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The PHEBUS program at the Cadarache Nuclear Research Center in
France was performed to investigate fuel behavior under conditions of
a loss~of-coolant accident (LOCA) of a PWR, The program consisted of
four phases. Phase I included three experiments with the single rod
and sixteen experiments with the 25-rod bundle. Purpose of the Phase I
experiments was to clarify thermalhydraulic condition of the PHEBUS
loop. Phase II experiments were performed with the 2Z5-rod bundle to
obtain data on fuel behavior during a large break LOCA. Phases II[ and
IV were devoted to severe fuel damage research.

A sensitivity study using the data of the experiment 215R has been
made with the calculation code FRAP-T4. A gap size between the fuel
pellet and the cladding, and a thickness of the cladding were considered
as the parameters in this study to investigate how they affect to fuel

behavior during a LOCA condition.

Keywords: LOCA, PHEBUS, Claddirng, Blowdown, Rupture, Gap, Pellet,
FRAP-T4
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1. Introduction

The PHEBUS program':2) started in 1974 and the first test
was conducted in 1977. The program consisted of four phases;
Phase I experiments were performed by using single fuel rod or 25
fuel rods in order to investigate thermalhydraulic conditions in
the test loop and to determine operational procedures to simulate
a LOCA condition, Phase II experiments were performed to
investigate PWR fuel behavior under a large break LOCA condition,
Phases III and IV were devoted to severe fuel damage research.

The experiment 215R was carried out in May 1983 as the last
experiment in Phase I of PHEBUS program. This experiment was
performed satisfactorily for the purpose of Phase I; the cladding
surface temperature profile agreed well with the precalculation
by RELAP4-MOD6. Phase II started in December 1983 with the
experimental conditions obtained in the phase I test series.

In the PHEBUS program, FRAP-T43'4) and CUPIDON, a French
code, were employed to analyze the fuel behavior under a LOCA
condition. The CUPIDON code was developed specifically for the
analysis of PHEBUS experiments. It is a two-dimensional code and
deals with thermal and mechanical behavior of fuel rods as an
oxidation of an external surface of cladding. However the use of
the code is limited to a single non-irradiated fuel rod with
short length such as the PHEBUS rods. On the other hand, the
FRAP-T4 code can be used to analyze a full length fuel during a
LOCA or PCM (power-cooling-mismatch). FRAP-T4 is coupled to the
MATPRC code, a material property code, which provides material
properties to the FRAP-T4 subcodes.

FRAP-T4 code was used for the post test analysis of the
PHEBUS experiment 215R. In the analysis the geometrical effect
of fuel rod was investigated. The objective of this paper is to
discuss the analysis on the geometrical effect of a fuel rod on

fuel behavior under a LOCA condition.
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2. Descriptidn of the PHEBUS Experiment 215R
2.1 Test Facility

The main loop of the PHEBUS facility is shown in Fig.1. The
loop consists of a driver core in a swimming pool, a test loop,
an emergency injection system, and measurement system. The
maximum power of the driver core is 60 MW, and it is cooled by
the water from the 500 m3 cold water tank. The test locp is
composed of two parts: the in-pile experimental cell containing a
test train which is positioned at the center of the driver core,
and out-of-pile facilities which include a cold leg, a hot leg, a
blowdown tank, a recirculation pump, a heat exchanger, a
reheater, and a pressure regulation valve. A test train which
contains test fuel is set in the experimental cell, and it is
changed at each experiment. The test fuel is of the 17x17 PWR
type. The enrichment in the 25 fuel bundle is 2.6% for the
sixteen outer rods and 3.5% for the nine inner rods. For the
single rod test, the enrichment is 20%. Tables 1 and 2 show the
major characteristics of test loop and the characteristics of
test fuel, respectively. The measurement system includes about
150 sensors for pressure, temperature, power level and flow rate.
Two-phase flow measurement is made by comparing the data from a
turbine flow meter, a venturi, and a gamma densitometer. These
three types of instruments are installed at the hot leg and the
cold leg. Temperature measurements are made at fluid,

structures, claddings, and pellets.
2. 2 Experiment Procedure

The experiment starts with reproducing the normal PWR
operating condition in the test loop: pressure of 15.5 MPa, fluid
temperature of 320°C, fluid velocity at the fuel rod. of 5m/s.
This condition continues during the initial 10 min. Then the
fluid in the test loop is separated by closing the valves (VA-EP-
04 and VA-EP-02 in Fig.1). Immediately after the valve closure,
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a quick opening valve in the blowdown tank is opened to simulate
a main pipe break. The motion of the control rods can produce
the power in the test fuel which simulates a residual power at
shutdown in an actual reactor. The blowdown can be made either
at hot leg, at cold leg or at the both of them. The break size
can also be changed. The major characteristics of the experiment

215R are summarized in Table 3.
3. Calculation Model and Inputs for FRAP-T4

Post test calculations were made for the PHEBUS experiment
215R using FRAP-T4 in order to investigate the geometrical effect
of fuel rod on the overall fuel behavior during a LOCA. The
following parameters were considered in the present analysis.

(1) Gap size between the fuel pellet and cladding

(2) Thickness of the cladding

These parameters were chosen considering that these
parameters have a large effect on cladding deformation behavior
under LOCA condition. The analytical models employed in all the
calculations are listed in Table 4.

All the calculations were made based on the data of fuel rod
No. 6 which was located peripheral part in the 25 rod bundle and
pressurized at 5.0 bar before the starting of the experiment. 1In
the present calculations the fuel rod is divided into six axial
nodes and thirteen radial nodes.

Table 5 shows the parametrical values for the two types of
calculations comparing with the standard case data. The
calculations of the Cases 1 and 2 were made with changing the gap
size between the fuel pellet and cladding in order to study the
effect of gap heat transfer on the fuel temperature. In the
Cases 3 and 4, the thickness of cladding was changed to study the

thermal as well as mechanical effect of the cladding.



JAERI-M 85-179

a quick opening valve in the blowdown tank is opened to simulate
a main pipe break. The motion of the control rods can produce
the power in the test fuel which simulates a residual power at
shutdown in an actual reactor. The blowdown can be made either
at hot leg, at ccld leg or at the both of them. The break size
can also be changed. The major characteristics of the experiment

215R are summarized in Table 3.
3. Calculation Model and Inputs for FRAP-T4

Post test calculations were made for the PHEBUS experiment
215R using FRAP-T4 in order to investigate the geometrical effect
of fuel rod on the overall fuel behavior during a LOCA. The
following parameters were considered in the present analysis.

(1) Gap size between the fuel pellet and cladding

(2) Thickness of the cladding

These parameters were chosen considering that these
parameters have a large effect on cladding deformation behavior
under LOCA condition. The analytical models employed in all the
calculations are listed in Table 4.

All the calculations were made based on the data of fuel rod
No. 6 which was located peripheral part in the 25 rod bundle and
pressurized at 5.0 bar before the starting of the experiment. In
the present calculations the fuel rod is divided into six axial
nodes and thirteen radial nodes.

Table 5 shows the parametrical values for the two types of
calculations comparing with the standard case data. The
calculations of the Cases 1 and 2 were made with changing the gap
size between the fuel pellet and cladding in order to study the
effect of gap heat transfer on the fuel temperature. In the
Cases 3 and 4, the thickness of cladding was changed to study the

thermal as well as mechanical effect of the cladding.
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4. Calculated Results and Discussions

First of all, the calculated fuel temperature is compared
with the measured one to verify the FRAP-T4 model. Then the
calculated displacement of fuel stack is presented in comparison
with the fuel temperature. Concerning the behavior of cladding,
the extent of deformation and the timing of rupture are discussed
in comparison with the actual data. In the last section, the
thermal conductivity between the pellet and the cladding is
discussed to consider the effect of internal pressure of the rod

on the fuel temperature.
4.1 Fuel Temperature

Figure 2 presents measured temperatures at the fuel
centerline and at the cladding surface at the midplane of the
test section. 1In this figure and in the following figures the
blowdown starts at 2 sec. Figure 3 shows the calculated
temperatures of the fuel centerline, fuel surface and cladding
surface at the third axial node in the standard case. The third
node is positioned in the middle of the fuel stack. The measured
cladding surface temperatures were used as the input to the
calculations as the boundary conditions. The fuel centerline
temperatures in the experiment and the calculation are compared
in Fig. 4. The calculated temperature starts with somewhat lower
value than the measured one but it agrees well with the measured
one during the transient.

Figures 5 and 6 show the profiles of fuel centerline
temperature for Cases 1 and 2, and Cases 3 and 4, respectively,
with comparing the standard case. The centerline temperature has
higher value in the Case 1 than in the standard case because the
heat transfer from the pellet to the cladding is lower in the
Case' 1 than in the standard case due to wide gap between the
pellet and the cladding. This relation is based on the Ross and
Stoute model of a gas—gap heat transfer. With this model the gap

conductance hg can be expressed as follows in an open gap case.
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tg+ (g1+gp) +1. 98 (RE+RG)

Kgt conductivity of gas in gas gap

ty: gap thickness

gq: temperature jump distance at cladding internal surface

gz temperature jump distance at fuel external surface

hy: radiant heat transfer conductance

Rc: arithmetic mean roughness height of cladding

Rf: arithmetic mean roughness height of fuel

In the above equation the radiant heat transfer conductance
hy is a function of temperature of external surface of fuel,
temperature of internal surface of cladding, and emissivity
factor.

As shown in Fig. 6, the thickness of cladding has less
effect on the fuel centerline temperature as compared with the
size of gap. In either case of 1 to 4, the temperature
difference between each calculation exists until around 40 sec.
This means that the difference in gap size or thickness of
cladding could affect fuel temperature during the initial

transient phase only.
4.2 Displacement of Fuel Stack

The displacement of fuel stack which is shown in Figs. 7 and
8 in Cases 1 to 4 has a similar tendency with the fuel centerline

temperature in Figs. 5 and 6. The reason is that the

displacement of fuel stack mainly depends on the temperature of

fuel.
4.3 Deformation and Rupture of Cladding

Figures 9 and 10 show the circumferential deformation of
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cladding in Cases 1 to 4 comparing with the standard case. 1In
Fig. 9, only a slight difference can be cobserved in the three
profiles. This indicates that the gap size between fuel pellet
and cladding has small influence on the geometrical deformation
of cladding. On the other hand, the thickness of cladding is an
important factor for mechanical toughness of cladding as can be
seen in Fig. 10. . In these cases, a rupture of cladding occurred
at the midplane for Case 4 (thin cladding) at 48 sec after the
starting of blowdown, while a rupture occurred at 68 sec in the
standard case. The circumferential deformation at the rupture
was higher in the standard case than in Case 4. The rupture time
in each case is shown in Table 6 with each circumferential
deformation at rupture. This table reveals that a gap size has
less effect on a deformation of cladding than thickness of
cladding. In the experiment the rupture of No. 6 rod occurred
but the time of rupture was unknown because no pressure sensor
was installed in this rod. The post test examination shows that
the No. 6 rod ruptured without any deformation at the point where
a thermocouple was embedded to the cladding surface. From the
fact that there was no deformaticn at the rupture point of the
rod in the experiment, it can be presumed that the actual rupture
time was earlier than the calculated rupture time in the standard
case, in that the deformation of the rod gradually occurred until

the time of rupture.
4.4 Thermal Conductivity between Pellet and Cladding

In order to clarify the effect of an initial pressure in
fuel rod on thermal conductivity between fuel pellets and
cladding, additional calculations were done with various initial
pressures and various gap sizes. Figure 11 shows the fuel
centerline temperature against the initial pressure in fuel rod
with various gap sizes. This figure reveals that the fuel
centerline temperature at steady state depends strongly on the

gap size, while the temperature has only a week dependency on the
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initial pressure in fuel rod. Therefore the fuel temperature of
pressurized and unpressurized rods will be nearly the same at the

beginning of the transient.

5. Conclusions

An analytical study was performed for the PHEBUS experiment
215R by FRAP-T4 code. 1In this study, the FRAP-T4 was verified by
comparing the calculated fuel temperature with the measured one.
The parameters considered in the sensitivity study include gap
size between fuel pellet and cladding, thickness of cladding, and
internal pressure of fuel rod. The gap size between fuel pellet
and cladding has a large effect on the temperature in pellets at
steady state and blowdown phase. The thickness of cladding is an
important factor for the ballooning of c¢ladding and alsc for the
time of rupture. The internal pressure in a fuel rod has only a

small effect on fuel temperature at steady state.
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Table 1 Major characteristics of the test loop

TEST LOOP
Coolant Demineralized degassed water
Blanket gas Nitrogen
Maximum flow rate 25 x 1073 m3 , g1
Maximum temperature 330°c

in steady state
Maximum pressure 17 MPa
Isolation valves 0.20 s
switching time
Time for complete opening 0.06 s

of blow-down wvalves

EP INJECTION PUMP

Flow rate 15 to 400 liters/h
Pressure 17 MPa
Maximum temperature 70 ©C

RECIRCULATION PUMP

Flow rate 500C Liters/h

Temperature 20 to 170 ©C
ACCUMULATORS

Pressurization fluid Nitrogen

Maximum pressure 16 MPa

Effective volume 0.2 M3

IN-PILE CELL

Inner diameter 124 mm
TEST TRAIN
OCuter diameter 114, 3 mm
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Table 2 Characteristics of the test fuel

RODS
Overall length 1073.5 mm
Fissile length 800 mm
Cladding material Zircaloy 4
Cladding inner diameter 8.36 mm
Cladding thickness 0.60 mm
Pellets diameter 8.19 mm
Oxide relative density 0. 94
Filling gas Helium

25 ROD BUNDLES

Lattice pitch 12.6 =2 12.6 mm
Enrichment 2.6 % - 3.5 %

SINGLE ROD TEST TRAIN

Enrichment 20 %
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Table 3 Major characteristics of the experiment Z215R

Number of test fuel rods 25

Pressurized fuel rods in test fuel rods 22

Nuclear peak power during steady state 57 kW/m

Position of break for blowdown ) hot leg and cecold leg
(delay of hot leg break)

Break size ratio (cold leg/hot leg) 1.1

Cladding failure time after break 20 s

Cladding surface temperature at failure 800°C

Cladding surface temperature at plateau 1100°C

(during about 30 s)

Other characteristics
* Realization of a hollow of the cladding
surface temperature curve at t=14 s.

* Reflooding after a plateau of cladding surface temperature.

Phenomena Models
cop gan hest tramster Ross and Stoute model
Metal-water reaction cathcart cladding oxidation model
Fuel rod deformation FRACAS-I subcode (with fuel

relocation according to Coleman

correlation)
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Table 5 Parametrical values for each calculation

case Gap size between Thickness of the
the fuel pellet cladding
and cladding

{standard case)

1 Wide gap Sc
(2 x Sg)
2 Narrow gap Se
(1/2 x Sg)
3 Sq Thick cladding
(2 x S¢)
4 Sg Thin cladding
(1/2 x Sg)

Sq 3 Standard gap size
Ss ! Standard thickness of cladding



Table 6 Cladding rupture time and circumferential
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in cases 0 to 4

deformations

Rupture time after

starting of blowdown

(sec)

Circumferential
deformation at

rupture (-)

Case 0O

(standard case)

Case 1

(Wide gap)

Case 2

(Narrow gap)

Case 3
(Thick cladding)

Case 4
(Thin cladding)

66

76

noc rupture

48

0. 0665

0. 0731



JAERI-M 89-179

wes3rTp s3ITNax1o dooyl 3Is9) gnguHd 1 *ST4
b2-d3-VA BETTRR
W3LSAS ONIT00D AIN3ISHINS — —ba—=" 3809
o . . ) i — HIATHO
€0-d3-0d ‘ 5 ol 52 a3 > gzTaIovA
“_ : 22-d3- VA L.
s 12-d3- VA — £ —_
. 3O L
—— 564 R ) L o 3N
\.ﬂ AN ONTIVINGHI038 = -
. : TR ¥
O ) & T | i |
£0-d3-3 5. & . \I_}m
JVHOLS n_u-om_l %
FILYA p——— M o
—1- . ) IN g
— ! — | a 9 7
- _ 394VHISIA 2 9 ~TO
S — _NO "d3-33 w i 20-d3-74 S u#muwm Ny | dwal
INTT uo%:u_ 80-d3-vA : mwoquuqu "* VL r | im0
o= 107ddrld & 7 VN ﬂu | NMOTMOTE Oo \\_\\
Eoquuxu d'H dWnd zzzm J . O | i I
' R P I
|vﬁ } B mo_-n_u-qla; ! - ﬂ
SINTVA I !
N NOILY OS] | 1O —>a—" T ¥ |
N 10-d3- 20-d3-VA o 50-d3-VA aNg N IS I p—
= = = | [0
S PO Ol —pa— O = B ENER)
< 61-d3-VA _ 10-99- A =
.TV o &
SOV IOV o
10-d3-9 e L. “ NNV %_u L\
_ — © _ uom == T
" T 10-d0-03 58 vo-d3- _ / i
S W (s ] P it
ENCED SISATVYNY Sv9 \\ V_Zdﬁ. JHY ara
/ 804 AVHdS o
[ NOLLY LN e — L — e ERL

4443 100d -



JAERI-M 89-179

2500~
2000
£
© 1500 I Fuel center
£ 1000} \ —
ﬁ P T ————— s - —_-:;_"—‘—"—f S
N
500
) Cladding surface
0 | : | 1 | |
0 {0 20 30 40 50 60

Time (sec)

Fig. 2 Fuel center and cladding surface temperature profiles
(experimental results)
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Fig. 3 Fuel center, fuel surface and cladding surface temperture
profiles (calculated results)
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Fig., 8 Profiles of displacement of fuel stack {Cases 3 and 4)
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Fig., 9 Profiles of circumferential deformations of cladding

(Cases 1 and 2)
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