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Abstract
The CORA experiments carried out in an out-of-pile facility at the
Kernforschungszentrum Karlsruhe (KfK), Federal Republic of Germany, are part
of the "Severe Fuel Damage" (SFD) program.
The experimental program is to provide information on the failure mechanisms
of Light Water Reactor (LWR) fuel elements in a temperature range from 1200TC
to 2000TC and in a few cases up to 2400'C.
In the CORA experiments two different bundle configurations are tested: PWR
(Pressurized Water Reactor) and BWR (Boiling Water Reactor) bundles. The PWRtype assemblies usually consist of 25 rods with 16 electrically heated fuel rod
simulators and nine unheated rods (full-pellet and absorber rods). Bundle CORA-5
contained one Ag/In/Cd - steel absorber rod whereas two absorber rods were
used in CORA-12, CORA-15, and CORA-9. The larger bundle CORA-7 contained 5
absorber rods. CORA-12 was terminated by quenching with water from the
bottom. In CORA-15 the heated and unheated rods were pressurized to achieve
pronounced clad ballooning. Bundle CORA-9 was tested with a system pressure of
1.0 MPa instead of 0.22 MPa.
The test bundles were subjected to temperature transients of a slow heatup rate
in a steam environment. Thus, an accident sequence is simulated, which may
develop from a small-break loss-of-coolant accident of a LWR.
The transient phases of the tests were initiated with a temperature ramp rate of 1
K/s. The temperature escalation due to the exothermal zircaloy (Zry)-steam
reaction started at about 1100°C, leading the bundles to maximum temperatures
of approximately 2000TC.
Rod destruction started with the failure of the absorber rod cladding at about
12000 C, i. e. about 250 K below the melting regime of steel. Penetration of the
steel cladding was presumably caused by a eutectic interaction between steel and
the zircaloy guide tube.
The test bundles resulted in severe oxidation and partial melting of the cladding,
fuel dissolution by Zry/UO2 interaction, complete Inconel spacer destruction, and

relocation of melts and fragments to lower elevations in the bundle, where
extended blockages have formed.
There was no difference in the behavior of the large bundle CORA-7 compared to
the test bundles of regular size.
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1. Introduction
Safety studies have demonstrated that so-called small break loss-of-coolant
accidents in Light-Water Reactors (LWR), in combination with failure of the
required safety systems, can lead to overheating of the core and thus result in
severe fuel damage (SFD) and fission product release.
In such an accident the nuclear fuel rods may be subjected to temperatures
beyond the present design basis accident limit of 12000 C. The temperature
transient, however, will not necessarily escalate to an uncontrolled core
meltdown accident, as was learned from the TMI accident in 1979.
The transient of a SFD-type accident is initiated by a slow temperature rise in the
order of 0.5 - 1.0 K/s, followed by a rapid temperature escalation (several tens of
degrees Kelvin per second) due to the exothermal heat produced by the cladding
oxidation in steam environment. Besides oxidation and embrittlement of the fuel
rod cladding, local melting of the cladding and an interaction between molten
zircaloy and uranium oxide pellets will occur, leading to destruction of fuel rod
elements and other core structure far below the melting point of the fuel. The
concern with melting of fuel rod materials in a SFD accident is relocation,
solidification, and therefore the formation of coolant channel blockages.
To investigate the relevant damage mechanisms acting with increasing
temperature on an uncovered core, and to develop models for estimating core
damage initiation and propagation, research programs have been defined in
various countries. In these programs in-pile and out-of-pile experiments are being
performed under severe fuel damage conditions, i.e. temperature escalation to
about 2000°C with termination of the transient before complete core meltdown.
At the Kernforschungszentrum Karlsruhe (Kf K) a series of out-of-pile experiments
on SFD research is being performed in the CORA facility. The entire experimental
program is provided with Table 1 (CORA test matrix). All CORA experiments are
performed with U0 2 as pellet material and with absorber material (except for
CORA-2 and -3 /2/). Two different absorber materials are used within different
bundle configurations,; i.e. (Ag, In, Cd) rods are to PWR (Pressurized Water
Reactor) conditions whereas boron carbide refers to the experiments simulating
BWR (Boiling Water Reactor) fuel elements. Pellets, claddings, and grid spacers
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2.3 Test Conduct and Results
In the CORA experiments the test sequence can be distinguished in the following
phases:
-

Pre-heating

0000 - 3000 s

(argon only)

-

Heat-up

3000 - 3900 s

(argon + steam)

-

Escalation

3900 - 4900 s

(argon + steam)

-

Cool-down

^4900 s

(argon only).

During the preheating phase argon of about 5000 C enters the test bundle with a
flow rate of 6 - 8 g/s. Between 3000 s and 4700 s the electric power is increased
from 6 kW to 28 kW to achieve the initial heatup rate of 1 K/s. At 3300 s within
the test a constant flow of superheated steam of 6 g/s and 12 g/s (for the large
bundle CORA-7), respectively, is established in addition to the argon flow. In the
escalation phase, i.e. starting from about 11000 C the slow temperature rise is
followed by a rapid increase caused by the increased electric power input and the
additional energy from the exothermal zirconium - steam reaction. The
contribution of this exothermal heat to the total energy input is generally
between 30 and 40 %.
The tests are terminated by power reduction (slow cooldown) or power reduction
and quenching with water (fast cooldown). In both cases the steam supply is
turned off with the shutoff of the electric power.
The power input history for tests CORA-12, CORA-15, CORA-9, and CORA-7 is
provided together with the coolant data as argon flow, steam flow (provided as
mass flow of the injected water into the evaporator), and coolant pressure is
depicted in Figs. 11 through 14. Test CORA-5 was run with an identical power
input and steam flow as test CORA-12. Test CORA-12, however, was terminated
by quenching.
The response of the rod temperatures during the CORA transients at different
elevations is provided with Figs. 15 through 19. The maximum temperature
reached in the CORA tests amounts to about 20000 C, except for test CORA-7
where the turnaround occurred below 2000°C due to the shutoff of the steam
supply at 4080 s.
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The temperatures of absorber rod and pertinent guide tube show basically the
same behavior as the unheated or heated rods as is demonstrated with Fig. 20
(CORA-5).
The conduct of tests CORA-5, CORA-12, and CORA-7 resulted in a behavior typical
for CORA experiments. Tests CORA-15 (internal rod pressure) and CORA-9 (high
system pressure) exhibited a different performance. A difference in CORA-15
compared to experiments without internal rod pressure can be found for the
temperature escalation process. In CORA-15 the escalation developed in the
upper half of the bundle only. Usually the escalation also takes place in the lower
half of the bundle, down to about 150 mm. In CORA-15 the temperature in the
lower part was insufficient to trigger a temperature escalation.
Test CORA-9 demonstrated a similar behavior.
The onset of the temperature escalation was reached at a later time and at a
higher power in case of the high system pressure. At 4800 s (The time at which a
CORA transient is usually finished) only about 1000°C were reached with a power
input of 27 kW. (In CORA-5 the identical temperature was obtained at about
41000 C with a power input of 20 kW only). Higher heat losses in case of the high
system pressure required a larger power input to start the temperature
escalation. In test CORA-9 the energy release was concentrated in the upper half
of the bundle.
In CORA-15 the fuel rod simulators (heated and unheated) were pressurized to
6.0 MPa at temperature. So, all rods underwent ballooning and rupture. Bursting
occurred within 150 s in the temperature regime of 650 to 750 °C. The sequence
of the rupture for the individual rods is presented with Fig. 21.
To "freeze" the damage propagation in the large bundle CORA-7 the steam
supply was stopped at 4080 s and the electric power was turned off at 4200 s.
However, the temperature responded with a decrease only at the lower section,
i.e. up to 350 mm. Temperatures at locations from 450 mm upward continued to
rise due to the zirconium-steam reaction with the strongest heatup at 750 mm. At
this location the maximum temperature amounts to 1900 °C.
The steam supply during cooldown of test CORA-12 was quite different to the
typical transient phase. The steam supply rate during quenching by evaporation
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from the quench cylinder is in the order of ten times the feed during the transient
phase.
The quenching of the test bundle CORA-12 has an impact on temperature
behavior and hydrogen release. In Fig. 22 the hydrogen production is plotted
together with the temperature recordings of the full-pellet rods. At the upmost
part of the bundle, i.e. at 1250 mm the temperature shows a temporary increase
which coincides with the additional peak in the hydrogen production. This peak is
due to an extremely strong reaction between saturated steam of the quench
water and the zirconium that was not yet completely consumed during the first
part of the transient /3, 4/. It is a remarkable amount of hydrogen that was
generated during the flooding phase.
The amount of hydrogen produced during tests CORA-5 and CORA-12 cannot be
given quantitatively. Quantitative data from other quench experiments indicate
that up to 80 % of the total hydrogen can be produced during the flooding phase
/3/.
The measured data for tests CORA-15, CORA-9, and CORA-7 including the total
values are given in Figs. 23 through 25. They are derived from the ion current
obtained from the gas probes at the outlet of the test section. The peak
production rate of hydrogen in test CORA-7 was evaluated to be 0.19 g/s.
Based on the accumulated H2 productions of tests CORA-1 5, CORA-9, and CORA-7
the oxidation energy is determined. Its percentage amounts to 30 - 45 % of the
total energy input (electric supply plus exothermal energy), as is given in Table 6.
Also on the basis of the total H2 generation the percentage of zirconium
oxidation was calculated. This percentage, provided as well in Table 6, is an
integral value and does not reflect local differences.
The fraction of steam consumed during the transient (heatup) phase, was
calculated. The result, too, is an integral (average) value that is based on the total
amount of H2 , the steam flow rate, and the time at temperature above 1400 °C.
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Table 10: Zircaloy oxidation, energy release, and hydrogen production
during various CORA tests

Test

Steam
flow

Total H2
production

Oxidation
energy

[g/s]

[g]

[Mil

Percentage
Total Zr
Test time
of oxidation oxidation [bi at T)1400°C
energy [a]

Fraction of
H2 0
consumed

[%]

[%]

Is)

[%1

CORA-15

6

180

27.4

45

74

~1000

27

CORA-9

6

159

24.2

30

48

-

800

30

CORA-7

12

114

17.3

34

28

-500

[a]

Percentage of total energy, i.e. chemical reaction power and electric power input

[b)

Percentage referred to bundle length of 1.2 m;

17
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Abstract
The CORA experiments carried out in an out-of-pile facility at the
Kernforschungszentrum Karlsruhe (KfK), Federal Republic of Germany, are part
of the international "Severe Fuel Damage" (SFD) program.
The experimental program is to provide information on the failure mechanisms
of Light Water Reactor (LWR) fuel elements in a temperature range from 12000C
to 2000'C and in a few cases up to 2400°C.
In the CORA experiments two different bundle configurations are tested: PWR
(Pressurized Water Reactor) and BWR (Boiling Water Reactor) bundles. The PWRtype assemblies usually consist of 25 rods with 16 electrically heated fuel rod
simulators and nine unheated rods (full-pellet and absorber rods). Bundle CORA13, a PWR-type assembly, contained two Ag/In/Cd - steel absorber rods. The test
bundle was subjected to temperature transients of a slow heatup rate in a steam
environment, i.e. the transient phase of the test was initiated with a temperature
ramp rate of 1 K/s. The temperature escalation due to the exothermal
zircaloy(Zry)-steam reaction started at about 1100 °C at an elevation of 850 mm
(1000 s after onset of the transient), leading to a temperature plateau of 1850 °C
and after initiation of quenching to maximum temperatures of approximately
20000 C to 23000 C. CORA-13 was terminated by quenching with water from the
bottom with a flooding rate of 1 cm/s.
Rod destruction started with the failure of the absorber rod cladding at about
1200 C, i. e. about 250 K below the melting regime of steel. Penetration of the
steel cladding was presumably caused by a eutectic interaction between steel and
the zircaloy guide tube. As a consequence, the absorber-steel-zircaloy melt
relocated radially outward and axially downward. Besides this melt relocation the
test bundle experienced severe oxidation and partial melting of the cladding, fuel
dissolution by Zry/U0 2 interaction, complete Inconel grid spacer destruction, and
relocation of melts and fragments to lower elevations in the bundle. An extended
flow blockage has formed at the axial midplane.
Quenching of the hot test bundle by water resulted, besides additional
fragmentation of fuel rods and shroud, in an additional temperature increase in
the upper bundle region. Coinciding with the temperature response an
additional hydrogen buildup was detected. During the flooding phase 48 % of
the total hydrogen were generated.
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The maximum temperatures reached during the transient and the quench phase
are listed in Table 4a.
The failure times and temperatures of the two absorber rods, of three unheated
fuel rods and of one heated rod are provided with Table 4b.

4.1.1

Temperatures of the components

In Fig. 37 the temperature measurements at heated rods are shown. The positions
of the thermocouples of the heated rods are given in Fig. 38. There are two
thermocouples installed at each elevation between 1350 mm and -50 mm. Always
one rod of the inner ring and one rod of the outer ring are chosen.
The temperature rise shows the same general features already found in earlier
tests. With the increase of the electrical power input, first the temperature rises
proportional to the power. Having reached about 10000C, the exothermal
Zry/steam reaction adds an increasing contribution to the energy input, resulting
in a temperature escalation. The escalation starts at 950 mm and 750 mm
elevation. For the outer fuel rod simulator 3.7 the escalation is delayed at 750 mm
by about 150 s. A possible reason for this delay could be the heat losses due to the
window at 790 mm adjacent to this rod. The escalation at the 550 mm elevation
follows 200 s later. The escalation at 1150 mm develops before that at the
350 mm elevation.
After about 4500 s the temperature measurement is strongly disturbed. The
increase of the temperature measurement at the lower positions at about 4500 s
is not reliable, as the compensation cables pass the upper part of the bundle,
where the temperature increased strongly. Only the thermocouples at 1350 mm
survived up to the beginning of quenching at 4870 s. At 1350 mm elevation the
temperature in the time period of 3900 s to 4900 s shows only a very modest
increase at the heated rods. The very disturbed temperature traces at 950 mm
elevation indicate a nearly constant behaviour. The thermocouples that survived
at 950 mm and 1350 mm indicate a temperature increase with the beginning of
the quench process. But the height of the temperature peak at 950 mm is not
reliable due to the disturbance of the temperature measurements.

-76-

2500

120*i :

1 60022 -

i

2000

132

1353HO.3
.............
..........
..........

....

' 0 'L

'o' '

''

-

135M11.3

-

115OH5.1 I Ili

133

:

......... ........
7.-iO-. ..... ...

113

S1500

112

1000

500

n

25 •00
2500

3000

3500
30*

4000

4500

I

q

.

5000

550i0

q

*

203
-5800W.5

20M
.........
......................
.................
108
qsO
-750H3. 5
120*
3OID300*
7.12 756
:950
-7.7
....
:Jýd'. ..
0
M0M37
.........
.................
.0...
.................
I OuU
SSO::
880*Q.5
0 000210*000Q0
IllU
550:
000000210.............................
...................
I.................
.................
looo ..................

ýO 0

L

2000
L

0

Ol

ZCHT&
0-",Q

r

00,10

............

5100

................
..................
. .......

h

i!
0
25500

3000

9!iflf

**

'~

'

`1500.

5000

.

3500

`1000

.................

5500

30*

2500

3 OH

L

1. 0 0;

.30'

2000

-5K

3OO

OL

... ................. .. .............. !.......... "....... _ • .

a

a3.3

210

35
3MM

I.. ...Z

,

3804. 211

1212

a
S1500

_P800--

1804. 3 213
50 143. 8 233

35 0

50......
.3
........350
. . .. .?. . . . . . . . :. ..-7..7........ . ............
1000

50

210*0

2500

Fig. 37:

-G0OM.?

-s

500

0

-5-0113.5

3000

3500

1000

4500

5000

Temperatures of the heated rods
(CORA-1 3)

5500

233

2M4

Time (s)

-78-

_

2500

.

"
30

-- 3

1.7

L20000
200

2 2..........

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

5-12

1500

7.1

7.7 13502.4
.........

210*

0
2500
2500

3000

3500

4000

...

...

4500

. ..

.

..........

5000

5500
-

30"

1.1

.

1.7

0750/,4

"
o.........
Ono 00a

2000

7.70/
00000
-8o-0 o 0.210
0
0c

150

tI-z

......... "........... ......
................

.......

1000

-0•'"
..
...............

..............

.......

.

--

.......

.................

6'-5012
750/'•46,4Yl

i-

6:

-

5750146 44
10007.

55042210.

•___...._....

,o ...........

2500
....
2500

3000

.....7
...
..
30-

0

4000

1500

5000

5500

0

f

.....
."......4.O
l. Z
.......
i... ............ -.•.
.... . . . . . . . . . . . . . .. - •
..................
22

550:-

2500

Fig. 39:

.. .. ......................... I...... ..........

..•! .... ..............................

;. ,

500

3500

-

__:.1 1.7

1

90

. . .....
... ..............
4200202

®A .........

100 0

.......... i.......

000i

. . .

..

3000

0

'

3500

.

4000

1500

5000

5500

Temperatures of the unheated rods
(CO RA-1 3).

T

3

U

Appendix E
ZIRLO High Temperature Oxidation Tests
A
series of high temperature oxidation tests was performed by the Nuclear Electric, plc. Berkeley Nuclear
Laboratories. Berkeley Gloucester UK on 17x17 size tubing specimens, fabricated of production-grade
ZIRLO and Zr-4 alloys. -The tests were performed in pure oxygen using a continuous recording
microbalance to measure weight gain. A picture of the test setup is shown in Figure E- I
'The approximately 1,5 cm long test specimens were suspended from the balance arm of the microbsaimcc
by a length of platinum wire. A thermocouple was positioned with its junction at the approximate
centerline of the specimen. The specimen was surrounded by a bayonet-type quartz tube, through which
the oxygen was passed. A cylindrical resistance furnace surrounded the test section thereby providing a
uniform temperature field. Power to the furnace was controlled by a feedback loop from die thermocouple
to provide a uniform temperature versus time for the test specimen.

3
I

3

Pure oxygen gas was used as the oxidant rather than steam. It is believed that, if steam were used.
condensation on the suspension wire could invalidate the weight gain me.asurements. Pure oxygen and
a mixture of argon-20% oxygen ha.'s previously been used by Hofmnan (Reference E- I), who founId no
difference in oxidation rates between the two gases, and further demonstrated good agreement with oedict
published data in which steam was used as the oxidizing agent.
Twenry four ZIRLO alloy and six Zr-4 samples were tested at temperatures ranging from lX)XOC to
1300C Both the ZIRLO alloy and Zr-4 samples tested at a temperature of IOOC showed a cubic weight
gain versus time and showed a lower oxidation rate than would be predicted by extrapolating the
correlation for the data at temperatures of I IOOC or greater. The ZIRLO alloy samples tested at a
temperature of 1050C showed a predominent, parabolic time dependency, with only a slight cubic
response and a slightly lower oxidation rate,
Fig-ure E-2 is a typical temperature versus time plot obtained from the tests. T-his data illustrates dic very
good temperature control achieved. Figure E-3 is a plot of the square of the weight gain versus tumc for
the same test, showing the excellent parabolic response once the temperature has stabilized
The parabolic rate conistant, K, was determined for each sample by eliminating the point-s at either end
of the plot of the square of the weight gain versus time. These points deviated irom die siraighl linc
poruion of the curve The remnaining points were then fit by the method of lea&st squares to tIhc equaon

I

3

U
Ii

w= W; + Kx(t-t(),

( 1i

'A
is
the weight gain at time t
andi.W%is the weight gain at time t,

where

Table L- I shows the" va:,ies of K obtained for each of the ZIRL.O samples ttst.d a: tenpcrflures o! 10)5()(
or greater latile F 2 sho•ý.nthe ,atlues obtained for the Zr-a samples

The value of K as a function of temperature was obtained by linear regression analysis of thu
logaithmic transform of the Arrhenius equation
K = AxlEXP(-Q/RT),

(2i

using data from tests performed at temperatures of I00C or greater. This yielded for tIe tile best
estimate

K=[

I' (gin Oicm:/sec:

(3)

(a.c)

(gin O/cm7)-/sec;

(4)

(a,c)

and for the upper 90% confidence level,
K

Equation (4) replaces the preliminary metal-water reaction model discussed in Section 5.2 1. Use o
Equation (4) in the LOCA analysis provides a conservative estimate of the high-temperature oxidation
kinetics of ZIRLO cladding.
Figure E-4 compares the ZIRLO alloy sample data taken at temperatures of 1050C or greater. to the
calculated value of K using the expression for the upper 90% confidence level. The very good
repeatability of the test data is apparent,
Figure E-5 shows a comparison of the upper 90% confidence level correlation for the ZIRLO alloy
to several correlations of Zircaloy behavior by other investigators (References E- I through [F'-4). It
can be observed from this Figure that the oxidation rate of the ZIRLO alloy is simidar to the rates
observed by others at the lower temperatures. However the oxidation rate of the ZIRLO alloy
increases at a faster rate with temperature than do all of the correlations for Zircaloy
It does
demonstrate a slower rate than that of the correlation of Baker and Just which was obtained from tests
oi pure zirconium.

Figure E-6 prrvides a comparison of the Zr-4 data obtained from these tests to the correlations of
others. The data compare well with the other correlations shown, with the exception of Baker and Just.
This indicates that there is little or no bias between the methods used in these tests and those used by
the other investigators
[-he use oi real time weight gain measurement is largely responsible for the high degree o0
reproducibility in these tests, It affords a simple method of detecting and correcting for deviations
fruin parabolic behavior diue to variations in temperature during the test, and it eliminates tle
iincertaiutntes inherent in determining phase boundaries by metallography.

-Npotential problerm with the test method lies in the inability to physically attach thiermocoutplcs to th[
test specimens without interfering with the 'weight gain mearsurement Since, partncula;1,, at lith
tcinperatures. the sell heating of the specimen results in its being at a higher temperatire tian i•..
\,urriunj!iigS., any temperature measured will be equal to or lower inai that .f the test spec
cnin This
can resuIt t.ai higher inferred K as a function of temperature. Bias in temperature measurCment wa.-,

m iM1.CJin m rtittests by placing the thermrcouple junction inside the tubul af specImcii. thUS
it fioni radiative heat transfer to the lower temperature surroundings The close acreecment

Th ieln.I

U

I
in the test data for Zr-4 obtained from these tests and the correlations of other experimentors indicates
that the temperature bias was small.
The only other known use of continuous gravimetric weight gain measurements in determining the
high temperature oxidation rate of Zr-4 was by Moalem (Reference E-5) at Lawrence Bcrkeley
Laboratory. His results showed apparent agreement with the Baker-Just correlation, which predicts
much higher oxidation rates than those found by other investigators. In Moalern's tests the
thermocouple was placed near the furnace wall, some distance from the test specimen. Furthermore,
steam, which was used as the oxidizing agent, is an efficient absorber of infra-red radiation It is
believed that this resulted in a significant bias in the measured temperature. A 50 to 60 degree bias
in the temperature at about 1200C would explain the difference between the results of Moalern and
others.

!
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ABSTRACT

ASSESSMENT OF ECCS EFFECTIVENESS FOR LIGHT WATER NUCLEAR POWER REACTORS
The effectiveness of Emergency Core Cooling Systems (ECCS)
light water nuclear power reactors was the subject of lengthy,

for

controver-

sial and technically complex hearings conducted by the AEC over the two
years from 1971 through 1973.

An independent,

objective review and

assessment of the technical issues associated with ECCS effectiveness
was conducted in

a study performed at the Environmental Quality Laboratory

of the California Institute of Technology.

The review was based upon

the testimonies and supporting technical documentation of the principal
participants in

the hearings:

the AEC,

utilities,

reactor manufacturers,

and intervenors.
From the review,
performance,

the critical technical parameters influencing ECCS

which were at issue,

are identified.

Of fifteen parameters

cited by the Advisory Committee on Reactor Safety in
being of unproved conservatism,
including,

for example,

conductance,

essentially all are reviewed in

the initial

stored fuel energy,

fluid flow rates through broken pipes,

energy release and fuel rod embrittlement,
transfer,

and reflooding rates,

detail,

fuel rod gas gap

metal-water reaction

reflood/core-spray heat

as well as the adequacy of ECCS analyti-

cal models and numerical methods.
ties in

the hearings as

The relative influence of uncertain-

the performance criteria associated with these parameters is

assessed.

Based upon the relative importance of these parameters,

alternative responses to resolution of the ECCS problem are analyzed.
The importance of the core reflooding rate in
issues of the problem is

emphasized.

criteria (current and past) is
improvements in

resolving the technical

The conservatism of the proposed

reviewed.

criteria conservatism,

Recommendations are made for

especially in

the establishment

of minimum reflood heat transfer rates (or alternatively,
rates).

reflooding

Several new and/or accelerated research programs and addi-

tional large scale testing programs are also recommended.
are also made for areas in

Suggestions

which design improvements would help to

achieve greater ECCS reliability.
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FLECHT TEST PROGRAMS

Appendix 8

The conservatism of the modeling of heat transfer physical
processes for reactor core reflooding and core spray emergency coolant
mechanisms,

as they were defined by the IAC,

both the ACRS and the CNI.

has been questioned by

Because the physical processes occurring

during coolant application are quite complex,

the principal means of

developing modeling tools for their evaluation has been through empirical methods.

Attempts have been made to isolate and examine many of

the elements of the LOCA physical processes
ments.

through a number of experi-

To evaluate the phenomena of reflooding and core spray,

Full Length Emergency Cooling Heat Transfer (FLECHT)
were conducted.

test programs

The FLECHT programs have formed the basis for the post-

blowdown heat transfer models prescribed in
to date.

the

all of the AEC criteria

Though there have been some modifications in

interpretation

of the program results over the course of the hearings,
ation model methodology is

still

the basic evalu-

fundamentally dependent upon the

validity and adequacy of the FLECHT data.

This appendix will review

the several criticisms which have been raised by the intervenors with
respect to these aspects of the FLECHT tests.
A8.1

General FLECHT Test Description
Two separate test programs were conducted,

water reactors

(BWR-FLECHT)

(PWR-FLECHT).

The two test programs,

respectively,

and another for pressurized water reactors
conducted by GE and Westinghouse

under subcontract to the Idaho Nuclear Corporation,

though different in
ways.

one for boiling

procedural detail were similar in

For uncertain reasons,

many general

GE's BWR-FLECHT program was singled out

for more extensive criticism by CNI than the PWR-FLECHT.
in

order to evaluate the CNI criticisms,

Consequently,

much of the material in

this

chapter has been directed toward review of the BWR-FLECHT program.

A8-1

Figure A8.1 is
test

setup.

tested in

a schematic diagram (49)

As indicated in

the figure,

of the BWR-FLECHT

full length fuel rods were

a 7 x 7 rod bundle configuration closely approximating BWR

reactor bundles which were contemporary to the test period.
tests,

For the

the fuel rod cladding material was fabricated of either stainless

steel or zircaloy.

The rods were heated by electrical resistance heaters

designed to mock up operation rod axial power distribution

(a chopped

cosine power distribution along the axial length of the rod).
heater construction for Westinghouse PWR-FLECHT rods (50)
figure A8.2.

is

Typical
shown in

Though heater materials and construction details differed

somewhat between the BWR and PWR programs,

general elements of rod and

heater designs were similar for both programs.

The time history for

the electrical power supplied to the rod bundles was programmed to simulate bundle decay heat in

an operating reactor with reactor operating

power at LOCA shutdown as a parameter.
The tests were conducted in

a parametric fashion.

of calculated values of specific coolant application rates,
temperatures,

peak operating power,

Analyses
initial

and time sequences of coolant appli-

cation were the basis for determination of the ranges for each of these
parameters.

Table 8.1 (49)

represents a summary of the BWR-FLECHT test

program indicating the number of tests, rod materials and parameter
ranges utilized in
in

the program.

A similar number of tests was conducted

the PWR-FLECHT program.

A8.2

FLECHT Test Poram__An
Three principal criticisms have been made of the BWR-FLECHT

tests.

The first

complaint was that although all

manufactured of a zirconium (Zr)
FLECHT tests utilized Zr rods.
with stainless steel (SS)

rods.

alloy,

zircaloy,

BWR fuel rods are
only 5 of the 143

The remaining 138 tests were conducted
Since,

as discussed in

appendix 7,

reacts exothermically with water at elevated temperatures,

A8- 2

Zr

contributing

Figure A8.1 BWR-FLECHT Test Setup
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Figure A8.2 FLECHT Heater Rod Schematic Design
(After Figure 2.4, 50, by permission.)

Table A8.1
BWR--FLECHT Testing Summaary

Bundle
Testing Date

Type of
Tests

Tests

Peak Power
(kW)

Coolant
Rate

Initial
Temperature ( 0 F)

Flooding

5 Steady State
16 Transient

20-235
240-390

To Hold Level
0.6-3.7 ips

1328-2150

SS2M
Aug-Sept 68

Spray

4 Steady State
15 Transient

200-250
120-390

2.1-2.6 gpm
1.1-3.35 gpm

SS3M
Sept-Dec 68

Spray

4 Steady State
38 Transient

200
120-390

0.6-2.1 gpm
0.4-6.5 gpm

ZrlM
May 69

Spray

SSlN
July 68

co

SS2N
Aug-Oct 69

3 Steady State
24 Transient
8 Combined

GEAP-10117
GEAP-10092
1120-2050
GEAP-10092
810-1450

200

2.45 gpm

1790

150
100-250
250-235

1.0-2.45 gpm
2.45-5.0 gpm
2.0-3.5 gpm
2.0-6.0 ips

865-1850
1335-1870

Spray &
Flooding

GEAP-10092
GEAP-13088

Zr2K
Dec 69

Spray

1 Transient

195

2.45 gpm

1920

NEDG-13064
GEAP-13112

Zr3M
Mar 90

Spray

I Transient

240

2.45 gpm

2345

GEAP-13174

Zr4M
May 70

Spray

I Transient

240

2.45 gpm

2298

GEAP-13174

1 Transient

300

2325

GEAP-13174

10 Transient
11 Transient

250
250

3.25 gpm
6.0 ips
2.45 gpm
1.5-6.0 ips

1076-1718
1300-1600

GEAP-13190

ZrSM
June 70
SS4N
Sept-Oct 70
5
11
95
5
27

Spray

1 Transient

Reference

Spray with
Flooding
Spray
Flooding

Zircaloy-Clad Bundle
Stainless Steel-Clad
Stainless Steel-Clad
Stainless Steel-Clad
Stainless Steel-Clad

Spray Transient Tests
Bundle Steady State Spray Tests
Bundle Spray Transient Tests
Bundle Steady State Flooding Tests
Bundle Flooding Transient Tests

additional energy to that of the decaying fission products,

the applica-

tion of water to the core has the potential of increasing the heat input
to the fuel rods rather than cooling them,
of Zr tests in

as desired.

The small number

comparison with the total test program was seriously faulted

by the CNI.
There are two basic explanations which have been proffered for
the relatively large numer of SS rod bundles used in
first

the programs.

The

deals with test repeatability and economics and the second with

simplification of the analysis of the physical processes of the bundle
cooling mechanisms.

The repeatability and economics explanation is

reason most emphasized by the AEC and GE (6,

p.

166; 60,

p.

the

1123).

The FLECHT program was conducted as a parametric test series
which strongly affected the economics issue.
hand wound,
unique.

Because rod heaters are

their individual response characteristics

are relatively

The SS rods were apparently chosen primarily for their durability.

They could be used repeatedly in
without substantial changes in

testing (for 30 or 40 individual tests)

response over the series.

Thus,

differences

in heater characteristics would not influence the test series results.
On the other hand,

as a result of metal-water reactions,

Zr

rods could be used only once and then had to be subjected to a destructive post-mortem examination after the test.

Since metal-water

(M-W)

reaction rates are inversely proportional to the oxidation thickness,
repeated tests on used rods could not be expected to be reproducible
with respect to M-W reactions as the oxidized depth would increase with
each test.

Moreover,

destructive testing of the rods was felt

to be the

only "absolute" method of evaluating the extent of the M-W reaction
which took place in

the test.

Consequently,

and to reduce cost of rod fabrication,
in

the test program.

A8-6

to improve test reliability

SS rods were used most extensively

The second reason for using more SS than Zr rods involves the
problems of simplifying heat transfer analyses by separating the
M-W reaction from the physical processes of cooling rods which were
not undergoing an A-W reaction.

It

was assumed that the M-W reaction

was an independent heat input mechanism to the fuel rods,
from the basic heat transfer processes of cooling.

separable

On this basis,

the

SS rods permitted direct determination of the applicable heat transfer
coefficients for the cooling mechanisms without supplementary heat
input complications.

The validity of this concept of separability of

the two heat transfer mechanisms rests on the assumption that the
radiative and convective heat transfer processes for heat transmission
between fuel rods and the coolant fluid are essentially independent of
the fuel rod materials,

and thus are functions primarily only of tem-

perature and fluid flow conditions.

Thus,

it

was felt to be possible

to evaluate heat transfer coefficients from SS tests where the results
would not be affected by M-W reactions.

The purpose of the Zr tests

was then to evaluate the validity of these assumptions by using SS
derived heat transfer coefficients
predictions)

to evaluate (or provide post-test

of the thermal response of Zr bundles.

The weakness of these arguments for rod material selection
is

that because of the small number of Zr tests and the poor quality of

the Zr results,

questions remain concerning the validity of the assump-

tions of the equivalence of non-reactive heat transfer characteristics
for the two materials and the legitimacy of decoupling the metal-water
reaction from the clad heat transfer mechanisms.

Thus the AEC in

its

Concluding Statement argued that,
... the stainless steel bundle tests were performed
so as to obtain parametric heat transfer information,
whereas the Zircaloy-clad bundles were used to determine whether any significant anomaly existed in the
transient heat transfer behavior of Zircaloy (6, p. 166).

A8-7

The Commission concluded in

their discussion of the AC that,

Stainless steel was used instead of zircaloy as the
of the FLECHT tests becladding material for nearly all
cause it is more durable under the test conditions.
Although it is not usual to expect significant differences
in convective heat transfer coefficients from different
solid material surfaces, the possibility of such differences was considered, perhaps resulting from such factors
as differences in thermal conductivity and differences
in wetting properties.
The reasonable conclusion was
reached that the effect of the difference between zircaloy and stainless steel, if any, would be small.
There
is a difference, of course, in the rate of heat generation from steam oxidation, but this is deposited within
the metal under the surface of the oxide film.
The
presence of this heat source should not affect the heat
transfer coefficients, which depend on conditions in
the coolant outside the rod.
The few FLECHT runs made with zircaloy clad rods
provide uncertain and conflicting evidence.
Westinghouse pointed out that all of the zircaloy runs except
one (run 9573) yield higher heat transfer coefficients
than were obtained with steel (Westinghouse Concluding
Statement, pp C-74 to C-76; Exhibit 150, pp 3-98 & ff).
Consolidated National Intervenors pointed out that most
of these runs were made at unreasonable high flooding
rates, and that a different result was obtained from
run 9573 where the flooding rate was about one inch per
second.
In the first
18 seconds of this run, before
multiple heater rod failures occurred, the zircaloy clad
rods heated up faster than predicted from the stainless
steel based correlations (Exhibit 1041, pp 6.7 & ff).
This anomalous result has been attributed to experimental error, or possibly to an unusually skewed initial
temperature distribution' along the length of the rod
(Exhibit 1113, pp 17-6-17-7).
On balance, the Commission sees no basis for concluding that the heat transfer mechanism is different
for zircaloy and stainless steel, and believes, that
the heat transfer correlations derived from stainless
steel clad heater rods are suitable for use with zircaloy
clad fuels rods.
It is apparent, however, that more
experiments with zircaloy cladding are needed to overcome the impression left from run 9573
(60, pp. 1123,
1124).

A8-8

These conclusions appear to be basically valid.
heat transfer mechanisms have been studied in
exchanger applications in many industries.

Non-reactive

great detail for heat

These studies have shown

that convective heat transfer mechanisms are fundamentally related to
the fluid properties in

the heat exchanger --

and only in

a second

order manner to the properties of the metallic surfaces of the heat
exchanger itself,

assuming equivalent surface roughness,

etc.

The de-

coupling of the reactive and convective heat transfer mechanisms is
-less clear cut proposition.

The evidence for this assumption appears

to be somewhat uncertain,

under the circumstances.

tion of decoupling itself

appears to have been legitimate at least

initially.
results,

a

However,

In view of the uncertainty and conflicts in

the assump-

the Zr test

the AEC position that more Zr tests are needed appears entirely

valid.
The second major criticism of the BWR-FLECHT tests concerns
the excessive use of molybdenum heating elements to power the rods
during reactor LOCA transient simulation.
material,

molybdenum (Mo)

As a resistance heater

has a very large temperature coefficient of

resistivity which induced substantial amounts of power shifting in
the rods as a result of the "chopped cosine" axial power distribution
designed for simulation of in-core heat distribution in

the tests and

from rod-to-rod as a result of inter-rod thermal interactions.

The

net result was that pre-test predictions of power distribution for the
rods were poorly correlated with measured values for tests utilizing
Mo heaters,
Fortunately for ECCS designers,

some of the FLECHT tests

were conducted using other heater materials.
was Nichrome V.
V is

Chief among the alternates

The temperature coefficient of resistivity for Nichrome

nearly constant.

However,

only a limited number of tests were

conducted using this heater material because of its
perature

(2500

0

F).

Consequently,

according to GE,

A8-9

low failure temthe heaters could

tests requiring extended operating periods at temperatures

not be used in

greater than 2000OF (51,
particularly in

p.

6).

Consequently Mo heaters were favored,

the SS tests, where the same rod bundle was repeatedly

used for evaluation of different test parameters.
Examination of the GE test documents does not seem to demonstrate that the substantial Mo induced power shifting observed in
FLECHT tests was initially

expected.

the

Mechanisms for controlling the

positive feedback from the Mo resistivity characteristics

do not appear

to have been incorporated into the test apparatus until the last 3 Zr
tests were conducted,
Moreover,

nearly two years after the program began (52,

p.

4).

no clear evidence can be seen that individual rod power deter-

minations were (or perhaps could be) made to allow for systematic analysis of test results.

Consequently,

the Mo heaters seem to have contri-

buted painfully complicating factors and little

useful information to

the FLECHT tests.
As a consequence of the complications associated with interpretation of Mo heater test results,
obtained with Nichrome V heaters in

GE has leaned heavily upon results
evaluation of heat transfer coeffi-

cients for their transient analysis methods (52,
with Mo heaters are only rarely referenced

p.

5).

Results obtained

and then primarily for the

limited number of Zr test results in which they were used.
the heat transfer coefficients utilized in
calculation model (54,
test series (53,

p.

26),

for the rod bundles -scheme

(SS2N)

p.

58),
in

For example,

the GE core spray and reflood

were derived on the basis of the SS2N

which Nichrome heating elements were used

as indicated by the N in

for the test series.

Thus,

the descriptive number

tests conducted with heater

materials with low temperature coefficients of resistivity have had a
disproportionately large influence on assessment of heat transfer mechanisms when compared to the actual number of tests conducted in
FLECHT program.

A8-10

the

The third principal criticism of the BWR-FLECHT program concerns the non-reproducibility of the tests.

CNI presented (9,

p.

5.26)

results from tests conducted with SS2N and SS4N-49 rod bundles which
showed that for selected cases,

peak temperatures for the SS4N tests

were approximately 15 percent greater than reported SS2N results for
similar test conditions.

In

their BWR-FLECHT Final Report,

GE used heat

transfer coefficients derived from SS2N results to compare with temperature-time histories obtained in
pendix A).

As shown in

tests of zircaloy-clad bundles

figure A8.3 using SS4N test results,

(52,

ap-

the CNI

derived heat transfer coefficients which when applied to the limited
number of Zr test results shown in

the CNI direct testimony,

showed

"better" correspondence with the measured values presented than the
results shown for GE's SS2N derived heat transfer coefficients.
It

should be noted,

however,

that only four time histories

were shown by the CNI in which the correlations were presented.
every case,

In

data reported by the CNI shows GE predicted peak tempera-

tures which fall

short of the measured data.

These results are obviously

biased towards support of the CNI contention that the GE heat transfer
coefficients are inadequate.

In actuality,

using the methods recommended

for design purposes by GE (using 100 percent of the predicted M-W reaction),

predicted temperatures were greater than the measured temperatures

for 37 of 44 measurements for tests Zr2K,
Needless to say,

Zr3M,

Zr4M (52,

appendix A).

comparison of CNI derived heat transfer results would

not have been as convincing for these 37 other sets of results,

if

they

had been shown.
A comparison of the test and predicted results is
the graphs,

figures A8.4 to A8.6,

predictions for all

shown in

prepared by GE showing analytical

the Zr tests based upon a 50 percent Baker-Just

M-W reaction energy input to the heat transfer calculation compared
to measured peak temperatures and turnaround times

A8-11

(52,

pp.

73-75).
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Peak temperatures calculated on the basis of a 50 percent Baker-Just
M-W reaction energy input to the system will tend to be lower than predictions using a 100 percent Baker-Just input (figure A8.3).
comparisons with the FLECHT measured data,

However,

for 50 percent Baker-Just inputs,

would tend to accentuate indications of underpredictions,

which could make

the calculational results tend to appear unconservative.

This aspect

should be considered when the reader analyzes the results shown in
A8.4 to A8.6.

The curves show the differences in maximum predicted and

measured temperatures as a function of the error in
of the recorded temperature maxima.
there is

figures

It

should be noted that although

a substantial amount of scatter in

peratures are generally in

prediction of the time

plotted data,

predicted tem-

excess of measured values using SS2N derived

heat transfer coefficients,

even using a 50 percent M-W reactions estimate.

The disturbing aspects of the results shown are the apparent randomness
of the results and the wide limits of the errors in
0

<+ 3 minutes; - 150 F<At'

temp

<+300°F).

The scatter in

tend to encourage great confidence in
capability for the design methods.

the data.

(-4<Atime

the results does not

the reliability of the calculational

It

does,

on the other hand,

support

GE's statement that the "mechanisms of spray cooling are somewhat random"
(26)

and provide some basis for the CNI concern over non-reproducibility

of the tests.

The implied uncertainty of +15 percent/-7 percent in

dicted temperature maxima seems unpleasantly large.
the maximum non-conservative difference shown in
the -7

percent).

However.

pre-

(Note however that

the above GE figures is

the range of errors in 'predicting maximum tem-

peratures lends support to the concept that maximizing the credibility
for the heat transfer methodology would require use of a greater margin
of safety in

estimating heat transfer coefficients for design purposes.

The results shown (described as having been derived with the
current GE design model)

(52,

appendix A)

indicate the application of

common design practices but show only uncertain conservatism.
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note that if

However,

in

the calculation,

a 100 percent Baker-Just M-W reaction is

accordance with stated IAC requirements,

used in

predicted

temperature maxima exceed measured values more than 85. percent of the
time.

A discouraging aspect of the results shown in

A8.6 is

that in

one test, Zr3M,

than 30 percent of the rods.

figures A8.4 to

temperatures were overpredicted for less

Even using a 100 percent Baker-Just M-W

reaction energy input, overpredictions were achieved on less than 50 perPredictions of time histories were also poor.

cent of the measurements.
It

is

also discomforting to note that central rod prediction,

had the poorest record for overprediction of all the test

figure A8.6,

Fifty percent of the results were underpredicted for these rods,

results.

which are the hottest in

the bundle.

Thus the temperatures of the hottest

rods were most regularly underpredicted -confidence in
A8.3

an observation which weakens

the conservatism of the analysis methods even more.

Zr Test Review

(9) was parti-

The largest portion of the CNI direct testimony

cularly directed at discrediting the FLECHT Zr2K test (a zircaloy bundle
The Zr2K test results are very impor-

with internally pressurized rods).
tant to both the AEC and the CNI,

for opposite reasons.

The AEC uses the

test results extensively to defend the validity of their recommended BWR
analysis methods.

The CNI try to show the inadequacy of the test in

order

to weaken the AEC defense.
Fortunately,

the Zr2K utilized constant resistance (Kanthal)

heater elements which minimized power shifting (52,
nately,

10 of the 49 heaters failed,

concluded.

Fortunately,

all

p.

12).

Unfortu-

losing power before the test was

the rods with failures were instrumented

with thermocouples and ammeters.

Unfortunately,

the individual rod

circuits were fused for 40 amps while the ammeters were designed for
maximum currents of 25 amps and were "pegged" for varying lengths of
time on all

"failed" rods.

Also unfortunately,
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no ammeter time histories

are shown for the test (perhaps because estimates of the resistance of
rod current paths during "failure" periods are highly speculative and
hence power estimates based upon current measurement would be equally
uncertain).
Fortunately,

the Zr2K rods were internally pressurized to

simulate the results of swelling and rupture produced by fission product gases in

an operating reactor.

Unfortunately,

complicated the responses of the rods.
and temperatures occurred in

the heater failures

Maximum expansion,

flow blockage,

the vicinity of the "failed" rods.

GE re-

ported 60 percent blockage for the central 9 rod portion of the bundle
only.

CNI estimates that blockage of 90-94 percent occurred in

the off-

center portion of the bundle containing the "failed" rods.

The CNI

implied that the extensive off-center swelling occurred in

spite of

heater failures

(which were inferred by the CNI to be unpowered sinks

for thermal energy from neighboring rods).
mal histories indicates it

is

Examination of the rod ther-

more likely that the swelling was induced

because of excessive power supplied to the rods during their "failure"
periods,

producing local hot spots with consequent synergistic expan-

sion and rupture of adjacent rods.
The CNI claimed that the test showed that near "thermal runaway" conditions resulted from M-W reactions,
heater rods.

in

spite of the "failed"

They compared test results for SS2N with Zr2K,

satisfactory correlation during approximately the first
of the test with substantial deviations

showing

five minutes

(Zr2K temperatures greater than

SS2N) during the subsequent periods of substantial heater failures.
Attempts by GE to show that M-W reactions were insignificant in

the

thermal response of the rods were not overly convincing since they did
not evaluate actual dynamic heat rate inputs but depended instead upon
arbitrarily time averaged heat inputs over arbitrary time intervals (54,
appendix A).

Gross estimates were made of the total energy contributed

to the thermal transient through the M-W reaction of 1/4 B/inch of
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cladding length (based upon the maximum observed depth of ZrO 2 penetration for the Zr2K experiment of 1.8 mils).

This was compared with a

design total delivered decay power to the center of the maximum peaked
rod over the 24 minute spray cooling transient of 29.7 B/inch (14.5
B/inch over the first

10 minutes).

Thus,

GE inferred the total M-W

reaction to be 5-10 percent of the decay energy depending upon which of
the two time periods was used in

the estimation.

the rate of M-W energy addition is
with total energy shown above,
be obtained from the Zr2K data.
observation,

it

They acknowledge

that

more significant than the comparisons

but state that rate information cannot
Irrespective of the validity of this

seems that comparisons with rod input energy increments

taken over 10 to 24 minute intervals are too insensitive to be adequate
indications of the significance of the M-W energy contribution.
ing of confidence is

gained that M-W reactions were unimportant as a

result of this GE analysis.
runaway in

No feel-

the Zr2K test is

However,

the case for M-W induced thermal

equally weak.

One of the more difficult aspects of evaluation of Zr2K test
results is

associated with the fundamental data for the tests,

corded thermocouple

(TC)

responses.

the re-

GE has been very liberal with their

accreditation of observed TC responses as erratic.

However,

several

proffered examples of erratic response seem to show well defined interrod correlations.

Under such circumstances,

"unexplained"

might be a

better description for the observed TC behavior than "erratic."
Figure A8.7 (based on material from reference 54) presents
an envelope of the thermocouple response histories for the rods which
experienced the peak temperatures during the Zr2K thermal excursion.
It

is

interesting to observe the correlation between the rods with maxi-

mum temperatures,

their periods of maximum temperature,

lationship to rods in

which the currents were "pegged"

25 amps (the maximum range of the ammeter)
limit for each rod),

and 40 amps

and their reat levels between
(the fused current

and the periods of excessive current prior to rod
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Figure A8.7
Envelope of Thernocouple Response Histories for Peak Temperature Rods of FLECHT Zr2K Test

(Ll
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18 NUMBER OF HOTTEST ROD

(After Figu@e 8,

54,

by permission.).

"failure."

A schematic diagram of the rod bundle layout is

figure A8.8.

Using figures A8.7 and A8.8,

it

is

shown in

interesting to compare

the order and location of electrical "failures" and the development of
peak temperatures.
A rigorously thorough analysis of the Zr2K thermal response measurements is

beyond the scope of this report.

that the recorded temperatures of rod 16,

It

should be noted,

however,

which developed the first

electrical anomaly after the official start of the test, were almost
identical to those of rod 24,

which was given credit for the maximum

temperature measurement.

The intra- and inter-rod temperature measure-

ments for rod 16 and its

neighbors show consistent correlations over the

first

two minutes of the transient,

in

spite of the current anomaly

being experienced by the rod (which started essentially at the beginning
of the thermal transient test period and lasted for nearly six minutes).
Between 2 and 3 minutes after transient initiation, however,
couples

(TC)

thermo-

on rod 16 indicate an apparent sharp temperature rise.

Because of the anomalous electrical activity of rod 16 at this time,
experimental analysts have been inclined to discount this TC response
as anomalous also.

However,

it

temperature excursion shown in

is

interesting to note that the extreme

figure A8.7 for rod 23 (adjacent to rod 16)

occurred at the same time the rod 16 TC excursion occurred and is

matched

by nearly identical temperature excursion in

rod 9,

metrically adjacent to rod 16.

seems entirely too coinci-

Moreover,

it

the other rod dia-

dental that temperature turnaround should be achieved in
essentially the same time that the actual failure
zero)

for both rods 16 and 24 occurred.

does not seem surprising that rod 17,
electric current and in
test (rods 16,

23,

still

rod 24 at

(rod current going to

Under those circumstances,
being driven by "normal"

direct view of the three hottest rods in

and 24)

it

the

should then become the highest temperature

rod for most of remaining significant portion of the temperature transient.

During this period,

rods 17 and 23 both underwent electrical
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ROD NUMBER

LOCAL PEAKING
FACTOR

e1.129

0.90
10D

1.14

N/1W1.10
11

(9

11.04
13

0.92
14D

20.88
N/5

0.82
43

0.89
44

1.06
45

1.03
46

61.054

1.14
48

1.08
49

LEGEND:
RODS 12, 19, 32 FAILED (NO CURRENT) BEFORE TRANSIENT INITIATION
(ZERO TIME FOR TEST).

O

ROD 24 HAD HIGHEST PEAK TEMPERATURE MEASUREMENT FOR TEST.

k
i,j
N

ORDER OF: POST TRANSIENT "FAILURE"/BECOMING MAX TEMPERATURE
ROD FOR TEST.
NOT APPLICABLE.
Figure A8.8 Zr2K Rod Bundle Schematic Showing Rod Failure Sequence
(After Figure 6, 54, by permission.)
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anomalies in which excessive currents were delivered to them.

It was

not until the current to both of these rods actually went to zero, approximately 12 minutes after the thermal transient began, that rod 17
relinquished its role as the highest temperature rod for the test.
The relationships described above seem to indicate a systematic
correlation between the electrical anomalie's of the "failed" rods and
temperature extremes for the bundle.

It would appear that a convincing

argument could be made that the driving functions for the highest temperature rods was probably excessive power anomalously delivered to the
rods during these periods rather than any of the normal physical processes contributing to rod heat up for a reactor bundle under LOGA conditions.

Accordingly, it is regrettable that the test report failed to

provide any significant evaluation of the relationship of electrical
anomalies to measured maximum temperatures, except to imply that the
"failures" resulted in lower temperatures for the test than would have
been experienced had the "failures" not occurred. -The report states:
The effect of rod failures later in the transient
(e.g., rods 16, 24, and 30 between transient initiation
and maximum temperature and rods 17, 23, 31, and 37 after
maximum temperature) was not considered in the detail
described above. The effect of these rod failures must
be small, since they were at relatively high temperatures at the time.-of failure, and less radiation from
the powered rods to the later failing rods can be expected. In addition, the rods which failed after the
bundle maximum temperature had occurred could not have
affected that maximum temperature. Consequently, the
effect of the later seven rod failures is estimated to
have had a smaller effect on the bundle maximum temperature than did the first three failures; that is,
less than 30*F.
It is therefore estimated that, had no heater
rod electrical failure occurred, the maximum recorded
cladding temperature would have been no more than 60*F
higher than the 2250'F actually recorded (5,p.67).
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The possibility that electrical anomalies may have acted as high temperature sources rather than energy sinks does not appear to'have been
considered.
Is

there a possible relationship between the anomalous TC

readings and M-W reactions?

Figure A8.9 is

representative of the cor-

relation which GE has made between calculated and measured thermal
response for some of the Zr2K rods where TC anomalies have been recorded.

CNI has implied that the test was on the verge of "thermal

runaway" and was saved only as a "consequence of the extensive heater
failures that occurred"
this possibility.
it

is

(9,

p.

5.63).

GE authors naturally downgrade

From the limited data submitted in

the test reports,

difficult to draw any more satisfying explanations for the erratic

TC behavior than those given by GE investigators.
however,

is

significant,

that most of the so-called erratic behavior occurs during the

periods of heater failures.
report,

It

Figure A8.10,

taken from the Zr2K final

shows the correlation between the rod 24 (the absolute highest

temperature rod for the test) electrical anomaly and its

TC response

A similar relationship could be shown for rod 31 of figure A9.9.
upon examples such as figure A8.10,

(54).

Based

the proffered GE explanation that

heater short circuits to the rod surfaces could have contributed to
some of the unusual TC responses seems acceptable.

It

is

unfortunate

that no records of individual rod electrical current or voltage measurements were shown in

any of the GE test reports to permit independent

evaluation of this source of variance (the individual rod power histories) with the TC responses.

Some of the "erratic" TC readings even GE cannot explain
through correlation with electrical short circuits of the heater elements.

They note that the majority of these unexplained changes were

in the direction of decreasing temperatures or at such low initial temperatures (1800 0 F to 1900 0 F) that association of the TC irregularities
with M-W reactions is discounted.

The GE conclusion is
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that the "erratic
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thermocouple outputs do not represent actual cladding temperatures,

but

are the result of equipment malfunctions" associated with the Zr2K test
(54,

appendix D, p.

107).

Based upon analysis of the material presented,

it

appears un-

questionable that the TC response was badly affected by short circuits
and equipment malfunction.

The net result is

that it

to certify that M-W reactions were insignificant in
transient,
is

not possible

the measured thermal

but the case for near "thermal runaway" proposed by the CNI

also unconvincing.

changes,

is

It

is

probable that most of the dramatic TC slope

as well as several of the other RC aberrations associated with

the test, were short-circuit induced rather than M-W reactions.

However,

more results seem to be systematically correlatable between rods that the
GE test analysis is

willing to concede.

the proper interpretation of results.

This leads to uncertainty over
A more thorough analysis and inter-

pretation of the Zr2K-TC data would have been desirable.
The CNI have also observed that the GE analyses regularly
predicted that thermal turnaround

(the beginning of the temperature re-

duction for the transient) would occur sooner than was actually experienced in

Zr2K.

The CNI claim that the retardation of turnaround was caused

by flow diversion from the local hot spots to cooler locations in

the

bundle induced by locally increased flow resistance from smaller rods.
GE on the other hand sees the earlier prediction of peak temperatures,
with usually higher predicted peaks,
It

as a conservative design tool.

seems probable that the difference between test and theory

results from rigid adherence by GE to a time-dependent model of heat
transfer coefficients which were derived from their SS2N tests and
adopted as their "design model"

(52,

based on the SS2N time history,

apparently did not permit accommodation

p.

26).

The design analysis method,

of the idiosyncrasies of the Zr2K test experience with its
failures and TC equipment malfunctions.
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Consequently,

rod heater

the predicted

results might not reasonably be expected to correspond well with the
reality of the Zr2K test.

Whether or not design basis prediction of

LOCA thermal histories would agree well with an actual transient also
remains to be shown.

Results imply that the GE thermal analysis method

may be a weak predictive tool and more effort appears to be needed in
model development.

However,

it

does appear that with sufficient analy-

sis, FLECHT results would be adequate to form a basis for demonstrating
the development of conservative analytical design methods.
A8.4

PWR-FLECHT
The CNI criticism of the PWR-FLECHT program was relatively

mild when compared with the challenge to the BWR-FLECHT test series
results.

Their conclusion that the tests established that reflood in

a PWR-ECCS is

at best marginally capable of controlling a LOCA is

stantially less severe than the attack on the BWR.
behind this difference in
ent, but perhaps it

critical intensity is

sub-

The motivation

not immediately appar-

may be the result-of a general feeling on the part

of the CNI that the PWR-ECCS had more obvious problems than the BWR
and was consequently more vulnerable to attack at other points.
fore,

it

There-

may not have been felt necessary to challenge PWR-FLECHT re-

sults as severely as the BWR-FLECHT program.
Criticisms were made by the CNI concerning a number of problems.

The experimental design was faulted (especially the use of SS

rods in

84 of the 88 tests vs Zr rods in

only 4 of the 88).

The range

of test parameters investigated was criticized as being too limited.
The principal objections concerned limiting the test initial

tempera-

tures to 2300OF or less and including reflood rates of less thanli inch/
second which are below design practice.
invalid.

Both objections are basically

The 2300OF upper temperature limit is

perhaps a poor choice for a limit, because it
temperature limit of the criteria.

understandable,

although

does represent the upper

The objection to the investigation
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hard to understand.

of low reflood rates is

The low rates tested

since limiting values of low flow

represent extreme cases for LOCAs,

rates for termination of temperature excursions were observed,

(i.e.,

temperature turnaround apparently could not be achieved at flow rates
less than 0.8 in/sec for reflood initial
greater).

temperatures of 1600OF or

The results are useful for establishing the conservatism

of design values of reflood rates.

If,

as CNI claims,

current PWR

reactors are designed for reflood rates of around one inch per second,
then the PWR-FLECHT tests show that PWR-ECCS designs may be uncomfort-.
ably close to having no margin for error (appendix 9).
The heat transfer coefficients derived from the tests were
also challenged on the grounds that no energy balance was performed
(or perhaps could be),

that local saturation temperature for the con-

vection steam was assumed as a boundary condition, and that.the "cold"
boundary walls of the test configuration contributed a radiation heat
transfer sink which was neglected and would not be present in
lattice construction of a typical PWR.

the open

The issue of radiation to the

housing was subsequently reviewed by ANC and found to contribute no
more than a ± 5 percent uncertainty to the data (4,

p.

17.3).

Perhaps the most valid of all the CNI objections to PWR-FLECHT
concerned the alleged failure to adequately investigate the consequences
of rod swelling with resulting blockage of core sections.
potential flow blockage was simulated in

This type of

the tests by introducing per-

forated planar steel orifice plates at the midplane of the bundle so
that the resulting fluid flow in
delivery rates, was still

the bundle,

though reduced below normal

constrained to be one dimensional.

The orifice

plates apparently caused the fluid to become more finely divided
perhaps better distributed) behind the plates, resulting in
improvements
of the plates.

(increases)

in heat transfer rates in

As a result of this test,
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(and

unsuspected

the immediate vicinity

W has claimed that swelling

and rupture may improve heat transfer,

a point which seems highly

debatable when the one dimensional limitations of the test are considered.
The most discomforting aspect of this problem is

that it

appears that

PWR computational methods may have included this "improved"
mechanism in

their design procedures

practice,

true,

if

(8,

p.

3-50 and 6,

p.

heat transfer
198).

This

would have been totally at odds with any reasonable

interpretation of conservatism.

The Commission in

the new AC appear to have recognized this problem.

their discussion of
They summarized the

AEC position on the influence of blockage on reflood heat transfer,

as

follows:
The FLECHT tests simulated flow blockage in a number
of runs by the insertion of perforated horizontal plates.
With reflood rates of one inch per second or higher, improvement was found in the rate of heat transfer as far
as two feet upstream and four feet downstream of the
blockage.
The improved heat transfer was shown to be
caused by break-up of the entrained droplets and increased
turbulence
(Exhibit 1006a).
The blockage in these tests
ranged up to complete blockage over several channels with
75% blockage in other channels.
For the fiow blockage
tests at a reflood rate of 0.6 inches per second, heat
transfer was degraded by blockage.
Presumably the poor
results at the low reflood rate were the result of a
lack of entrained water droplets, leaving only single
phase steam cooling
(Exhibit 1113, p. 17-5).
The FLECHT flow blockage tests were criticized on
the basis that the flat
plates were not typical of bulging
of the cladding.
However, Davis tried blockage with
sleeves versus plates and found little
difference.
As a result of these tests it appears that heat
transfer coefficients based on undistorted rod geometry
would provide a reasonable approach to estimating core
temperature behavior during reflood, for reflood rates
above one in/sec.
For lower reflood rates blockage
would have a deleterious effect and one must resort to
calculation with single phase steam cooling, taking
into consideration the effects of blockage on core
flow distribution
(60, pp. 1124,1125) (emphasis added).
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Thus the potential practice of taking credit for the uncertain benefits
of flow blockage in PWR reflood heat transfer is

specifically precluded

by the new AC.
A8.5

Evaluation of FLECHT Results
In summary,

the CNI feel that:

The program [FLECHT] was characterized by narrow
scope, limited range of parameters investigated (many
inappropriate to the tasks at hand), the use of incorrect
materials, crude and incompetent instrumentation and operating techniques (with consequent major equipment malfunctions),
and, as a culminating weakness, expansive and overgenerous
interpretations [of test results] (7, p. 5.37).
In the AEC's Supplemental and Concluding Testimony.,
attempted to answer most of the CNI objections (7, chapter 5)
by point basis (4,

chapters 16 and 17; 6,

pp.

163-177,

they have
on a point

194-198).

Consider-

ing the test program from the standpoint of bundle design materials and
test conditions,

they have attempted to address the program scope and

range of parameters for all parameters investigated.

The AEC review of

the engineering basis for selection of the ranges of parameters tested
is

reasonably convincing.

to the test bundle,

is

In only one area,

that of peak power delivered

the range of the program

acknowledged to be weak.

The AEC acknowledges

(especially BWR-FLECHT)
that none of the BWR-FLECHT

tests were conducted at full reactor bundle power (6, pp.

195,

196).

Though the AEC attempted to show that heat transfer coefficients derived
from the tests are only weak functions of power,

the relatively low powered

test results were sufficiently inconclusive that they do not satisfy even
the AEC itself.

The AEC claimed that the tests were adequate,

since the

heat transfer coefficients are functions of temperature and the peak temperatures for the test exceeded the criteria limits.
however,

They acknowledged,

that "one or more" zircaloy tests at power levels representative

of current design "would reduce the uncertainties in
(4, p. 16-41).
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the evaluation model"

In general,

however,

they state:

The ultimate usefulness of the BWR-FLECHT test data
is not a plotting of peak clad temperatures as a function
of test parameters, but is the development of a quantitative description of the basic heat transfer mechanisms
operative during spray cooling and flooding
(4, p. 16-27).
Though the statement is
its

specifically directed at BWR-FLECHT,

principal conclusion about the ultimate usefulness of the data being

not for development of quantitative relationships for peak temperatures
against various parameters but for development of general descriptions of
heat transfer mechanisms is

equally valid for both PWR-

and BWR-FLECHT

programs.
The AEC has acknowledged that,

even in

its

own labs,

there is

a

divergence of opinion as to whether core heat-up models based on the results of tests with SS rods can predict the thermal response of zircaloy
rods "within the accuracy of the experimental measurements."
mental Testimony notes that "ORNL

The Supple-

has commented that the poor quality of

the test data makes these conclusions uncertain" (4, pp.
acknowledged that "the quality of the test data is

16-39).

poor,"

Though it

the AEC contends

that the poor data affects only "the accuracy with which the core heat-up
[model] can predict temperatures and has not prevented cooling mechanisms
from being understood and described"
ties in

(4,

p.

16-21).

modeling the cooling mechanisms are stated to.occur in

of the convective heat transfer coefficients
(4,

p.

The major uncertain-

16-41).

It

is

the "values

and the time of channel quench"

argued that conservatively

low values of convective

heat transfer coefficients have been assured by requiring the radiative
heat transfer for the SS2N tests

(from which the model heat transfer

coefficients have been derived) be evaluated at a conservatively large
value for the tests.
data,

Assuming basic adequacy of the SS2N experimental

this should lead to underestimations

(in

the direction of conserva-

tism) of the derived convective heat transfer coefficients.
seemed intuitively satisfying.
and poor preliminary analysis,

However,

This concept

to demonstrate how intuition,

can adversely affect judgement,
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the new

AC have revised the AEC evaluation of the influence of cladding emissivity and radiative heat transfer.

In their discussion of the new AC,

the Commission has noted that:
The values of the calculated convective heat transfer
coefficients depend to some extent upon the value used for
the thermal emissivity of the stainless steel, since the
convective heat transfer is obtained after subtracting the
radiative heat transfer from the total.
Theoretically a
high value of the emissivity leads to a low calculated
Values of the emisconvective heat transfer coefficient.
sivity measured after the tests ranged from 0.6 to 0.9
(Exhibit 461, p. 81 and Exhibit 1113, p. 16-14), and to
add conservatism to the calculation, the Interim Policy
Statement required the use of the highest measured emissivity, 0.9, for the calculation of the convective heat
transfer coefficients.
However it turned out that this
resulted in a higher coefficient (less conservative) for
the critical inner rods, with a higher estimated standard
error.
(Exhibit 461, Table 2.)
After reviewing the derivation of the coefficients as given in Exhibit 461, we
believe that those originally listed as best estimates by
General Electric are the most credible and should be used.
The effect of this change on the peak cladding temperature will be small, about five degrees according to
(emphasis added).
Exhibit 461 (60, P. 1125)
The SS2N test was run at a pressure of one atmosphere.
In practice,

the blowdown of the reactor steam supply system into an

intact containment vessel will induce equilibrium pressures greater
than one atmosphere within the reactor core during spray cooling or
reflood.

(A pressure of approximately two atmospheres is

Under these conditions,

expected.)

the SS4N test results (figure A8.11)

indicate

a general improvement would be expected in heat transfer characteristics
with increasing pressure.

These factors support the contention that

convective heat transfer coefficients

(based on SS2N results) should be

conservatively modeled.
To help ensure conservatism in
evaluation model,

channel quench times for the

the criterion require that calculated quench times
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for BWR channel box walls be augmented by an additional 60 seconds in
applying the model to calculate results for a LOCA.
As a general conclusion, it

appears that the FLECHT tests

have had many problems and weaknesses.

Critical zircaloy tests, such as

Zr2K for BWR-FLECHT and 9573 for PWR-FLECHT have been marred by problems
with malfunctioning test equipment,
data,

and inadequacies in

indeterminate and poorly evaluated

the analysis of results.

the "demonstrated defects" in

According to the CNI,

the BWR-FLECHT program were so extensive

that virtually no credence could be put in them.

It

must be acknowledged

that the shortcomings of the test program are sufficiently numerous
that they provide a potential-source of almost unending controversy in
evaluating the test results.

The ORNL comment,

previously cited, that

the quality of the tests was poor and conclusions relative to the adequacy
of core heating models derived from SS test results are uncertain appears
to be understandable,
ported results.

if

However,

somewhat extreme,

when compared with the re-

the broader conclusions of CNI that the tests

are totally inadequate to support development of conservative core spray/
reflood heat transfer analysis methods seem too extreme.

The tests do

demonstrate that the existing coolant application methods are capable of
inducing temperature turnaround under adverse conditions,
in excess of criteria temperature limits.

substantially

Even when temperatures exceeded

criteria limits and energy may have been delivered to rod bundles at
rates in excess of DBA design conditions,

the core spray and reflood

mechanisms were adequate to achieve temperature turnaround.
little

Furthermore,

substantial evidence was shown for "runaway" energy input to the

fuel rods from M-W reaction in excess of the capability of the coolant
modes --

as long as criteria temperature limits to the thermal excursions

were reasonably well maintained.
However,

as indicated in figures A8.4 to A8.6,

the current

BWR numerical analysis method did not provide completely conservative
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analyses of the temperature extremes for the zircaloy tests.

Although

predicted peaks were generally greater than measured values,

they were

not consistently higher.

In

fact,

on the basis of evaluations using

100 percent Baker-Just M-W reaction rates,

approximately 15 percent of

the predicted peak temperatures for tests Zr2K, Zr3M and Zr4M were
lower than their measured values.

This number appears too high for an

adequately conservative evaluation model.

Moreover,

there is

substantial

uncertainty with respect to estimation of the time of temperature
around.

Though the weaknesses in

turn-

calculational time histories may have

resulted from too rigid a dependence upon the details of the SS2N heat
transfer coefficient-time histories in
the-uncertainty in

application to the zircaloy tests,

prediction of peak temperatures and turnaround times

for these tests does not create great confidence in

the. evaluation

model's adequacy.
Consequently,

though it

would appear that conservative core

spray and reflood heat transfer analysis methods may be derived from
FLECHT test results,

the evidence is

completely conservative results.

weak that current models will give

In fact,

the Commission's AC opinion

states that:
The accuracy of the FLECHT-determined heat transfer
coefficients has been examined several times.
(Cf, the review in the Babcock and Wilcox Concluding Statement, pp.
202-204.)
Westinghouse estimated a possible uncertainty
of 12% in the coefficients.
(Trans. page 6878.)
The
Aerojet Nuclear Company concluded "that the FLECHT data
currently represent a best estimate of the heat transfer
that will occur in a large undistorted core."
They also
concluded that an allowance of up to 20% may be needed
"to bound the data due to experimental and inferential
errors."
(Exhibit 1113, p. 17-14.) The Commission approves of the use of the FLECHT data for calculating PWR
reflood heat transfer, but notes that these will be more
nearly "best estimate" calculations than bounding calculations (60, p. 1124) (emphasis added).
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Thus the questionable conservatism associated with BWR-FLECHT calculated
reflood heat transfer results is

acknowledged.

Similar difficulties are

acknowledged with BWR-FLECHT heat transfer coefficients.

The Commission's

AC opinion states:
The BWR-FLECHT convective heat transfer coefficients
were determined from the residue of a thermal balance
after all of the known inputs and outputs were calculated.
The factors considered were the electrical heat input, the
rate of change of the heat content of the rods as calculated
from the temperature history, and the calculated radiation
from the rods to each other and to the channel walls.
The
residue from these inputs and outputs was ascribed to convective heat transfer.
The convective heat transfer coefficients so determined could not be very accurate because
their calculation involved taking the difference between
two large numbers.
The coefficients so obtained are
small and are about what one would expect from the mechanisms of natural convection and radiation to steam (Exhibit
1113, p. 16-14).
There has been a great deal of criticism of the
BWR-FLECHT tests, particularly by the Consolidated
National Intervenors (Exhibit 1041, Chapter 5), and both
General Electric and Regulatory Staff have defended them
(Closing Statements).
However, for the purpose of calculating the maximum cladding temperature, only the derived
heat transfer coefficients are of any great importance.
The values obtained have always been known to have a high
statistical
error; furthermore the values are low and
reasonable, and there seems little
to be gained by renewing the controversy over the manner of conducting and
interpreting all features of the tests.
The high but inevitable statistical
error of the
coefficients for the inner rods (1.5 + 1.0 BTU/hr-ft 2 -OF)
is bothersome and leads to an estimated error band of as
much as +200*F in the calculated peak temperature in some
circumstances (Exhibit 1113, p. 16-36).
The test bundle
SS2N was used to derive the heat transfer coefficients;
another test bundle SS4N, resulted in cladding temperatures 200*F higher than those of the bundle used as a
standard; one half of this discrepancy could be explained
by test differences, with the other half left to be attributed to statistical
variations
(Exhibit 1113, p. 16-38).
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errors in the
The problem of these large statistical
convective heat transfer coefficients is compensated
to some extent by the fact that the coefficients were
determined at atmospheric pressure, whereas the reactor
would be at some elevated pressure at which the heat
transfer would be improved (Exhibit ill, p. 16-26)
(60, pp. 1126, 1126) (emphasis added).
A large degree of uncertainty is

therefore acknowledged to

be associated with the use of FLECHT derived heat transfer parameters
in

estimating LOCA temperature histories.

Some additional work on

the analysis of the FLECHT data with respect to the application of
the data to the evaluation models would appear to be appropriate in
order to achieve greater conservatism.
by the AEC,

Additionally,

as recommended

some additional testing of current bundle designs under

design power level temperature excursions would be desirable as well
as more tests utilizing zircaloy rods and improved blockage simulation.
With these additional actions,

it

should be possible to demonstrate

conservatism of the core spray/reflood heat transfer evaluation models
sufficiently to satisfy the requirement of "reasonable men.`
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Thermal-Hydraulic Experiments
The initial thermal-hydraulic experiment (TH-1), using 32 fuel rods with
instruments attached, was performed in October 1980 and provided a database
for predicting the quenching 2 ýharacteristics of Zircaloy-clad fuel rods under
It was the first in the program. Twenty-eight
various reflood conditions. '
The
separate high temperature and pressure tests were included in TH-1.
specific objective of these experiments was to characterize the rates of
initial heat up, reflood and quenching for as-fabricated fuel rods that were
not deformed and not pressurized. The exact parameters for the experiments on
the expansion of fuel cladding to be performed later were determined from the
Experimental results
results of these experiments at high temperatures.
covered reflood rates of 1.88 to 28 cm/s and delay times to initiate reflood
of 3 s to 66 s. The results indicate that current analysis methods can
predict peak temperatures within 10% and the quench times measured for the
For reflood rates of 2.5 cm/s
bundle were significantly less than predicted.
where long quench times were predicted (>2000 s), measured quench times of
200 s were found.
The thermal-hydraulic experiment (TH-2) was the fourth experiment and was
conducted in October 1981, Used in it was a new thermal-hydraulic test bundle
with fuel rods sealed at atmospheric pressure that was reconstituted in the
In order to minimize the expense of
MT-1/MT-2 guard rod and shroud assembly.
the program, the test hardware was designed to be reused. Therefore, shroud,
heater rods and T-H test rods were used in more than one test. Deformed rods,
though, were never reused. Because used hardware was radioactive, handling
operations were performed remotely. The remote operations with the test
hardware located under about 2-im of water were performed efficiently with the
help of a specially designed, computer-controlled disassembly, examination and
This experiment included 14 separate tests at high
reassembly machine (DERM).
temperatures and pressures to determine the rates of reflooding necessary to
obtain a "flat-top" or extended transient from 1035 to 1105 K (1400 to
1525oF). The delay time and automatic control system used to control the
variable rate of reflood in this experiment demonstrated the capability of
holding temperatures above 1035 K (14000F) for periods of up to 280 s. The
test conditions approached steady-state boiloff.
Used in
The fifth experiment was thermal-hydraulic experiment 3 (TH-3).
it was the same test bundle used in TH-2; several new thermocouples (TCs) and
Several modifications were also made to the
a spray desuperheater were added.
control of the rate of reflooding and
to
improve
logic of the loop control
extend, the length of the flat-top transient. TH-3 was performed just before
MT-3 to verify the loop control system (LCS) and the data acquisition and
control system (DACS) instrumentation and operation. TH-3 and MT-3 were both
performed in November 1981. TH-3 also verified the power levels during test
assembly and the improvements to the DACS performance. The results of the
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TH-3 experiment that included three separate high temperature tests made it
possible to extend the time above 1035 K (14009F) from 280 s in TH-2.14 to
340 s in TH-3.03.
In addition, the transient temperature history was modified
to provide more two-phase cooling at the start of the transient' The addition
of the spray desuperheater to the TH-3 assembly controlled the temperature of
the exiting steam.
Material Expansion Tests
The first materials experiment (MT-1), i.e., the test on the expansion of
Zircaloy fuel cladding, was the second in the program and was performed in
April 1981, using a cruciform of 11 rodi pressurized to 3.21 MPa (465 psia)
and 1,ter
tube surrounded by 20 guard rods sealed at atmospheric pressure.('
The objective of this test was to assess the rate at which the
expanded cladding can be cooled, based on evaluations of the rates of heat up
and quenching and the measurements of post-test cladding strain. The delay
time and the rate of reflood were selected to duplicate one of the experiments
at high temperatures, specifically TH-1.10, in which the fuel cladding reached
a peak temperature of 1145 K (1600WF).
These conditions were achieved: 6 of
the,4) rods ruptured and all 11 pressurized test rods expanded significantly.'' The average peak rupture strain was 43%; the average time to rupture
was 43 s; and the average temperature at rupture was 1145 K (160°oF).
In the second materials experiment (MT-2), the third experiment in the
program, performed in July 1981, the MT-I guard rods and shroud assembly were
reconstituted underwater and reused with a new cruciform test bundle. One of
the objectives of the test was to perform a low-temperature, 1090 K (150W0F),
test using variable rates of reflooding. The 12 test rods were pressurized to
3.21 MPa (465 psia). A malfunction of the reflood system, however
esulted
in higher temperatures than desired and 8 of the 11 rods ruptured.\55 The
average peak rupture strain was 43%, the average time to rupture was 65 s, and
the average temperature at rupture was 1160 K (16259F).
The primary objective of the third materials experiment (MT-3), the sixth
in the program, was to determine the expansion and restrictions on the flow
channel for a flat-top temperature transient using pressurized fuel rods.
Peak temperatures of'the cladding were maintained above 1035 K (1400oF) for
180 s. The MT-3 experiment repeated the test conditions demonstrated by the
TH-3.03 test using a completely new test train with 12 fuel rods pressurized
to 3.9 MPa (565 psia) and 20 guard rods. All 12 test rods ruptured during the
active two-phase cooling regime. The average peak rupture strain was 46%, the
average time of rupture was 133 s, and the average temperature at rupture was
1070 K (1460°F).
The MT-3 experiment had a lower average temperature at
rupture and a longer time until rupture than any of the other materials
experiments because of the significant amount of reflood water that was
introduced early in the transient (the delay time for reflooding was 7 s).

a

The guard rods are unpressurized fuel rods that surround the periphery
(guard) of the test fuel rods to minimize radial heat loss from the test
fuel rods.
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The active strain region was spread over -2-m (10-in.) length, and no loss of
cooling because of coplanar blockage or liftoff was observed.
The fourth materials lgeriment (MT-4) was the seventh in the program and
Its primary objective was to evaluate the
was conducted in May 1982.
expansion and rupture of cladding during heat up in the temperature range from
1035 to 1200 K (1400 to 17000F) The 12 test rods in the 32-rod bundle were
initially pressurized to 4.62 MPa (670 psia) at 295 K (700F) to assure rupture
in the correct temperature range. The MT-4 experiment was most similar to the
MT-2 experiment; three differences existed: 1) MT-4 rods were pressurized to
4.62 MPa (670 psia), whereas MT-2 rods were pressurized to 3.21 MPa (465
psia); 2) After the temperature turnaround following the heatup transient, the
peak temperatures of the cladding were stWhilized to measure the characteristics of the heat transfer of the expanded and ruptured fuel rods, whereas
during MT-2 the peak temperatures of the cladding were not stabilized, and
3) self-powered neutron detectors (SPNDS) mounted on the shroud were moved to
grid elevations to minimize distortion of axial fission power, whereas MT-2
had the SPNDs mounted away from the Inconel grids. During the test all 12
test rods ruptured with an average peak rod strain of 72.1%. The active
strain region was spread over 0.189 m (7.42 in.), the average time of rupture
was 55 s; and the average temperature at rupture was 1094 K (1511]F).
The MT-4 experiment used a new cruciform bundle of 12 pressurized test
fuel rods and the guard fuel rods and shroud previously used in MT-3. Test
operations most closely followed the operating conditions of the TH-1.16,
during which cooling by reflooding was used to terminate the transient
Stabilized operations at the
temperature of the heat up at "1200 K (1700WF).
post-transient stage closely followed the operating conditions used in the
MT-3 experiment.
The results from MT-4 provided data on the expansion of the cladding on
full-length PWR nuclear-heated rods in the temperature range where crystalline
Zircaloy is still in the alpha, hexagonal close-pack phase for variable
conditions of reflooding. These conditions extended the existing data base on
the response of the cladding to high temperatures and pressures for LOCA
conditions not previously investigated by test programs that were conducted
out of a reactor. The MT-4 test series yielded valuable information on 1)
the control of quench fronts and two-phase cooling used for subsequent
experiments at high temperatures and pressures on materials and 2) the quench
characteristics of rods that were expanded as compared to rods that were not
expanded for the flow conditions covered in these experiments.
Data from MT-4 have been used in conjunction with previous test results
to assess Various calculational models for reactor safety analyses and in
conjuWion with conclusions derI•d elsewhere from electrically heated
smaller scale tests'' conducted in a reactor. The experimental
tests 'and
results of the program address 17 specific items outlined in the Code of
Federal Regulations, 10 CFR 50.46 and 10 CFR 50, Appendix K. These results
a

Liftoff is a thermal decoupling of the cladding from the fuel that
results in cooling of the cladding during deformation.
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have been used to provide additional data for model calibration and to help
define the primary mechanisms for heat transfer for new analytical models.
The major contributions of these tests to light-water reactor (LWR) technology
has been to quantify the uncertainty of the criteria for licensing and fer
the potential for raising the operating limits on some commercial LWRs.5'
The MT-5 test was proposed to the NRC but never approved. As proposed,
MT-5 would have been similar to MT-4 except that irradiated fuel rods would
have been used in this study of cladding expansion.

xi
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SUMMARY
Full-length high-temperature (FLHT) in-reactor experiments are being
performed by Pacific Northwest Laboratory (PNL) to evaluate degraded core
behavior and the progression of light water reactor (LWR) fuel damage
resulting from loss-of-coolant accidents. These experiments, which are part
of the U.S. Nuclear Regulatory Commission Severe Fuel Damage Program, are
being conducted in the National Research Universal (NRU) reactor, Chalk River,
Ontario, as part of the PNL Coolant Boilaway and Damage Progression (CBDP)
Program.
This report presents a summary of the FLHT-1 test operations. The test
was performed on March 2, 1985. In the report, the actual test operations and
data are compared to the planned operations and predicted test behavior. The
report also provides a brief description of the test assembly design and
instrumentation, the effluent control module, and the data acquisition and
control system. The report concludes with a summary and brief discussion of
the data collected during the test, and photographs from the post-test
examination.
The test plan called for a gradual temperature increase to approximately
2150 K (34000F).
However, during the test, the fuel cladding began to rapidly
oxidize, causing local bundle temperatures to rapidly increase from about
1700K (2600oF) to 2275K (3635oF), at which time the test was terminated.
Much
of the Zircaloy cladding in the central region (axially) of the 3.7-m-long
(12-ft) fuel bundle was heavily oxidized, and some Zircaloy cladding melted.
All objectives for the test were met. The key objective was to demonstrate that severe fuel damage tests on full-length fuel bundles can be safely
conducted in the NRU reactor.

V

4.0

TEST OPERATIONA

This section provides an overview of the operations that were planned for
the FLHT-1 test and of the operations that actually occurred. Information is
included on the test equipment installation, planned operations, and actual
operations.
The basic FLHT-1 test plan involved establishing a bypass flow through
the annulus between the test train shroud and the pressure tube to cool the
tube and maintaining the cold boundary necessary for the shroud to contain the
high-temperature test. Once the bypass flow was set, a test assembly power
equivalent to 0.524 kW/m (0.160 kW/ft) of fuel rod was generated by raising
the reactor power and calculating the bundle power using coolant calorimetry.
The water flow was then reduced to a value at which steam was exiting the
assembly. A series of flow reductions were to follow until conditions were
reached for which a predicted peak cladding temperature of 2150 K (34006F) was
calculated. The test was to then be terminated with no reflood flow; i.e.,
the test train was to be maintained dry, if possible.
The proposed operating conditions are summarized in Table 4.1. The time
required to progress through the flow steps was calculated to be between 6 and
12 h. The actual test events varied somewhat from the planned operations.
The actual operations are described in Section 4.3.
4.1

INSTALLATION AND CHECKOUT

Test installation involved inserting the test train Into the L-24 position in the NRU reactor, mounting the ECM, and making the necessary service

connections.

There were two piping systems for the FLHT-1 test. The first system supplied the bundle coo ant o the test train. This coolant passed through the
top closure, through the two bundle coolant lines, through four bundle coolant downcomer tubes, and then entered the bottom of the test train below the
fuel rods, The coolant exited the test train through the effluent line to the
ECM.
The bundle coolant entered the test train at the closure region. During
pretransient operation, it subcooled the test train so that the test train
power could be determined by means of a heat balance. The coolant was routed
to the loop catch tanks.
The second piping system--the bypass coolant system--received coolant
from the U-2 loop, measured it,and directed it up the annulus between the
L-24 pressure tube and the shroud. It then returned the coolant to the
U-2 loop.
Piping installation and checkout involved connecting the inlet and outlet
cooling lines, ensuring proper flows and flowmeter calibrations, and ensuring
leak tightness, The connections between the test train closure and the ECM .
were leak tested, These connections included the pressurization and pressure
4.1

ITABLE.L.1.

FLHT-l Test Nominal Operating Conditions
..

Flow Rate-

_ Value

-

Bundle coolant - calibration
Bundle coolant - operation

0.151 kg/s (1200 lb./h)
0,013 to 0.002 kg/s (100 to 16 lbs/h)

Bypass coolant

0.063 to 0,252 kg/s (500 to 2000 lbf/h)
S8 g/s (60 lbVh)

Desuperheater water
ECM condenser water
ECM chilled water

315 g/s (2500 lbyh)
i0.038 L/min (0.01 gpm)

ECM nitrogen

90 L/min (3.18 ft°/min) STP

Power
NRU reactor
Fuel rod - linear
Bundle

-4A neutron full scale
0.524 kW/m (0.160 kW/ft)
23 kW (22 Btu/s)

TemperAture
Peak fuel cladding
Peak shroud saddle interior
Bundle coolant inlet
Bundle coolant saturation
Bypasj ýnnlant inlet
Bypass coolant outlet
Bypass coolant saturation
Peak plenum
Peak plenum outlet

2150 K (3400°F)
425 K (3006F)
340 K (150oF)
467 K (3620F) at 185 psig
340 K (150BF)
365 K (200-F)
470 K (382'F) At 185 psig
1645 K (25000F)
645 K (700°F)

- Pressure
Bundl.e coolant
Fuel rod
Bypass coolant
MMPD cavity
Shroud insulation cavity
Plenum Insulation cavity

1.28 MPa (185 psig)
1.34 MPa (195 pslg)
1.28 MPa (185 psig)
0 MPa (0 pstg)
10 MPa (<O psig)
1O MPa (10 psig)

Total Coolant Reguired
Bundle coolant
Desuperheater

540 kg (1200 Ibm)
54 kg (120 lbm)

4.2

.

measuring lines for each of the fuel rods, the shroud insulation cavity, the
MMPD cavity, and the pressure transducer manifold (located inside the ECM).
Finally, the ventilation system for the ECM was connected. The required flow
conditions are shown in Table 4.1.
Once the test train was installed, the instrumentation cables were connected. Instrumentation was provided to collect data, control the test, and
provide appropriate safety trips. Each safety trip listed in Table 3.1 and
each controlled parameter listed in Table 4.1 was checked to ensure that it
functioned properly.
4.2

PLANNED OPFRATIONS

This section of text describing the planned test operations has been
extracted from the experiment operations plan for FLHT-1.
It is written in
future tense.
The FLHT-1 test will begin with pretransient operation to set the
reactor power to give the desired test assembly ower of 23 kW
(22 Btu/s). Once the power is set, the test wil be started through
its transient operation. The term transient is somewhat of a misnomer; operation will consist of a series of preplanned, discrete
flowreduction steps. The size and duration of each reduction is
selected to control the steam-Zircaloy reaction--and hence the temperature ramps and hydrogen generation rate.
PretrAnsient-Operation
Establishing the 23-kW (22 Btu/h) test train powpi will be accomplished by setting the bundle coolant flow rate to about 0.126 kg/s
(1000 lb,/h) and an inlet temperature of about 310 K (1000F). The
reactor power will then be adjusted to the 23-kW (22 Btu/h) level as
determined from the bundle flow rate and inlet-to-outlet temperature
difference, This difference is about 45 K (800F), which gives an
outlet temperaturo of about 355 K (180oF), well below the saturation
temperature of 467 K (3820F).
The exact values of the bundle coolant parameters are not critical; once they are set, however, their
values should be maintained constant. The reactor power necessary
to give a test train power of 23 kW (22 Btu/s) will depend on the
U-235 enrichment of the fuel; it is expected to be 4% to 6% of full
power,
Bypass cooling will not be needed during this time but will be
established at its initial value before the pretranslent operation
is started. Thus, it will be at the proper value when the transient
is started. It will always be on whenever the reactor is operating,

TranijenL~tJst
The transient test is started after the test train power is established, The start is accomplished by using DACS input to the LCS to
4.3

cause the bundle coolant flow rate reduction necessaryto give peak
cladding temperature of 925 K (1200°F)--well below the expected clad
rupture temperature of -1275 K (1800 0 F). The nitrogen flow into the
ECM will be at a pressure of about 1.28 MPa (185 psig). The test
train will then be drained until the liquid level is in the core
region. After the drain has been stopped, the crossover connection
and drain line will be capped. The bundle coolant flow will be
adjusted to the rate of the first planned step, and boildown of the
coolant will be allowed until a steady-state temperature and liquid
level are reached. The expected temperature and liquid level are
1300 K (19000F) and 183 cm (72 in.). Fuel rod rupture will probably occur during this step.
The bundle flow rate will then be decreased in a series of precalculated flow steps (Table 4.2).
The duration of the time between
steps is dictated by the time needed to reach near steady state and
also by the requirement that the Zircaloy-steam reaction be limited.
About 14 steps, each of about 1/2-h duration, are expected. The
last flow reduction step will be calculated to give a peak cladding
temperature of about 2150 K (34000F).
Bypass coolant will be maintained during the flow reductions. The
bypass system pressure will be maintained at 1.28 MPa (185 psig),
the same as the bundle coolant pressure, to minimize the possibility
of any leaks between the two systems. The bypass coolant inlet temperature will be •340 K (•1500F) and the flow rate will be adjustable between 0.063 kg/s (500 lbh) to 0.252 kg/s (2000 lb,/h). The
TABLE 4.2.

Expected Bundle Coolant Flow Steps for FLHT-1

Time, h
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.25
5.0
5.5
6.0
6.5
7.0
7.5
8.0

Bundle Coolant
Flow Rate
kgL
Ilb/h
31.8
15.7
14.0
13.1
12.2
11.3
10.5
9.9
9.4
8.9
8.5
7.9
7.4
6.9
6.3
5.8

4.4

60.0
34.6
30.7
28.8
26.8
24.9
23.0
21.8
20.7
19.7
18.7
17.4
16.3
15.2
14.0
12.8

flow will be adjusted to give temperature increases from inlet to
outlet large enough to allow reasonably accurate measurements of
heat losses. A maximum outlet temperature of less than 365 K
(2000F) is expected. This is well below the saturation temperature
of 467 K (3820F).
Test Termination
The prime criterion for determining the success and termination
point of the FLHT-1 test is achievement of a peak fuel cladding temperature of approximately 2150 K (34001F). Once conditions giving
this temperature have been reached, the NRU reactor will be manually
shut down. The bundle coolant flow will be shut off, but the bypass
coolant flow will be continued. This shut-down method will provide
the least thermal shock and therefore minimize post-test fuel bundle
damage. Nitrogen flow to the ECM for pressure control will be maintained, but dilution nitrogen may be stopped after hydrogen release
rates fall to negligible values.
4.3

TEST OPERATIONS

The data recording for the FLHT-1 test began at 8:10 a.m. on March 2,
1985. The NRU reactor was brought to low neutron power at 8:15 a.m. At
9:21 a.m., the DACS trips (safety circuits) were enabled and reactor power was
increased until the test fuel bundle power was 23 kW.
By 10:00 a.m., after the bundle power had stabilized, the type C thermocouples were showing temperatures below ambient; it became obvious that the
temperatures signaled by those thermocouples were in error. The test was
maintained at power while the test engineers discussed the unexpected readings. They concluded that the thermocouples had been wired incorrectly during
assembly of the test bundle. The DACS software was modified to accommodate
the wiring arrangement, and the test was resumed about 1:00 p.m.
4.4

UNPLANNED EVENTS

Unplanned events were experienced in establishing the initial steadystate condition with the liquid level in the top 0.6 m (2 ft) of the test
assembly. This step would have been followed by the first coolant rate reduction to about 16 kg/h (35 lb/h), which would have shown a peak clad temperature of about 1310 K (19000F).
Attempts to achieve the initial steady-state
condition were made by adjusting the bundle coolant flow.
When the first attempt to drain coolant from the plenum region above the
fuel rods was made, the coolant in the fuel region was essentially stagnant.
This coolant heated up rapidly, causing a "steam bubble" to form which then
rose to the top of the test train. To avoid premature damage to the fuel from
excessive temperatures, the drain was stopped and additional coolant re-introduced to the fuel. Unfortunately, this action left the test train in the same
subcooled state it was in before the drain began.

4.5

An additional problem was that the TDRs did not work as planned. The
steam condensed along the sides of the plenum and ran down into the TDR tubes,
causing faulty TDR readings. The drain was continued more cautiously, and
eventually the liquid level was near the top of the fuel. However, problems
with the control of the liquid level persisted, mainly because of steam condensation on the plenum walls.
The deviation from the expected FLHT-1 test progression is attributed to
refluxing. When the test was started, the approximately 4.6-m-long (15-ft.)
plenum above the fuel was cool--below saturation temperature. The steam coming from the test section condensed as it entered this cool region and fell
back into the test section. In effect, this refluxing provided a larger bundle coolant supply.
The excessive radial heat losses to the bypass coolant were attributed to
the condensation and refluxing. However, the measured heat losses were not
large; moreover, calculated radial heat flow when the inside plenum was at
saturation temperature was very small. Evidently, the plenum, closure head,
and vertical outlet piping acted as a heat sink. Eventually, they would have
heated until they no longer caused condensation and refluxing.
4.5

STEADY-STATE CONDITION

A steady-state condition, with the liquid level around the top of the
fuel, was never achieved. Instead, one of the many fluctuations in liquid
level caused by the refluxing and operator adjustment of drain and reflood
valves allowed the liquid level to drop well below the top of the fuel. This
low coolant level allowed the fuel rods to heat rapidly, until a rapid metalwater reaction occurred, resulting in high temperatures in the fuel region.
Typical cladding temperature behavior at one position in the assembly
during the test is shown in Figure 4.1. At about 60 to 70 min along the
abscissa, a temperature increase was started when the flow rate was about
9 kg/h (20 lb/h). The temperature increased until about 95 min and 1450 K
(21500F), at which time the bundle coolant rate was increased to 18 kg/h
(40 lb/h) to stabilize the temperature. However, the temperature rapidly
dropped to about 1060 K (14500F).
The bundle coolant flow rate was then
decreased through a series of steps to a minimum of 9 kg/h (20 lb/h). This
action stopped the temperature decrease and started another temperature rise.
When the temperature reached about 1475 K (22001F), the bundle coolant flow
was again increased to stop the temperature ramp. This led to a stabilized
condition. The flow was increased in steps and reached a maximum of about
15 kg/h (34 lb/h). These flow rates did not stop the temperature rise, and a
rapid metal-water reaction raised the temperatures rapidly until the test
director requested that the reactor power be reduced to zero power.
4.6

TERMINATION OF EXCURSION

The reactor power was decreased at approximately 17:11:07, 85 s after the
start of the excursion (approximately 131 minutes in Figure 4.1). The reactor
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FIGUR.1. Typical Cladding Temperature Behavior
reached 10% of the initial power approximately 35 s later and reached low
neutron level In another 30 s.
There were two indications at the time of the test that raised doubt that
the shutdown of the reactor had effectively terminated the temperature excursions. The first Indication was rising temperatures from bundle and liner
thermocouples that gave no ositive indication of failure. The second Indication was a rising hydrogen Tevel shown on the thermal conductivity hydrogen
monitor.
A review of the thermocouple data led to the conclusion that the temperatures were not rising after the reactor shutdown. Typical cladding, coolant, and liner temperatures immediately after the reactor shutdown are shown
in Figures 4.2, 4.3, and 4.4, starting at 17:12:00. The temperatures shown
are somewhat erratic and show noise (probably associated with some thermocouple

damage),

but the general trend is downward,

indicating an effective

shutdown.
Additional indications of an effective test shutdown are shown by the

saddle temperature, MMPD response, and bypass coolant power (radial heat loss)
after the reactor power shutdown. Typical data from these sources are shown
in Figures 4.5 through 4.7. All three of these indicators show steadily
decreasing temperatures. Table 4.3 is a summary of the events of the FLHT-1
test.
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TABLE 44.
Time

Sequence of FLHT-I Test Events (March 2, 1985)

-10:O0:0t

Event
Reactor to power, "7%

Remarks
Test assembly power a 23 kW
(22 Btu/s)

16:20:00

Temperature rise started

Flow - 0.0, small heat losses

< 1 kW (1 Btu/s)

16036:00

Rods ruptured

16:36:00

Temperature 1410 K (20809F)

Flow * 40 lb/h (5 g/s)

16:56:00

Temperature 1120 K (15580F)

Flow * 20 lb/h (2.5 g/s);
heat loss 8 kW (8 Btu/s)

17:05:00

Temperature "1420 K (21000F)

Flow a 20 lb/h (2.5 g/s)

17:09:50

Insulation cavity breached

17:09:90

Shroud inner liner fails

17:10:00

Excursion started -1700 K (26000F)

Flow

17:11:07

Peak temperature reached

2275 K (3635eF)

17:11:07

Reactor power reduction 2tarted

Fl ow a 35 lb/h (4.4 g/s)

17:11:44

Reactor power a 10% of initial
by SPND

17:12:14

Reactor at low neutron level

Saddle TC peaked at 750 K
(900"F) and 2.8 m (110 in.)
Flow * 0

17:18:01

Peak hydrogen generation rate

Coolant turned on Intermittently at 35 lb/h (4.4 g/s)

17:19:08

Minimum hydrogen generation rate

17:20:08

Peak hydrogen generation rate

17:24:00

Low hydrogen generation

4.11

0

30 lb/h (3.8 g/s)

5.0

TESTRESULI

During the hours the FLHT-1 test was underway, the DACS recorded over
17 million data points. These data were primarily temperature and pressure
measurements from instruments in the test assembly but also included control
information such as flow rates and valve positions from the LCS and the ECM.
This data is summarized in Section 5.1. It is also-compared with pretest
predictions. Graphs of the data are included.
Section 5.2 presents results from the post-test examination of the test
assembly, including photographs of the shroud, the shroud Insulation, and the
fuel bundle.

5.1 RECRDD ATA
The independent variables in this test were the bundle coolant flow rate
and fission power. The following are the dependent variables for which data
were collected:
,

cladding temperature

* coolant (steam) temperature
•

hydrogen concentration

* shroud liner temperature
* fuel rod rupture temperature and pressure
* radial heat losses through the shroud.
In addition, other data were collected for safety reasons; for example, bypass
flow data, MMPD information, and shroud saddle temperature data. Still other
data were taken to ensure controlled conditions. These data included system
pressure, reactor power, and nitrogen carrier gas flow rate.
5.1.1

Temoerature Measurements

The enormous amount of temperature data collected during the test will be
abstracted in this report to show important trends and to present specific
information such as the peak fuel temperature as a function of time, radial
temperature gradients, and axial temperature profiles.
The predicted temperatures for FLHT-1 are summarized in Figures 5.1, 5.2,
and 5.3. Figure 5.1 shows the predicted peak cladding temperature as a function of time into the test. Figures 5.2 and 5.3 show the predicted axial and
radial temperature profiles.
Figure 5.1 shows the "steps" mentioned in Section 4.2 (planned test operation). Figure 4.1 (referred to in Section 4.3) shows a "typical" thermocouples response during the test. Figures 5A4, 5.5, and 5.6 show "pseudo sensor" readings for the peak temperature region of the fuel, shroud inner liner,
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quenching and quench frontprogression have been interesting physical phenomena studied
intensively over the last two decades. Indeed, it is usually postulated that the core is
uncovered and overheats due to decay heat from the fission products and the energy stored
prior to LOCA during the so-called blowdown phase of a large break LOCA. In PWRs, the
core is recovered, i.e. the overheated rods are quenched and adequate heat transfer is
reestablished, by reflooding from below. Emergency core cooling (ECC) injection at the top
of the core, or combined top and bottom injection are, however, also practised in. certain
types of PWR. In BWRs, the hot fuel rods may be quenched by a spray that forms a liquid
film flowing down and cooling the rods as well as the walls of the "channels" containing the
rod bundles and also the water rods in the rod bundles, togetherwith bottom reflooding, due
to injection of emergency core coolant. Emergency coolant injection by bottom reflooding
creates a rising quenching front and upper head injection or core spray creates a falling film
sputtering front. Many experiments in the 70's and 80's [16] were done for understanding
and visualization of the reflooding front movement. Visual demonstrations with an
overheated, red-coloured rod enclosed in. a glass tube demonstrated clearly that quenching to
the saturated temperature takes place in a distance of a few millimetres.
Water is forced into the core by the emergency core cooling system (ECCS) via bottom
flooding (PWRs and some BWRs) or top spray (most BWRs) or by combined bottom and top
flooding (some PWRs) in order to stop overheating of the fuel rods and reestablish cooling.
Otherwise, cladding oxidation (Zircaloy-water chemical reaction) or clad melting and the
consequent release of radioactive fission products can occur. In general, based on bestestimate or conservative assumptions during design-basis accidents, the boundary and initial
conditions for reflooding tests can be established during the design-basis accidents. The
variation of some of the main parameters can be summarized as [16]: system pressure 0.1 1 .GMPa, flooding velocities 1.5 - 30 cm/s (including natural reflood velocities), mass fluxes
7 - 300 kg/m2s, heater rod peak power 0.7 - 3 kW/m. The description of the thermohydraulic
phenomena discussed below refers to design basis accidents with maximum clad
temperatures up to about 1200 K. Effects like enhanced cool-down by turbulent steam flow
above the two-phase region due to radiative heat transfer from clad to steam, which has a
significant impact at temperatures above 1500 K, are therefore not taken into account.
Reflooding refers to a particular mode of post-burnout cooling of a hot channel by refilling it
with coolant Quenching or rewetting of the hot surface occurs during reflooding. Quenching
refers to the transition from a mode of heat transfer characterized by total or almost total
absence of liquid contacts with the wall to one where the wall is essentially wetted by the
liquid. The heat transfer coefficient increases dramatically following quenching.
As a result of the high temperatures attained by the clad before the emergency coolant
arrives, water does not initially wet the hot clad surface. -Rewetting or quenching of hot
surfaces occurs when the coolant re-establishes contact with the dry surface. The surface
temperature corresponding to the achievement of liquid-solid contact is the rewetting or
quenching temperature. The temperatures of the fuel pellets and fuel clad are reduced by heat
conduction and convection to the coolant. As the coolant rises in a hot channel or in the
overheated nuclear fuel rod bundle, complex heat transfer and two-phase flow phenomena
take place and also the succession of regimes moves gradually up the rod bundle channels.
The hot surfaces along the channels experience in turn free- or forced-convection cooling by
steam, dispersed-flow film boiling, inverted-annular film boiling, transition boiling, nucleate
boiling, and finally single-phase convection to the liquid. In the boiling curve, quench front
propagation means a movement from the film boiling heat transfer mode through the
transition boiling to the nucleate boiling regime. In a quenching front, the axial temperature
gradient of the cladding may be so large that a significant part'of the beat in the unwetted
10

2.4

Relevance to Nuclear Reactor Safety

The rewetting characteristics of the overheated core after a large LOCA was one of the most
interesting research topics in the 70's and still has a significant influence on acceptance
criteria in licensing and probabilistic safety analysis (PSA). The main interest is related to
the maximum temperature in the core, but this turn-over temperature is determined by the
liquid dispersed flow well before quenching. Depending on the amount of water available,
the cooldown takes place earlier or later.
The large temperature gradient in the cladding gives rise to a mechanical stress on the
cladding and it may affect fuel damage and radioactivity leakages. The rapid temperature
an effect on system
drop is also associated with strong steam generation and this may have
characteristics including:
- liquid entrainment rate
- counter current flow limitation in the upper tie plate
- steam binding in the steam generator
- multi-dimensional flow distribution in the core.

3.

QUENCH EXPERIMENTS- HIGH TEMPERATURE PHYSICOCHEMICAL-MATERIAL BEHAVIOUR

This section provides a review of the integral and separate-effects bundle experiments relevant to
the reflooding of a damaged reactor core during a severe accident The main features of the
integral and separate-effects experiments are presented in Tables 1 and 2 respectively.
3.1

INEL Experiments

Two Idaho National Engineering Laboratory (INEL) experiments, OECD LOFT LP-FP-2 and
PBF SFD-ST, contribute to the general data base on the quenching of hot, damaged bundles. The
LP-FP-2 experiment was the last, and final, experiment conducted in the Loss of Fluid Test
(LOFT) facility at the INEL. This experiment, simulating a V-sequence LOCA scenario with a
break in the Low Pressure Injection System (LPIS).line, was unique in a number of ways. The
experiment was performed in the large scale (1/50 volume of a full-sized PWR) LOFT facility
which was designed ýto represent the major component and system response of a commercial
PWR. The experiment utilized a representative core with nine reduced length, 1.67 m, PWR
assemblies. The central assembly, isolated firom the remainder, of the core by an insulated shroud,
consisted of 11 Ag-In-Cd control rods, 100 fuel rods, and 10 instrumented guide tubes. LP-FP-2
is the only experiment with a combination of decay heating, severe fuel damage, and bundle
quenching [15]. PBF SFD-ST was the first bundle heating and melting experiment conducted
after the accident at TMI-2. It used a 0.91 m long bundle.of 32 fuel rods. SFD-ST is the only
experiment with combined fission heating, severe fuel damage, and bundle quenching with water.
The LP-FP-2 experiment subjected the LOFT core to a rapid blow down transient, with the core
heating up to a maximum temperature of -2400 K prior to reflood. The initial heating rate in the
central assembly was -1 K/s with an onset to rapid oxidation at a temperature near 1500 K. The
peak temperatures in the central assembly remained above 2100 K for -250 s prior to reflood.
The SFD-ST experiment was a boildown transient -with the bundle maximum temperatures
estimated to be between 2670 K and 3100 K prior to reflood.- The initial heating rate in the
bundle was -0.5 K/s. There was no apparent transition to rapid oxidation until peak bundle
13

temperatures exceeded 2100 K, with the slow initial heating rate intended to completely oxIdize
the bundle prior to reaching a temperature where the Zircaloy cladding would melt. However, as
peak temperatures near 2100 K were reached, the oxidation heat generation, in combination with
an inadvertent reduction in bundle liquid level, resulted in the rapid heating and melting of the
bundle.
In both experiments, the reflood phase resulted in dramatic increases in hydrogen production,
fission product release, and bundle damage. In the case of LP-FP-2, it is estimated that more than
75% of the total hydrogen was produced and. a majority of the fission products was released
during reflood and quenching of the core. Peak temperatures also increased from 2400 K to
above 2800 K, the fuel and oxidized' cladding melted, a substantial flow blockage was formed,
and significant damage to the upper core plate occurred during this phase. In the case of SFD-ST,
it was not possible to determine whether bundle temperatures increased during reflood since the
bundle had already reached peak temperatures near the melting point of the fuel. However, it is
estimated that over 50% of the total hydrogen was produced during reflood [15].
3.2

CEAIIPSN Experiments

Severe Fuel Damage experiments in light water reactors have been performed in the in-reactor
PHEBUS SFD programme to study the early phase of core degradation (T ý< 2800 K, no
significant loss of rod geometry) using fresh fuel [8], [21], [22]. The current PHEBUS FP
programme is aimed at studying, regarding the core behaviour aspect, the core degradation and FP
release for irradiated fuel in later phases of core degradation including large-scale fuel liquefaction
and loss of rod geometry [23], [24], [25].
The impact of the quenching phase using liquid water was not directly investigated in the
PHEBUS SFD tests but the test: B9R enabled study of the continued oxidation of rods previously
degraded by a transient characterised by significant oxidation followed by a cooling phase.
Additional data were also obtained on the oxidation and fuel cladding fragmentationof oxygenembrittled cladding induced by a rapid final cooldown simulated by a high steam flow rate
injection [8], [26], [27].

The main characteristics and results of the PHEBUS SFD B9R test are:
Due to an operating incident this test was carried out in two independent parts named
B9RI and B9R2.
The B9RI part was characterised by steam-rich conditions and a continuous cladding
heat-up (maximum temperature of 1800 K) ended by a final cooling phase. (1 to 2 K/s).
This B9R1 transient was similar to the first B9 test of the SFD programme which gave
valuable and precise information on the final clad oxidation and ZrO2 layer cracking.
The second part named B9R2 involved five phases:
(a) an initial heating phase in pure helium up to 1000 C,
(b) a first oxidation phase in steam-rich conditions (maximum temperature about
1900 K) characterised by an unexpected high oxidation escalation in the upper
bundle zone (20 to 30 K's),
(c) an intermediate cooling phase (2 K/s to 0.3 KIs) resulting from both a reactor
14
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literature review (BWR-4 and PWR plant; LBLOCA, SBLOCA and TMLB'transients). Specifically, the plant
conditions relate to the maximum temperature at the onset of reflood, the axial and radial temperature
gradients, and the oxide thicknesses (up to a few hundred pim). The latter depend for example on the prior
temperature history (such as heatup rate) and the timing of the reflood after core uncovery, with delayed
reflood tending to more oxidation. The waterside corrosion during normal operation (up to about 30 pm for
modern PWR cladding) forms only a small part of the oxidation at this stage, most would have normally
occurred in the reactor transient before the main reflood commences. In the QUENCH facility, the desired
oxidation state at reflood was produced by using a "preoxidation" phase where necessary, calculated to give
the required maximum oxide thickness; this could be checked by withdrawing a small diameter solid test
specimen at temperature before reflood commenced. The most important parameter that cannot be simulated
in the facility in the system pressure, which can be up to 70 bar at the time of reflood, whereas the rig operates
essentially at atmospheric pressure.
The two main quench tests 01 [6] in the COBE programme (preoxidised to a maximum 300 gm oxide
thickness, quenched from 1870 K) and 02 (not pre-oxidised, quenched from 2270 K) followed an extensive
series of commissioning tests [7] in bundle 00 which was terminated by a quench test from an estimated
temperature of 1750 K with an estimated 500pm pre-oxidation. Following the conclusion of COBE, two more
quench tests were performed; test 03 which was similar to 02 but with a higher heat-up rate and with reflood
starting at a higher temperature, and test 04 in which a non-pre-oxidised bundle was cooled by cold steam
injection after the temperature excursion had started.
In summary, the results from the four main tests were as follows:
" QUENCH-01: The pre-oxidised bundle, heated up at 0.5 K's, appeared to quench steadily during reflood
(started at ~1870 K) with no evidence of any temperature excursion or excess hydrogen production (8-9 g
associated with the transient plus reflood phase compared with 26-30 g in the pre-oxidation phase). The
bundle was severely oxidised in the top third with large cracks in the embrittled clad, but the shroud was
intact and undeformed. The maximum hydrogen concentration in the Zircaloy was 5 at%;
" QUENCH-02: The non pre-oxidised bundle, heated up at 0.45 K's rising to 0.9 K/s, showed strong
temperature excursions and substantial excess hydrogen production in the reflood phase (started at 18701970 K), where most (170 g) of the 190 g total hydrogen was detected. There was severe oxidation and
embrittlement of the rod claddings with localised melt formation and relocation in the top quarter of the
bundle, and some damage to the shroud. The maximum hydrogen concentration in the Zircaloy was 15
at%;
* QUENCH-03: The non pre-oxidised bundle, heated up at 0.6 K's rising to 1.3 K/s, and with the reflood
phase starting at 2070 K, showed similar temperature, melt and relocation behaviour to QUENCH-02. The
damage to the shroud was more severe than in the previous test, and there was again strong hydrogen
production in the quench phase. However there were disagreements amongst the instrumentation
concerning the amount produced. The most reliable value for the total amount of hydrogen produced is
142 g, of which 123 g was detected in the quench phase;
" QUENCH-04: This test was also perfomed without pre-oxidation. The bundle was heated at 0.5 K/s rising
to 1.5 K/s, and a temperature excursion started at 1560K. The steam cooling phase started at 2100K, this
led to immediate rapid cooling of most of the bundle. At two elevations (two thermocouple positions) the
excursion slowed, then continued to 2300-2350 K before the rapid cooling supervened. There was little
hydrogen generated in the cooling phase, about I g out of a total of 12 g measured overall, this was
consistent with the very limited continuation of the excursion following the rapid steam injection.
A notable feature of the experiments was the occurrence of temperature excursions starting in the unheated
region at the top of the shroud, from temperatures of 750-800'C, which is more than 300 K lower than
excursion temperatures associated with runaway oxidation by steam. FZKA have postulated that these
excursions are driven by the exothermic hydriding reaction of Zircaloy in the shroud. This would suppose that
9
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the oxide layer which normally protects against hydrogen uptake is either absent (possibly absorbed into the
metal under very steam-starved conditions as the excursion proceeds), or is defective in some way which
allows hydrogen to diffuse in readily. This point has not yet been resolved. CEA/IPSN report that similar low
temperature excursions have been seen in the Phebus C3 experiment, but no detailed data are yet readily
available.
The heavily oxidised commissioning bundle showed no excursion when quenched from about 1770 K, but
data here are sparser since much of the instrumentation had by then ceased to function (the aim of the
commissioning experiments was mainly to test the facility, not to generate quench data per se). However, the'
overall behaviour appeared similar to that in QUENCH-0 1.
Post-test examination of the bundles has been performed for the commissioning test [7] and for QUENCH-01
[6], and is under way for the two later tests. Detailed post-test calculations using SCDAP/RELAP5 in
particular have been performed within the framework of COBE, and accounts of these are included in the
project's final report, which at the time of writing was not openly available (some general remarks are included
in the section on the codes SCDAP/RELAP5, ICARE/CATHARE and KESS below). While the main focus of
the analysis has been on material behaviour, the experiments also provide valuable information on thermal
hydraulic performance under beyond design basis conditions, an area previously identified [1] as one where
data are sparse.
Plans are being drawn up for possible new experiments during the next three years. These include further tests
using steam cooling, faster flooding, effect of PWR control rods, effect of boron carbide absorber material, use
of VVER-specific materials etc. Up to now, no quench experiment with VVER-specific cladding, where
reflood follows the onset of an oxidation excursion, has yet been performed, so the performance of such a test
would fill a gap in knowledge. At the time of writing FZKA had been invited to submit one of the new
proposed tests as a candidate for an International Standard Problem.
3.1.2

Single rod tests and hydrogen uptake measurements

An extensive series of single rod tests is in progress at FZKA [8],[9] using short samples of Zircaloy tubing
quenched over a wide range of pre-oxidation and cooling conditions. The initial series employed water quench
(more prototypic of a core in general) while the second used steam cooling (thermal hydraulic conditions
easier to analyse, and representative of the top of a reactor core). These series used argon/oxygen for the preoxidation phase, which does not give the hydrogen absorption by the Zircaloy metal that arises in steam
oxidation. When the importance of the latter was fully realised, the second series was repeated with preoxidation in steam, and a fourth series will repeat the first similarly. While the radiative heat losses are high so
that temperature excursions are not observed, deviations from monotonic cooldown behaviour and hydrogen
production can be observed which can be correlated with the post-test condition of the specimens. The single
rod experiments are supplemented by measurements of hydrogen absorption kinetics and saturation values for
Zircaloy at high temperatures where no data were previously available. No difference in the behaviour of
Zircaloy and Zrl%Nb in this respect were observed (see [10] for Hungarian data on the binary alloy).
Some main findings from the experiments are:
" the mechanical behaviour of the oxidised cladding depends on the quench temperature, quench medium
and the extent of pre-oxidation;
* through-wall crack formation is observed, leading to oxidation of the remaining metallic parts of the
cladding tube, increasing hydrogen generation;
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