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ABSTRACT

Surface cladding temperatures for the fuel rod simulators in
the Core Flow Test Loop (CFTL) must be inferred from a measurement
at s thermocouple junction within the rod. This step requires the
evaluation of the thermal field within the rod based on known
parameters such as heat generation rate, dimensional tolerances,
thermal properties, and contact coefficients. Uncertainties in the
surface temperature can be evaluated by assigning error bands to
each of the parameters used in the calculation. A statistical
method has been employed to establish the confidence limits for the
surface temperature from a combination of the standard deviations
of the important parameters. This method indicates that for a CFTL
fuel rod simulator with a total power of 38 kW and a ratio of maxi-
mum to average axial power of 1.21, the 95% confidence limit for
the calculated surface temperature is ±45°C at the midpoint of
the rod.
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Introduction

The Core Flow Test Loop (CFTL) is a helium loop to evaluate the

performance of Gas-Cooled Fast Reactor (GCFR) core assemblies. In its

operation, it is essential to determine the fuel rod simulator (FRS)

surface temperature. However, in the CFTL it is not possible to

measure the surface temperature directly. Instead, thermocouples are

located in the interior of the rod, and from these measurements sur-

face temperatures are inferred. The rod structure and thermocouple

locations are shown in Fig. 1. This determination of surface con-

dition from a "known" interior temperature is commonly referred to as

the inverse heat conduction problem.

The use of an interior temperature to infer the FRS surface tem-

perature introduces uncertainties that are entirely independent of the

other uncertainties in the thermocouple response or in the data acqui-

sition system. These uncertainties arise from the fact that in any

inverse heat conduction calculation it is necessary to have a pre-

cise knowledge of the FRS's nature. Parameters that affect this

calculation include rod dimensions, material properties, contact

resistance at material interfaces, energy input to the rod, and the

exact location of the thermocouple junction. These parameters not

only vary from rod to rod but can also vary within a rod. Temperature

and testing history can also affect the value of these parameters. It

is the uncertainty in these parameters that manifests itself as the

additional uncertainties in the calculated surface temperature.

In interpreting results from the CFTL, a knowledge of the uncer-

tainty in the surface temperature is as important as the surface tem-

perature itself. Since the surface temperature cannot be

*Member of Computer Sciences Division, Union Carbide Corporation
Nuclear Division.
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Fig. 1. Cross section of CFTL fuel rod simulator showing placement of typical internal thermocouples.



calculated exactly, it is imperative to determine the degree of con-

fidence that can be placed in the results. A convenient method of

expressing confidence in a result is to determine the width of a 95%

confidence band about the indicated value of surface temperature. The

true value of the surface temperature lies within this temperature

band for 952 of the measurements.

Results of uncertainty analysis performed on the FRS used in

Pressurized Water Reactor Blow Down Heat Transfer (PWR BDHT) tests

show that the uncertainties in the type of rod mentioned above can

have a significant effect on the width of the confidence bands placed

on the surface temperatures. [1]

The BDHT fuel rod simulators are very similar in design to those

proposed for the CFTL. Early BDHT rods had a multi-sheathed rod with

the thermocouple located between the sheaths. Later designs5 however,

use a single sheathed rod similar to the CFTL design.

A computer code was developed for the BDHT experiments to solve a

one-dimensional inverse heat conduction problem. [2] Using this code

an analysis was performed which yields the sensitivity of the surface

temperature and surface heat flux to variations in several rod param-

eters. From these sensitivities and a knowledge of the uncertainties

in the rod parameters, an uncertainty in the surface conditions can be

bounded. [1] The magnitude of these uncertainties and the width of

the 95% confidence band in the BDHT experiments indicated that a simi-

lar analysis should also be performed for the CFTL.

Uncertainty Analysis

In modeling actual phenomena with a computer code to determine the

surface temperature of the FRS based on an interior temperature, one

is faced with the problem of selecting the values to be used for var-

ious model parameters. The difficulty of selecting these values of

input parameters arises from the fact, that these values are not known

exactly and can vary during the physical process being modeled. To

model the uncertainty about the values of these inputs they can be



treated as random variables that vary in some manner about a nominal

value.. Statistical methods provide an objective technique for estab-

lishing a relationship between these input parameters and the response

variables. They also provide a measure of the confidence that can be

placed in the response obtained.

The goal of the uncertainty analysis of the CFTL fuel rod simu-

lator is to determine the uncertainty in the response variable (aver-

age surface temperature) if the thermocouple junction temperature is

assumed to be known exactly.

Since an inverse heat conduction code capable of modeling the

CFTL fuel rod simulator is not available, a slightly different ap-

proach must be taken from the one used for the BDHT analysis. Nor-

mally, the thermocouple junction temperature would be assumed known

and a series of computer runs (experiments) would be executed in which

all significant parameters would be varied according to some statis-

tical design. The response variable from each run would be the sur-

face temperature. However, since it is not practical to take this

approach in the present analysis, the boundary condition is assumed

known and the response variable from each run is the thermocouple

junction tamperature. For the purpose of an uncertainty analysis

these two approaches are equivalent. This can be illustrated by

examining the relationship between the surface temperature and thermo-

couple junction temperature.

The BDHT analysis showed that when all other input variables were

fixed, any change in the thermocouple junction temperature produced an

equivalent change in the surface temperature. This linear relation-

ship holds for any arbitrary set of input variables. Therefore, the

uncertainty in the thermocouple junction temperature when the surface

boundary condition is assumed known is the same as the uncertainty in

the surface temperature when the thermocouple junction temperature is

assumed known.

For the CFTL uncertainty analysis, the computer code chosen to

aodel the fuel rod simulator was ADINAT [3], ADINAT is a computer

program developed at the Massachusetts Institute of Technology for

linear and nonlinear steady-state and transient finite element

analysis of heat transfer. ADINAT was chosen because it can more



easily model the complex geometry of a thermocouple in the fuel rod

simulator than other available codes. The nodal structure used by

ADINAT for the nominal case is shown in Fig. 2. The temperature of

several key points for the nominal case are included in the figure.

Because of symmetry, only a 45° sector needed to be modeled. The

thermocouple junction is modeled as a circle. The area of the circle

is equal to the area of the thermocouple leads.

Initially a decision had to be made as to which variables should

be considered. Table 1 lists variables whose uncertainties would most

likely have a significant effect on the surface temperature uncer-

tainty. Each of these input variables is assumed to vary according to

a normal distribution about the nominal value. :

The standard deviation for the cladding thickness was determined

from the design specifications. The standard deviation was assumed to

be one-fourth of the difference between the maximum and minimum per-

missible thicknesses. The standard deviation of the boron nitride

thickness was estimated based on measurements made on a BDHT fuel rod

simulator that was sectioned at several axial locations. The standard

deviations for the boron nitride and magnesium oxide thermal conduc-

tivities are values obtained from BDHT experience [4]. The standard

deviations for the other input variables were all estimated based on

anticipated rod characteristics.

For deciding* a statistical design to use in the investigation it

was of key importance to minimize the number of computer runs per-

formed while still obtaining the desired information. For this rea-

son a two-level fractional factorial design was chosen. The actual

design used is a 2&~4 design (two to the eight minus four design of

resolution IV) [5] and is shown in Table 2. A case executed with

nominal values, zero deviation, is also shown in the table. A plus in

the table indicates that the input variable is to be given a value one

standard deviation above the nominal value and a minus indicates a

value one standard deviation below the nominal value.

A sixteen-run design allows the estimation of sixteen different

statistics about the response. One of these statistics is the average

response for the sixteen, runs. If all three-factor and higher
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Table 1. Input variables

No.

1

2

3

4

5

6

Variable

Cladding Thickness

Boron Nitride Thickness

Thermocouple Bead Radial Location

Boron Nitride Thermal Conductivity

Magnesium Oxide Thermal Conductivity

Gap Conductance Around Thermocouple
Sheath

Nominal value

0.52 mm

1.124 mm

Centered in
Thermocouple
Sheath

2.025xl0~2 ^ ^

5.2113xl0"3 -^pg

8.5174X10"4 —JHT

Standard deviation

0.010 mm

0.056 mm

0.05 mm

3.46xlO~3 ^ ~

-5 W

Gap Conductance Between Cladding
and Boron Nitride

Energy Input to Sod per mm of Length 40.334 W 0.807 V



Table 2. A 28"4 resolution IV design

Input Variable

Run 1 2 3 4 5 6 7 8 Response (°C)

Nominal 0 0 0 0 0 0 0 0 >62.0

1 - - - + + + - + 795.3

2 + - - - - + + + 767.1

3 - + - Sr- * - +-, + ' 762 .8

4 + + - + - - - + ' 796 .0

5 - - + + - - + + 744.6

6 + - + - + - - + 798 .4

7 _ • + • + - - + - + 791.5

8 + + ' + + + + + + 744.1

9 + + + - - - + - 745.3

10 - + + + + - - -. 773.3

1 1 + - + + - . + - - 773.2

12 - - + • - ' • + ' + + - 741.0

13 + + - - + + - - 795.0

14 - + - + - + + - 741.3

15 + - - + + - . + • - • 742.5

16 - - - - - - - - 792.5



interactions between input variables have a negligible effect on the

response, then the remaining fifteen statistics which can be de-

termined are those listed nin Table 3. In the notation used in this

table l± is called the main effect of input variable i on the re-

sponse. Each of the input variables appears at plus one standard de-

viation from its nominal value in exactly eight of the sixtefti

puter runs and at minus one standard deviation in the other eigt

The main effect of input variable i on the response is the average of

the responses of the eight-runs where the input variable is at plus

one standard deviation minus the average of the eight responses where

input variable i is at minus one standard deviation. The main effect

of input variable i is the expected change in the response if input

variable i is varied by two standard deviations. It should be noted

that this is true only in the region near the nominal value where the

sampling was done and should not be used to estimate cases very far

removed from the nominal case.

If the sensitivity of the response to any input variable is de-

fined as the partial derivative of the response with respect to that

input variable then, by finite difference approximation

• - • •-• • •• a '-' "•>'*

SENSITIVITY = |^ = -5-^-3x 2o°

where

Y • output response

X£ » input variable i

lj_ » main effect of input variable i

ax » standard deviation of input variable i.

The other statistics listed in Table 3 (£].2>&13>*«*>&18) are

the second order effects. This is the effect of interactions between

two input variables. If varying two input variables simultaneously

produces a change in the response significantly different from that

predicted by the main effects of these two variables then a two-factor
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Table 3. Statistics estimated
from design of Table 2

H "
hm

Hm
h'

h m

h-

hi '
zt3 -
*14 •"
£ 1 5 -

* 1 7 "

-

Main Effects

1

2

3

4

5

6

7

8

Second Order

12 -,

13 -,

14 H

15 -i

16 H

17 H

18 H

1- 37 + 48 n

1- 27 + 45 -

h 28 + 36 H

h 26 + 38 H

h 25 + 34 -J

h 23 + 68 H

• 24 + 35 H

>

-

-

-
at -

Effects

H 56 -

H 58 -

1- 5 7 •-

1- 47 »

h 78 -

h 45 -

h 67 -

CO

2.4

-0.6

-10.1

-10.4

0.1

-0.9

-40.8

12.0

CC)

0.5

0.2

-2.1

-0.5

0.2

-0.1

0.4



n

interaction is involved. The limited number of computer runs

performed does not allow the estimation of each second order effect

separately but does give enough information to determine whether they

are significant. For instance, the Z\2 statistic estimates the sum

of the second order effects due to the interaction between input

variables 1 and 2 (i.e., 12), betweem 3 and 4, between 4 and 8, and

between 5 and 6.

The two-dimensional analysis was performed using the maximum

volumetric power generation in the CFTL rods. This corresponds to 38

kW/rod and axial power peaking factor of 1.21 at the midplane.

The value of the response (average thermocouple junction tem-

perature) for each of the sixteen runs is also included in Table 2.

The values for all the main effects and second order effects are given

in Table 3. All second order effects are small compared to the main

effects and are therefore neglected. If all of the input variables

are independent of each other, [6]

where o"v - standard deviation of the response,

but

therefore

Since all input variables are assumed to have a normal distri-

bution about their nominal values, the expected value of the response

is also normally distributed about its nominal value. For a normally

distributed function, the 95% confidence level lies within plus or

minus two standard deviations of the mean.
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Of the eight Input variables considered, only four had a signifi-

cant effect on the uncertainty in the calculated surface temperature*

These variables are (1) the thermocouple junction position, (2) the

boron nitride thermal conductivity, (3) the gap conductance at the

boron nitride-rod cladding interface, and (4) the local energy input

to the rod. Of these, by far the most significant is the gap

conductance. A variation of one standard deviation from the nominal

value of gap conductance produces a variation in calculated surface

temperature of approximately 20°C. A variation of one standard

deviation from the nominal value of any of the other significant input

variables produces a variation in calculated surface temperature of

about 5BC.

The standard deviation for the calculated fuel rod simulator

surface temperature is approximately 22.5°C. This gives a 95%

confidence band of approximately 45°C about the value of surface

temperature determined from nominal values of the input variables.

This uncertainty analysis was performed using steady-state solu-

tions to the heat conduction problems. Other variables may be impor-

tant for determining the uncertainty in the surface temperature during

•a transient. Also this solution was obtained using a two-dimensional

representation of the fuel rod simulator. An actual fuel rod simu-

lator has three-dimensional effects which might alter this uncer-

tainty. In particular, the thermocouple sheath is welded to the rod

cladding slightly below the thermocouple position. This forms a heat

conduction path from the thermocouple junction to the cladding which

bypasses the contact resistance. This might decrease the effect of

the gap conductance on the surface temperature uncertainty. This will

be investigated later when a three-dimensional analysis is undertaken.

This magnitude of the uncertainty is greatly influenced by the

uncertainty in the gap conductance between the boron nitride and the

cladding. The uncertainty for this variable can be reduced by

experimental measurements made with the rods, as received.
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