3.3
E 8.0 4.1 92.0 .020 .027 .073 2.8
F 8.2 4.1 92.7 0.0 .030 .073 2.5
3 8.6 4.0 92.6 .022 .029 .070 3.7

P-19-28 A 6.1 3.3 92.2 0.0 .034 .0:1 3.4
0 7.3 3.4 92.0 0.0 .038 .073 2.6
E 8.0 3.3 92.7 .027 .036 .073 2.5
F 0.2 3.6 93.0 .022 .028 .071 2.8
G 8.6 3.4 92.6 .009 .034 .073 2.0

P-19-30 3 6.1 7.1 92.5 .039 .052 .079 3.0
C 6.9 7.2 92.3 .037 .049 .C81 3.0
3 7.6 7.1 92.5 .007 .051 .082 2.9

P.19-33 C 6.1 5.1 90.8 .017 0.0 .064 3.4
0 6.9 5.0 91.2 .017 0.0 .063 5.0
£ 7.6 5.0 90.8 .016 0.0 .069 5.4
F 8.2 5.0 00.6 .017 0.0 .063 4.5
G 8.7 5.0 90.7 .014 0.0 ..059 4.4

P-19-35 8 5.1 7.3 90.8 .023 .030 .009 4.9
D 7.6 7.2 89.9 0.0 .031 .069 6.5
0 8.2 7.1 90.7 .008 .032 .069 5.9

("Inches from bottom of fuel %ohm



TABLE X

MEASUREMENTS FROM TRANSVERSE CERAMOGRAPHY FROM HEDL P-20 PHASE III

Pis identity
Location''.
Inches

.

Fabritated
Diametral
Fuel-to-Clad
Gap. Mils

Pellet
Density
6 TD

moasured most irradtation Mutt._

Diametral
Fuel-to-Clad
Gap.

Central
Void
Radius,
Inches

Molten
Region
Radius,
Inches

Columnar
Grain
Region Radius,
Inches Mils

P-20-7 0 6.5 7.6 90.9 .010 .047 .080 5.4
-13 E 6.4 7.6 91.6 0.0 .053 .083 6.9
-30 E 6.5 7.3 91.1 0.0 .034 .073 4.4
-32 D 6.6 7.7 91.3 .020 .041 .076 . 4.7

P-20/P.19-21 0 6.2 7.6 90.9 .017 .041 .073 6.0

P-20/P-19-34 E 6.7 5.6 91.2 .024 .041 .077 7.1

P-20-22 0 1.5 7.5 91.1 .026 0.0 .078 IA' .G 6.2 7.5 91.3 427 0.0 .081 1.3
L 11.9 7.7 91.5 .023 0.0 .075 1.6

9.20-4 0 1.5 7.6 91.0 .025 0.0 .074 1.10 6.2 7.6 91.2 .029 0.0 "080. .7L 11.9 7.6 90.4 .028 0.0 .079 .9
P-20-0 0 1.5 7.7 91,5 .026 0.0 .078 1.3G 6.2 7.7 90,5 .020 0.0 .083 1."L 12.0 7.6 ' 90.6 .021 0.0 .079 1.1

P-20-10 0 1.5 7.7 91.5 : 425 0.0 .084
G 6.2 7.6 91.4 .027 0.0 IA
L 12.0 7.7 91.0 .027 0.0 .081 ,-,..Z

9-20-252 0 1.5 5.6 91.3 .022 0.0 .075 2.4G 6.2 5.6 91.1' .023 0.0 .079 1.9L 12.0 5.6 91.1 .022 0.0 .077 2.1

P-20-27 0 1.5 5.7 90.9 .022 0.0 .072 1.5G 6.2 5.6 91.0 .026 0.0 .078 1.9
L 12.0 5.3 91.1 .026 0.0 .075 2.4

P-20-29 0 1.5 5.7. 91.3 .023 0.0 .0)4 1.7G 6.2 5.6 91.4 .025 0.0 .078 1.3
. L 12.0 5.6 91.2 .023 0.0 .076 1.8

P-20-33 8 1.5 3.5 91.2 .018 0.0 .068 2.20 6.0 3.5 90.1 .020 0.0 .078 2.1
. H 11.9 3.8 90.4 .019 0.0 473 2.7 .

P-20.35 0 1.5 3.6 90.1 .015 0.0 .070 2.3G 5.2 3.5 90.5 .020 0.0 .077 3.2L 12.0 3.3 90.8 .020 0.0 .073 1.5 '

9.20 -37 0 1.6 3.4 90.2 .017 0.0 .069 1.7G 6.2 3.4 90.7 .019 0.0 474 1%1L 12.0 3.6 90.5 .021 0.0 .073 1.0

("Inches from bottom of fuel column
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B.3 Operating Conditions

The fuel operating conditions pertaining to the temperatures obtain-

ed in the fuel pins at the locations of axial melting must be charac-

terized as well as possible. The uncertainty in operating conditions

reflects directly in uncertainty in the derived

B.3.a Pin Power

Peak pin powers in the HEDL P-19 experiment are based on a detailed

study
(67)

made by Argonne National Laboratory, ANL. Previous prelimi-

nary studies with P-19 used these powers reduced by a factor of 0.94 as

suggested in the conclusions of this study due to possible bias in the

thermal balance made on the EBR-II coolant system. For the present

analysis the factor of 0.91 was chosen to use because of more recent

detailed analyses
(71)

made of the problem; these included data for the

specific reactor run the experiment was in.

As described in Appendix B, the HEDL P-20 peak pin powers were

derived based on the analysis of the results of the spare P-19 pins used

in P-20 and compared to the behavior of similar pins in P-19. Thus the

change in power, an increase of 9 percent, needed to cause the observed

melting in sibling pins in the P-20 was found and this factor applied to

all the P-20 pins. Pin to pin variation were based on relative fission

rates calculated by ANL.

Appendix B reviews the method used to find the axial power distri-

butions for the HER P-19 pins and the HEDL P-20 pins in Phase III.

From the axial power profiles and the peak power of each pin the local
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power at each axial extent_ of melting was found, Tables VI and VII. The

values were corrected upward slightly, based on the increased volume of

fuel, if a once molten fuel plug was present in the central void at the

location of the axial extent of melting.

The power at the upper extent of melting in the P-20-33 pin, the

only preirradiated pin with fuel melting, was not adjusted for the fuel

plug observed. The power at the axial extents of melting, with no plug

correction, are one percent less than peak pin power; the axial power/

temperature gradiant is very flat in this region. Adjusting the power

upward for the fuel plug would raise this local power here above the

peak power of the pin, but the peak power location must have had incipi-

ent melting prior to this location (if the power needed to cause melting

was greater than the peak power no melting would have occurred in this

pin). The assumption not to correct for the plug is conservative and is

consistant with the lower axial extent of melting. It is believed this

plug may have been deposited by some axial transport mechanism other

than that observed in the fresh fuel. The central void above this upper

extent is narrower than that of the sibling pin examined after Phase I

exposure but shows no signs of melting. This perhaps indicates some

fuel vapor transport mechanism is acting in this region where tempera-

tures are almost at the melting point over a substantial distance.

Figures. 8 and 9 show the data from HEDL P-19 and P-20 axial extents

of melting. The P-20 values for the Xenon tagged pin are not for the

axial extents of melting since this pin melted end-to-end. Thus Q' for

this pin must be less than the powers at the ends of the fuel column and

points corresponding to these form an "upper bound" of Q. Only one
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P-20 pin with burnup prior to Phase 111 melted. Also shown on Figure 9

are the maximum powers reached by fuel pins that experienced no melting.

Transverse ceramography performed at the peak power region of these pins

showed no signs of fuel melting. Thus these peak power values establish

a "lower bound" of Qm for these pins (i.e., Qm is greater than these

peak power values). Similarly, "lower bound" points are shown in Figure

8 for the P-19 fuel pins that did not melt.

B.3.b Coolant Temperatures

The flow rate of coolant in the P-19 subassembly was based on ANL

calculations. These in turn were based on a pretest flow test made on

the assembly, reactor conditions and the thermal hydraulics code EBRFLOW.

The calculated flow rate of the sodium coolant (after correction for the

0.91 factor) was calculated to be 1340 pounds of sodium per hour at

800°F. Tests of the type of assembly used for P-19 and P-20, with

shroud tubes, have shown that there is an equal split of coolant to each

pin. Thus no mixing or bias need be accounted for.

The flow rate in the P-20 assembly was calculated based on pretest

flow measurements on the assembly and on the measured reactor core

coolant pressure drop during irradiation. This calculation yielded a

flow rate of 768 pounds of sodium per hour at 800°F.

Tables VI and VII show the calculated coolant temperature at each

axial extent of melting location based on the previously described pin

power, coolant flow rate and axial power profile. Section C.1 discusses

the calculation of coolant AT.
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B.4 Normalization of WTI Datz.

The normalization of data to a single set of parameters (based

on FFTF):

Cladding ID temperature, 1060°F (570°C)

Plenum temperature, 1060°F

Pellet density, 90.4% TD

Cladding and fuel geometry, 0.230 inch OD cladding,

is necessary for direct use of the data in design reactor applications.

To accomplish the normalization a modified version of SIEX-M1, see

Section F, was used. Consideration of those mechanisms of the heat

transfer models which could be left constant and those that should be

adjusted had to be made. For the majority of the data, the normaliza-

tion was minimal since the tests were designed to be as near the selec-

ted FFTF conditions as possible. The normalization of the data from the

0.250 inch OD fuel pins to the smaller, 0.230 inch OD size represents

the greatest adjustment needed.

Figure 10 indicates the normalization method used. Basic steps

followed were:

1) the fuel-to-cladding gap conductance, H, was adjusted in the

SIEX-Ml code thermal simulation at the location of the melting exent

with all other variables (i.e. local power, central void size, pellet

density, local cladding temperature, measured restructuring, etc.) held

constant, using measured and fabrication data, until incipient melting

was calculated. The constant B discussed in Section C.4.b was used to

adjust the gap conductance.



STEP 1 MATCH ORIGINAL CONDITIONS

INPUT

LOCAL POWER
COOLANT TEMP.
RESTRUCTURING

' RESIDUAL GAP
"FABRICATION DATA

STEP 2 NORMALIZE

INPUT

0.230" 0.D. DATA

ADJUST

@COLUMNAR GRAIN TEMP.

(TCG)
OGAP CONDUCTANCE

(CONSTANT "B")

0.250" O.D. DATA

SIEX -MI

<=3

MATCH

INCIPIENT
MELTING

RESTRUCTURING

'CLADDING O.D. TO 0.230"
GAP SET TO SAME SIZE AS

ORIGINAL 0.250" O.D. CASE

OT
CG

(FROM STEP I)

O"B" (FROM STEP 1)

SET OF NORMALIZATION
CONSTANTS

FABRICATION DATA

ADJUST

POWER

'COOLANT TEMP.

Figure 10. Normalization of Qm Values.

<la=
MATCH

"INCIPIENT
MELTMC

NORMALIZED
CLADDING TEMP.

SIEX-MI CALCULATION

0.230" 0.D.
"ADJUST k

G
WITH CHANGING TEMPS.

9.250" 0.0.

'IN ADDITION. CALCULATE NEW HOT
GAP

HEDL 7611-54.26



Page 44

2) new values were entered for peliet density, cladding ID

temperature, and plenum temperature, Also for the 0.250 inch fuel pins

the fuel and cladding sizes were adjusted.

3) the local linear power was then adjusted until incipient melt-

ing (Q;11 normalized) was again calculated.

For the 0.230 inch OD fuel pin data the only adjustment made by the code

to the gap conductance was for the effect of temperature on the local

gas thermal conductivity and the gas pressure in the fuel-to-cladding

gap. For the data from 0.250 inch OD pins that were in P-19, SIEX-Ml

was used to recalculate a new hot gap, when normalizing to the 0.230

inch sizes, as well as adjusting for temperature changes effecting gap

conductance. In addition, for all normalizations a constant amount of

Ar and N
2
gas absorbed during fuel fabrication was assumed released.

The constant B, from Equation 18, was assumed the adjustable par-

ameter in the heat transfer system in step 1) above, since it is the

constant used for both open and closed hot gap calculations. Once this

value was set by matching the data in each case no further adjustment

was made to it. Thus any effects due to differences in the fuel and

cladding surfaces between the different fabrication batches and lots is

ignored, no data was taken to characterize them. This should be a very

small effect because of the consistancy of fabrication methods.

Figures 11 and 12 show the normalized data for the two experiments.

B.5 Discussion of Behavior of Qr'n
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B.5.a Normalized 1);1 Values E "Fresh" Fuel

Figure 11 summarizes the normalized data for the "fresh" (60 to 90

MWd/MTM) pins from the HEDL t)-19 and P 20 experiments.. The agreement

between the two sets of data is good except for the 0.0055 inch fuel-to-

cladding diametral gap pin from the P-20 test. The trend observed is

for Qm, to increase with decreasing fabricated fuel-to-cladding gap

size up to a certain gap size (about 0.0045 inch) and then to level off

to a constant value. This is interpreted, as will be noted in the

calibration of SIEX-Ml later, as the heat being transferred at first

only through the gas in the gap, then the fuel and cladding surfaces

contacting and resulting in a transition region, and finally a constant

transfer system established consisting of both solid-to-solid contact

and conductivity through the gas. The final constant value at small gap

sizes is the result of the fuel yielding, thus no further increase in

interface pressure, before enough stress is built-up to plastically

strain the cladding. This assumption is based on measured profilometry

of the cladding OD's where no plastic yielding of the cladding was found

in any of the test pins.

The reason for the lower result from the P-20 pin with the 0.0055

inch fuel-to-cladding diametral gap is not clear. It may be significant

that this gap size is right where the fuel and cladding are expected

come in contact during operation, thus making it the most sensitive to

differences in surface roughness and "waviness" of the fuel and cladding.

It is also noted that the rest of the Qm data at this gap size and

smaller are from normalized data from the 0.250 inch OD pins. However
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the "lower bound" points taken from the P-19 unmolten 0.230 inch OD pins

at this gap size substantiate the 0.250 inch OD normalized points.

Detailed reviews of the ii-2tho&; used to normalize the 0.250 inch OD data

were made before selecting the method finally incorporated into the

version of SIEX-Ml used in this study. The percent difference of these

P-20 points from the P-19 data points could also be explained by them

being considered extremes in the uncertainty in calculating the powers

at the locations of melting.

Note that the low pressure preslugged fuel appears to have a

slightly higher Q1111 than the high pressure preslugged fuel. This is

consistant with the Phase I and II results in Appendix C. However,

differences noted in the nonhelium sorbed gas content between the two

batches, see Appendix C, may be causing differences in fuel conductivity

or in the gas conductivity in the fuel-to-cladding gap.

B.5.b Normalized Qm in Fuel with up to 10,900 MWd/MTM Burnup

Figure 12 shows the normalized results from the pins with the three

levels of higher burnup from the HEDL P-20 test. The improvement in

normalized Qm for the 18% Xenon tagged pin is more than 25% in going

from the upper bound of the "fresh" pin Qm, Figure 11, to the lower

bound of the Phase I pin irradiated to 3700 MWd/MTM.

Only one P-20 preirradiated pin experienced fuel melting, the

0.0035 inch diametral gap pin from Phase I. The axial extents of melt-

ing, as noted previously, were located at positions which operated at

power levels within one percent of the peak power of the pin. Thus, the

peak power region was very close to incipient melting. From the data in
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Figure 12, including the lower bound for 0'11 calculated from the peak

power sections of the unmelted preirradiated pins, we conclude that the

effect of initial fabricated fuel-to-cladding gap size on the power-to-

melt is no longer a dominant variable after a small amount of irradia-

tion. The apparent reason for this occurrence is described in Section

B.5.c.

Application of these results to FFTF/LMFBR fuel performance pre-

diction shows the data's significant implications. Viable fuel pin

fabrication processes require diametral gap larger than 0.005 inch, and

to date it has been necessary to allow for the reduction in Qm, in the

thermal design of fast reactor fuel pins, as well as to employ center-

less grinding of the fuel pellets to control pellet OD's to tight toler-

ances. The test results now indicate that after a short conditioning

period (less than 3700 MWd/MTM), not only can thermal rating of the

LMFBR be increased by at least 20%, but restrictive limits on maximum

fabricated gap size can be relaxed.

B.5.c Proposed Fuel Behavior With Burnup Based on P-20 Phase I and II

Results

A sibling of each preirradiated pin in Phase III was nondestruc-

tively and destructively examined. In addition to these sibling pins

several other pins with different gap sizes and burnup levels of interest

were also examined typically the pins were:

Neutron and betatron radiographed

4, Precision gamma scanned
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Punctured for recovery of fissioY, gas

Sectioned for burnup analysis And ceramography

A review of the ceramography and fission gas release data results

obtained are described in Appendix C. The following discusses Phase I

and II results as they pertain to Orin.

The conclusions from Phases I and II that pertain to Qr;1 are as

follows:

1) "Cold" fuel-to-cladding diametral gap rapidly closes to about

0.001 to 0.0025 inch early in life, at a burnup of less than 3700 MWd/MTM.

After that, the gap continues to close at a slower rate.

2) The columnar grain region apparently forms early before the

fuel-to-cladding gaps close to the 0.001 to 0.0025 inch (0.03 to 0.064

mm) range found at the end of Phase I. It thus reflects a marked depen-

dence on the fabricated gap size. Additional columnar restructuring does

not occur beyond Phase I burnup. Measurements from sections of the

preirradiated pins included in Phase III indicate, even with the over-

power received, that increases in columnar grain region size do not

occur. It is likely that the temperatures at the terminus of columnar

grains never exceed the BOL temperatures due to the pronounced gap

closure.

3) Measurements of the equiaxed grain growth region, show little

original fuel-to-cladding gap dependence, indicating that this region is

principally formed after the majority of gap closure has occurred.

Thus the data imply peak fuel temperatures occurring early in life,

followed by decreasing fuel temperatures because of rapid fuel-to-
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cladding gap closure with proportionally more closure for larger gaps.

By 3700 MWd/MTM burnup, the gap sizes are closing more slowly with time,

and they appear to have reachod a fairly uniform 0.0010 to 0.0025 inch

(0.025 to 0.063 mm) diametral gap.

This interpretation explains the significant improvement in power-

to-melt, beyond that normally expected from additional fuel restruc-

turing, with just the Phase I preirradiation over the "fresh" fuel.

This would also explain the lack of, or reversal of fabricated gap

dependence of Qm after a small amount of burnup, 3700 MWd/MTM.

It would indicate why the fuel pin having a 0.0035 inch diametral

gap and irradiated in Phase I later melted in Phase III while larger gap

pins with the same preirradiation burnup did not. This pin had the

smallest initial gap and highest fuel smeared density
1
of the group of

Phase I pins in Phase III. It had the least columnar grain formation

(note sibling data Appendix C) and central void formation. Therefore,

this fuel pin ran at higher fuel temperatures than the other pins once

the fuel-to-cladding gaps were closed to about the same size. As clari-

fication, consider the following sequence. During Phase I, all the

fuel-to-cladding gaps closed to about the same size and (for the same

pin power) the temperature drops across the gaps became about the same.

The temperature drop across the fuel, then controlling the relative fuel

centerline temperatures, was greater for the pin with the least restruc-

turing. This follows from the increased thermal conductivity of the

1
Fuel smeared density: Weight of fuel divided by the corresponding

volume within cladding ID, (Fuel weight over length L)/(
[Cld ID]2xllxL).
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higher density columnar n region and, in particular, from the larger

central voids (i.e., sho Ler radial heat flow paths) in the fuel pins

with more restructuring.

The higher temperatures in the P-20 preirradiated fuel pins with

smaller initial gaps is further enhanced by:

1) Slightly higher specific power of the pin because of higher

fuel smeared density
2

.

2) Movement of fuel-to-cladding gap voidage to the central void.

This mechanism, described in Reference 26 and Section C.5.b, would have

the effect of increasing central void size more for large gap pins, thus

further dropping the centerline temperature of the fuel with the larger

gap.

It is believed that these hypotheses account to some extent for the

small gap pin irradiated in Phase I to have experienced fuel melting

during Phase III while the larger gap pins, including the one tagged

with 18% Xenon, did not. However, the primary reason appears to be that

fuel restructuring occurs prior to the rapid fuel-to-cladding gap clo-

sure, which brings all the gap sizes to about the same values.

2P-20 fuel pellets were all about the same density so a decrease in
fuel-to-cladding gap size in the same size cladding tube results in a
higher fuel pin smeared density and more fuel per location.
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At higher burnups, 7203 MWd/MTM ,IPse II) and 10,900 MWd/MTM

(Phases I and II), the 0.005 inch diametral gap pins did not melt, nor

did any pins of the other gap sizes. This is believed due to further

small improvements in thermal perfomance most likely caused by addi-

tional fuel-to-cladding gap closure, and improved heat transfer between

the contacting fuel and cladding surfaces (caused by creep of the con-

tacting surface roughness asperities or buildup of solid fission pro-

ducts in the voids between the contacting roughness asperities).

B.6 Q1; Results from Radial Extents of Melting

Figure 13 shows the normalized Qm values derived from radial extents

of melting measured near the fuel column midplanes of "fresh" pins,

Tables IX and X. The radial extent data were normalized in a fashion

similar to that used for the axial extents. Since there is no way to

directly calculate the columnar grain density at the location of the

radial melting extents (the central void observed is actually a molten

fuel shrinkage cavity), the average of values found near the axial

extents of melting were used. None of the powers used to derive Q1;

values were corrected for molten fuel plugs that were most likely

present during part of the irradiation.

In general, the trends and magnitudes for Qm calculated from the

radial data are in good agreement (see Figure 11) with those derived

from axial extent data. Note the higher Q:71 result, compared to the

results from the axial extent analysis, for the P-20 pin with a 0.0055
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inch gap. Other assumptions for fuel restructuring and local power, due

to changes caused by molten fuel plugs, can change the results from

these sections significantly, Thus no fkrther analysis was made using

these data.

No plot of 01:1 values from radial extents from higher burnup pins is

made since it follows that they would be the same as Figure 12; only one

pin actually melted and this was in effect at incipient melting.

B.7 Expected Uncertainty in % Derived from Axial Extent Data

A good estimate of the uncertainty involved in the derivation of

Q1111 from the axial extents of melting can be made from the uncertainty in

calculating the local power at these points. The uncertainty in the

location of the melt extent and coolant temperature at these positions

is minor compared to the power uncertainty.

As noted in Reference 67 the uncertainty in calculating pin powers

in P-19, to which all data was normalized, was about 10%. However a 6%

uncertainty, which was noted to be directional, included in this esti-

mate was for determining the actual EBR-II reactor power level. More

recent analyses
(71) of this "uncertainty" have shown it to be a real

bias in the system and powers in this report were corrected downward for

it, see Section 8.3.a.

It is estimated, combining the uncertainty in the calculation of

absolute peak pin power with the uncertainty in locating and calculating

local powers at the axial extents of melting, that the absolute uncer-

tainty in the WTI values derived is on the order of ± 6%. In addition to

this uncertainty there is an uncertainty in measured fabricated dia-
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metral gap size on the order of ± 0.0003 inch (± 0.008 mm). A detailed

error analysis for the Q;$ results will follow in the future as part of

additional design application.
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Radial Heat Transfer Path in Fuel

Because of the long length of the fuel columns in question (13.5

inches or 34.3 cm) compared to the radii (about .1 inches or .25 cm) and

the fact that the axial power/temperature profiles have no abrupt

discontinuities, it is assumed that all heat is transferred from the

fuel pins in the radial direction. The exception to this, which will not

be considered in this study, is at the ends of the fuel column. Here

there is axial heat transfer also, but the effects of this are only seen

back into the fuel column about a distance of two fuel radii. All axial

extents of melting considered in this study are at least twice this

distance from the ends of the fuel column, unless specifically noted.

The extrapolation of the effect of fuel-to-cladding gap size on (11;1

beyond the actual test conditions, and the calibration of a fuel thermal

performance code are very dependent on the heat transfer models and

assumptions used. The following summarizes the models used in this

study for the radial heat transfer path from the sodium coolant to the

fuel center.

C.1 Sodium Coolant Temperatures at an Axial Position

The temperature of the sodium coolant, TI, at any axial location,

xi, along the pin is based on the reactor inlet temperature, Till,

(which is 700°F or 371°C for the test pins) and the integration of the

heat deposited in the coolant flow channel from the pin up to the point

of interest.

x.

T = T +

Q'dy

(1)
I In M

F
.0

P



Page 58

where M
F

= Mass flow rate

C = Specific heat of sodium

Q° = Linear heat rate or linear power

Each P-19 and P-20 fuel pin had an individual flow tube, thus no

coolant mixing need be considered. The mass flow rate, MF, for these

pins was calculated from the measured pressure drop across the reactor

core at the time of the test and results of flow tests made on each

subassembly prior to irradiation. The shape of the axial power profile

was derived from measured burnup values taken along several fuel columns

as has already been discussed.

C.2 Sodium-to-Cladding Temperature Drop

The temperature drop due to the fluid boundary layer formed next to

the tube wall in flowing sodium is relatively small and can be charac-

terized for thermal conductance purposes by a film coefficient, HF, from

an equation similar to that noted by Bird et al
(37)

and credited to

Martinelle(80):

k
Na

HF = TT-- Nu Tk Nar-- [7.0 + 0.025 (Re Pr)°8]

e 'e

where: k
Na

= Thermal conductivity of sodium

D
e
= Coolant equivalent diameter

Nu = Nusselt number

Re = Reynolds number

Pr = Prandtle number

A typical value for an LMFBR pin is about 25,000 BTU/Ft2-Hr2F (14.

w/cm2 - °C).
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For a normal LMFBR pin this temperature drop would be the only one

between the coolant and the cladding OD. However, the test pins were

encapsulated using an outer stainless steel tube bonded to the fuel pin

cladding with stagnant NaK, see appendices A and C of Reference 4. Thus

additional thermal resistance is present. Using the thermal conduc-

tivity of the two capsule materials and the thicknesses of each, an

equivalent film coefficient (Heq) applied to the cladding OD was calcu-

lated to simplify analysis. This coefficient included the effects of

the actual film and the capsule materials. Coefficients of 4770 Btu/ft2 -

°F - hr (2.7 W/cm2 - °C) for the pins with 0.230 inch (0.58 cm) OD

cladding and 4860 Btu/ft2 - °F - hr (2.8 W/cm2 - °C) for the pins with

0.250 inch (0.64 cm) OD cladding were calculated. The difference being

caused by a narrower Nak region for the larger pins. Thus the tempera-

ture drop between the coolant and pin cladding wall, ATF1, is calculated

using H
eq

and the equation

(2)
Qi

A TF1 H
eq

Hr
C,OD

C.3 Cladding Temperature Drop

The thermal conductivity of the 316 stainless steel wall of the

cladding tube is taken from standard sources similar to those in Refer-

ence 6. A nominal value for cladding conductivity, kc, is 11.4 Btu/ft-

hr-°F (0.1972 w /cm - °C). The temperature drop, ATc, across the cladding

wall is then simply



Q'i (rc,cp - r

(3) ATC k n r
C C

where
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rC = radius of the cladding ID

C.4 Heat Transfer Across the Fuel-to-Cladding Gap

Calculation of the heat transfer across the fuel-to-cladding gap is

based primarily on expressions suggested by Ross and Stout (Reference

7), past work by Dutt(5), and results of literature reviews and analyses

made by the author. The modified Ross and Stout models are briefly

described in the documentation(5) of the SIEX computer code. While work

in this and related areas has been progressing for many years, specific

applicable data for verifying conclusively theoretical models proposed

for the complex heat transfer mechanisms involved is limited. This is

true for out-of-reactor values but especially true for information from

fast reactors (where data is almost nonexistant).

Heat transfer through the fuel-to-cladding gap is assumed separated

into four parallel mechanisms. These are:

1. Conductivity through the gas gap (indicated by subscript G)

2. Conductivity through the solid-to-solid contact (subscript S)

3. Radiant heat transfer (subscript r)

4. Convective heat transfer (this is found to be negligible, as

noted by other authors) (subscript Con)

In the following sections thermal conductance values for each of the

mechanisms are developed and these summed together for the total "gap

conductance," H.



(4) H = H + Hrr
+ H

Con
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This follows directly from the total heat rate being being equal to

(5) q qR (17, 4. cIG

and the imperical Fourier relation or Newton's "law" of cooling govern-

ing heat transfer which state

(
T
F

- T C)

(6) q = kA
HA (IF TC)

where

q = heat flow rate

A = surface area

T1 Tc tzmperature across . the material, ..

X = thickness of the material

H = unit thermal conductance or "gap conductance"

k = thermal conductivity of the material

Since A(TF - T
C
) is constant for each mechanism, substitution of Equation

6 into 5 results in 4.

C.4.a Solid-to-Solid Heat Transfer, Hs

A literature review of solid-to-solid heat transfer mechanisms was

made to verify the model proposed by Ross and Stoute, which is presently

used in the SIEX code. Consideration was given to models proposed by

Dean (Reference 8), Rapier, et. al. (Reference 9), Cetinkale and

Fishenden (Reference 10), and Mikic et. al (Reference 11). In addition,
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recent survey reviews made by Jacobs and Todreas (Reference 12), and

Lanning and Hann (Reference 13) comparing current models in use to

results of out-of-reactor in-vacuum gap conductance results were con-

sidered. Some general observations can be made from this literature

review are: 1) as noted by Lanning and Hann (13)
, all models for the

mechanism can be reduced to the general form

(7) H = Fk
S m h

where P = apparent interface pressure

h = Myer's hardness of softer material (which is assumed

directly related to yield strength of the material).

F = a function that is dependent on surface roughness and

"waviness" (see Figure 14)

N = exponent (which may be pressure dependent)

/2102(
k
m
= harmonic mean ,k1k2) of the thermal conductivity of

the surfaces.

However, there is considerable difference in the dependence of the

"theoretical" parameters F and N. 2) While several proposed models can

be considered "theoretically" better than the Ross and Stoute model they

also include the need for data which is not readily available for fast

reactor fuel pins. Specific examples of these are the need for: (1) a

"transition pressure" at which the softer surface changes its behavior

at contacting microscopic points from elastic to plastic, and (2) the

slope of the roughness asperities. Dala needed for several of these
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Figure 14. Surface Texture (Vertical Axis Exaggerated).
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models is even lacking from what few data studies have been made, thus

making confirmation, compared to out-of-reactor results, difficult.

(3) The data base to check or calibcate to is very limited. There are

apparently only four significant studies which have generated data,

References 7, 8, 9 and 14, sufficient for model development and these

were all out of reactor. Only one in-reactor study was found; it was by

Campbell and Haies(15) and confirmed in principle existing model vali-

dity, however, it was of necessity of limited scope. All of these

studies were run under considerably different test conditions.

It should be noted, similar to what Jacobs and Todreas pointed out,

the thermal behavior of the contact surfaces which are very dependent on

the behavior of the contacting roughness asperities of "a-spots," may be

significantly affected by in-reactor operation where there is power

cycling, high temperatures and a neutron flux. The response of a metal-

ceramic fuel interface under these conditions because of variation in

pressure, solid fission product build-up, and possible creep mechanisms

is not completely understood at this time. This is true even at the

relatively low fuel burnup (less than 10 Mwd/KgM) conditions used in the

present study.

The Ross and Stoute model for solid-to-solid heat transfer is

fairly simple compared to several of the models reviewed, and the re-

quired data for its evaluation are reasonably available or can be made

available. A correlated version of this model has been used for the
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past three years in the SIEX thermal performance code at the Hanford

Development Engineering Laboratory, HEOL, with good success in pre-

dicting thermal performance and fuel behavior for in-reactor fuel

tests.(' 81) It is the conclusion of this review that there is no

advantage at this time to incorporating a different, more complex, model

into the SIEX code. The model should be changed when a clearly defined

advantage is demonstrated for both out-of-reactor and in-reactor pre-

dictions. The uncertainties at this time appear to overshadow the

selection of another model as being "better" for application to the

present study.

It should be noted that the Mikic model as proposed by Jacobs and

Todreas appears to be the most promising as a future model. It does a

better job of predicting the low pressure (100 psi) out-of-reactor data

than the Ross and Stoute model, which underpredicts conductances. This

is mainly because of the Miki-Jacobs model using a "transition pressure"

at which point the exponent N is changed from 0.5 to 1. The out-of-

reactor value of this transition pressure is postulated to be approach-

ing 1000 Psi for metal-ceramic interface. For in-reactor values they

note this may be too high; however there is no data available to confirm

this.

The following summarizes the derivation of the model suggested by

Ross and Stoute. It is included for completeness and so the assumptions

made are apparent. The correlation of the constant A2 in the final

model form will be derived from experimental results analyzed previously

in this report.
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C.4.a.1 Model of Surface Contact

When two surfaces are brought together only a small portion of the

apparent geometric area of contact is actually in contact. Microscopic

roughness is present on all surfaces, Figure 14, and the contact surfaces

touch only on the points of asparities (Figure 15). These points of

contact are sometimes referred to as "a-spots
,(16)

(in a particular

nomenclaure, "a" refers to the average size of a contact point or spot,

na2, this definition of "a" is not used in this work to avoid confusion)

and the thermal resistance through this area, when a lower thermal

conductivity substance occupies the noncontacting areas, is often

referred to as "constriction" resistance. Thus, even when the two

surfaces are in contact under pressure two modes of heat transfer are

acting:

1. Solid-to-solid through the a-spots

2. Conductance, convection and radiant heat transfer through the

substance occupying the area between the contact spots.

The solid-to-solid model will be reviewed here, it is assumed the con-

ductance, convection and radiant heat transfer in the non-contacting

regions can be characterized by the models described in later sections.

C.4.a.2 Area of Real Contact

If two plane surfaces contact under a pressure P, and the a-spots

are assumed circular and of equal size, the force balance on the surface

is

(8) Force on the apparent interface = Total force on asperities

or PA = ha
2
nAR
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where

a = radius of the contact spots, cm

n = number of contact spots per unit area

A Area of apparent contact between surfaces, cm
2

h = Myer's hardness, Dynes/cm
2

P = Pressure, Dynes/cm
2

(apparent)
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This follows from the fact that the radii of curvature of the contact

spots are so small that they are plastically deformed by very low loads.

Thus, the pressure on each spot will be equal to the Myer's
3
hardness of

the softer material when all the contact spots are plastically deforming.

Holm
(16)

found experimentally the mean force on each contact spot

only attains values equivalent to between 0.5 and 0.7 x (hIla
2
). Moore

(17)

found in studies made with cylindrical indentors that the identity of

the asperities were retained though complete plastic deformation would

be expected. This is consistent with Holm's result and indicates force

applied to the surfaces in contact may be transmitted by the contacting

asperities to the bulk material between them. Equation 8 is then written

(9) P = 0.6hIlna2

based on Holm's results. From this it is seen that actual contact area

at normal pressures is very small because P is much smaller than h.

3
The indentation resistance of a material expressed in force per unit

area. In this case it is equal to h = Lr/r2 where r is the radius of

the mouth of an indentation formed by pressing an infinitely hard ball

of radius r; into the material with a load L
r

. This should be propor-

tional to the yield stress.
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C.4.a.3 Constriction

Assuming only conduction through the touching contact spots of the

interface the thermal resistance (R
a

) to the steady state heat transfer

through a circular area, radius a, into a semi-infinite material with

thermal conductivity, k, was determined by Carslaw and Jaeger(18) to be

1
R
a

=
4ka

For two semi-infinite materials in contact an an area ila
2

the thermal

resistances are in series and addition gives:

1 1
(10) R

a 4k
F
a 4k

c
a

So the thermal conductance through the a-spots per unit area is given

approximately (since they are not actually infinite) by:

(11) n
= H = 4an

kFkC

Ra s kF + kC

2k
F
k
C

Now if we let k (the harmonic mean of the conductivities) the
m kF + kC

approximate thermal conductance for this apparent contact surface is

thus:

(12) H
S

= 2ank
m

C.4.a.4 Heat Transfer Through Solid-to-Solid Contacts

Combining Equations 9 and 12 we find the solid conductance can be

written

H f2
.6 11

a P

k p

(13) ) km = 1.06 ah
S

= '110,2
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Further, Holm
(10) has found when the a-spots are of unequal size the

resistance should be increased by approximatly ten percent. Thus,

k Pm
HS f'"

The replacement of a by a function dependent on surface roughness

is the next step. Ross and Stoute present results from several investi-

gators which indicate that a is essentially constant at moderate to high

pressures. Assuming this, measurements of Ascoli and Germagnoli
(19)

were

used to obtain the empirical equation

a = A1R
1/2

where I
1/2

R2, R1 - Arithmetic mean of the roughness heights of

respective surfaces, cm

Al = an empirical constant,
/2

thus, the final expression for constrictive heat transfer through the a-

spots is

k P

(14) H m
AIR1/2h

For work with SIEX the denominator of Equation 14 is further simpli-

fied. It is assumed the Myer's hardness; h, of the softer material, in

this case the cladding, is linearly proportional to the yield strength,

y
c

, of the material as noted in the analyses made for FMODEL("). In

addition because no direct measurement of roughness was made for the
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test data used in this study constant values of roughness are assumed

and R
(1/2)

can then be considered combined with Al to form a constant,

A2. The resulting equation is

k
m
P

(15)
HS A1R1/2h

A2kmP

yc

The last assumption, of constant A2 including 0/2, is the only

logical choice at this time. Neither in the P-19 and P-20 tests nor

present commercially produced fast reactor fuel have been characterized

for surface roughness. However almost all the test fuel was fabricated

similar to commercial fuel, since these were both integral tests, thus

they should reflect as nearly as possible the actual commercial fuel

response. The only test fuel not fabricated in this manner were fuel

pellets sintered to size and used in four P-19 fuel pins (Table I), the

other fuel pellets were centerless ground to size. Review of the per-

formance of these fuel pins showed no difference between their response

and the rest of the P-19 fuel pins. There remains however, a slight

possibility as noted in section B.5.a that a difference in surface

roughness between the P-19 and P-20 test fuels may be the reason for the

lower QI;) result when compared to P-19, of the "fresh" P-20 pin with a

0.0055 inch diametral gap. For this and reasons noted later it is

recommended that in the future archive samples of the test pins be

characterized for surface roughness and condition.
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C.4.b Heat Transfer Through Gas, HG

The heat transfer through either cpern gaps or regions between the

touching asperities of the a-spots is now considered. The conductivity

through a gas gap assuming perfect energy transfer at the walls and

ignoring roughness would be calculated from Equation 6 as:

k
G

(16) H
G

=
X
G

kG = thermal conductivity of the gas mixture

X
G

= distance between the fuel and cladding surfaces,

taken from the furthest extreme of one surface

mean roughness to the other.

At the small fuel-to-cladding gap distances (less than 0.005 inch

or 0.13 mm) of interest here, consideration must be made for the incom-

plete exchange of energy of the gas molecules at each wall. This is

done, as suggested by Kennard(20), using a calculated "jump distance"

which equals the temperature drop caused by this effect at a wall,

divided by the temperature gradient in the main portion of the gap.

This, in affect, is the distance added to XG in order that an effective

gap size produces the correct total temperature drop with gas conduc-

tivity kG. Equation 16 then becomes4

4To be strictly correct, this expression for an open gap should be for
two concentric cylinders which results in the equation k

G

HG r
F
(lnrc + gF + gc)

rF rF rc

where rF. <r and r - r = Xc. However, the error introduced by using

this plate fbrm is xtrehely gmall (<.5%) because rC rF and will be

ignored to simplify the expression.
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(17)

k

H
G X+g-t. g

G F C

where gF, gc = the jump distance at each wall of the gap,

Section D.1 describes the method selected to be used in this study to

calculate g
F

g
C
based on a detailed review made by the author of

available data from the literature.

Finally, consideration of the effect of the surface roughness must

be made. When in contact it is estimated that only about 10 percent of

the apparent interface of contacting surfaces is involved with the a-

spot contact. The remainder of the surface is involved with the lower

conductivity regions occupied by the plenum gases. When in contact XG =

0., see Figure 15, and the distance, dCF, between the effective surfaces

is taken equal to be:

(18) d
CF 1

C (R
F
+ RC) =Be

D.P

RF, R
C
= the respective roughness of the surfaces

C1 = empirical constant

P = the interface pressure

The constants B and D are fitting parameters that will be correlated

later in this report based on the experimental data. They are to some

extent dependent on the waviness, Figure 14, of the surface roughness.

Again roughness has been removed from the expression since it was not

measured for the data being analyzed and are assumed constant.

The final expression for conductance through the gas gap is:
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kG

(19)
HG G CaRF RC) XG 1-6F gc)

kG

(BeL") X6 (gF

C.4.c Thermal Conductance by Radiant Heat Transfer, Hr

The rate of heat exchanged between two surfaces by thermal radia-

tion can be expressed as

(20)
qr FAr ----r L(WbF-WbC)

where

A
F

= Area per unit length of the fuel surface, cm2

FF_C = Exchange coefficient between the surfaces

W
bF

= aTF
4

the Stefan-Boltzmann law for
black bodies with radiation

A into a gas, W/cm2

W
bC

= crTC

a = 5.67x10'2
cm
r 4°K)

4
, Stefan-Boltzmann constant

T
F'

T
C

= Surface temperatures of the fuel and cladding

I.D., °C.

From a standard development in Chapman
(21)

we find our case:

1

F
F-C 1 A

F
1 - 1.-

E E
F A C
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where

A = Area per unit length of the cladding surface

e e
C

= emissivity of the fuel and cladding surfaces.

Now since the H
r
at the surface of the cladding is defined by (see

Equation 6):

we have

(21)

Hr
r A

C
(T

F
- Tc)

qr

A
F

cr(T
4

- T
4

)
C

H
r AF (1 - 1.)(TF

eF
cCAc

rra(TF2 - Tc2)(TF Tc)

rc(1 rF 1))

eF r cC

since AF = 2r0(1), Ac = 2r0(1)

C.4.d Heat Transfer Due to Convection, H
Con

The effect of heat transport due to free convection in the fuel-to-

cladding gap is negligible. This is because of the very small distance

involved, less than 0.005 inches (0.013 cm). Dean (8) notes for air at

500°F between plates that differ in temperature by 100°F a distance of

0.4 inch (1.02 cm) is needed for incipient convection. A check of the

magnitude of velocities that could be expected in the gap, based on an

equation derived in Bird et al
(22)

, also confirms this conclusion

(velocities of less than 0.01 in/sec were calculated). Thus,

(22) H
Con

= 0
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C.4.e Total Fuel-to-Cladding Gap Conductance

Based on the equations 4, 15, 19, 21 and 22 the final equation for

thermal conductance across the fuel-to-cladding gap is:

(23)

C.5

A2k P
k
G

u
+ g ) + Be

P.D
F C

T
C

)

Jc G
(g

r F'F2 -
C

a(T T
2
)(T

F
-

rC[ C.

or
k
m
P

+1C -F

k
G

F rC C

/9 r fiR 4 + + in + n
AiR1I-h """F "C) "G

r
F
a(T

F

2
- T

C

2
)(T

F
- T

C
)

rc

Heat Transfer

Heat transfer

11 rF (1 - 1.)]

CF r keC

in the Fuel

in the fuel is characterized using the steady state

heat conduction equation to derive temperatures at any radius in the

fuel. Thermal conductivity of the fuel material, as will be discussed

under material properties, is assumed dependent on temperature and

porosity remaining in the fuel material. Any consideration of fuel

temperatures must account for the phenomona of fuel restructuring which

changes both the geometry, and density of the fuel over a portion of the

radius. So while this is actually a material behavior mechanism it is

discussed in section.
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C.5.a Fuel Temperature

The heat transfer in the fuel is based on the method of calculating

fuel temperatures described by Merkx and Fox
(24)

and was reviewed in the

SIEX documentation. To find the temperature T at a radius r in the fuel

the steady state heat conduction equation is used

Vqk V T) - qv

where

k = k(T,p) thermal conductivity of the fuel
(temperature and density dependent)

qv = volumetric heat generation rate

now in cylindrical coordinates VT is

VT = Tr.
er

e
ae e

+
az

e_
L

aT aTI , aTI

vqk V T)
1 a(rk Dr) 1 y ae/

,t"
az'

r Dr r ao az

We assume one dimensional radial heat flow so

1 a(rk(T) 21)
Dr -q

v
Dr

Rearranging for integration we obtain

(24) d(rk(T) fry.) = -rqvdr

Let ro and rm be defined as in Figure 16, multiply Equation 24 by the

arbitrary r and integrate from rM to the radius r using the dummy variable

13:



, -----,, 1
-

Figure 16. Fuel and Cladding Heat Transfer Geometry.

OUTER CLADDING RADIUS, rc,'

INNER CLADDING RADIUS, rc

OUTER FUEL RADIUS, rF, AT TEMPERATURE To

COLUMNAR GRAIN GROWTH RADIUS, rt,

CENTRAL VOID FORMED BY DENSIFICATION, rov

FABRICATED CENTRAL VOID, rM
(IF PRESENT)

HEDL 7611-54.17
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r

(25) rk(T)-EI = -f q (0)0
ar r

M
v

Then dividing by r and integrating from r to rF using new dummy variables

and -y we have:

/

r F (RI 0d0dPk(i)dY = ir v
(

For a uniform density fuel in a fast flux, heat generation can be con-

sidered uniform across the radius (i.e. negligible self-shielding).

Therefore we assume qv(fi) is constant within an annular ring and thus

can perform the integration of the last equation and obtain

(26) f vkd
qv rr 1

M=
-

r

E

..2 2

FF r

2
In (r

F
/r)

Introducing variables Sr and So to denote the integral of fuel conduc-

tivity at the radii r and rF respectively, the Equation 26 can be

written

q rF
2

- r
2

r,

(27) [fk(y)dyiT - [fk(y)dAT = Sr - So
L rte in

4.Lr )]

This equation is used to calculate the fuel temperatures. The right

side can be computed as a function of volumetric heat generation rate,

qv, the radius and surface temperature, To (to evaluate S0). Once this

is done a numerical method can be used to find the corresponding T
r

associated with the value S
r

found. The SIEX code uses a "table look-up"

procedure to accomplish this, i.e., a table of fkdT (or S
r
's) are cal-
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culated for set 200°C intervals and the code then interpolates the value

of T from the value of S
r'

calculated by Equation 27 at radius r, using

the table.

If fuel restructuring occurs (which in affect is a region of higher

density fuel with a central void in it), as will be discussed in a

following section, Equation 27 can be used to determine fuel tempera-

tures in the sintered region by stubstituting (see. Figure 16)

S
o

S
b

= S(T
b
) where T

b
is the temperature above which fuel re-

structuring occurs

2 2
rm

Conservation of mass with the formation
qv ÷ qvb q

rb

2 of higher density grain region andv(r
b

2

c central void in the fuel.

rb

rM rcv

Thus Equation 27 is used up to the radius rb and then the modified

version is used in the restructured zone.

C.5.b Fuel Restructuring

A complete discussion of the heat transfer path in fast reactor

fuel would not be complete without mention of fuel restructuring. The

primary form, and the only one considered in this study, is the forma-

tion of columnar grains. During operation a radial temperature gradient

is established across the fuel radius. Above a certain temperature

isotherm porosity in the fuel migrates up the temperature gradient

primarily in the form of lenticular voids. These sweeping voids form

long "columnar" grains of higher density, at least 98% of theoretical
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density, (T.D.). The voidage is deposited in the center of the fuel,

Figure 17, forming a central void of significant size even at the low

fuel burnups considered here, The porosity which is moved is primarily

that left in the fuel during fabrication (fuel pellets are generally 90%

T.D.), though generated fission gas can also be moved in this manner.

The lenticular voids move by vapor transport mechanisms, see for example

Nichols(25)

The effect of columnar grain growth is to lower fuel centerline

temperature by:

1) A shortening of the heat path; assuming a constant mass

balance across the radius, the material from the central void

is considered moved and spread uniformly into the columnar

grain region. Thus the volumetric heat rate is increased in

the columnar grain zone.

2) Forming a higher density fuel zone which results in higher

fuel thermal conductivity.

The effect on centerline temperature is significant (a typical decrease,

for high power fuel originally of solid pellet configuration, would be

600°F) especially with respect to WTI. The columnar grain typically can

extend to 70% of the fuel radius with a central void to 20% of it.

Secondary mechanisms by which additional voidage, in this instance

from the fabricated fuel-to-cladding gap, is moved to the central void

have also been postulated
(26)

by the author and co-scientists. These

are needed to account for the majority of observed central void sizes



Page 83

Figure 17. Example of Transverse Fuel Ceramography.
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being larger than can be accounted for by a mass balance with the ob-

served columnar grain size. This movement of porosity is caused by the

fuel cracking during operation, the ratchirig outward of the cracked

pieces, and the cracks being healed in the columnar grain region by the

pore migration mechanism. Thus the OD of the fuel pellet is moved

closer to the cladding and a portion of the original fuel-to-cladding

gap is moved to the central void shortening the radius of the maximum

heat path and decreasing the gap heat transfer coefficient.
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D Review of Selected Material Properties

This section reviews those material properties that have direct

effect on the heat transfer calculations described in Section C. Where

detailed review was made a summary of the rationale used in the choice

of the property will be made.

D.1 "Jump Distance" and Accommodation Coefficients for Fuel-to-Cladding

Heat Transfer

In Section C.4.b the need for calculating temperature jump dis-

tances at each wall of the fuel-to-cladding gap were discussed briefly.

The following summarizes a review made to define the best value of jump

distance.

0.1.a Jump Distance

The accommodation coefficient was originally proposed by Knudsen(27)

to account for observations he made of heat transfer across two surfaces

in close proximity. He defined the accommodation coefficient "a", as

the ratio between two temperature differences

a
T2 - To
T1 - TO

here T
o

denotes the temperature of the gas molecule impinging on the

surface of a solid body at temperature T1, T2 then represents the temper-

ature of the gas molecule after striking. "a" then represents the

incomplete energy exchange between the molecule and the solid. The

temperatures actually stand for the meiin energies of the molecules.



Page 86

Kennard(28) in his work defined a jump distance, g, as suggested by

Poisson by the temperature drop divided by the temperature gradient in

the bulk of the gas gap, FigurP 18. Kennard obtained the following

relationship between g and a:

g IL'2_!1( 2 lf G Ito)iv /. ik

or

where

(2 a .1

V' G

) (2TIRT)1/2

1'

C
P
= Specific heat at constant pressure of the gas, cal/gm-°c

V
= Specific heat at constant volume of the gas, cal/gm-°c

c
v

k
G

Mean gas conductivity, W/cm - °c

= Absolute viscosity, gm/cm-sec

0 = Mean free path of the gas molecules, cm

R = Mean gas constant, cal/gm - °c

T = Temperature of surface,°c

P
G

dynes
Pressure of the gas in the gap, ,

cm

The total jump distance across a gap between the fuel and cladding,

assuming that "a" is different at each surface, is:

gi g2 al r, /77 + 2 a2D Jr7ir 2ER
L ,G y.,

a2
.G y)c p

v G



A

Page 87

ATG =

X
G

g2

RADIAL DISTANCE

HEDL 7611-54.16

Figure 18. Example Showing Temperature Jump Distances at a Gap.
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If we now assume that T1 and T2 can be replaced by an average

temperature, 717, and kl and k2 by an average gas conductivity, R, cal-

culated at T, as was assumed in the past nor SIEX(5), then:

gi g2

or

1r ]

2 _

a

al
.1. 2 a3R )/"TL(1 v'Ga2l

= 2[431
+ a2 ala2

E
R 7211R

].302 (1 + y)C
v

in terms of the harmonic mean of the accommodation coefficients, 5, =

2a02
(al + a2)

nr2 lir
g1 g2 = C11. L(1 + Y)Cv

(28)
k anf

Equation 28 Can be evaluated using the following known values:

(1 + y)y = 2.659 assuming a monotomic gas5

n

= E f4 W4 , the average atomic weight of the "n" gases in the
i=1 " fuel-to-cladding gap, gm/mole

fi = mole fraction of each gas

W. = atomic weight of each gas

n ti'

C = E f
WJ

.0
VJ

. , specific heat at a constant volume for the

1-41

gas mixture in the gap based on Kennard(28).

5While some nitrogen (N2) is present, the added complexity of adjusting
does not appear warrented considering the accuracy of other variables.
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f.W.
4 - , weight fraction of each gas
110

r%,

C = 2.988, specific heat at a constant volume for each gas,
Vj

cal

mole-°C

2.988.E1
f.W.

C
v

= g = 2.988/R

Similarly

R = 1.99/R.

Thus combining we have:

2/Eff
(29) (1 + y)Cv

246.283)(
gm /mole

2.988 cal/mole -

1.99 cal/mole 0

K)(4.186x107!1-9)
cal

(2.659)( g gm/mole

= 1.376x10-44(141() 1/2

)(4.186x107
cal

Recalling 1 erg = 1 cm - dyne = 1 gmsec7
2

; assuming R is in W/cm °K,

noting that a Watt-second = 107 ergs and substituting Equation 29 into

28 gives:

gi + g2 = - 1][(TW)p1/2][1.376x10-4][107]

2 - 5 R(TR)1/2
][1376], cm=

a ` p
G

D.1.b Accommodation Coefficient

Assuming the classical methods and only elastic collisions between

gas and metal molecules Jeans
(29)

found:



4M tw
MG MW)

2 G 12(30) a = 1 (11 m (MG MG W

where:

M
G
P Atomic mass of the gas, gm/mole

Mw = Molecular mass of the wall, gm/mole
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This, as noted by Jeans, does not give good agreement with the data

in the case of small gaps. For this reason, the collision probability

with other atoms, particularly oxygen, needs to be considered. Assuming

a monotomic gas, the probability of collision of a gas atom with the

plutonium (or uranium), and oxygen atoms can be approximated as being

proportional to the cross-section of each and to the number present. As

stated by Giuliani and Mustacchi(31 ), this cross-section can be esti-

mated proportional to the 2/3 power of the atomic weight of each atom.

This follows from the radius of an atom being proportional to the cube

root of the atom's mass and the cross-section in turn being proportional

to the square of the radius.

Thus, Equation 30 above for a molecular solid and monotomic gas

(assuming the wall molecule composed of N1 atoms of atomic mass M1 plus

N2 atoms of mass Mz, etc.) is:

where

2/3
m 4M

G
M. NM.

a C [ za (M ) N .2/3
G

.E J"mJj-1

C
a

= constant of proportionality to be determined

M
G
= the atomic mass of the gas
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summing limits m = X - the number of types of atoms in the wall

molecule. So

(31) a = Ca

[

4M
G

2/3 .1=1 G

m NM.5/3

k. E TM M)
E N.M.

j=1 J J

Giuliani and Mustacchi(31) performed experiments with Al-UC surfaces

and assumed a UO2 and A1203 surface existed. They found reasonably good

agreement between the shape of the experimental and theoretical curves,

a versus MG, (C
a

= 1) but observed as much as 30% discrepancy in abso-

lute values. Values were slightly underpredicted up to a gas atomic mass

of 6 and constantly over predicted for the remainder of atomic mass

values up to 200. The over prediction was a fairly constant 30%. Based

on this and another study with two Al surfaces they concluded the equa-

tion should be corrected by downward 30% (Ca = .7). They also found no

detectable temperature dependence between 450° and 750°K.

Ullman et al
(35)

have measured "a" for Xe and He gas on surfaces of

316 stainless steel and UO2. They measured a definite temperature

dependence for their data between 500 and 1200°K. These data are not

gobal values but were measured at a particular incident and reflection

angles which was expected to be qualitatively applicable to global

energy exchange. As seen in Table XI, using the middle of their temper-

ature range and comparing it to the results of Equation 31 with Ca = 1,

He is in agreement but for Xe the difference is on the order of that

observed by Giulacani and Mastacchi. No attempt was made to clean the

surfaces of the U0
2
or 316 SS used in this work.
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TABLE Xi

COMPARISON QF ACCOMMODATION COEFFICIENT VALUES

a
Fuel

Equation 31*, Ca = 1 Ref.10, 800°K

a
Clad

a
Clad

He .21 .25 .23 fti.21 ft,.20(q,.20)**

Xe .79 .84 .81 '.61 fv.50(q).61)

Kr .71 .96 .82 - -

N
2

.52 .89 .65 - -

Ar .57 .97 .72

*Assume cladding Fe and fuel UO2

**Values in "( )" for Oi = 60°, Or = 30° all others Oi = Or = 45°

Godesar et al(30) reviewed briefly the method used in COMETHE II

and presented a graph of "a" versus gas atomic weight. While an explana-

tion of the meaning of the material pairs of each curve is not given,

they appear similar to the mean of values calculated by Equation 31.

Prior work with SIEX(5) was based on values of Godesar et al(3°)

While the temperature dependence of "a" appears real based on Ullman et

al
(35) and work by Trilling

(36) it is not believed enough data is avail-

able at this time to warrent adding the complexity to the models. Also

as pointed out by Dushman(32) and Dean(8) the condition of the surfaces

has a direct effect on "a", the rougher the surface the higher "a"

becomes. Thus it appears the values from Equation 31, letting Ca = 1

when M
G

is less 6 and C
a

= .75 for masses greater than 6, should give

sufficiently accurate values. This is true especially when the un-

certainty of the surface conditions of the fuel and cladding in-reactor

are considered. Table XII summarizes the values of "a" pertinent to
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this study assuming walls respond similar to UO2 and Fe.

TABLE XII

VALUES OF a TO BE USED IN STUDY

a
Fuel

a
Clad a

He .21 .25 .23

Xe .59 .63 .61

Kr .53 .72 .62

N
2

.39 .67 .49

Ar .42 .73 .54

Finally, since the gas in the fuel-to-cladding gap is made up of a

mixture of at least five gases, the accommodation coefficient of the

mixture must be considered. We assume the expression used by Mikami et

al(33) and W-ARD(31) to be valid:

f.a./(VW,)
(32) j Jqg

amixture E f.J /(VW.)

. = Accommodation coefficient for each gasaj

W. = Atomic weight of each gas

fj = Concentration of this gas

Sums taken over the five gases present.

D.l.c Summary of Calculation of Jump Distance

For the analysis of P-19 and P-20 then we propose to use the correc-

ted version of Equation 315 C
a
= 1 when M

G
< 6 and C

a
= .75 M

G
> 6, to

find the accommodation coefficient, aij, at each surface of the gap (i =

1, 2) and for each component of the plenum gas (j - 1 to 5). Then use
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Equation 32 to find the accommodation coefficient, ai, for the gas

mixture at each surface of the gap. Finally to find the harmonic mean

a (a
2a1a2

a2i
) and use this result in Equation 28 to find the total

(al

jump distance (g1 + g2) for the fuel-to-cladding gap, see Table XII.

D.2 The Thermal Conductivity of Gas in the Fuel-to-Cladding Gap

The thermal conductivity of the gas, kG, present in the fuel-to-

cladding gap is very important to the calculation of heat transfer

through this region, as was previously noted in Section C. A signifi-

cant amount of heat is transferred through the gas even when there is

solid-to-solid contact between the fuel and cladding.

D.2.a Thermal Conductivity of the Pure Gases He, Xe, Kr, Ar and N2

Two possible methods of representing individual gas values were

considered. The first was calculation of values from theoretically

based equations such as the Chapman-Enskog formula recommended by Bird

et al (37)

(33) k = 1.9891 x 10-4
a
L k

monotomic

cl
k = Gas thermal conductivity,

cm-asec-°K

T = Temperature of gas, °K

M = Molecular weight, gm
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QL = Characteristic diameter (different from molecular°
diameter) from Lennard-Jones potential function, A

= Collision integral, dependent on the dimensionless
temperature K.T/E

K = Boltzman's Constant.

= Characteristic energy in interaction from Lennard-Jones

potential function.

For gases which are not monotomic, thermal conductivity can be cal-

culated from(37):

5
(34) k =

p 4
+ R

(34a)

al
C
p
= Heat capacity at constant pressure,

c

gm - °K

lca
R = Gas constant,

gm - °K

p = viscosity,
cm

gm
sec

2.67 x 10-5(MT)1/2

°L"kk

[while Equation 34a was derived from monotomic gases, it has been found

in good agreement for polyatomic gases as well]

Predictions from these equations have been found to be in good agree-

ment(37) with measured gas thermal conductivity data. Equations similar

to this have been used directly by Horn and Panisko,
(6)

Lloyd, et

al,(38) and Hann and Lanning(13) in their work in the area of gap conduc-

tance. The second method for handling conductivity is to develop an

expression which is simply a mathematical fit of the available measured

thermal conductivity data for these gases. This was done in the past in
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the development of both SIEX (5) and FMODEL
(3 9)

computer codes. It was

this later method which was chosen to be used to the present analysis

and calibration effort. This method is consistant with the past formula-

tion of the SIEX code, which will be used exclusively in this work, and it

should lead to values of conductivity which are at least as accurate as

values produced by the first method, as long as sufficient data is

available.

Available references with conductivity data on the five gases in

question were reviewed. It was decided to use the results of the "Thermo-

physical Properties Research Center Data Book(4°)", as a primary source.

These data have been reviewed in several reports. Reference 41, a

National Bureau of Standards report, includes the results from the Data

Book for He, Ar and N2. Reference 42, a paper presented at Fourth

Symposium on Thermophysical Properties, is a "capsule summary," by

Liley, of the material presented in the Data Book on the thermal con-

ductivity of 46 gases. The later data source was used in part in the

past to derive the gas thermal conductivity expression used in the SIEX

code.

The range of temperatures of interest to fuel-to-cladding gap

conductance is 0.0 to 2500°C. Data from the above described source was

used for He, Ar and N2. However, Xe and Kr data from this source was

only available to about 450°C. For this reason, additional sources of

data were reviewed and used for Xe and Kr. These included work by

Dymond,(43) Massey,
(44)

Saxena(45), and Collins and Menard(46). These

extended the data base for the two gases to at least 2100°C.
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A quadratic expression of temperature was mathematically fit to the

data. The resulting coefficients found are shown Table XIII.

All data was at atmospheric (14.7 psi) pressure. Gas pressure in

fuel pins typically range up to 800 psi at end-of-life, 80,000 MWd/MTM.

Figure 8.2-2 of Bird et al.,(37) which represents reduced thermal con-

ductivity as a function of reduced pressure was used to evaluate the

effect of pressure on gas conductivity in the ranges of interest. The

conductivity correction for several extremes for individual gases were

calculated and it was concluded no correction of the correlations for

pressure was needed.

D.2.b Conductivity of Gas Mixture

The thermal conductivity of the mixture of five gases is needed to

calculate the temperature drop through the open portion fuel-to-cladding

gaps. Data on high temperature mixtures of He-Xe-Kr gases is scarce and

apparently does not exist for all five gases combined.

Two forms of equations for calculating the gas conductivity of gas

mixtures from individual gas conductivity values were considered. The

first was proposed to Brokaw(47) as an empirical and simple method for

calculating conductivity of gas mixtures:

(35) km b kSM + (1 b) kRm

where:

n

i =1 1

A.k. (simple mixin)

k
1

RM n X.
(reciprocal mixing)

E

i=1 Ki



TABLE XIII

GAS CONDUCTIVITY COEFFICIENTS

k = yi + 12T + y3T2

cm - 'C

T -* °C

Helium Xenon Kripton Nitrogen Argon
Coefficient (He) (Xe) (Kr) (N2) (Ar)

Y1 1.43 x 103 5.15 x 103 9.05 x 105 2.72 x 10' 1.83 x 10-4

12 3.17 x 106 1.69 x 107 2.47 x 107 4.81 x 10-7 3.58 x 10-7

13 -2.24 x 10-1Q -3.50 x 10-11 -4.89 x 10-11 +9.68 x 10-12 -2.32 x 10-1'
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k = Thermal conductivity

X . Mole fraction

h . Dimensionless factor

Subscripts;

i = components of mixture, 1 to 5 in this case

M Mixture

Brokaw presented this equation primarily with binary gas mixture

data. From analysis of these data, it was found b varied between 0.3 to

0.8, and increased with increasing fraction of the light constituent of

the gas mixture (e.g., He). The agreement with the data were found to

be good using b as a function of the light constituent. It was further

stated that Equation 35 could be applied to multicomponent mixtures as

long as the variation of b was known. However, it was noted little data

was (and is) available, and as a rough approximation, b 0.5. This

leads to the equation:

(36) km = 0.5 (ksm + kRM)

n

k 0.5 (E X.k t ).
M h n

1

Xi

k.
'VI 1

This equation was also referenced in Massy's
(44)

review, and used

in the past in SIEX. However, it appears to lead to significant errors

when the light constituent is not 50 to 70 percent of the mixture. The

comparisons of data to Equation 36 predictions sited by Brokaw (47) for

some ternary mixtures fall in this favorable range of percentage of
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light constituent and show good agreement, But as shown in Table XIV

using data from Ubisch,
(48)

the errors from this form are significant.

However, the errors show the same trend noted by Brokaw for binary gas

mixtures.

A fit of Brokaw's correction curve for binary mixtures is:

(37) b = 0.45 X12 0.3X1 0.32

where:
X1 = Mole fraction of Helium

When this expression is used for b with Equation 36 the agreement of

predicted and measured values, as noted in Table XIV, is greatly im-

proved.

The second equation form for calculating the conductivity of the

gas mixture is a theoretically based one, recommended by Bird et a1(37)

for gases at low density, credited to Mason and Saxena:(49)

n X.K.

(38) kM =E
n

1 1

1=1
X. 0..

j=1 1%)

Mi /
1 0 2 n

4). -""IJ
Ig-

/1 2

P

2 11

'Pi

(Terms are defined i,n previous. Equations 33 and 34).

Viscosity, p, can be calculated from Equation 34a . Values for

a
L
and e/K for each pure gas are given in Bird et al

(37)
and Hirschfelder



Fraction in Gas Mixture

TABLE XIV

COMPARISON OF THERMAL CONDUCTIVITY OF GAS MIXTURES

Measured%
(40

Calculated Conductivit

He Xe Kr Ar
Conductivity
W/cm-°C

Eq. 36,
W/cm-°C

%

Error
Eq. 35 & 37
W/cm-°C

%
Error

Eq. 38,
W/cm-°C

%
Error

.2190 .6950 .0860 0.0 0.360x10-4 0.470x10-4 30.5 0.379x10-4 5.3 0.381x10-4 5.8

.8650 .0290 .1060 0.0 2.143 1.805 -15.8 2.108 -1.6 2.208 3.0

.4800 .4580 .0820 0.0 0.787 0.888 12.8 0.810 2.9 0.8.9 4.1

.8690 .1210 .0160 0.0 2.126 1.706 -19.8 2.053 -3.4 2.098 -1.3

.2450 .1620 .5930 0.0 0.477 0.560 1Z.4 0.466 -2.3 0.498 4.4

.5190 .1030 .3780 0.0 0.942 1.007 - 6.9 0.951 .95 1.015 7.7

.2480 .6330 .1190 0.0 0.409 0.518 26.7 0.420 2.7 0.425 3.9

.2270 .3790 .3940 0.0 0.417 0.509 22.1 0.418 .2 0.436 4.6

.2400 0.0 .7600 0.0 0.507 0.572 12.8 0.482 -4.9 0.522 3.0

.8800 0.0 .1200 0.0 2.306 1.911 -17.6 2.211 -4.1 2.317 .5

.2020 ..7980 0.0 0.0 0.322 0.437 35.7 0.351 9.0 0.348 8.1

.4180 .5820 0.0 0.0 0.624 0.776 24.4 0.677 8.5 0.675 8.2

.7870 .2130 0.0 0.0 1.651 1.464 -11.6 1.693 2.2 1.710 3.2

.4900 0.0 .5100 0.0 0.942 0.981 4.1 0.912. -3.2 0.991 5.2

.2900 0.0 0.0 .7100 0.749 0.807 7.7 0.720 -3.0 0.781 4.3

.4590 0.0 0.0 .5410 1.088 1.092 .4 1,022 -6.1 1;109 1.9

.8940 0,0 0.0 .1060 2.470 2.470 -10.4 2.429 -1.7 2.482 .5
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et al.
(50)

Also tabulated in these references is
K

as a function KT/e.

This table was mathematically fit to the function:

k
= 0.639 +

1.086

0.135 + (14)'838
0.000482 (K1)

for inclusion in the SIEX prediction code.

Table XIV shows a comparison of applicable experimental results (at

520°C) from Ubisch
(48)

for some of the gases of interest to this study.

Also shown are the calculated values from Equations 35, 36 with 37, and

38, using the data fits, Table XIII, of thermal conductivity previously

described for the pure gases. As can be seen, the Brokaw equation with

b defined by Equation 37 and the theoretically based Equation 38 are

about comparable in agreement with the experimental data.

For the present analysis, it was decided to use the theoretical

based Equation 38. More confidence can be implied to the theoretically

based equation in extrapolating to the mixtures of the five gases of

interest, where there is no actual data to verify the form of b for the

Brokaw equation.

0.3 Cladding Yield Strength

The model for solid-to-solid heat conductance, in Section C.4.a

requires the use of the yield strength of the softer wall material.

This was substituted for Myer's hardness since the values should be

proportional and yield values are more readily available. A review of

the yield strength of the mixed-oxide fuel (about 100 ksi at 1000°F) and

the 316 20% CW stainless steel cladding (about 70 ksi at 1000°F) shows
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the cladding to be the softer materiaL

The yield strength data from Reference 51 was used to obtain the

following expression for the 316 stainless steel cladding material:

yc = 4.82 x 109 - 1.08 x 107 (T - 555°C),
dos

D.4 Fuel and Cladding Surface Roughness

Surface roughness of the fuel and cladding is a value used in the

basic fuel-to-cladding heat transfer equations found in Sections C.4.a

and C.4.b. Because roughness, as previously noted, was not measured on

the experimental fuel or cladding used in P-19 and P-20, and is not

presently being measured on production fast reactor fuel pins, these

were combined into a constant A2 and B in Equations 15 and 19. However

for future comparisons typical values of roughness found by other investi-

gators will be suggested here.

Work by Jacob and Todreas
(12)

showed, summarizing all available

data for unirradiated studies, the following ranges:

Cladding roughness, Rc, 3 to 465 p inch.

(8 x 10-6 to 118 x 106 cm)

Oxide Fuel Roughness, RF, 8 to 685 p inch.

(20 x 10-6 to 174 x 10-6 cm)

For consistant comparison with past work at HEDL the following "typical"

roughness values are assumed;

R
C
= 3.30 x 10-' cm
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R = 1.78 x 10-4 cm

so R . 2.65 x 10-4 cm, 0112 .0163)

D.5 Emissivity of the Fuel and Cladding

Two sources
(52)(53)

were reviewed for fuel emissivity values.

These studies were made on UO2 which should apply directly to the Pu02 -

UO2 fuel of concern here. Emissivity, like the accommodation coeffi-

cients, is very dependent on surface conditions which have not been

characterized in-reactor where fission products may accumulate. Because

of this and an uncertainty that appears to exist in the temperature

dependence; a single value, EF = 0.80, is used as the hemispherical

total emissivity of the fuel. This value was taken from Be11e's(52)

compilation which was for a spectral wave length of 6500 angstroms and a

temperature of about 1050°C (1900'F). This value is in the middle of

the range of values, 0.7 to 0.9, found by Held and Wilder(53).

There is little data available on the oxidized surface of the

stainless steel cladding. For the cladding surface we assume again a

single value, ec = 0.9, for the total hemispherical emissivity based on

data in Reference 54.

D.6 Fuel and Cladding Thermal Expansion

The size of the fuel-to-cladding gap during the test is critical to

the mode of heat transfer in the gap. The differential thermal expan-

sion of the fuel and cladding is one of two mechanisms considered to

close this gap, and thus the assumptions made about the expressions used

are very important.
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For fuel thermal expansion we.use the expression recommended by

Bard et al (55) which is based on y02 data of Conway, Fincel and Hein (58)

= 6.8x10-6 t (2.9x10- 9)T, (0

No dependence on the oxygen-to-metal ratio, 0/M, is considered here

because of the uncertainty in its effect. Also no consideration is made

of the volumetric increase that is observed (about 10%) when fuel melting

occurs. It is believed any stress caused by the amounts of melting

observed in the tests will be relieved by movement of the molten fuel

axially in the central void, and will thus have no radial effect.

The thermal expansion of the 316 20% CW stainless steel cladding is

based on the ASME Boiler and Pressure Vessel Code
(57)

and Braun
(58)

(temperatures from 150°C to 650°C):

a
c
= 16.55x106 + (3.68x10")T, (*C)-' .

D.7 Thermal Conductivity of the Pu02 - UO2 Fuel

After review and evaluation of the thermal conductivity data and

recommendations on the .25Pu02 - .75 UO2 fuel it was decided to use an

expression proposed by WARD(59):

(39)
kF D1[2.88 t 0.0252Ta

(5.83x10-13)T 3]

where
21.p - 10 - 10p2

2.1p - 1 -p2
, when .85 < p <.95

DI
.1

-

2
- 1.5p - 0.5, when

3p 1
.95 pf < 1.0



or

2'- 3P
2

1. - 1.5P
f'

when 0.05 P. < 0.0

.1Pf -
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.1
1. - P ,10P2 when 0.15 < p

f
< 0.05

Pf = Fraction porosity

P = Fraction of theoretical density

T
a
. Temperature, °K

kF = Thermal conductivity, W/cm - °K

Data on thermal conductivity of Pu02-UO2 is very limited at this

time. The data are all from unirradiated, unrestructured fuel and only

one study includes data for temperatures above 1700°C (most fresh fuel

in these tests had centerline temperatures above melting, 2760°C). The

primary source for the review was the extensive survey made by

Washington(60). Other sources
(59, 61, 62)

including those used for

SIEX in the past were also considered. Equation 39 has been used in past

versions of SIEX and resulted in very reasonable models for fuel restruc-

turing and gap behavior after code calibration.

A brief summary follows of the dependences of thermal conductivity,

k
F'

of the fuel to help clarify the difficulties involved in charac-

terizing this property. Thermal conductivity of the ceramic fuel is

dependent on:

1) Temperature

2) Porosity

a) Concentration
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b) Form

c) Gas composition within

3) Oxygen to metal ratio (0/M) i.n the fuel

4) Restraint

5) Pu content

The first two dependencies are primary. The third has a major effect

out-of-reactor however in-reactor the effect is uncertain. The remain-

ing two dependencies are secondary because of lack of effect or lack of

data to quantify the effect.

The temperature dependence noted in Figure 19 for Equation 39

agrees well with the available data between 500 and 1700°C described by

Washington(60). Nearly all fuel conductivity expressions for Pu02-UO2

derived in the literature use the same temperature dependence form used

in Equation 39, which accounts for the upturn observed in the UO2 data

at high temperatures. Since there is little direct information for Pu02-

U0
2
fuel above 1700°C there is a large uncertainty in the expressions

above this point.

There are a number of different forms of equations being currently

used to account for the affects of porosity on thermal conductivity.

Equation 39 uses a reduced Maxwell equation (see "01" in Equation 39).

A further assumption(63) is made in the equation that there is a greater

effect of porosity when the pore volume greater than 5%, implying the

pore morphology is not spherical. Below 5% this Equation 39 assumes the

equivalent to a Eucken relationship for dilute concentrations of spher-

ical pores. This is reasonable because in this study densities greater
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than 95% are in columnar grain zones while those less than this are

unrestructured fuel. Since the unrestructured fuel has nonspherical

pores (except for one P-20 pin) because a high pressure preslugging

fabrication method was used, this assumption appears to be valid.

It should be noted that the thermal conductivity of the columnar

grain zone may indeed be higher than that directly calculated from the

unrestructured fuel porosity form. This would follow because the region

is made up of high density radial stringers with porosity, probably

spherical, along the edges. This region bears little resemblence to the

unrestructured pore/fuel system.

The effect of 0/M ratio in the fuel on fuel conductivity (Pu02-UO2)

has been found to be significant in out -of- reactor tests, see Figure 19.

However in-reactor the 0/M of the fuel varies across the radius from the

fabricated values. The trend is for 0/M to increase at the fuel OD and

decrease toward the center. Because of the lack of an accepted 0/M

model and the lack of confirming in-reactor work the 0/M variable will

not be considered in this study. It should, however, be noted that

Equation 39 was derived on the assumption of 0/M being equal to 1.98 in

the fabricated fuel.

Data from the study described in Appendix J of Reference 3, where

fuel conductivity was derived from specimens from one fuel pellet from

each fuel batch used in P-19, were not used in the present study. All

the fuel (except for two pins) in P-19 and p-20 was fabricated by a high

pressure preslugging technique() which results in interconnected porosity.

The majority of the data used for Equation 39 was from fuel fabricated
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with techniques that result in closed porosity The results of the

study(3) on P-19 fuel showed there was as much as 30% lower kF for it

compared to the closed poros:ty fuel. It was decided not to use this

study, however, because:

1) It is believed that there was not a statistically significant

number of values taken, considering the randomness of the

preslugged fuel structure(4).

2) Studies by the author, using a Hybrid computer version of

SINTER
(24)

, showed a negative gap conductance was needed for

some P-19 data to match the melting observed when using the

measured k
F
values. This would indicate too low a fuel con-

ductivity.

3) An in-reactor Wri study made by Gibby and Lawerance(63), for

the two types of fuel showing a similar difference (about 30%)

in kF, resulted in a calculated difference of only 3 to 6% in

Q. This appears to be in the uncertainty for normalizing the

test data from the two batches of fuel.

Thus equation 39 was chosen to represent data from the literature and

does not include the limited data on the two fuel pellets from P-19.

D.8 Fuel Melting Temperature

Review of the solidus melting temperature for 25% Pu02-75% UO2 lead

to choosing the value 2760°C (5000 °F).. This is based on work by Aitken

and Evans(64' 66) who used the same technique as Lyon and Baily(65) but

with improved pyrometric equipment. No adjustment is assumed for burn-



Page 111

up
(60)

. Also though there may be some 0/M dependence it is not clear at

this time what it is because of limited data.
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E Review of Fuel Behavior %lated to Gan Conductance

The basic concern of this report is the fuel-to-cladding heat

transfer. However, for LMFBR fuel pins, a fully independent heat trans-

fer code must include models for phenomena beyond basic material proper-

ties of Section D. These include:

Fuel -to- cladding gap closure due to fuel cracking and swelling

The release during irradiation of gases absorbed in the fuel during

fabrication (H, N2 and Ar)

The release of fission gases (Xe and Kr)

The restructuring of the fuel

It is beyond the scope of this study to develop detailed models necessary

for these items because a data base much larger and more varied than

that from the two tests of concern here, needs to be used. This has

been done in the past at HEDL with the SIEX code(5) and is planned in

the near future.

For development of the constants concern with gap conductance,

which will be calibrated in Section F, only one of these models is used,

that for the fuel-to-cladding gap closure. The remaining values needed

on gas release and fuel restructuring were input directly based on

measured data from the pins. This follows as the second step in the

method, Figure 20, developed previously for calibration of SIEX and

allows the most meaningful model development.
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Figure 20. Data Interaction and Usage for SIEX Correlations.
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In the following paragraphs some simplified models are suggested

where possibleibased on just the data from P-19 and P-20. Comments on

trends and observations q111 be made on what models in the future should

consider based on these two tests.

E.1 Residual Fuel-to-Cladding saps

Measurements of all residual fuel-to-cladding gaps, gaps observed

at room temperature in transverse ceramography sections from the irradiated

pins, were made in manner similar to that used in prior work(72) (see

Tables IX and .X, Land Appendix C). It was judged for the purpose of

calibrating gap conductance constants a model based only on P-19 and

P-20 data should be used.

A series of computer plots of the gap closure data and, fabrication

and operating parameters which could affect fuel-to-cladding gap closure

were made. These parameters included:

Local power

Local fuel pellet density

Local fuel burnup

Local fuel-to-cladding gap size

Local radius of melting

Cladding ID size

Irradiation history.

It is noted that the actual driving forces for closure of the fuel-to-

cladding gap are probably fuel temperature, fuel temperature gradiant,

fuel burnup (fission products) and power cycles. A method for direct
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calculation of fuel temperatures and correlation of this data set of

over 120 measurements (77 from pins from P-19 and P-20 Phase III, and 47

from sibling P-20 pins, Appendix C) is not available and would be com-

plex. Hence, the development of a simplified model similar to the one

used
(72)

in the past with the SIEX code. Here parameters related to the

actual driving forces are considered (i.e. local pin power instead of

fuel temperature).

Using the data plots as a guide and starting with the general. SIEX

gap closure equation used in the past, a series of correlations using

the REEP
(73)

regression analysis computer code were made. Two equations

were selected to represent the data. One for pins whose irradiation

history included the 15% overpower, P-19 and Phase III of P-20, and the

other for pins which operated only under steady state conditions, pins

described in Appendix C. The final equation form for both was the same,

only the fitting coefficients were changed:

(40) GP = G{ 1 - i[l - exp(-03-Nc)]

[04- T][1 exp(-05-Bu)]l

Q106/G

where: T = elQ1*(Q1 02)

Qi '7; Time average local linear heat rate, kW/ft
(for "fresh," fuel Qi

W 7-, Maximum local linear heat rate, kW/ft

Bu , Local burnup, MWd/kgM

N
c
= Number of full power cycles
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G = Postirradiation diametral gap, mils

G = Fabricated diametral gap, mils

O's= Fitting coefficients, see Table XV for 15% overpower
values.

Here T is an estimate of thermal stress in the fuel. The first negative

term in Equation 40 represents gap closure due to fuel cracking. The

second negative term represents a thermal stress dependent swelling such

as would be related to collection of fission gas in the fuel matrix.

The final term, inversely dependent on original gap size, is to partially

compensate for plastic strain of the fuel caused by differential thermal

expansion of the fuel and cladding.

No consistant dependence could be identified with the variables of

pellet density, cladding ID size, and melt extent. Figure 21 gives an

indication of the "goodness of fit" of the model-equation derived for

the overpower case. Included in Table XV is also the standard deviation

of this model from the data. Considering the possible random variations

in observed gap sizes because of random fuel cracking this is considered

a very good representation of the data.

E.2 Fuel Thermal Expansion Model

In the past the thermal expansion (fraction of expansion Ad/d) of

the fuel has been calculated in SIEX on a radial average basis. Thus

Ad laid r dr
-a- fr dr

Previous calibration efforts with SIEX using this method were never able

to correlate both the measured residual fuel-to-cladding gap sizes from
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Figure 21. Residual Postirradiation Fuel-to-Cladding Gap Correlation.



TABLE XV

FITTING COEFFICIENTS FOR RESIDUAL FUEL-TO-CLADDING GAP MODEL
(FOR PINS THAT EXPERIENCED OVERPOWER CONDITIONS)

Number of Standard
Data Points Deviation 01 e2 03 04 es 06

77 0.66 0.00672 12.5 0.919 0.890 7.11 0.239
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'the "fresh" fuel pins, and the apparent closure of the hot fuel-to-

cladding gap in pins with fabricated diametral gap sizes less than 0.005

inch. This resulted in the inability to ucf, the measured residual gap

data for the "fresh" fuel pins.

Evidence of the fuel thermally expanding more than can be accounted

for by this method for "fresh" fuel in P-19 and P-20, and the sugges-

tions of G. L. Fox, of the Westinghouse Hanford Company, resulted in

the adoption of a revised model. It is assumed here that the fuel has

cracked and can expand radially similar to a bar. So:

(41) A d =fAd/d dr

This results in the amount of thermal expansion (Ad) expected based on

evidence of when the fuel is coming into contact with the cladding and

allows the measured residual gap data to be used. It is noted this

model is probably an over simplification of the complete mechanism (due

to crack healing, etc.) however it appears reasonable to use for this

study.

E.3 Fuel Absorbed Gas Release

For calibration of gap conductance the data from P-19 and P-20 on

measured gas concentrations in the plenum were directly input. These

were typically N2 = 0.018 and Ar = 0.035 cc at STP for the fresh pins.

For other prediction purposes these low levels of N2 and Ar gas are

suggested, except when a gross concentration of either of the two are

present in the fabricated fuel. There is suspicion that high concentra-

tions of these gases, which have much lower thermal conductivity than
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He, result in higher fuel temperaturo.s This would result from either

the gas in the fuel matrix or in the fuel-to- cladding gap.

E.4 Fission Gas Release

Fission gas release from the fuel for calibration of the gap conduc-

tance model was based on the measured gas release found for each pin

plenum during destructive examination. The P-19 data was discussed in

Reference 3. The trend of the P-20 data is shown at the end of Appendix

C.

A good fit to general data in the past has been made with fission

gas release models
(74)

dependent on burnup and the sizes of fuel grain

structure regions (i.e. columnar grain, equiaxed grain and unrestruc-

tured fuel). However, results of Appendix C indicate this would be

reasonable only up to about 3000 MWd/MTM for fuel operating at high

power. Beyond this the P-20 data shows an obvious switch in trend which

is taken to indicate there is a strong instantaneous temperature depen-

dence (note discussion in Appendix C on fuel temperatures with burnup).

Based on this it is postulated that the gas release model should be

dependent not only on fuel burnup and fuel grain region sizes but also

instantaneous temperature.

E.5 Fuel Restructuring in the Columnar Grain Region

The columnar grain region size and apparent columnar density (based

on a mass balance within the columnar grain region and the central void

size) observed to form near the axial extents of melting were used to
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analyze the data for the gap condu=ctance work, see Sections 8.2 and

C.5.b. A simple columnar grain region nodel can use a columnar grain

isotherm, TCG, (above which the grains form) and a columnar grain

density, o
.CG'

A value for TCG based on P-19 and P-20 "fresh" fuel is:

(42) T
CG

= 2190°C

At burnups above those of the "fresh" fuel (60 to 90 MWd/MTM) a model

also dependent on temperature gradient (or local power) and perhaps

other parameters is needed.

The apparent columnar grain density is dependent on several mechanisms

as noted in Section C.5.b. Accounting only for densification of material

present, past work with SIEX has used a constant value of pcG of 98% TD.

However some temperature gradiant dependence is apparent in the work

with the "fresh" P-19 and P-20 data, with the small gap pins having an

apparent lower columnar density than the larger gap pins. At higher

burnups than the "fresh" fuel, observed central voids cannot be explained

by just the movement of porosity from fabrication to the central void.

A model
(26)

accounting for other mechanisms must be used and will be

developed for SIEX in the future. The material in the grain region

itself never appears, based on ceramography of the fuel, to densify

beyond about 98.5% TD.

For comparing SIEX-Ml predictions to normalized data points, restruc-

turing observed in the representative fuel ceramography was reproduced

as nearly as possible by adjusting individual columnar grain tempera-

tures, TCG, and columnar grain densities. Thus no fuel restructuring

modeling uncertainty is imposed on the comparisons.
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F Calibration of the Gap Conductance Model

F.1 Summary of SIEX

The basic SIEX computer code has been used at HEDL for the past

three years with very satisfactory results in predicting fuel perfor-

mance
(4)

. SIEX is a code which calculates the thermal performance

characteristics and dimensional changes (swelling and thermal expansion)

of mixed-oxide fuel pins in a fast neutron environment. SIEX is com-

prised of a series of subroutines which model certain fast reactor fuels

phenomena and is correlated to a significant amount of EBR-II irradia-

tion test data. Program development and numerical techniques have been

carried out in a way which provides a code with short running times and

modular independence of models. This code has been shown to satisfy the

need for a data analysis and design tool in the LMFBR program. The code

is fully described in Reference 5 and is available through the Argonne

National Computer Code Center.

The author was intimately involved in the calibration of this

original code through collection of data (including measurement of fuel

restructuring and residual fuel-to-cladding gaps, and derivation of

preliminary QI:1 results from available P-l9 data) and assisted in model

definition and checkout. Since this time he has been actively involved

in applying this code to LMFBR and FFTF fuel prediction studies.

The thermal performance formulations of the revised version, SIEX-

M1, being used in this study have already been reviewed in Sections C, D

and E. The changes from SIEX will be briefly noted in the following

sections. The basic heat transfer expressions, Section C, are essentially

unchanged from SIEX.
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F.2 Revised Material Properties for SIEX -Ii

Several material property expressions, discussed in Section 0, were

revised in going to the SIEX-Ml version of SIEX. In summary revised

models were made for the calculation of:

Accommodation coefficients and jump distance

Thermal conductivity of the plenum gases Xe, Kr, N2, Ar and He

and their mixture.

Fuel conductivity.

It is believed that the overall quality of the calculations have been

improved significantly and are consistant with present data.

F.3 Revised Fuel Behavior Assumptions for SIEX-Ml

The only models, discussed in Section E, used in the derivation of

the gap conductance constants are the residual gap closure model and the

fuel thermal expansion model. Both of these are revisions to prior SIEX

models but are limited to the P-19 and P-20 data base.

F.4 Calibration Constants for Gap Conductants Model

The calibration of the fuel-to-cladding gap conductance model

constants derived in Section C to the data discussed in Section B is the

final step in developing the model. The measured Q' values from Section

B are used directly, without normalization, in this portion of the

analysis. Modified versions of SIEX-Ml were used to make these analyses.
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The calibration or each of the three constants (see Equations 15

and 19) of the gap conductance model cannot be done independently with

the test data developed in this study. For open gap cases only the

constant B is applicable but once the fuel and cladding are in contact

all three constants are used in the calculation. It is noted that as

derived the constant B was only for the case of voids between contacting

roughness however for application to a total gap conductance model it is

being used as the correlating constant for all open gaps. Assuming a

value of B can be correlated based on the open gap data at least one of

the remaining two constants, A2 or D, must be set based on judgement and

past work by others.

F.4.a Gas Gap Constant "B"

When the fuel and cladding are not in contact the interface pressure

is zero and the constant in Equation 18 becomes "B". The data from all

the axial extents of melting were analyzed using a version of the SIEX-

M1 code and the value of B needed to match the observed melting condi-

tions was calculated. Table XVI summarizes these deduced values from

the gap conductance model for the data. Figure 22 includes those data

with calculated open hot gaps and the resulting values of B.

There is a significant amount of scatter in these values of B.

However it must be remembered that all the experimental and fuel model

uncertainty are now reflected in these values. No bias is observed for

the different sized pins or between the P-20 and P-19 data. One way to
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TABLE XVI

CALCULATED VALUES OF GAP CONDUCTANCE PARAMETERS FOR DATA POINTS

Pin Section

Fabricated.
Diametral
Gap, Mils

Hot Gap
Radial,
Mils

Gas
Conductivity
W/cm - °C

Jump
Distance

cm

Interface
Pressure
Dynes/ cm2

H
G

W /cm2 - °C

H5

W/cm2-°C

H
R

W/cm2-°C

Constant
B

cm

P-19-20 D 9.8 2.19 3.81x10-3 7.78x10-4 0.0 0.549 0.0 0.024 .583x10-3

None 9.7 1.87 3.65x10-3 7.25x10-4 0.0 0.644 0.0 0.021 -.831x10-4

P-19-8 02 9.5 2.09 3.85x10-3 7.92x10-4 0.0 0.515. 0.0 0.025 .137x10-2

A3 9.5 1.83 3.75x10-3 . 7.57x10-4 0.0 0.539 0.0 0.023 .155x10-2

P-19-13 0 7.8 1.33 3.64x10-3 7.01x10-4 0.0 0.844 0.0 0.019 .239x10-3

8 7.6 1.11 3.52x10-3 6.65x10-4 0.0 0.929 0.0 0.017 .303x103

P-19-2 E-2 7.8 1.32 3.79x10-3 7.53x10-4 0.0 0.623 0.0 0.023 .198x10-2

A-3 7.7 1.14 3.67x10-3 7.13x10-4 0.0 0.669 0.0 0.020 .187x10-2

P-19-35 F-1 7.2 0.98 3.66x10-3 7.21x10-4 0.0 0.762 0.0 0.021 .158x10-2

A -2' 7.2 0.92 3.62x10-3 7.09x10-4 0.0 0.697 0.0 0.020 .214x10-2

P-19-3R C 10.0 1.88 3.79x10-3 9.29,00-4 0.0 0.562 0.0 0.025 .105x10'2

A 10.1 1.66 3.67x10-3 8.14x10-4 0.0 0.518 0.0 0.022 ..206x10-2

P-19-24R C-3 10.0 2.26 3.54x10-3 8.70x10-4, 0.0 0.595 0.0 0.021 ...137x10-2

A-2 10.1 1.87 3.41x10-3 7,82x10-4 0.0 0.826 0.0 0.015 -.139x10-2

P-19-25R E-1 8.0 1.05 3.74x10-3 9.04x10-4 0.0 0.625 0.0 0.024 .243x10-2

A-3 8.0 0.93 3.36x10-3 7.60x10-4 0.0 0,976 0.0 0.016 .313x10-3

P-19-30 E-2 7.1 0.59 3.57x10-3 8.36x10-4 0.0 0.965 0.0 0.019 .135x10-2

A-2 6.9 0.42 3.39x10-3 7.72x10-4 0.0 0.954 0.0 0.016 .173x10-2

P-19-7R 0 6.4 u.35 3.62x10-3 8.09x10-4 0.0 1.027 0.0 0.019 .179x10-2

B 6,2 0.04 3.44x10-3 7.47x10-4 0.0 1.104 0.0 0.015 .228x10-2

P-19-26R G-2 5.9 0.01 3.58x10-3 7.94x10-4 0.0 . 1.222 0.0 0.018 .212x10-2

A-2 6.0 0.0 3.38x10-3 7,25x10-4 1,73x103 1.201 0.0 0.015 .217x10-2



TABLE XVI (Cont'd)

CALCULATED VALUES OF GAP CONDUCTANCE PARAMETERS FOR DATA POINTS

Pin Section

Fabricated
Diametral
Ga. Mils

Hot Gap
Radial
Mils

Gas

Conductivity
W cm - °C

Jump
Distance

cm

Interface
Pressure
0 nes cm2

N
G

W cm2-°C

H
s

W cm2 - °C

H
R

W cm2 - °C

Constant
8

cm

P-19-27R H-1 4.0 0.0 3.41x10-3 7.35x10-4 5.77x108 1.420 0.728 0.015 .187x10-2
A-2 3.9 0.0 3.25x10-3 6.83x10-4 6.53x108 1.525 0.747 0.013 .166x10-2

P-19-28 H-2 3.5 0.0 3.40x10-3 7.26x10-4 5.03x108 1.537 0.642 0.015 .164x10-2
A-3 3.2 0.0 3.21x10-3 6.61x10-4 6.44x108 2.294 0.761 0.012 .839x10-3

P-20-7 H 7.5 1.39 3.90x10-3 7.84x10-4 0.0 0.636 0.0 0.027 .183x10-2
A-1 7.5 1.13 3.69x10-3 7.15x10-4 0.0 0.568 0.0 0.022 .292x10-2

P-20-13 J 7.3 1.51 2.50x10
.3

1.07X10-3 0.0 0.520 0.0 0.029 -.909x10-4
A-1 7.5 1.17 2.29x10-3 9.27x10-4 0.0 0.545 0.0 0.022 .297x10-3

P-20-39 G 7.55 1.12 3.78x10-3 8.92x10-4 0.0 0.863 0.0 0.023 .647x10-3
B 7.55 0.93 3.64x10-3 8.37x10-4 0.0 0.719 0.0 0.021 .187x102

P20/P19-34 G 6.95 0.93 3.83x10-3 7.23x10-4 0.0 0.849 0.0 0.024 .144x10-2
B 7.05 0.86 3.60x10-3 6.54x10-4 0.0 0.760 0.0 0.019 .188)10-2

P20/P19-21 G 7.50 1.45 3.76x103 7.14x10-4 0.0 0.856
.

0.0 0.023 -.412x10-8
8 7.45 0.98 3.61x10-3 6.67x10-4 0.0 0.697 0.0 0.020 .203x10-2

P-20-30 H 5.45 0.48 3.83x10-3 7.27x10-4 0.0 0.838 0.0 0.024 .264x10-2
C-4 5.35 0.22 3.60x10-3 6.54x10-4 0.0 0.792 0.0 0.019 .33410-2

P-20-33 F 3.55 0.0 1.90x10-3 6.50x104 5.51x108 1.146 0.665 0.018 .113x10-2
C-1 3.55 0.0 1.89x10-3 6.43x10

._4

5.96x108 0.848 0.658 0.018 .179x10-2

ml mm

1 W /cm2 - °C = 1762 BTU/ft2-hr-°F
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look at this plot is that the lower values of B are calculated when a

smaller effective hot gap value is needed to explain the gap conductance

required to match the data, see Equation 19.

A somewhat conservative, with respect to WTI, value of 1.65 x 10-3

cm was chosen for B. More weight was given to fitting the data near the

closed hot gap values (except for the data from the "fresh" P-20 pin

with the 0.0055 inch gap) and being conservative at larger gaps. There

does appear to be a slight trend to the plot increasing with decreasing

gap size, however the constant value, considering the uncertainties

involved, was deemed sufficient for the characterization.

F.4.b Contact Constants A
2
and D from Closed Gap Data

Assuming the constant B to be now fixed the constant. A2 and D must

be set based on the data from pins with calculated closed fuel-to-

cladding gaps. The data from the P-19 and P-20 experiments does not

allow the separation of these constants to be solved for uniquely.

Laboratory experiments can overcome this by doing part of the tests in

vacuum thus eliminating any heat transfer through the gas allowing a

constant like A2 to be calibrated. For this calibration work we chose

to set the constant D equal to -0.2 x 10
-9

cm
2
/Dyne based on results of

Ross and Stoute, past work by Dutt with SIEX and the physical meaning of

the constant. It is expected since this constant seeks to model the

decrease in "waviness" of the softer surface material under pressure

that the effect would be less than that found for Zr - UO2 pairs by Ross

and Stoute. The yield point of the stainless steel (about 72 ksi at

950°F) is higher than that of zircaloy (about 10 ksi at 950°F).
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The constant A
2
in the solid-to-solid heat conductance expression

representing the inverse of the average radius of the a-spots, Equation

15, was then correlated based on the data with calculated closed hot

gaps. The same version of SIEX -Mi was used and the agreement of the

calculated constant B for these cases, to the value previously set, 1.65

x 10
-3

cm, was itterated on while A
2
was adjusted until the best fit was

obtained. The final value of A
2

resulting from this analysis was 100

-
cm

1
. Figure 22 gives an indication of the final agreement of calcu-

lated "B" values using A2 = 100 cm-1 and D = -.02 x 10-9 cm2/Dyne.

F.5 Discussion

Figure 23 shows the agreement of the temperature drops, across the

fuel-to-cladding gaps, predicted by the calibrated model and those

calculated directly from the test data. Predicted values are somewhat

conservative but in general agree well with the observed calculated

values. Figures 24 and 25 indicate the agreement of the normalized WTI

data from Section B with the predictions using the calibrated gap

conductance model is also, in general, very good. Note that the fuel

restructuring was handled as described in Section E.5.

The trend of predicted lower Qm values with increasing burnup,

Figure 25, for pins with small fabricated fuel-to-cladding gaps (0.0035

inch diametral), is not reflected by the limited data. While the dis-

agreement of the predictions with what little data there is at this

point, is well within the test uncertainties, this type behavior may be

real, rather than the decreasing trend predicted. It could be caused by

two burnup dependent phenomena not considered in this analysis, 1) the
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creep of the contacting roughness asperities (causing greater solid-to-

solid heat transfer) and 2) the buildup of solid fission products be-

tween the contacting roughness asperities where heat is assumed trans-

ferred through the gas alone. The data from these tests are insufficient

to characterize this type behavior. Application of this calibrated gap

conductance model to burnups higher than 10,000 MWd/MTM may require

further evaluation of these mechanisms to assure temperature drops

across the gaps are not over predicted resulting in too low Qm values

being calculated.

For comparison Figure 26 shows the previous normalized(/) P-19

data, "fresh" pins, and the agreement of the original version of SIEX(5)

with those. In general there is less data scatter and improved predic-

tion versus data agreement with the present analysis.

Table XVII gives some example breakdowns of the conductance values

being summed in the model to give the total gap conductance predicted.

Figure 27 indicates the predicted change in total gap conductance with

fabricated gap at different burnup levels.

Some comparison of the derived constants with out of reactor labora-

tory results is warrented even though the roughness values for the

surfaces of the materials here were not measured. Values from Ross and

Stoute's work are compared here using the roughness assumptions from

Section D and assuming Myer's hardness of the cladding is equal to one-

third the yield strength(6):
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TABLE XVII

CONTRIBUTIONS TO THE TOTAL GAP CONDUCTANCE PREDICTED BY THE CALIBRATED MODEL

Burnup
MWMTM

Percent
Xe In
Fill Gas

Fabricated
Diametral
Fuel-to-Cladding

Gap, mils

Calculated
Hot Diametral
Fuel-to-Cladding
Gap, mils

H
W BTU

H
S

/ . B

HR

C1117-:57

8TU
014 - °C 'ft4-Hr-°F1 'ft4-THrU-°Fd `ftz-Hr-cTi

,%. 0.0 0.0 4.0 0.0 1.599 2820. 0.516 910. 0.0137 24.
0.0 0.0 5.5 0.2 1.367 2410. 0.0 0.0 0.0157 28.
0.0 0.0 8.0 2.54 0.666 1170. 0.0 0.0 0.0216 38.

,u 0.0 18.0 4.0 0.0 0.903 1590. 0.26 460. 0.0166 29.
0.0 18.0 5.5 0.76 0.661 1160. 0.0 0.0 0.0218 38.
0.0 18.0 8.0 3.24 0.372 655. 0.0 0.0 0.0303 53.

3700 0.0 4.0 0.0 0.866 1530. 0.756 1330 0.0155 27.
3700 0.0 5.5 0.0 0.870 1530.. 0.751 1320 0.0157 28.-
3700 0.0 8.0 0.0 0.864 1520 0.746 1310 0.0158 28..

3700 18.0 4.0 0.0 0,680 1200. 0.737 1300. 0.0164 29.
3700 18.0 5.5 0.0 0.688 1210. 0.732 1290. 0.0166 29:
3700 18.0 8.0 0.0 0.688 1210. 0.714 1260. 0.0169 30.

7200 0.0 4.0 0.0 0.618 1090, 0.732 1290. 0.0165 29.
7200 0.0 5.5 0.0 0.671 1180, 0.733 1290. 0.0165 29.
7200 0.0 8.0 0.0 0.691 1220, 0.730 1290. 0.0166 29.

10900 0.0 4.0 0.0 0.504 890, 0.716 1260. 0.0173 30.
10900 0.0 5.5 0.0 0.546 960, 0.717 1260, 0.0173 30,
10900 0.0 8.0 0.0 0.570 1000. .0.715 1260, 0.0174 31
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Ross and Stoute This Study

Dynes/cm
2 (p- Zr pairs) (Pu0

2
- U0

2

Stainless
Steel)

C
1

(= B[EXP(DP)]), P 9.8x107 2.5 3.2

(Equation 18) P = 4.9x10
8

1.5 2.9

Al 0.5 1.84

(Equation 15)

Horn
(6) found, apparently fitting data from Ross and Stoute, a value for

the constant D of -1.26 x 10-9 (P in Dynes/cm2) compared to this study's

- 9
value of -0.2 x 10 . As noted previously the lower values of D selected

is reasonable with the difference in material pairs.

Because of the range of roughnesses that are possible comparison of

the constants independent of roughness (i.e. Al and C1) could vary

significantly. However it is to be noted that all the fuels used in

these tests were fabricated with methods typical of those used in com-

mercially made LMFBR fuel and thus should be representative and directly

applicable to them. In the near future it is recommended that archive

fuel samples from these tests be characterized for roughness. This

should allow direct comparisons with laboratory results to be made.
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G Conclusions

G.1 Power-to-Incipient Melting, Qm Data Analysis

Figure 11 illustrates the conclusions that can be drawn from the

"fresh" pin data from HEDL P-19 and P-20. With fresh fuel (60 to 90

MWd/MTM) there is a definite dependence of (111.1 on fabricated fuel-to-

cladding gap size. The data show a decrease in WTI values as the fuel-

to-cladding diametral gap increases beyond 0.005 inch (0.13 mm) which is

concluded to be due to the fuel and cladding coming out of contact and

the heat being transferred only through a gas gap. Normalized WTI

values ranged from about 18.5 kW/ft (606 W/cm) to 14.5 kW/ft (475 W/cm)

over the diametral fuel-to-cladding gap range from 0.003 to 0.010 inch

(0.08 to 0.254 mm).

The primary conclusion that can be drawn from the higher burnup

data based on this analysis is illustrated in Figure 12. By the time

3700 MWd/MTM is reached the linear heat-rating-to-melting, WTI, is at

least 18.5 kW/ft and is independent of starting gap size. This is at

least a 20% relative improvement over the results found for the "fresh"

pins fabricated with pure He fill gas, at a diametral gap of 0.0075 inch

(0.13 mm). The improvement in observed for the 18% Xenon gas tagged

pin was over 25%, from under 15.3 kW/ft (501 W/cm) "fresh" to over 18.3

kW/ft (600 W/cm) at 3700 MWd/MTM. The primary reason for this improve-

ment in thermal performance is early fuel-to-cladding gap closure. This

eliminates the initial fabricated fuel-to-cladding gap, in the range

tested, as a major variable affecting Q after a small burnup is accum-

ulated.
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These test results verify previous less refined analyses and have

significant implications about the performance predictions for FFTF/

LMFBR type fuel. The higher hurnup data indicate that with a short

conditioning period (less than 12 full power days or 3700 MWd/MTM)

thermal rating of a LMFBR could be increased by 20%. Further, if this

mode of operation is used restrictive limits on maximum fabricated gap

size can be relaxed. This may allow sintered-to-size fuel pellets to be

used, thus allowing more economical fuel fabrication.

G.2 Characterization of the Radial Heat Transfer Path

Analyses Of the total radial heat transfer path were made and "best

values" developed for calculating temperatures consistant with the

present "state of the art" data. A set of recommended heat transfer

formulations, similar to those used in SIEX (5) , were put forth in Section

C for the radial heat path from the coolant to the center of the fuel.

Further a set of material properties to be used with these heat transfer

formulations were developed and/or described in Section D. This heat

transfer system was incorporated into a revised version of the SIEX

code, SIEX-M1, to develop a gap conductance model based on the P-19 and

P-20 integral Q:11 data.

G.3 Hot Fuel-to-Cladding Gap

The permanent closure of the fuel-to-cladding gaps were measured

from ceramography sections from HEDL P-19 and P-20. A mathematic model

was correlated to this closure data using original gap size, local heat

rate, reactor cycles, local fuel burnup and power history. This model,

for the pins from P-19 and P-20 Phase III, is described by Equation 40

and Table XV. It represents the data reasonably well (standard devia-
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tion of 0.66 and a percent variation explained of 86) considering the

inherent variation in this type of data. This model seeks to account

for permanent fuel deformation due to cracking, fission product build up

and fuel-cladding inaction.

The best representation to use for fuel thermal expansion was

concluded to be the summation of radial thermal expansion rather than

that based on a radial average temperature.

G.4 Calibration of the Fuel-to-Cladding Gap Conductance Model

Using RI; data (not normalized) from HEDL P-19 and P-20 tests, the

heat transfer models and formulations developed, and the models for

calculating hot fuel-to-cladding gaps the three constants in the gap

conductance model, (Equations 15 and 19) based on work by Ross and

Stoute, were calibrated. Since constants A2 and D could not be cali-

brated indendently, results from other work was also used.

The values derived for the constants were:

A
2

. 100 cm-
1

B = 1.65 x 10
-3

cm

D . -.2 x 10
-9

cm
2
/Dyne

The predictions of the calibrated model agree well with the data from

the in-reactor tests, Figures 23, 24, and 25, and should result in a

refined (least uncertainty) method of calculating gap conductances.

G.5 Recommendations for Future Work

It was concluded to be of the most benefit, in the future archive

samples from the P-19 and P-20 tests should be characterized for surface
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roughness. This will allow the constants independent of roughness to be

calculated and compared to past laboratory results. It will also allow

verification of uniformity of surface condition of the different fuel

batches used in both tests.
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APPENDIX A

Indicators of Extents of Fuel Melting in HEDL P-19 and P-20

The purpose of this appendix is to briefly review the type of

indicators that were used for the determination of the extent values

found in this report. Both radial and axial extents will be reviewed.

Appendix K of Reference 3 discusses some general observations on melt

boundaries in past work.

Radial Extent of Melting as Determined from Transverse Ceramography

Transverse ceramography sections removed from selected axial loca-

tions of once molten fuel pins were mounted in clear resin and polished.

Macrophotographs (Figure A-1), autoradiography (B-y, Figure A-2)

and a 75x photomosaic (Figure A-3) were then made from the sample in

this condition. A strong chemical etch was then used. This etch (80

H
2
0
2
(30%)20 H

2
SO

4
) had shown in the past a quality of accenting molten

fuel zones. The sample then had another 75x photomosaic (Figure A-4)

made from it in this state (usually with oblique lighting which further

accentuated the molten fuel zone).

The main determining features for the extents of melting were:

(1) B-y autoradiographsAl: The largest distinct radius of the

activity-depleted (white) zone in the annulus of active (dark)

and depleted zones in the molten region was taken as an

AiThe
extent of an enriched zone in the o autoradiography (Figure A-9)

indicates the extent of melting at shut-down. However, it is usually
fairly indistinct.
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Figure A-1. Example of Marco Photography of a Transverse Fuel Section
in "As-Polished" Condition (P-19-35, Sample D).
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Figure A-2. Example of (3-y Autoradiograph of a Transverse Fuel Section

(F-19-35, Sample D).
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25 MILS

Figure A-3. Example of Photomosaic (Originally 75X) of a Transverse

Fuel Section in "As-Polished" Condition (P-19-35, Sample D).
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Figure A-4. Example of Photomosaic (Originally 75X) of a Transverse
Fuel Section Chemically [80H202(3N)20H2SO4] Etched
P-19-35, Sample D).
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indicator of furthest extent of melting. The active and

depleted zones (Figure A-2 and A-6) are believed to correspond

to concentrations of Ruthenium.

(2) 75x Photomosaics

As-polished: The extent coincides with the furthest extent

of a zone in the fuel free of small pores (Figure A-3).

This can be also seen in Figure A-5, an etched sample.

Chemically Etched: The extent is characterized by a line
A2

(Figure A-5) surrounding the pore free zone when the sample

is viewed with oblique lighting.

The radial extents of melting are thus determined using all three of

these indicators.

The interpretation of the pore free band in the fuel is that its

furthest extent is the maximum extent of fuel melting during the test

and the inside diameter is the extent of the melting just prior to the

reactor scram when the test was completed. This is supported by the

dcndritic structure of the fuel in this inside region (Figure A-5).

Axial Extent of Melting as Determined by Longitudinal Ceramography

As shown in Figures 6 and 7
A3

in the text, the axial extent of

melting can be characterized fairly well using neutron and betatron

A2
Once molten fuel etches at a different rate than fuel which has not

melted causing a "step" at the interface after etching.

A3Note the reduced photomosaics in these figures are of samples with

a "stain" etch rather than the chemical etch. This was used prior to

the chemical etch to obtain fuel restructuring detail.
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,Haximum Extent
of Melting

Fuel that was
Molten at Shutdown

Figure A-5. Ceramographic Appearance of an Etched Section D from HEDL
P-19-35 (This Area is at the Center of the Fuel. Oblique

Illumination was Used).
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Figure A-6. Example of Molten Zone Extent Indicator on f3-y Auto-
radiograph. (Note White Continuous Band Around Molten
Annulus.)
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radiographs. Here the furthest extent of melting from the center is

found from the last discontinuity (such as a plug, bubble, etc.) in the

central void. Experience has shown this to be a very consistent indicator.

Ceramography samples were cut from the pins and these samples

contained the areas which appeared to be the axial extents of melting

based on the radiography. Once these samples were ground to the geo-

metric center of the cladding, the longitudinal sections were then

prepared like the previously described transverse sections. The same

indicators as described previously were then used to determine the

furthest axial extent of melting (A-7 thru A-9). One other indicator was

also used. This was the central void appearance in the 75x photomosaics.

In the unmolten zone the central void is constant in diameter, and its

edges are rough from lenticular voids penetrating the walls. In the

molten portion of fuel, the central void diameter is eratic and its

walls are very smooth.

The P-20 fuel experienced a small amount of molten fuel relocation

to the bottom of the fuel column which did not occur in P-19. Here the

central void appears to have been filled with molten fuel to the bottom

of the fuel column even though the fuel temperatures were not high

enough to cause fuel melting locally. The indicators described for the

radial extents were used exclusively to determine the bottom axial

extents in these cases. Further it should be noted that because of this

relocation the extents of melting found from the bottom portions of P-20

pins are probably somewhat lower (conservative) than would be expected.
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Figure A-7. Example of Molten Fuel Axial Extent in "As-Polished" Longitudinal Sample
(P-19-27R, Sample H-1).
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Figure A-8. Example of Molten Fuel Axial Extent After Chemically Etching a Longitudinal
Sample (Molten Fuel is to the Left; Note Dendritic Structure).
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Beta-Gamma 10x

Figure A-9. Examples of Molten Fuel Indicators Present in Auto-
radiography of Longitudinal Fuel Section (P-20/19-34G).
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This is because of the extensive plugging of the central void beyond

where melting could occur because of local fuel temperatures.

For the analyses in this report, the axial extents of melting were

taken with respect to the central void. Where no fuel plugging occurred

at the axial extent of fuel melting, the furthest extent of the melt

indicators was taken as the axial extent of melting. If, however there

was a once molten fuel plug at an axial extent of melting the extent of

this plug (Point A, Figure A-10) was not necessarily used as the axial

extent of melting in the analyses. Instead, the first position (Point

B, Figure A-10) back from the furthest extent of the plug where the

radius of the melt indicators equaled the radius of the local central

void, observed in the unmolten fuel beyond the fuel plug, was taken as

the axial extent of melting. This then assured that the temperature at

the central void was at fuel melting 5000°F or 2060°C). The tech-

nique eliminated the few cases where a false "axial extent" of melting

would have been used; caused by molten fuel relocating (being pushed)

beyond where the peak fuel temperatures were high enough for melting to

occur. The correction in the majority of cases was very small.



Point B: Axial Extent of Melting
With Respect to the
Central Void

Point A: Axial Extent of Fuel Plug

Figure A-10. Axial Extent of Melting with Respect to the Central Void (P-19-27R, Sample
H-1).
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APPENDIX B

Characterization of Axial Power Profiles and Normalization of Pin Powers

Axial Power Profile for HEDL P-19

The axial power profile used for the HEDL P-19 fuel pins was based

on a curve taken from an ERR-II Users Guide(75) for U-235 fission rates.

This was confirmed with a series of measured burnup values taken from

the P-19-33 fuel pin. This pin experienced no fuel melting. Figure B-1

shows this curve and the results of the burnup analyses, which were

based on Nd-148. As will be noted in the following section while the

burnup values measured in this manner have a large absolute uncertainty

the relative values should be very good.

Gamma scan results from P-19-33 and other P-19 fuel pins also

confirmed the axial profile shown in Figure B-1.

Axial Power Profile P-20 Phase III

The axial power profile for Phase III was derived from burnup

samples taken from four "fresh" pins used in this portion of the test.

Samples were taken at various axial locations along the length of the

fuel column and then were analyzed for fuel burnup based on Nd-148.

Where melting was present in the fuel column, samples were taken where

large shrinkage cavities existed (determined by neutron and betatron

radiography). This minimized the possibility of fuel from other loca-

tions moving into the burnup sample location and remaining there affec-

ting the burnup measurement. Fuel pins irradiated in a fast flux environ-

ment should exhibit a uniform radial burnup profile, thus, fuel that

relocated out of a section will not affect the burnup measurement.
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The burnup results for each of four pins were normalized to peak

values, and these data werethen fit with a fourth. order polynomial,

shown in Figure B-2.

While the uncertainty expected for these low burnup levels (about

90 MWd/MTM) is fairly high (about ± 30%) the precision of the measure-

ments was shown to be much better than this. An exchange of a number of

HEDL P-19 and P-20 burnup samples between the HEDL and LAST, chemical

laboratories showed the largest disagreement in measured burnup of only

four percent and the average disagreement found between seven cross-

checks was less than one percent.

The power profile in Figure B-2 agreed reasonably well with the

profile determined from Zr-95 gamma scan results, but was somewhat

different (shifted 0.4 inches toward the top and no peaking at the ends)

from the curve described for fission rates of
235

U taken from the EBR-II

Users Guide(76). This later result is not unexpected since P-20 Phase

III had a special core loading and was experimental (no axial stainless

steel reflectors) fuel rather than the driver fuel discussed in the

guide.

Estimate of HEDL P-20 Peak Pin Powers Normalized to HEDL P-20 Powers

Peak pin powers were first calculated from post-run fission rate

maps provided by the ANL EBR-II project. These were multiplied by 0.91

as noted in the text, Section B.3.a. From the powers and the axial

power profile derived above, calculations of local power-to-incipient

fuel melting, Qr:1 were made for the two "fresh" spare P-19 pins used in

P-20 Phase III. Using a version of the SIEX-Ml computer code the (G



1.03

0.95

0.90

0.85

0.80

0.75

CENTIMETERS FROM BOTTOM OF FUEL COLUMN

10 15 20 25 30 35

1

BURNUP FROM:

O P-20/19-21

P-20-39

P-20-39

is P-20-30

FOURTH ORDER
POLYNOMIAL "FIT"

0.700
2.0 4.0 6.0 8.0 10.0 12.0

INCHES FROM BOTTOM OF FUEL COLUMN

HEDL 7611-54.12

Page 165

14.0

Figure B-2. Axial Power Profile for HEIM, Phase III Pins Based on
Burnup Analyses.
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values were normalized to FFTF conditions of 90.4% T.D. pellet density

and 1060°F cladding ID temperature as described in Section B.4 of the

text. These results were then compared to normalized 1:11 values found in

the HEDL P-19 test for similar gap size pins. The average difference in

normalized (11871 values was found to be 12.6 percent lower for the P-20

values. This indicated, since the normalized Win values should be the

same for both experiments with the same fuel-to-cladding gap size and

the same fuel, that the powers calculated for P-20 were too low. From

this analysis and the supporting data described below, it was decided

that the P-20 pin powers should be normalized to the P-19 powerBl.

Adjustment factors were applied to the P-20 powers until normalized data

from the two P-19 pins included in P-20 agreed with normalized

values from P-19 work. It was found the pin powers had to be adjusted

up eleven percent for the P-20 pins (thus 2% higher than the original

fission rate values supplied by ANL) in order to make the two sets of

data agree.

As substantiating evidence that the P-20 test was running at a

higher power, the results from Nd-148 burnup analysis from P-19 and P-20

were checked. Burnup measurements from both experiments, as was noted

in the previous section on axial power profile, are very consistent in

values and have been cross-checked for precision. The ratio of these

Bl
Thus relative comparisons of Q' could be made. The p -19 powers were

chosen as the base to normalize to, rather than P-20 powers ctilated
from post-run fission rates, because of the in-depth analysis ' made

for P-19 by ANL as opposed to no special calculations made for P-20.
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burnup measurements between the two tests should be a reasonably accu-

rate value. Taking the average of the peak burnups from a number of

similar pins from each experiment and dividing by the integrated area

under the reactor power-time history, (i.e. the total megawatt-hours for

the reactor) Figures 3 and 5 of the text, it is found:

P-19 .0061 At%
287.4 MW-hr

= 2.12 x 10
5 At%

MW-hr

P-20 .0094 At% = 2,39 x 10 5 At%
393.5 MW-hr MW-hr

This indicates, assuming a linear relation between reactor power level

and fuel burnup, P-20 was operating at 12.7 percent higher power than P-

19. Burnup was accumulating this much faster per megawatt-hour in the

test fuel for the P-20 test. This confirms the magnitude of the abso-

lute power difference between the P-19 and P-20 tests. The final dif-

ference relative to P-19 power calculated by normalizing the Qm of the

P-19 pins in P-20 was about 9 percent, which is a more conservative

value than indicated by the burnup.

Another fact confirming the higher power in HEDL P-20 as compared

to P-19 was the response of the "fresh" 0.230 inch OD pin with 0.0055

diametral fuel-to-cladding gap in each test. These pins had different

fuel batches, however, their response would be expected to be very

similar. The P-19 pin (in P-19) showed no signs of melting even at the

peak power region. The P-20 pin had substantial fuel melting. This

would indicate P-20 was operating at a higher heat rate than P-19.
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APPENDIX C

Summary of Results from Analysis of Ceramography and Fission as

Release from Phaes I and II of HEDL P-20

The purpose of Phase I and II of HEDL P-20 was to accumulate fuel

burnup under steady state power conditions of about 14 kW/ft (460 w/cm).

After each phase, some pins were removed and others added so three

burnup levels (as noted in the text) were achieved. For each Phase I

and II pin used in Phase III, a sibling pin was examined without Phase

III exposure. Additional pins of interest were also irradiated and

examined. The performance results of these highly characterized pins

contain valuable data on fuel restructuring and fuel pin response under

well defined conditions. The behavior of these pins must be understood

before the performance of the P-20 preirradiated Phase III pins can be

fully understood. The following summarizes the analysis of these Phase

I and II pins with respect to data associated with ceramography samples

and fission gas release.

Each of the pins irradiated in Phase I and/or II had three trans-

verse fuel ceramography sections taken from it at about 1.5 inches (3.8

cm), 6.2 inches (15.8 cm), and 12.0 inches (30.5 cm) above the bottom of

the fuel column. Along with other data, a 75x photemosaic was made from

each of these samples in both the polished and etched condition. Examples

of the etched (with "stain" etch) samples from "Phase II only" (7200

MWd/MTM) Pins are shown in Figures C-1 and C-2. Each set of mosaics for

a sample were then measured for central void, columnar grain region and

equiaxed grain region radii. Also, residual fuel-to-cladding gap sizes

were measured.
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SAMPLE D
,1.50 INCHES FROM BOTTOM FUEL COLUMN

SAMPLE G

6.250 INCHES FROM BOTTOM FUEL COLUMN

Figure C-1. Etched Transverse Fuel Ceramography from HEDL P-20-5.
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SAMPLE D
1.50 INCHES FROM BOTTOM FUEL COLUMN

SAMPLE G
6.250 INCHES FROM BOTTOM FUEL COLUMN

Figure C-2. Etched Transverse Fuel Ceramography from HEDL P-20-36.
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Figures C-3 and C-4 summarize the results of the measurements of

the central void and columnar grain region radii. From this, within the

scope and limitations of the test, the following conclusions with re-

spect to the columnar grain region and gap conductance can be drawn:

1) There is no increase in columnar grain region size with time or

burnup. The maximum extent was reached by the end of Phase I. This

would indicate the temperature drop across the fuel-to-cladding gap is

not increasing with time (assuming a constant columnar grain formation

temperature).

2) As would be expected, there is a trend of increasing region

size as the fabricated gap size increases, indicating the maximum fuel

temperatures are dependent on original gap size. However, there is a

leveling off of this increase above 0.0075 inch (0.019 cm) gap sizes up

to the 0.0096 inch (0.024 cm) gap pin (the largest in the study).

3) The 18% Xe tagged pins showed slightly larger, about 6%, region

sizes than the untagged pins. This shows, as expected for a 0.0077 inch

(0.20 cm) gap, an increased temperature drop across the gap resulting in

higher fuel temperatures. Again, however, there is no increase of

region size with time.

4) The low pressure preslugged fuel results show a slightly

smaller restructured region (with a 0.0077 inch gap) than the high
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pressure preslugged fuel. The difference between the performance of the

two fuel types appears to be minimalCi.

Thus, maximum fuel temperature appears to occur at Beginning-Of-Life,

(BOL). From then on there is an improvement (or, at worst, no change) in

the overall heat transfer from the fuel-to-cladding. These maximum

temperatures form the maximum extents of the columnar grain regions.

Analyses from measurements of this region should relate to this maximum

condition not necessarily to the End-Of-Life (EOL) conditions (or time-

averaged conditions) of the fuel as is sometimes done.

Results from the central void measurements indicate a marked

dependence on gap size and for the most part follow columnar grain size

trends. However, the effects of gap voidage moving to the central

void
(26) as will be discussed later, are affecting the central void

sizes also. This is evidence in the proportionally larger central void

of the 0.096 inch gap pin, while its columnar grain region is no larger

than the 0.0075 inch gap fuel.

Figure C-5 summarizes the results of the "equiaxed" grain region

measurements. This region is identified in this study as the region

where gas (assumed to be fission gas) has noticeably collected on the

fuel grain boundaries. This region, the extent of which is most likely

Cl The small difference observed could be accounted for in part by the
low pressure preslugged fuel being 0.5% T.D. higher density (hence a
potentially higher thermal conductivity than the other) and/or by the

fact this fuel also had less absorbed nonhelium gases from fabrication
(i.e. if there is an effect on gap conductance at BOL from released
absorbed gas this effect would be smaller for the low pressure pre-

slugged fuel.)
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dependent on an isotherm and time, is probably much slower forming than

the columnar grains, which are formed by fabricated porosity migrating

up the thermal gradient. The "equiaxed" region extent is also much more

difficult to discern, especially with the high pressure preslugged fuel

structure. Thus, the scatter of the measurements can be expected to be

greater than that observed for the columnar grain region measurements.

Conclusions that may be drawn from Figure C-5 for the equiaxed grain

region data are:

1) There appears to be only a slight dependence on original fabri-

cated gap size.

2) There is a small increase in region size with time.

3) There is no observable consistent effect of the Xe tag or the

low pressure preslugged fuel on the radius of the equiaxed grain region.

These conclusions suggest that the equiaxed grain regions matured after

the fuel temperatures had decreased from their peak values and the fuel-

to-cladding gaps, as will be shown in the next paragraph, had closed to

about the same size for all the pins. This would cause the isotherm

needed for the region to form to be at about the same radial location in

all the pins.

Figure C-6 shows the results of measurements of the residual fuel-

to-cladding gap. These were measured in a manner similar to that described

in Reference 72. Conclusions which may be drawn from these data are:

1) There is a rapid closure of the fuel-to-cladding gap early in

life that results in all the gap sizes coming to about the same 0.001 to
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0.0025 inch (0.03 to 0.06 mm) diametral gap size range by the end of

Phase I. Then there is continuing closure at a much slower rate.

2) As discussed in Reference 72 there is an apparent local power,

time/burnup/reactor cycles, and original gap size dependence for the

closure (note difference in measurements at the three axial positions).

These data support the preceeding conclusions for the restructuring

region data; that there is a maximum gap size (maximum temperature drop

across the gap) at BOL that accounts for ealy maximum fuel temperatures

that drop with time.

In summary, the ceramography data lead to the conclusion that,

within the range of this test, there is a maximum fuel-to-cladding gap

size very early in life, resulting in a maximum temperature drop across

the gap and maximum fuel temperatures. This maximum accounts for the

extent of the columnar grain region. There is then rapid fuel-to-

cladding gap closure to the levels seen in Figure C-6. After that, the

gap size is fairly stable and the maturing (as gas is formed) "equiaxed"

grain region forms as observed in Figure C-5. The columnar extent does

not change with time since the maximum temperatures at BOL are never

surpassed.

Figure C-7 summarizes the results of the calculation of the fission

gas release based on measurements of fission gas recovered and burnups

from Phase I and II sibling pins. The dependence of percent fission gas

release for "Phase I only" pins shows the, expected decreasing trend with

decreasing gap size. There would be less gas released in pins with

lower fuel temperatures (i.e. small gaps). However, for the "Phase II
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only" and Phase I plus II pins there is an unexpected increase in percent

fission gas release in going from large to wall original gaps.

The reason for this burnup dependent behavior no doubt lies par-

tially with the results of data already reviewed. That is, see Figure

C-8, the fuel temperatures, including the fuel centerline temperature

(IQ ), appear at first (BOL) to be very dependent on fabricated gap

size, fuel temperatures of pins fabricated with small gaps are less than

ones fabricated with large gaps (T,
s

< T,
L
), which is substantiated by

the measurements of columnar grain radii. After a short period of time

however, the rapid gap closure brings all the gap sizes to about the

same overall dimensions. Thus, the temperature drop across the gaps,

AT
GAP'

become very similar for all the pins. As further burnup occurs,

the mechanism proposed in Reference 26 occurs. The fuel cracks and the

cracks heal in the restructured zones moving part of the fuel-to-clad-

ding gap volume to the central void. This forms central voids larger

than possible just by densification of the columnar grain region and

larger gaps lead to larger central voids. It is also noted that the

columnar grain regions remain smaller In the small gap pins than in the

large gap fuel pins. Since the gaps are now all about the same size,

the temperature drop across them must be about the same and the drop

across the fuel itself controls the fuel centerline temperatures. The

fuel in the smaller gap has less restructuring so it could be running at

higher centerline temperatures, (Te 7 "'c.f.') Figure C-8 (see Section B.5

of text).
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All these mechanisms could lead to the small gap pins actually

operating at higher fuel temperatures than the larger gap pinsC2. Fuel

smeared densityC3 and original gap size are then the actual controlling

influences on fuel temperature after 50L operating; with fuel tempera-

tures increasing with decreasing gap size and decreasing with decreasing

smeared density. The opposite would be true at BOL. Thus, since gas

release is expected to be time, grain structure and fuel temperature

dependent, this drop in temperature in the large gap pins could cause

the observed results. This concept of fuel temperature behavior is

supported by the results of the measured extents of equiaxed grain

regions all being about the same size for all the different gap sizes.

The distance from the equiaxed grain boundary isotherm to the central

void edge will be greater for small gap pins (i.e. smaller central

void), suggesting higher centerline temperatures.

2This same conclusion is noted in the text because of the behavior of
the Phase I pins in Phase III (i.e. only the 0.0035 inch fuel-to-cladding
ap pin melting while larger gap pins did not).

C3It is noted for these P-20 pins that a decrease in original fuel-to-
cladding gap size means an increase in smeared density since there is a
constant fuel pellet density. Smeared density has been shown to be the
controlling factor in central void size(26). Lower smeared density
leads to larger central voids and lower fuel centerline temperatures.
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APPENDIX D

NOMINCLATURE
Table D-I Notation

Description Units

A Average surface area at fuel-to-cladding cm2

gap

A
c'

A
F

Surface area of cladding and fuel, re cm 2

spectively, at the fuel-to-cladding gap

Al Empirical constant relating a to surface cm 1/2

roughness (Hs model)

A2 Empirical constant equal to (AIR1/2)-1 cm 1

a Accommodation coefficient

au Accommodation coefficient for each surface

(i = 1, 2) and each component 0 = 1, 2, 3,

4, 5) making up the gas in the fuel-to-

cladding gap

a Harmonic mean of accommodation coefficients

at each surface (a
2a1+ a2

al a2)

B Fitting parameter relating roughness to dcF cm

[dCF

Bu

Cl

BeDP = Ci(Rc + RF)]

Local fuel burnup (residual gap model)
MWd
kgM

Dimensionless constant in the Brokaw

gas mixture equation

Empirical constant relating surface roughness

to d
CF
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C
a

Constant of proportionality in accommodation

coefficient model

Cp, Cv Specific heat, at a constant pressure and

volume, respectively, of the gas in the

Cp, Na

gap

Specific heat of sodium at a constant
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Cal

gm - °K

Cal

gm - °K

pressure

VJ
Specific heat at a constant volume for each Cal

mole - °K
gas component (j = 1 to 5) of the gas in the

fuel-to-cladding gap (per mole)

D Fitting parameters associated with the decrease

of d
CF

with interface pressure

D
e

Coolant equivalent diameter cm

d
CF

Effective distance between fuel and cladding cm

cm2

dyne

surfaces involved in heat transfer through the

gas when surfaces are in "contact"

d, Ad Diameter, and change of a diameter in fuel due cm

to thermal expansion

F Function dependent on surface roughness and

waviness (H model)

Fabricated diametral fuel-to-cladding gap mils, (cm)

Postirradiation diametral fuel-to-cladding gap mils, (cm)

at room temperature

Jump distance cm

G

GP

g
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gc' gF
Jump distance at the cladding and fuel surfaces cm

respectively

H Unit thermal conductance through fuel-to-
cm2-°C

cladding gap (gap conductance or gap

coefficient)

HCon
Unit thermal conductance at fuel-to-

cm'-°C
cladding gap due to convection

H
eq

Equivalent film coefficient, HF, which accounts

for test pins being encapsulated

H
F

Film coefficient between sodium coolant and
cm'-°C

cladding outside surface

H
G

Unit thermal conductance through gas in fuel-
cm2-°C

to-cladding gap

HS Unit thermal conductance through solid-to-

solid contact at fuel-to-cladding gap

H
R

Unit thermal conductance due to radiant heat

transfer between fuel and cladding

h Myers' hardness of cladding

K Boltzman constant

k Thermal conductivity

k Average thermal conductivity of gas in the

fuel-to-cladding gap

Cladding thermal conductivity at inner surface
cmW- °C

w
cm - °Ck

F

w
cm2-°C

cm2-°C

On
ce

es ,4N

Erg
°K

cm °C

w

cm - °C

Fuel thermal conductivity at outer surface



Thermal conductivity of gas in fuel-to-

cladding gap

Thermal conductivity of gas mixture

Harmonic mean of thermal conductivities of

the fuel and cladding at the interface,

fu 2k1k2 )

kl k21

kSM
Thermal conductivity of gas mixture by

simple mixing

k
RM

Thermal conductivity of gas mixture by re-

ciprocal mixing

M
F

Mass flow rate of sodium coolant

M
G

Atomic mass of gas in fuel-to-cladding gap

Mi Atomic mass of i'th type atom making up a wall

molecule

Mw Molecular mass of wall molecules

N Exponent which may be pressure dependent

(Hs model)

NC Number of full power reactor cycles

Ni Number of atoms of atomic mass Mi making

up wall molecule

Nu Nusselt number (coolant - pin system)

n Number of contact spots between fuel and

cladding per unit area

0/M Stoichiometry of the fuel

P Apparent interface pressure between fuel

and cladding
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w
cm - °C

w
cm - °C

w

cm - C

w

cm - °C

w
cm - °C

gm
sec
gm

mole
gm

mole

gm
mole

Dynes
cm'



P
f

Fraction of porosity in the fuel

P
G

Pressure of gas in fuel-to-cladding gap

Pr Prandtle number (coolant-pin system)

Linear heat rate or linear power

Q'i Linear heat rate or linear power at a

specific axial location

Qm Linear heat rate-to-incipient fuel

melting ("power-to-melt")

Q1, Qz Time-averaged local linear heat rate (1) and

maximum local linear heat rate (2) respec-

tively

q Heat flow rate

qv, qvb
Volumetric heat generation in the unrestruc-

tured fuel (v) and the restructured fuel (vb)

respectively.

qG, qs, Heat flow rate through the gas, the

}

R

R
a

qcon
contact points, radiant heat transfer, and

R c'R F

convective heat transfer, respectively,

at the fuel-to-cladding gap.

Mean gas constant
11c2 + Rr2

( 2 V) 1 2

Thermal resistance through contact a

spot between fuel and cladding per unit area

Arithmatic mean of surface roughness of

the cladding and the fuel respectively.
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Dynes
cm2

kW IW

ft' 'cm'

kW (14

ft'

ft'

kW (141

'cm'

kW

ft

CM

Bt
W. (TIu F)

Cal

gm - °K

cm

cm2-°C

CM
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Re Reynolds number (coolant-pin system)

r Radius in the fuel cm

r
b

Radius of columnar grain region OD cm

r
c

Radius of cladding inner surface cm

r
c' OD

Radius of cladding outer surface cm

cv
Radius of central void in the fuel cm

r
F

Radius of fuel outer surface cm

rM Fabricated central void cm

S
r'

S
o

Integral of fuel conductivity at the radius
cm

r (at temperature Tr) and rF (at temperature

T
o

)
'

respectively, with respect to T

Temperature °C

T Average temperature of gas in the fuel-to- °C

cladding gap

T
a

Absolute temperature °K

TC Temperature of cladding ID °C

T
CG

Isotherm above which columnar grains form °C

T
F

Temperature at the fuel outside surface °C

T
I

Sodium coolant temperature °C

T
in

Sodium coolant inlet temperature °C

TM Melting temperature of fuel °C

T
o

Temperature at the fuel outside surface °C

T
r

Temperature at arbitrary radius in fuel °C

AT Temperature drop through cladding °C

AT
F

Temperature drop through unrestructured fuel °C

region
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AT
Fl

Temperature drop between the coolant and the °C

cladding

AT
G

Temperature drop between fuel and cladding °C

ATRF
Temperature drop through restructured fuel

region

W
bC'

W
bF

Emissive power of a black body at the temper-
cm

ature of the cladding and fuel respectively

Average atomic weight of gas in the fuel-
gm
mole

to-cladding gap

X Thickness of material cm

X
G

Hot radial fuel-to-cladding gap size cm

x.
1

Axial distance along fuel column cm

X. Mole fraction of each component (i = 1, 2,

3, 4, 5) of gas making up the gas mixture in

the fuel-to-cladding gap

YC
Yield strength of cladding

dynes
(psi)
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a Average radius of surface contact spots cm

between fuel and cladding

aC, aF
Thermal expansion of the cladding and fuel °C-1

respectively.

c Characteristic energy in interaction of gas W-sec

molecules, from Lennard Jones potential

function

EC' 6F
Emissivity of the cladding and fuel surfaces

respectively

C
v

y
1
,y

2
,y

3
Fitting coefficients for pure gas models

Absolute vescosity of the gas

Mean free path of gas molecules

R
k

Collision integral dependent on the dimen-

sionless temperature KT/c

gm
cm-sec

cm

p Fraction of fuel theoretical density (TD)

in fabricated fuel

PCG
Fraction of fuel theoretical density (ID)

in columnar grain zone

a Stefan Boltzman constant ce-°K-4

a
L

Characteristic diameter from Lennard-Jones cm

potential function



T 0 ,T1

T2

0. 0
' r
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Temperature of gas molecule on surface °C

of a solid body at temperature T

Temperature of gas molecule after striking °C

solid body

Angie of incident (i) and reflection (r)
0

0J.(j =1 to 6) Fitting coefficients for residual fuel- -

to-cladding gap model
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Table D-II Description of Selected Terms and Names

Term Description

Power-to-Melt (Q1111) The linear heat rate needed-to-cause

the centerline of the fuel to be just at

the fuel melting temperature. The linear

heat rate-to-cause incipient fuel melt-

ing.

Linear Heat Rate The heat rate or power produced at a

location in the fuel, if it is assumed

there is a unit length of the fuel

operating at this power level (example

of units: kW/ft).

Diametral Fuel-to- The cladding tube inside surface diameter

Cladding Gap minus the fuel outside surface diameter

This is used instead of radial gap, to

avoid confusion with observations where

the radial gap may vary around the cir-

cumference because the fuel is not centered

within the cladding ID.

Fuel Burnup A measure of fuel consumption by fissioning.

It can be described as a (1) percent of

fuel atoms that have undergone fission

(atom percent burnup, At%) or (2) the amount

of energy produced per unit weight of

fuel present (megawatt days per metric

tonne of fissionable metal, MWd/MTM).



Fission

Fission Products

Fast Flux

Breeder Reactor

LMFBR's
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Thus burnup is a function of the length

of time of operation and the power level

during that time.

The splitting of a heavy nucleus (i.e.

235U) into two approximately equal parts

(which are nuclei of lighter elements),

accompanied by the release of a relatively

large amount of energy (I, 200 Mev) and

generally one or more neutrons.

The nuclei (fission fragments) formed by

fission of heavy elements (i.e. 235U), plus

the nuclides formed from the fission frag-

ments' radioactive decay.

A neutron flux made up of neutrons with

energies greater than .1 Mev.

A fission type reactor that produces

more fissionable material than it con-

sumes.

Liquid Metal Fast Breeder Reactors are

liquid metal cooled (in this case with

sodium) breeder type fission reactors

characterized as having a fast (high

energy) neutron flux. The LMFBR pro-

duces heat from the fissioning process,

that can be used to generate electricity,

and generates more fissionable material



FFTF

EBR-IT

HEDL
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than it uses.

The Fast Flux Test Facility is under

construction near Richland, Washington.

This will be the primary test installation

in the United States LMFBR program. Its

normal power level will be 400 MW thermal.

The Experimental Breeder Reactor Number Two

is located in Idaho Falls, Idaho. It is

a smaller sodium cooled fast flux reactor

used for present irradiation of LMFBR

fuels and materials. Its normal operating

power is 60 MW thermal.

Hanford Engineering Development Laboratory

operated by the Westinghouse Hanford

Company for the U. S. Energy Research and

Development Administration (ERDA).


