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ABSTRACT is to characterize a "hot channel" as an entity that is affected
by the simultaneous occurrence of all uncertainties. Thus,

Thermal-hydraulic uncertainty factors for Integral Fast results of the analysis can guarantee that proper safety
Reactor (IFR) driver fuels have been determined based margins are provided relative to design limits and
primarily on the database obtained from the predecessor requirements in the technical specifications of the reactor.
fuels used in the IFR prototype, Experimental Breeder The analysis of uncertainty factors considered in thermal-
Reactor 11. The uncertainty factors were applied to the hot hydraulic analyses of the ANL Integral Fast Reactor (117R)
channel factors (HCFs) analyses to obtain separate overall ternary metal fuel (U-2OPu-lOZr) is described in this paper.
HCFs for fuel and cladding for steady-state analyses. A The Experimental Breeder Reactor H (EBR-11) Plant' has
11 semistatistical horizontal method" was used in the HCFs been designated as the concept IFR prototype. 'Me present
analyses. The uncertainty factor of the fuel thermal uncertainty analysis includes the effects of uncertainties in )
conductivity dominates the effects considered in the HCFs power level measurement, 2 neutron and gamma flux
analysis; the uncertainty in fuel thermal conductivity will be distributions, 3 subassembly flow rates, 4 coolant flow
reduced as more data are obtained to expand the currently profile within the subassembly, 5) manufacturing tolerances
limited database for the IFR ternary metal fuel (U-2OPu- in cladding, fuel, sodium bond dimensions, and fissionable
IOZr). A set of uncertainty factors to be used for transient material concentration, 6 material properties, 7 heat
analyses has also been derived. transfer coefficients, and 8) transient overpower.

1. INTRODUCTION The uncertainty factor analysis presented in this paper
has been based on requirements for prior metal fel types

In the thermal-hydraulic analysis of fuel pins and (U-5Fs, U-IOZr, etc.) used in EBR-11. Once a detailed fuel
subassemblies of a nuclear power reactor, nominal specification for an IR fuel has been prepared the
calculations are usually performed based on best-estimated uncertainty factors can be evaluated.
values of thermal-hydraulic parameters of the driver fuel.
In reality, the power and flow of the subassembly are II. UNCERTAINTY FACTORS
usually obtained by a combination of measurement and/or
analysis, and the power and flow used in the calculations are The uncertainties considered in this paper are
expected to have deviations from the "true" values due to categorized into two types -- direct uncertainties and random
fabrication limitations and instrumentation and analytical uncertainties. A direct (deterministic) uncertainty is a bias
modeling uncertainties. In the safety assessment of fuel pin representing influence on a parameter by a variable which is
performance, uncertainty factors are required in the thermal- known to occur, but is not included in the nominal analysis.
hydraulic and fuel-cladding damage analyses to help assure A random uncertainty is a variation representing influence
safe reactor operation. on a parameter by a variable which has a random frequency

distribution of occurrence and can be treated statistically.
The uncertainties are accounted for through the use of Several sources of each type of uncertainty might be present

a "hot channel factors" (HCFs) analysis, where the factor in a design parameter; the parameter considered is usually
relates the nominal value to one corresponding' to the most the temperature. An HCFs analysis method, which allows
unfavorable conditions possible. Here, "nominal" refers to treatment of uncertainty factors of different origins, was
values calculated for operating conditions without chosen to demonstrate the procedures for obtaining an
uncertainties (i.e., best-esstimates), and the parameter overall HCF for steady-state analyses.
considered is te temperature, and the basis of this analysis
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The heat transport path from fuel to coolant is divided A. Direct Factors
into five consecutive regions, i.e., fuel, fuel-cladding gap,
cladding, film, and coolant, and an HCF is assigned to each 1. Power level measurement. The uncertainty in
of the five regions as a result of the application of the the reactor power level measurement represents the
uncertainty factor. An illustration of the uncertainty factors calibration error in power measurement which is
along with the HCFs for thermal analyses of lFR fuel pins basedmainly on feedwater flow rate and temperature
is presented in Table 1. An HCF is different from an measurement uncertainties in the steam cycle. The essence
uncertainty factor in that an HCF reflects the effect an of this factor is how well the instrumentation is calibrated in
uncertainty factor has on the design parameter (temperature measured temperature rise and flow rate. The absolute
in the present analysis), thus they may have different values power value depends on the temperature and flow
as will be demonstrated in the next section. Results from measurements which are known to be within a certain
fuel thermal conductivity experiments' indicate that the calibration error. The uncertainty as a result of the
lowest fuel thermal conductivity occurs when the metal fuel instrumentation calibration error in power measurement of
reaches about 2 at.% burnup. When the ternary fuel is EBR-H is 2.
irradiated, Zr redistributes and the fuel pin forms three
zones based upon Zr weight fraction. The fuel solidus This uncertainty affects all channel temperature rises
temperature in the intermediate zone of the fuel is the lowest (or differentials) in a global manner. Results from the
due to the low Zr fraction. 'Me factors listed in Table I for steady-state SASSYS/EBR-If' calculation show that a 2%
thermal analyses of IFR fuels are obtained for the low fuel increase in power from rated value causes approximately a
thermal conductivity condition. 2% increase in temperature rise in coolant, film, cladding,

Table 1. Hot Channel Factors Analysis For IFR Fuel Pin in Row 2 Nominal Coolant Temp. Rise, 142 'C)

Thermo-Physical Quantity Uncertainty Coolant Film Cladding Gap Fuel Total
(Nom. Temp. Rise, 'C) Factor (82.7) (15.4) (53.5) (14.6) (315.7) Uncertainty

DIRECT:
Power Level Measurement 1.020 1.020 1.020 1.020 1.020 1.013
(Temp. Rise) 84.4 15.7 54.6 14.9 319.8

STATISTICAL:
Neutron Gamma Flux 1.070 1.070 1.100 1.100 1.100 1.1(0
(Temp. Rise) 5.9 1.6 5.5 1.5 32.0 46.4

Subassembly Flow Rate 1.070 1.079 1.025
(Temp. Rise) 6.7 0.4 7.1

Flow Profile in Subassembly 1.050 1.056 1.018
(Temp. Rise) 4.7 0.3 5.0

Clad Thickness 1.030 1.030
(Temp. Rise) 1.6 1.6

Fuel Diameter 1.020 1.040 1.040 1.040 1.040
(Temp. Rise) 0.6 2.2 0.6 12.8 16.2

Fissile Fuel Concentration 1.010 1.010 1.010 1.010 1.010 1.010
(Temp. Rise) 0.8 0.2 0.5 0.1 3.2 4.9

Clad Thermal Conductivity 1.070 1.080
(Temp. Rise) 4.4 4.4

Fuel Thermal Conductivity 1.250 1.250
(Temp, Rise) 80.0 80.0

Film Heal Transfer Coef. 1.160 1.200
(Temp. Rise) 3.1 3.1

SQRT(SUM(X*X)) 94.5

T(fuel = 655.3 84.4 15.7 54.6 14.9 319.8 94.5 = 1228.2 (K)
Overall Hot Channel Factor = 1228.2 - 644.3)/(1126.2 - 644.3 = 1212
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and gap but only about 13% increase in fuel pin flow when the new EPDFs are used to assess future
temperature rise due to nonlinear fuel thermal conductivity loadingconfigurations. Therefore, the uncertainty in the
dependence on temperature. This shows the difference subassembly flows is found to be 7 by adding
between an HCF and an uncertainty factor, i.e., here an arithmetically an additional 2% to the 5% uncertainty.
uncertainty factor of 102 causes an HCF of 1013 for the
fuel region. This implies that the difference in (nominal) A parametric study using the SASSYS/EBR-Il code
temperatures between the fuel center-line and the fuel outer shows that a 7 reduction in reactor coolant flow will lead
surface will increase by 13% if the power level is 2 to about a 79 % increase in the coolant temperature rise and
higher; however, the temperature rise between the inlet nearly a 25% increase in the film temperature rise in the
coolant and the fuel center-line will be about 1.5%. hottest channel. There is no increase in the temperature

rises in cladding, gap, and fuel although the absolute
2. Transient overload. This uncertainty is temperatures in these regions will rise due to the coolant and

considered as a power control deadband allowance and is film temperature increases. The temperature rises in
taken into account only in transient analyses. The effect is cladding, gap, and ftiel remain the same since the same
treated as a direct factor, even though the reactor power amount of power generated in the fuel is to be removed.
could be at the maximum end of the power control deadband 'Me effect of the flow reduction on the film temperature is
for only a small fraction of time during operation. The 1.05 relatively smaller than on the coolant temperature because
transient overload uncertainty factor is considered the film heat transfer coefficient is related to the Nusselt
conservative for the current analysis (a control system number which is flow-dependent. In the flow rate range of
deadband factor of 1.01 ws used in CRBRP). Further interest, the film temperature change is less sensitive to flow
discussion is included later in the description of the variations than the coolant temperature change.
uncertainty factors used for transient analyses.

2. Flow profile within a subassembly. 'Me
B. Statistical Factors coolant flow profile within a subassembly is not uniform due

to the different flow areas in the interior, edge, and corner
1. Flow rate through subassembly. This factor subchannels of the subassembly. Subchannel analysis codes

accounts for uncertainties in the calculated subassembly flow such as COTEC,' COBRA,' and THI-3D1 are available for
due to (a) flow maldistribution in the inlet plenum caused by calculations of coolant flow and temperature distributions
internals structure arrangements and manufacturing within the various subchannels of a ftiel subassembly.
tolerances, (b) orificing uncertainties, and (c) primary loop
flow imbalances. Empirical factors modeling various effects such as

turbulent mixing, cross flow, pumping, sweeping in the
In the original hydraulic design of the reactor, there interior subehannels and swirl in the edge subchannels are

was essentially a homogeneous driver core loading yielding selected by calibration of subehannel analysis codes against
a row-wise symmetry in subassembly flow distribution. The experimental data. The lack of complete correspondence
analytical methodology for using the values determined by between code predictions after calibration and experimental
the so-called row-wise effective pressure drop fraction data as well as discrepancies between various sets of data
(EPDF) concept is performed by the EBRFLOW computer cause an uncertainty that is applied to the nominal
code to calculate subassembly flow rates. temperature distribution predicted by the codes given above.

By the time reactor Run 56 was made, the core loading Currently the experimental data of ternary fuel
had evolved into a heterogeneous mixture of driver and both subassembly temperature distributions are not available for
fueled and nonfueled experimental subassemblies. code validation. In a prior analysis for subassembly
Therefore, subsequent experiments were performed to temperature distributions with binary fuels -IOZr), the
provide an assessment of the EPDFs for each of the subchannel friction factors (using COBRA) were adjusted to
subassemblies of the high pressure plenum in a core loading give the edge-to-interior channel flow split based on the flow
hydraulically similar to Run 56. The EBRFLOW computer measurements on subassemblies by Cheng and Todreas.11
code was again used as the primary tool for predicting It was found that the Cheng-Todreas correlations for
subassembly coolant flows on the basis of the EPDF predicting subchannel flow distribution result in good
algorithm. It was judged, based on the hydraulic data and correlation between measured and calculated temperatures.
analysis,' that a 5% uncertainty in subassembly flow rates The Cheng-Todreas correlations were reported to yield, in
would result in assessing a Run 56 type core loading. In their applicable ranges, all flow split data within %
addition, the analysis assessed the sensitivity of subassembly calibrationuncertaintyagainsttheavailabledatabase. Also,
flow to the distribution of EPDFs and indicated that the they used a hydrodynamic model applicable to IFR fuel
largest deviation in individual subassembly flow resulting subassemblies. A .05 uncertainty factor would result in
from two different EPDF distributions was 201%. This HCFs of 1056 and 1.018, respectively, for the coolant and
represents the magnitude of the additional uncertainty in film temperatures.
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3. Cladding thickness. Two types of stainless conductivity is found to be about 125 from SASSYS/EBR-11
steel cladding materials are under consideration: HT-9 and code calculations.
316SS. The HT-9 cladding outer diameter (OD) is required
by manufacturing specifications to be 02300+0.0005 in. 8. Film heat transfer coefficient. Uncertainty in
and the cladding inner diameter (ID) to be 0 1940 ± 0.0005 the film heat transfer coefficient is determined by
in. The nominal cladding thickness is thus 0.018 in., experimental data empirically correlated over a range of
leading to an uncertainty of 3% (actually 28%) in the Peclet numbers and pitch-to-diameter (P/D) ratios. The IFR
cladding thickness due to manufacturing deviations. The fuel bundle has a P/D ratio of 1 19 and Pe number between
316SS cladding OD and ID are 02300±0.0005 in. and 200 and 800. An uncertainty of 16% was used in the
0.2000±0.0005 in., respectively. With the nominal analysis along with the empirical correlation" applied.
thickness of 0.015 in., this results in an uncertainty of - 3 %
(really 33%) in the cladding thickness. Cladding thickness 9. Neutron and gamina flux distribution. Burnup
affects cladding conductance, and a 3 increase in the measurements of binary driver fuel pins from EBR-11 were
cladding thickness will result in a nearly 3 increase in the compared with calculated burnup values, which were
temperature rise across the cladding. obtained by an elaborate caIculational procedure"

considering also the effects of differing locations and
4. Fuel diameter. The fuel slug diameter has a orientations during irradiation of the pins. The ratios of

tolerance of ±0.003 in. and a nominal diameter of 0168 calculated-to-measured burnup values have an average value
in., so the manufacturing variations result in an uncertainty of 0993 and a standard deviation of 0024. For the IFR
of 2 in the fuel diameter. The effect of the uncertainty ternary fuel analysis, an uncertainty of 7% is currently used
reflected on the temperature rises across each of the regions, which yields an HCF of 107 for the coolant temperature
but note that the coolant has a local factor of 104 since the rise and an HCF of 1. 10 for each of the remaining four pin
change in linear power is proportional to the square of the regions. 'Me reason for the different HCFs is that the 107
change in fuel diameter. The HCF for the coolant factor for coolant is associated with an integrated effect over
temperature is essentially 1.0 since this fuel diameter factor the entire flow channel whereas the 1. 10 factor is applied to
is most likely a locally confined phenomenon rather than a local spot at a particular eevation.
continuous along the path of the flow channel.

C. Additional Uncertainties
5. Fissile fuel concentration. The uncertainty in

fissile fuel concentration according to the manufacturing Analyses for later reactor designs will inevitably
specifications is 0.5 wt.%, yet an uncertainty factor of 1.01 become more elaborate as more experimental data and
is conservatively used instead. This HCF value of 1.01 operational experience are accumulated to decrease design
represents the local heat flux factor. margins. This section describes some additional

uncertainties in order to study the effect on the overall HCF.
6. Clad thermal conductivity. Uncertainty in the

thermal conductivity of cladding, as for the fuel pin, exists 1. Claddingcircumferentialtemperaturevariation.
due to experimental errors in measurement of this property In a close-packed LMR fuel pin array, the coolant velocity
and irradiation effects. The cladding thermal conductivity and temperature distribution in the subehannel. varies
as a function of temperature used in the analysis has an circurnferentially around the pin, and the maximum cladding
uncertainty of about 7 for both HT-9 and 316SS.11 temperature occurs at the minimum coolant gap between the
Calculations from SASSYS/EBR-II indicate that a 7 pins. The presence of wire wrap in the gap further
decrease in clad thermal conductivity will yield an HCF of increases the cladding surface temperature. This
1.08 for the cladding temperature rise. circumferential temperature factor, however, is only applied

to the cladding temperature.
7. Fuel thermal conductivity. The subject of

uncertainties in the thermal conductivity of U-Pu-Zr fuel is 2. Interchannel coolant mixing. In subassemblies
a difficult one because of the limited database. with radial power gradients across the fuel bundle, coolant
Furthermore, no data are available for the thermal mixing reduces the peak subehannel temperature and the
conductivity of irradiated U-Pu-Zr fuel. Among the data uncertainty factor is less than unity. For IFR safety
available are those for unirradiated U-19Pu-lOZr, which is analyses, this factor is conservatively taken to be unity.
close in composition to the IFR fuel, U2OPu-IOZr. The
correlation currently used for IFR fuel safety calculations 3. Wire wrap orientation. Due to the swirl flow
was obtained from the data in the IFR Metallic Fuels induced by the wire wrap in subchannels near the
Handbook" with an uncertainty of 25% at about 2 at.% subassembly ducts, the flow and temperature distribution in
burnup. This assumes that the ternary fuel would behave the subassembly depends mildly on the relative orientation
similarly to the binary fuel (U-51's) which has lowest of the wire wrap and the power skew (a CRBRP
thermal conductivity at 2 at.% burnup. The HCF for the investigation' showed a maximum bounding deviation in the
fuel temperature rise due to the uncertainty in fuel thermal hot channel temperature rise of about I ).
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using the semistatistical horizontal method. The cladding variables. Thus the integrated effect of the composite
hot spot under consideration is located in the fuel pin in a factors is the product of each effect, which obviously will be
subassembly in row 6 which has a coolant channel overall different from the outcome obtained by the way the
temperature rise of 1690C (3050F). The axial position of uncertainties were treated in steady state.
the cladding hot spot is at the top of the fuel slug. 'Me
design constraint for the cladding is the fuel-clad eutectic Uncertainties in power level measurement, neutron and
temperature, so attention is focused on the cladding inner gamma flux, fissile fuel concentration, and fuel diameter in
surface temperature. Table I are considered to be power related. Uncertainties

in flow rate through subassembly and flow profile within
The results indicate that the overall HCF for cladding subassembly are flow related. The uncertainty in fuel

is 1 13. If the effect of the additional uncertainties is thermal conductivity affects the fuel pin temperature rise.
included, the factor will be increased slightly to 1 14 mainly Cladding thermal conductivity and thickness are related to
due to the 1.50C of loop temperature imbalance. the cladding temperature rise.

B. Uncertainty Factors for Transient Analyses Each of the preliminary composite uncertainty factors
is obtained as follows: 1) Power, P = 102 x (I + 0.07 2

A set of uncertainty factors was developed for the + 0. 0 1' + 0.022)P-5 = 1095, where the uncertainty factor,
input to the SASSYS/EBR-Il code to predict the hot channel 1.02, of power level measurement is still treated as direct
temperatures of IFR fuel pins during transient operation. factor and the other three as statistical; 2 Flow, F = I 
The uncertainties in Table I are sorted into groups based on (0.07 2 052)0-5 = 1.086 3 Fuel heat transfer, Hf. =
the parameters that are affected, i.e., reactor power, 1.25 4 Cladding heat transfer, Hd = I + 003 2 

flowrate, and heat flux. he uncertainties in the group are 0.07'f- = 1076; and 5) Film heat transfer, Hr., = 16.
combined to obtain a preliminary uncertainty factor for the
group. Then, these preliminary factors were normalized and A parametric study performed for the hot pin in a
the overall uncertainty factors are forced to be consistent subassembly in row 2 with SASSYS/EBR41 shows that each
with that obtained from the steady-state calculations by of the above five composite factors alone will lead to the
applying an adjustment factor and this factor is applied to all increase in fuel temperature, relative to coolant inlet
parameters for transient analyses. The rationale behind his temperature, by a factor of 1075, 1.011 1178, 1.010, and
is that most of these uncertainties are statistical, but when 1.005, respectively. Whereas, if all the five composite
the composite uncertainty factors are directly applied to the factors are applied at the same time, the fuel temperature
parameters, they are in a sense treated as independent will increase by a factor of 128; thus, the factors were

Table 2 Hot Channel Factors Analysis for IFR Fuel Pin in Row 6 (Nominal Coolant Temp. Rise, 169'C)

Thermo-Physical Quantity Uncertainty Coolant Film Cladding Total
(Nom. Temp. Rise, 'C) Factor (169.4) (9-8) (27.6) Uncertainty

DIRECT-
Power Level Measurement 1.020 1.020 1.020 1.020
(Temp. Rise) 172.8 10.0 28.2

STATISTICAL:
Neutron & Gamma Flux 1.070 1.070 1.100 1.100
(Temp. Rise) 12.1 1.0 2.8 15.9

Subassembly Flow Rate 1.070 1.079 1.025
(Temp. Rise) 13.7 0.2 13.9

Flow Profile in Subassembly 1.050 1.056 1.018
(Temp. Rise) 9.7 0.2 9.9

Clad Thickness 1.030 1.030
(Temp. Rise) 0.8 0.8

Fuel Diameter 1.020 1.040 1.040
(Temp. Rise) 0.4 1.1 1.5

Fissile Fuel Concentration 1.010 1.010 1.010 1.010
(Temp. Rise) 1.7 0.1 0.3 2.1

Clad Thermal Conductivity 1.070 1.080
(Temp. ise) 2.3 2.3

Film Heat Transfer Coef. 1.160 1.200
(Temp. Rise) 2.0 2.0

T(clad = 644.3 172.8 10.0 + 28.8 23.7 = 879.0 K) SQRT(SUM(X*X))
Overall Hot Channel Factor = 879.0 - 644.3)/(851.1 - 644.3 = 1. 134
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treated as independent (direct) factors. These composite The set of uncertainty factors to be used for transient
factors, however, should be treated as statistical factors. If analyses has also been obtained. The validity of these
the composite factors can somehow be processed before factors is confirmed by running the null-transient
being applied such that the factors 1.075, 1.011, 1178, calculations and comparing the results to steady-state
1.010, and 1.005) showing fuel temperature increase are calculations.
statistically combined, the overall temperature rise would be
[I + (0.07Y 00112 0179 + 0.010 + O.W -' = 1194. REFERENCES
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