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ABSTRACT

A feasibility study has been performed on the core conversion
to the use of low-enriched uranium (LEU) fuels in the KUR.

Five fuel element geometries are studied. For each fuel
element, the relation between the pressure drop and the flow
rate, critical heat flux, and heat fluxes for the onset of flow
instability and the onset of nucleate boiling are calculated
using the computer code PLTEMP3.MODI which has been developed

for this analysis. The effect of fuel material A1x-A1, U308-Al

and U3Si2-Al) on the peak fuel temperatures is also studied.

A particular interest in the mixed core which may be
constructed on the way to the use of LEU fuels, the change
in the bypass flow rate due to the change in the gap between
different fuel elements is investigated.

INTRODUCTION

The joint study program between the Research Reactor Institute of Kyoto
University (KURRI) and Argonne National Laboratory (ANQ started in 1978 as
part of the Reduced Enrichment Fuels for Research and Test Reactors (RERTR)
program to study the alternatives for reducing the enrichment of the fuel to
be sed in the Kyoto University High Flux Reactor (KUHFR).

The feasibility study on reducing the uranium enrichment in the KUHFR to
45% has been performed in phase A. In this study, the use of medium enrich-
ment uranium (MEU) fuel has been found feasible in view of the neutronic
charac teris tics 

Phase of the program began in July 1979 to investigate more detailed
characteristics of MEU fuel, including critical experiments, burnup tests as
well. as the feasibility of using low enrichment uranium (LEU) fuel in the
KUHFR. In addition to these, thermal-hydraulic calculations have been carried
out in order to check the safety aspects in fueling the KUHFR with reduced
enrichment uranium.
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Computer Code PLTEMP3

In order to perform the above calculations, computer code PLTEMP3 has
been developed. The PLTEMP3 code is a revised version of PTEMP. Although
the PLTEMP code has been developed exclusively for the KUHFR which has two
cylindrical split cores, the new code PLTEMP3 can be used for any research
reactors with plate type fuels.

The code simulates a single hot channel as well as a whole core con-
sisting of up to five different types of fuel elements, up to 30 elements
for each element type and up to five different types of non-fuel flow paths
i.e. bypasses. Each fuel element may have up to 30 fuel coolant channels.

The code requires input data on fuel element and bypass channel geometries,
fuel material type, uranium density (or uranium weight fraction), inlet and
exit resistance coefficients, axial and radial power peaking factors, hot
channel factors, reactor power, inlet water temperature and pressure and
some editorial data.

Given the fuel material (choice of UAl-alloy, Alx--Al, U308-Al and U3Si2-Al)
and the uranium density (or uranium weight fraction for UA1-alloy), the code
calculates the thermal conductivity of fuel. The properties of water and
aluminum alloy are included in the code. In the pressure drop calculation,
the total pressure drop across the core consists of core inlet pressure
loss, frictional pressure drop in the coolant channels between fuel plates and
pressure loss across the nozzle. The code is capable of computing the heat
flux of onset of flow instability as well as CHF for each coolant channel.

The code writes such results as flow distribution in the core and the
coolant channels in each element, coolant velocities, fuel plate temperatures,
CHF and the heat flux of onset of flow instability for each channel as the
output listing.

Engineering Hot Channel Factors

Conservatism in designing a nuclear reactor requires engineering hot
channel factors to be used in the analyses. There are usually used three hot
channel factors, i.e., hot channel factor for bulk water temperature rise Fb,
hot channel factor for heat flux Fq and hot channel factor for heat transfer

Fh-

Each hot channel factor can be evaluated based on fuel fabrication toler-
ences, error in the calculation of power density distribution and coolant
velocity distribution, deviation in controlling the reactor power and the
flow rate and the safety margin for heat transfer coefficients. The factors
which are taken into account are shown in Table 1. The estimated deviations
are based upon the specifications of the fuel element and the past experiences
in the KUR.
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The phase report' for thermal-hydraulic anlaysis concluded, although
with a reserve that criteria for the structural integrity and fission product
retention capability of fuel would be the main issue in future studies, that

utilization of LEU U308 fuel is feasible in the KUHFR with some design changes.

The additional and final phase C program between KURRI and ANL started in
November 1983. Although the Kyoto University Reactor (KUR) was not included
in the previous joint study program, Phase C includes all those steps which
lead to implementation of LEU (20%) fuel in the KUHFR as well as the KUR,
with the exception of actual fuel fabrication.

According to the plan 'for phase C, thermal-hydraulic analyses for core
conversion to the use of LEU fuels in the KUR have been performed in the
summer of 1984.

The KUR is a light-water-moderated, tank type reactor. It attained the
first criticality in June 1964 and achieved a nominal maximum power of in
Aug"ist of the same year. In 1967, the reactor was upgraded to MW with some
modifications in the core and the primary coolant system. The KUR has been
successfully operated for twenty years, during which period it has served as
one of the most useful inter-university research facilities in Japan. It is
believed that the KUR deserves upgrading during core conversion for longer
use. As a possible future program, a feasibility study has been performed on
the core conversion to the use of LEU fuels.

The purpose of this paper is to provide some of the results of the thermal-
hydraulic analyses for the KUR.

CALCULATIONS

Correlations

The calculations were based upon what was outlined in the Safety Analysis
Report for the KUHFR2 and also the guidebook for research reactor core con-
version, IAEA-TECDOC-233,3 published by the International Atomic Energy
Agency.

The equations used to calculate the heat transfer coefficients are the
Sieder-Tate correlation for a single-phase flow and the Bergles-Rohsenow
correlation for subcooled boiling.

As regards to the critical heat flux, the Mirshak correlation was
used. However, it should be noted that the Mirshak correlation is appli-
cable only when the coolant is subcooled.7

The heat flux for onset of flow instability was calculated using the

Whittle-Forgan8 correlation.
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CORE DESCRIPTION

Outline of the Current KUR Core

The KUR is a light-water-moderated, tank type reactor. The reactor is
nominally operated at MW with primary coolant flow of 900 m3/h. The inlet
water temperature is 40% and the inlet pressure 017 MPa 1.7 bar absolute).

The core consists of typically 22 standard fuel elements, five special
fuel elements for one regulating and four shim rods, one hydraulic irradiation
port, one plug for long term irradiation, three pneumatic tube ports and
aluminum-canned graphite reflectors. A typical core loading patten is shown
in Fig. 1. The core is mounted in the shroud on the rectangular grid plate.

The standard fuel element is shown in Fig. 2 Each fuel element has 
curved fuel plates which each is loaded with 10 g 235U, thus 235U loading
per fuel element being 180 g. The thickness of fuel meat of UA1-alloy is
0.5 mm, the width is 63 mm, and the effective length 584 mm. Thus the uranium
density is 0.585 g/cm3 and the weight fraction 0191. The clad thickness is
0.51 mm and the gap between fuel plates, i.e., channel thickness is 281 mm.

The drawing of the special fuel element for a control rod is shown also
in Fig. 2 Each fuel element has nine curved fuel plates, the specifications
of which are the same as those for standard fuel elements. A control rod is
inserted into the water channel in the middle of the element.

Fuel Elements with LEU Fuels

Five fuel element geometries are studied as shown in Table 2 Since the
grid plate and the shroud are not changed, the outer dimensions of each fuel
element and the dimensions of the nozzle are kept constant. The width of the
meat as well as the lengths of the meat and the plate are also kept unchanged.

RESULTS AND DISCUSSIONS

Results for the Current KUR

Calculated core flow rates vs. core pressure drop are shown in Fig. 3.
The difference between the total core flow and the fuel channel flow, which is
about 10% of the total core flow, is due to the bypass flow. The operating condi-
tion is also shown in Fig. 3 The error bar for the operating condition was
estimated from the calibration for the pressure transducer. The figure indicates
that the calculated core flow rate at the operating pressure drop is about %
higher than the operating condition. The discrepancy is within the allowance
which has been taken into account in the hot channel factors.
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Pressure Drop vs. Coolant Velocity

Pressure drop vs. coolant velocity curves for five element geometries
are shown in Fig. 4 It can be seen that the effect of changing plate shape
from curved to flat plate on the curve is small, comparing the results between
Typ A and Type B. The effect of the geometry change is that the coolant
velocity is lower with smaller hydraulic diameter and larger flow area at a
given pressure drop. When the element is changed from Type A to Type E, the
velocity decreases about 9 which is the largest decrease.

Flow Distribution in the Core

in order to study the effect of changing fuel goemetries on the flow
distribution, the bypass flow rate and the effective flow rate which is the
total flow rate in the fuel coolant channels were calculated for several core
loading patterns. As a particular interest in the mixed core which may be
constructed on the way to whole core conversion, the change in bypass flow
rate due to the change in the gap between different fuel elements was investi-
gated .

The starting core loading pattern (93MF) as well as mixed core loading
patterns are shown in Fig. 5. In core 93MF, the whole core is loaded with
the current HEU fuel elements. In mixed cores HLEC4, HLEC5, HLECD and
HLECE, four, five, thirteen and fourteen elements, respectively, are replaced
by ype E fuel elements, where Ec denotes the special Type E element for
control rod (see Table 2.

In constructing a mixed core with different fuel elements of different
plate shape, i.e., curved or flat, a column must be loaded with elements of
the same plate shape, because of the nozzle position. Since the nozzle is
usually mounted on the figure center of the bottom cross section, the rela-
tive nozzle position to the side plates is different. Therefore, if the dif-
ferent elements are to be put together in a column, we will have too much
clearance on one side and too little clearance or even a geometry impossible
to nsert on the other side.

When the whole core is loaded with elements of Type B, C, D or E, the
loading pattern is called here 20EF, LEAF, LEBF or LECF, respectively.

The results of the calculations are summarized in Table 3 It can be
seen that total core flow increases with increasing flow area, and the
fraction of bypass flow rate increases with decreasing ratio of channel
thickness to pitch. The fraction of bypass flow, however, changes little
and stays around 12% for the core loading pattern studied here.
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Margins for Core Cooling

The critical heat flux (CHF), heat flux for onset of flow instability (FI),
heat flux for saturation at the exit (SAT) and the heat flux for onset of
nucleate boiling (ONB) are shown as functions of the coolant velocity for Type A
and E fuel elements in Fig. 6 Since the relation between those heat fluxes
and the coolant velocity does not depend on the fuel plate thickness, the
curves for Type and D can be estimated from those for Type A, and those for
Type C from the curves for Type E.

The change in the CHF will not be discussed here because the parameters
concerned are out of applicable ranges of the Mirshak correlation for CHF.
Instead, the heat flux for saturation at the exit is discussed. It can be seen
that the location of the curve for ONB is not changed much while those for
saturation at the exit and flow instability are moved toward lower heat flux.
In addition to this, the coolant velocity at the reference pressure drop of
0.25 bar is decreased from 267 m/s for Type A to 246 m/s for Type E. There-
fore, the heat flux for exit saturation is reduced from 199 MWIM2 to 143 NW1
m2 and that for flow instability from 159 to 120 MWIM2.

Although the average heat flux is lower due to more fuel plates in Type E,
the peak heat flux can be higher in Type E than in Type A because higher peak-
ing may occur in Type E particularly for mixed core loading patterns. Therefore,
the margins to flow instability and ONB are evaluated for Type E with total
nuclear peaking factors 30, 35 and 40. Thus, the margin to ONB decreases
from 156 in type A to 133 in Type E if the total peaking factor is 30 to
1.14 if the total peaking factor is 35, and to 1.0 if the total peaking factor
is 40. As for the margin to flow instability, it decreases from 33 in Type A
to 25 in Type E if the total peaking factor is 30, and to 195 if the total
peaking factor is 40.

It should be noted here that the above results are obtained with the
assumptions that the hot channel factors are Fb 157 Fq = 146, Fh = 160,
and the radial peaking factor is 1.5. Since the location of the curve for ONB
versus coolant velocity depends on those factors, we must use different curves
for different assumptions. The tendency is that the curve moves toward lower
heat flux when the radial peaking and the hot channel factors are larger.

Effects of High Coolant Velocity

The margins to CHF, flow instability and ONB increase with increasing
coolant velocity as shown in Fig. 6 where the effect of pressure drop is small.
Therefore,, increasing coolant velocity may be a possible way to obtain suf-
ficient margins in upgrading. However, there will arise at least two problems
even if the coolant system has enough capacity.

one problem is the deformation of fuel plates which may be caused by a
high coolant velocity. The critical velocity for deformation of fuel plate
is calculated by the method described previously and is 14.5 m/s for the
current KUR fuels and 10.6 m/s for Type E fuels. The reason why the latter
critical velcoity is lower is that the fuel plate thickness and the channel
thickness are smaller in Type E fuels.
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The other problem arises when the coolant velocity is so high that the
pressure drop in the core cannot be neglected compared to the system pressure.
Figure 7 shows the CHF, the heat fluxes for flow instability and ONB at extend-
ed coolant velocities. Since the Dressure at the free surface of water in the
reactor tank is virtually atmospheric, the pressure at the inlet of the core
is always kept at about 017 MPa. Therefore, the static pressure at the exit
of the coolant channel decreases due to larger pressure drop as the coolant
velocity increases, which as a consequence leads to a decrease in CHF, heat
flux for exit saturation, heat fluxes for flow instability and ONB. Figure 7
indicates that the effect of pressure drop becomes remarkable when the velocity
is higher than 6 m/s in this case. This velocity is well below the critical
velocity.

In reality, the primary cooling system may encounter pump cavitation at
some velocity higher than m/s because the exit pressure drops below I bar
absolute at 56 m/s. Therefore, there is certain upper limit for coolant
velocity in a cooling system even if the margin to core cooling system even
if the margin to core cooling can be increased by increasing coolant velocity.

Effect of Fuel Material on Peak Fuel Temperature

The peak fuel temperature depends on the fuel material for two reasons.
One is that the change in fuel material may affect the nuclear peaking factor.
The other is that the change in the fuel material causes the change in thermal
conductivity.

As for the effect on nuclear peaking factor, we assume here that the
peaking factors do not change much with fuel material if the uranium density
is kcept constant. In order to study the effect of thermal conductivity,
the peak fuel temperature was calculated as a function of fuel thermal con-
duccivity. The results are shown in Fig. where the same fuel geometry
as he current KUR element is assumed, the heat flux being 062 W/m2 and
the coolant velocity at 26 m/s.

It is clear that the peak fuel temperature decreases remarkably as the
thermal conductivity increases, however the effect diminishes when the thermal
conductivity is larger than 50 W/mK. The locations of thermal conductivities
for AlxAl, U308-Al and U3Si2-Al at uranium density of 32 g/cm3 are also shown
in Fig. 8. It can be seen that the peak fuel temperature is much higher if
U308-Al is used than if the other fuel materials are used.

SUMMARY

From the above results, the following can be concluded. With the
assumptions used in the study and assuming that the permissible minimum
margin to ONB be 12, the total peaking factor should be lower than 33
for any core loading pattern as far as the present primary pump head is
unchanged. Neutronic calculations for power peaking factors are currently
in progress.
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Table 1. Engineering Hot Channel Factors.

Deviation
(Z) Fb Fq Fh

Fuel Fabrication

Fuel Loading/Plate 3 1.03 1.03

Uranium density 3 1.03

Meat Thickness 20 1.20

Channel Thickness 8 1.153 1.211

Flow Distribution

Flow Measurement 2 1.02 1.016

Coolant Velocity 10 1.10 1.08

Power Distribution

Power Measurement 10 1.10 1.10

Power Density 10 1.10 1.10

Heat Transfer Correlation

Safety Margin 20 1.20

Overall Mixed 1.57 1.46 1.60

Statistical 1.24 1.25 1.48

Conventional 1.61 1.54 1.60

Table 2 Fuel Element Geometries for LEU Fuels.

Plate Number Plate Channel Meat Flow Area Hydraulic
Element Shape of Plate" Thick.* Thick.* Thick.* (cm/Elem.) Dia. mm)

A Curved**** 18/9 1.52 2.81 0.50 35.337 5.341

B Flat 18/10 1.52 2.81 0.50 35.337 5.390

C Flat 19/10 1.27 2.81 0.51 37.761 5.392

D Flat 2i/12 1.52 2.20 0.50 33.771 4.259

E Flat 22/12 1.27 2.20 0.51 35.232 4.259

Unit in mm.

Number of Plate: Standard Element/Control Element.

Curvature Radius: 139.7 mm.

Effective Core Height: 584 mm, Width of Meat: 63 mm.
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Table 3 Flow Distribution for Each Core Loading Pattern
at Pressure Drop of 0025 MPa.

Total Flow
Core in Fuel

Loading Core Total Flow Channel Bypass/Core
Pattern Type Flow Area m2) (kg/s) (kg/s) Flow Ratio

93MF A 0.08937 276.2 243.3 0.1191

20EF B 0.08890 273.5 240.0 0.1226
LEAF C 0.09476 281.6 248.1 0.1187

LEBF D 0.08445 253.7 219.7 0.1337

LECF E 0.08895 261.6 228.0 0.1286

HLEC4 A 0.08918 274.5 241.2 0.1212
E

HLEC5 A 0.08917 274.0 240.7 0.1214
E

HLECD A 0.08910 268.0 234.4 0.1254
E

HLECE A 0.08908 269.9 236.6 0.1234
E

1 2 3 4 5 6 7 8 9

1 R C F F F I F F R R

RO R F F C F C F PL R

HA R H F F S F F R R

NI R R F C F C F R PN

HO R R F F F F F R PN

HE R R R R R R R R PN

F STANDARD FUEL ELEMENT
C SPECIAL FUEL ELEMENT FOR CONTROL ROD
H HALF-LOADED FUEL ELEMENT
R GRAPHITE REFLECTOR

HY HYDRAULIC IRRADIATION PORT
PN PNEUMATIC TUBE PORT
PL PLUG FOR LONG TERM IRRADIATION

Fig. 1. Typical core loading pattern of the KUR.
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FUEL ELEMENT FOR CONTROL ROD

Fig. 2 Fuel elements for the KUR.

0. 07 1 1 1CURRENT KUR at MW
INLET WATER TEMPERATURE : 40'C

0.06 - INLET PRESSURE 0.17 MPa

APPROXIMATE OPERATING CONDITION
0.05

0

0.04
0�

0.03
TOTAL FLOW
IN FUEL REG

C) 0.02

AL CORE FLOW

0.01

0
0 100 200 300 400

FLOW RATE, kg/s

Fig. 3 Core pressure drop vs. flow rate curve for the current KUR.
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Fig. 4 Effect of fuel element Fig. Loading pattern for the current KUR

geometry on pressure and mixed cores.

drop vs. coolant velocity.
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