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ABSTRACT

A simple model (ZIRCOX) has been developed to calculate the extent
of oxidation of Zircaloy cladding in the vertical furnace tests conducted
at ORNL. The model is based on the fact that the oxidation of Zircaloy
is governed by the parabolic rate law. By introducing the equivalent
time t*, the model is able to handle nonisothermal oxidation as well as
isothermal. “

The degree of cladding oxidation and H, production were calculated
using three sets of rate constants for the Zircaloy oxidation, and these
results were compared with those measured experimentally. The calculated
results showed excellent agreement with the experiments. The rate con-
stant for Zircaloy oxidation that gave the best agreement was one based
upon combined Pawel et al. and Prater and Courtright data.

The temperature difference between the cladding and the zirconia
furnace tube liner was estimated by the HEATING6 heat transfer program

and was found to be ~50 K for the maximum oxidation rate.

The heating atmosphere during test VI-1 was also evaluated in terms
of the oxygen potential,
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STEAM OXIDATION OF ZIRCALOY CLADDING IN THE
ORNL FISSION PRODUCT RELEASE TESTS

Toshiyuki Yamashita
1. EXECUTIVE SUMMARY

The objectives of this report are (1) to describe the results of
three tests that were performed to examine the oxidation of cladding and
the resultant hydrogen production and (2) to present a description of the
method that has been developed to evaluate the extent of oxidation of
Zircaloy cladding in the vertical furnace tests. The comparison of the
results obtained from the tests with the model calculations are also
included.

In test VI-3, reported in Sect. 4.1, oxidation of Zircaloy cladding
was performed in a steam-starved environment. The cladding was not oxi-
dized uniformly: the degrees of oxidation of the top, middle, and bottom
of the cladding were measured as 19, 44, and 75%, respectively. The over-
all oxidation of the cladding was measured as 537 based on the weight
gain in the cladding specimen.

Tests VI-12 and VI-1 were conducted under highly oxidizing condi-
tions. In those tests, the variation of the hydrogen and carbon monoxide
(from graphite oxidation) production was measured as a function of run
time in addition to a measurement of their total amounts. Results indi-
cated that the oxidation of the cladding was completed in the second
20~min period, while the fuel temperature was kept at 2000 K.

The model for oxidation of Zircaloy cladding is described in Sect. 5.
It has been developed to calculate the extent of oxidation of the cladding
and resultant hydrogen production in the vertical furnace tests. The
model is based upon the fact that the oxidation of Zircaloy is governed
by the parabolic rate law. The important feature of this work is the
introduction of the "equivalent time t*" which makes it possible to
easily handle the nonisothermal oxidation process as well as the isother-
mal one.

In Sect. 6, the calculated results are compared with those obtained
from the experiments. The most important findings are:

l. By comparing the hydrogen production with that obtained experimen-
tally, it was found that the rate constant for Zircaloy oxidation
which gave the best estimation was one based upon combined Pawel
et al. and Prater and Courtright data (the PPC data). The Urbanic
and Heildrick data under-predicted the oxidation experiments at tem—
peratures above ~1800 K, and the Baker and Just data over—predicted
the Zircaloy/steam reaction in the temperature range between 1300
and 1800 K.

2. The oxidation model combined with the PPC data for the oxidation
rate constant predicted the experimental data very well.




3. The best fitting profile of cladding oxidation in test VT-3 was
obtained under conditions such that the steam supply rate was
0.55 L/min and the axial temperature gradient was ~75 K.

4. The temperature difference between the cladding and the surrounding
zirconia furnace tube liner was evaluated by using the HEATING6 heat
transfer computer program, because a large heat release from the
Zircaloy/steam reaction could increase the surface temperature of
the cladding. The results showed that the maximum temperature dif-
ference between the cladding and the surrounding zirconia liner was
~50 K.

5. The atmosphere during test VI-1 was estimated to be rich in steam.
For most of the test, the H2/H20 ratio at the furnace outlet was
<0.1 except for a short period in the run time between 49.and 54 min
where the H,/H,0 ratio was more than unity.

6. The oxygen potential of the atmosphere during the second and third
20-min periods of test VI-1 was evaluated to be in a range between
=100 and -150 kJ/mol which was low enough to reduce oxides such as
Cs,0, TeO, and Ru0, to their metallic states.

2. INTRODUCTION

Fission product release tests, which were sponsored by U.S. Nuclear
Regulatory Commission (USNRC), have been conducted at Oak Ridge National
Laboratory (ORNL) to clarify the release behavior of fission products
from LWR fuel under severe fuel accident conditions and have provided
experimental data for source term modeling.l~1l1 The fission product
release rates obtained in those tests were primarily correlated to the
temperatures at which the tests were performed to yield equations of the
form:

k = Aexp(-BT) or (1)
k'= A'exp(~-B'/T) , (2)

where k is the fission product release rate coefficient; A, A', B, and
B'are constants which are determined by experiments, and T is the abso-
lute temperature.

However, there are several factors that affect fission product
release other than the heating temperature. Three of the more important
ones are (1) fuel burnup, (2) linear heat rating, and (3) the atmosphere
surrounding the test fuel. The nature of the atmosphere is closely
related to the oxidation of fuel cladding and varies considerably in the
course of the experiment because of the change in the Zircaloy/steam
reaction rate. Oxidation of the cladding and fuel affects fission product
behavior in several ways:



l. Hydrogen, which is produced by the Zircaloy/steam reaction, affects
the chemical form of the released fission products.

2. The amount of cladding oxidation affects the retention and release
of tellurium.

3. Oxidation or reduction of the fuel by steam or Zircaloy can affect
the release of fission products such as barium, strontium, molyb-
denum, and europium.

4, The extent of Zircaloy/U0, reaction (called liquefaction) is limited
by the amount of unoxidized Zircaloy available.

5. The heat released during oxidation increases the cladding and fuel
temperatures.

The main objective of this work was to develop a method for calcu-
lating the extent of oxidation of Zircaloy cladding in the vertical
furnace tests so that the resulting chemical effects on fission product
release, retention, and chemical form could be better understood. This
report provides a description of the cladding oxidation tests, the clad-
ding oxidation model in the vertical furnace assembly, and a comparison
of the results obtained in the experiments with those obtained by calcu-
lations.

3. EXPERIMENTAL PROCEDURE
3.1 APPARATUS

A schematic diagram of the experimental apparatus which was used in
the Zircaloy cladding oxidation tests is illustrated in Fig. l. It con-—
sists of (1) a vertical furnace assembly, (2) fission product collection
trains, and (3) an effluent gas analyzing system. A fuel specimen with
a Zircaloy sheath was vertically positioned at the center of the zirconia
furnace tube liner as shown in Fig. 2. A graphite tube surrounding the
furnace tube liner was used as an induction coupling-susceptor to uni-
formly heat the clad fuel specimen. Temperatures of the furnace tube
liner surface were measured at two different locations by use of a two-
color optical pyrometer connected to an optical fiber and a disappearing
filament-type optical pyrometer. A carrier gas mixture of helium and
steam was supplied from the bottom of the furnace tube.

Details of the fission product collection trains and an effluent
gas analyzing assembly are shown in Fig. 3. The effluent gas, which
was a mixture of helium, steam, hydrogen, and carbon monoxide, was
dried by an ice-bath-cooled condenser and a dry-ice-cooled freeze trap
in the hot-cell cubicle. Hydrogen was formed in the furnace by the
reactions of steam with the Zircaloy cladding of the fuel specimen and
with the graphite susceptor. Carbon monoxide was also generated by the
steam/graphite reaction. The barrier that restricts steam flow into the
susceptor region has not been very effective. These reactions are
described by the following chemical equations:
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Fission product collection trains and an effluent analyzing



Zr + 2H,0 = Zr0, + 2H, (3)
and
C + Hy0 = CO + Hy & (4)
The effluent gas, less the steam, subsequently passed through a stainless
steel tube containing copper oxide heated at 720 K, which converted the

hydrogen and CO to H,0 and CO, as indicated by the following reactions:

Cu0 + H2

Cu + H,0 (5

and

Cu0 + CO Cu + CO, (6)
Further downstream, the converted effluent gas was passed through a
condenser to condense the steam from the reaction shown in Eq. (5) which
was collected in a calibrated conductance cell cooled at 278 K. By
measuring the change in conductivity of a known volume of 0.01 M H3PO,
caused by the incoming condensate, the hydrogen produced from the reac-
tions shown in Eqs. (3) and (4) could be measured with time. The total
hydrogen was checked at the end of the test by measuring the decreased
weight of the CuO cell. The CO, was continuously monitored by a cali-
brated infrared analyzer and then collected by an Ascarite trap and
weighed. As can be seen in Eq. (4), the measurement of CO as CO, was
also a measurement of the hydrogen produced by the steam/graphite reac—
tion. By subtracting this amount of hydrogen from the total hydrogen
(as measured with the conductivity cell), the quantity of hydrogen
produced from the steam/Zircaloy reaction could be determined with time.

A data acquisition system (Fig. 4) was used to record the data at
l-min intervals. Several individual chart recorders were used to con-
tinuously record temperatures and flow rates. A detailed description
of the vertical furnace apparatus has been given elsewhere.l1?

3.2 SPECIMEN

The test specimen was either a 15.2-cm-long Zircaloy tube containing
unirradiated U0, pellets or a 15.2-cm-long section of an irradiated fuel
rod from Oconee Unit One reactor. Zircaloy end caps were placed on the
ends of the specimens. Schematics and the characteristics of these
specimens are shown in Fig. 5 and in Table 1, respectively.

3.3 TEST CONDITIONS
Specimen temperatures, heatup rates, and nominal gas flow rates for

the three cladding oxidation tests are summarized in Table 2, and tem-
perature histories are shown in Fig. 6.
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Table 1. Test specimen characteristics

VI-3 VI-12 VI-1
Cladding tube
Length, mm 152.4 152.4 152.4
OD, mm 10.92 10.92 10.72
ID, mm 9.58 9.58 9.48
Weight, g 21.64 21.67 19.45
End cap (top)
Length, mm 9.53 9.53 9.53
OD, mm 12,58 12,58 12,70
ID, mm 10.92 10.92 10.72
Weight, g 2,42 2,43 3.02
End cap (bottom) outer cap
Length, mm 12,65 12.65 10.32
OD, mm 12.58 12,58 14.29
ID, mm 10.92 10.92 12,70
Weight, g 3.95 3.95 5.69
inner cap
Length, mm - - 9.53
OD, mm - - 12.70
ID, mm - - 10.72
Weight, g - - 3.02
Table 2. Summary of operating data
VT-3 VT-12 VI-1
Specimen temperature, K
At start of heatup ramp 500a 500 500
During first 20-min period 1480b 1390 1410
During second 20-min period 1973 2000 2020
During third 20-min period - 2280 2300
Heatup rate (K/s) 1.0 0.8 1.0
Nominal gas flow rate, L/min
He into furnace 0.50 0.78 0.80
Steam into furnace 1.2 2.0 1.8
Total Hy, generated, mol 0.496 2,098 1.961
Total CO generated, mol 0.147 1.492 NA®
Weight loss of Cu0O, g 10.41 NA NA
Weight gain of fuel specimen, g 4,904 NA NA

aHeating period was 4 min.
Heating period was 3 min.
°NA = not analyzed.
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4. EXPERIMENTAL RESULTS

4,1 TEST VT-3

Test VI-3 was intended to examine how uniformly the Zircaloy cladding
was oxidized under a steam—starved condition. A fuel specimen with a
fresh-surface Zircaloy sheath, as illustrated in Fig. 5(a), was heated in
flowing steam (1.2 L/min at 298 K) at a rate of ~1 K/s. After the speci-
men was oxidized at temperatures of 1480 K for 4 min and at 1973 K for
3 min, it was cooled to room temperature at a rate of ~0.8 K/min. The
temperature history is shown as curve A in Fig. 6.

Figure 7 is a photograph of the oxidized cladding after the test.
The bottom half of the tube was heavily oxidized but the upper half was
not. Samples of cladding were analyzed by neutron activation to deter-
mine the degree of oxidation. The results showed that the top, middle,
and bottom were 19, 44, and 75% oxidized, respectively.

The total hydrogen and CO generated in the furnace was measured by
the weight loss of the Cu0 bed and the weight gain of the fuel cladding
during the test and is summarized in Table 2. The oxidation of the
cladding was calculated in three different ways: (1) from the values of
total hydrogen and CO generated, (2) from the values of weight loss of
Cu0 and total production of CO, and (3) from the value of weight gain of
the cladding tube itself. The average axial oxidation calculations were
58, 59, and 53%, respectively. The first two values are slightly higher
than the last one, which should be a more accurate average oxidation
value. The higher average oxidation values can be explained by addi-
tional hydrogen production by the reaction of steam with the tantalum
sheath of the thermocouple that helped shield the thermocouple from the
induction field.

4.2 TEST VT-12

Test VI-12 was performed under fully-oxidizing conditions. The
amounts of hydrogen and CO formed in the furnace were measured con-—
tinuously in addition to measuring the total hydrogen and CO. A new
fuel specimen, similar to that used in test VT-3, was heated at a rate
of ~0.8 K/s with a steam supply rate of 2 L/min at 298 K. The tempera-—
ture history is shown by curve B in Fig. 6; the specimen was kept at
1390, 2000, and 2280 K for 20 min at each temperature. Although the
maximum test temperature of 2280 K greatly exceeds the melting tem-
perature of Zircaloy, 2098 K,l3 clad melting did not occur because the
cladding should have been completely oxidized during the two lower tem-
perature heating periods.

Measured accumulation and production rates of hydrogen from the
Zircaloy/steam reaction are plotted as a function of run time in Fig. 8,
together with the total hydrogen accumulation and temperature variation.
The hydrogen production rate shown in the figure is multiplied by the
factor 20 for easy comparison with the other curves. The production of
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hydrogen by the Zircaloy/steam reaction ceased after 63 min of run time,
which was in the second 20-min heating period. A small tailing in the
hydrogen production rate curve is attributed to the extra time needed to
oxidize the thicker walls of the Zircaloy end caps [see Fig. 5(a)]. A
considerable amount of hydrogen was also produced by the graphite/steam
reaction, especially during the highest temperature period.

4,3 TEST VI-1

Oxidation behavior of the real fuel specimen, which was cut from a
commercially—-irradiated fuel rod from the Oconee Unit One reactor, was
examined under conditons essentially identical to those of test VT-12.
The cladding was slightly oxidized during irradiation in the reactor and
the difference in the cladding oxidation behavior caused by the slight
initial oxidation was of interest. The heating conditions and tempera-
ture history are shown in the fourth column of Table 2 and as curve C in
Fig. 6, respectively. The heatup and cooldown rates were ~1 K/s. Unlike
in tests VT-3 and VT-12, cold charcoal traps were used in test VI-1 to
collect the krypton and xenon fission gas. Unfortunately, there was also
a partial holdup of the CO in these traps, which prevented useful infor-
mation about CO being obtained. This difficulty has since been circum-
vented by adding a continuous CO monitor before the cold trap and
measuring the CO after passing through a single cold trap.

The hydrogen production rate and its accumulation are plotted
against run time in Fig. 9. The temperature variation is also included
in the figure for better understanding. There are two peaks in the
hydrogen production rate curve — a sharp, short-period peak and a smaller
and longer-lasting peak. By comparing the total hydrogen accumulation
curve with that of test VT-12, it can be seen that the first peak is
mainly attributed to the Zircaloy/steam reaction, and that the second one
is presumably caused by the graphite/steam reaction. There is a flat
region between the peaks where the hydrogen production rate is constant.
As seen in the figure, the fuel temperature during this time period was
kept constant at 2000 K, Since the reaction rate of the graphite/steam
reaction is assumed to be constant at a single temperature, the hydrogen
accumulation in this period must have been produced mainly by the
graphite/steam reaction. If the hydrogen was produced by the Zircaloy/
steam reaction, the hydrogen production rate should have decreased with
heating time because the isothermal Zircaloy cladding oxidation is
governed by the parabolic reaction rate law.1%-16 The increased hydrogen
production at 77 min is presumed to be the result of a sudden increase in
the rate of leakage of steam into the graphite susceptor region. Steam
leakage into the susceptor region during test VT-12 was apparently much
less than during test VI-l.

5. THE OXIDATION MODEL
A simple method was developed to calculate the extent of Zircaloy

cladding oxidation and resultant hydrogen production in the vertical
furnace tests. The main concerns of the model are how much Zircaloy has
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reacted with steam and how much hydrogen has been generated. The product
of the Zircaloy/steam reaction is treated as ZrO%. Evaluation of the
detailed phase structure in the reaction product 7 and of the interaction
between the cladding and UO, fuell® are beyond the scope of the model.

5.1 OXIDATION KINETICS

It is widely accepted that the oxidation kinetics of zirconium
alloys such as Zircaloy-2 and -4 is described by the parabolic rate law
at temperatures above 1273 K in air or in steam atmospheres.l"‘_ls’w’20
In this model, the oxidation kinetics of Zircaloy in steam is assumed to
be described by the parabolic rate law over the whole temperature range.
until the cladding is completely oxidized. It should be recognized,
however, that parabolic rates for any of the kinetic parameters
describing the oxidation of Zircaloy are strictly applicable only for
"semiinfinite™ specimen geometry. To apply a parabolic rate for the con-
sumption of metal derived from this condition to the extended or complete
oxidation of a thin-walled tube is only an approximation. However, it
turns out that this model of the reaction kinetics is in good agreement
with the experimental data.

For isothermal oxidation, the parabolic equation is:

W2 = kt (7
where
W = the amount of zirconium per unit surface area oxidized
(kg/m?),
k = the parabolic rate constant, (kg/m2)2/s,
t = a reaction time, s.

The parabolic rate constant has the form
k = kg exp(-Q/RT) (8)

where both k3 and Q are constants, (kg/m2)2/s and J/mol, respectively,

R is the gas constant, 8.31 J/(mol K), and T is the absolute temperature,
K. Selected values for the constants kg and Q are listed in Table 3 and
the temperature dependence of k is shown in the Arrhenius plot in

Fig. 10, Data obtained by Pawel et al.l6é and by Prater and Courtright21
have been combined to cover the whole temperature range in some of our
calculations.

The amount of zirconium reacted cannot be calculated directly with
Eq. (7) if the parabolic rate constant changes during the oxidation cycle
as the result of a temperature change. The ZIRCOX model uses a stepwise
calculation that is easy to use in a spreadsheet program on a personal
computer. We usually calculate oxidation at 1l min intervals for our test
conditions. More frequent timesteps can be used for greater accuracy if
desired.




Table 3.

Selected values kO and Q for the parabolic rate constant
k = koexp(—Q/RT) for Zircaloy oxidation in steam

Temperature ko Q
Investigators range (K) (kgz/m“s) (kJ/mol) Reference
Baker and Just 1273 ~ mp 3.33E+03 190 14
Urbanic and Heidrick 1323 ~ 1853 2.96E+01 140 15
1853 ~ mp 8.79E+01 138
Pawel et al. 1273 ~ 1773 2.94E+02 167 16
Prater and Courtright 1783 ~ 2773 2.68E+04 220 21

81
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At each new timestep (timestep n), ZIRCOX calculages four different
quantities in this order: (1) k, using Eq. (8), (2) t* using Eq. (9),
(3) Wg using Eq. (10), and (4) the amount of steam consumed. The

] *
equations for calculating t° and W% are:

e = Wy /ky (9

*
W% = kp(ty + tp) (10)

tp = time at new k, required to form W,_;, s,

t, = time of the new timestep, s,

Wh—-1 = total mass of zirconium per unit area calculated to have
reacted at end of previous timestep, kg/mz,

k, = the parabolic rate constant at new timestep temperature,
(kg/m2)/s,

W, = total mass of zirconium per unit area calculated to have

reacted by the end of the new timestep, kg/mz.

This calculational procedure is unusual in that ZIRCOX does not calculate
directly the amount of zirconium oxidized in each time step. ZIRCOX
calculates the total amount of zirconium oxidized by making use of t;.
This technique derives from the assumption that (W2) in Eq. (7) can be
created by any combination of the product kt in Eq. (7). For each
timestep, we assume that (Wz_l) was formed at the new T,, k,, and tﬁ.

This technique is mathematically the same as obtained by summing the
individual products k,t, as follows:

W2 = E kity (11)
or )

W2 = Wi + kutp (12)
5.2 MODELING OF THE CLADDING SPECIMEN

A drawing of a typical PWR fuel specimen used in the cladding oxida-
tion tests is shown in Fig. l1(a). The fuel specimen has two tapered end
caps of Zircaloy. For simplicity of calculations, it is assumed that
these end caps have a uniform wall thickness and that there is no overlap
between the cladding tube and end caps, as shown in Fig. 11(b). Each
cladding specimen has 13 nodes — 2 for end caps and 11 for the cladding
tube. The reaction rate is calculated for each node.

5.3 STEAM BALANCE

A steam balance must be made at each node to determine if there is suf-
ficient steam for the oxidation reaction. We assume that the velocity and
concentration of steam have no effect on the reaction rate until the steam
is completely consumed. The amount of steam flow out from the ith node dur-
ing the nth time period (Qout,i,n) is the difference between the amount of
steam flow into the area and that of steam consumption on the node.
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Qut,i,n = Un,i,n ~ 2Awi,nSiMHzo/MZr ’ (13)
AWy n = Win -~ Wi n-1 » (14)
Win*= ki,n(t: + tn)l/2 ’ (15)

where

(wi,n) = total amount of Zr reacted per unit surface at end of the
nth period, kg/m?2,
Q = amount of steam, kg,
= time of the nth period, s,
S: = surface area of the ith node, m?2,
My, = atomic weight of zirconium, 0.091 kg,
*

t = effective time from Eq. (9), s.

At each node, the weight gain must not exceed the steam supply. The
surface area of the ith node, Sj, is given by:

where
my = weight of the ith node, kg,
C = correction factor for zirconium content, 0.985,
1; = wall thickness of the ith node, m,
d = density of zirconium, 6.50 x 103 kg/m3.

5.4 CALCULATION OF THE CLADDING OXIDATION

Cladding oxidation calculations were performed for tests VI-3, VI-12,
and VI-1 using three sets of Zircaloy oxidation rate constants.“‘iG’19
The Urbanic and Heidrick rate constant (U&H) is the lowest at high tem-
peratures (where the Zircaloy/steam reaction becomes significant), and
the combined rate constant of Pawel et al. and Prater and Courtright
(PPC) is the highest. Oxidation calculations using Baker and Just data
(B&J) were also carried out to compare the results with those of the
other two. Until recently, the data of Baker and Just have been used as
the standard for Zircaloy oxidation in evaluating postulated LWR acci-
dents.

Input data for the Zircaloy oxidation calculations are summarized in
Table 4. Since the temperature measurements were carried out at one
minute intervals, the time interval of each step is also one minute.

Temperatures were observed by means of optical pyrometers and were
corrected to the fuel temperatures through the following empirical
equations.22 The correction to the pyrometer for glass and mirror sur-
faces is given by:

T(true,K) = 1/[1/{T(meas) + 273.2} - 0.0000165] , (17)
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Table 4. Input data for Zircaloy oxidation calculation

VT-3 VT-12 VI-1
Steam supply rate, mol/min 2.25E-02% 8.18E-02 7.36E-02
Time interval, min 1 1 1
Weight, kg b
EC-1 3.95E-03 3.95E-03 5.69E-03
3.02E-03¢
CL~-1 to CL-11 1.97E-03 1.97E-03 1.77E-03
EC-2 2.42E-03 2.43E-03 3.02E-03
Surface area, m? b
EC-1 7.21E-04 7.21E-04 7.22E-04
4,6 1E-04°
CL-1 to CL-11 4 ,43E-04 4,44E-04 4.31E-04
EC-2 4 .42E-04 4,43E-04 4,61E-04
Limiting W value, kg/m2 b
6.44°
CL-1 to CL-11 4,37 4.37 4,03

aBest fit value. To be read as 0.0225.
For an outer end cap.
For an inner end cap.
where T(meas) is the observed temperature reading in °C. An additional
correction is needed to obtain the fuel temperature, since the spot on the
furnace tube liner viewed by the pyrometers is cooler because of radiant
heat losses. This correction is:
T(fuel,K) = 1.0191 T(true,K) + 42.52 , (18)
The temperature of each step is defined as:
Tp = (Tp=y + Tp)/2 , (19)
where T, = T(fuel,K),.
The degree of oxidation is calculated by:

0x(%) = 100 W/Wiim » (20)

where W is the amount of reacted Zircaloy per unit surface area, and Wiim
is the limiting reaction amount and is calculated by

Wigm = 13 d . (21)
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The hydrogen production rate (HPR)n at the nth period in mol/min is:
(HPR)p = (SSR) - Qoyut,EC~2,n > (22)
where

(SSR) = steam supply rate, mol/min,
Qout,EC—z,n = amount of steam f%gw—out from the EC-2 (end cap-2)
node during the n*" period, mol/min.

The computerized model is named ZIRCOX and is run on an IBM-PC.
Although the model was developed for the vertical furnace experiments,
the orientation of the fuel rod does not affect the calculation. The
oxidation of almost any shape of Zircaloy can be calculated with the
model.

A special version of the model, ZIRCOX-M, allows changes in Zircaloy
surface area and thickness that result from melting. This version has
been used successfully with tests that are not described in this report.

6. COMPARISON OF RESULTS
6.1 TEST VI-12

Results of experimental and calculated cladding oxidation in test
VI-12 are summarized in Table 5; the axial temperature gradient was not

Table 5. Results of experimental and calculated cladding
oxidation for test VT-12

Experiment vsn® B&J? ppc®
Time of complete oxidation
End cap, min 63d 68 59 55
Cladding, min NA 60 54 52
H; generated, mol 0.606 0.606 0.606 0.606
Peak H,/H,0 ratio 3.87 1.13 1.50 3.35
and time, min 48 45 4750 4749

%Urbanic and Heidrick data.
bBaker and Just data.
®Combined ORNL and PNL data.
NA = not analyzed.

taken into account in these calculations. Calculated cladding oxidations
in test VI-12 are shown in Figs. 12(a), (b), and (c¢) using the oxidation
rate constants of U&H, B&J and PPC, respectively. Since the steam supply
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rate was high enough not to cause steam starvation, the cladding was
oxidized uniformly and completely within the second heating period at
2000 K. 1In these figures, the curves with squares and pluses show the
oxidation of end caps and the cladding, respectively; the curve with the
diamonds gives the temperature history. In each case the oxidation reac-
tion was faster at temperatures above 1700 K. It took 3 to 8 min longer
for the walls of the end caps to be completely oxidized than it did for
the wall of the cladding tube because they were thicker.

Calculated hydrogen production rates are plotted in Fig. 13 together
with the rates measured experimentally. The experimental values are shown
as the curve with squares, the curves with pluses, diamonds and triangles
were calculated using the oxidation rate constant of U&H, B&J, PPC,
respectively. The PPC curve is in better agreement with the experiment
curve. The calculated Zircaloy/steam reaction rate, however, results
in an earlier completion of the reaction compared to the experiment.
Hydrogen accumulation curves are shown as a function of run time in
Fig. 14. Symbols are the same as those defined in Fig. 13. Again, the
calculated curve, which was obtained by using the PPC data, agreed well
with the curve obtained experimentally. Because of it's low oxidation
rate constant at temperatures above 1800 K, the U&H data give a low
hydrogen production rate, which results in underprediction in the hydro-
gen accumulation curve. On the other hand, the high oxidation rate of
the B&J data in the temperature range between 1300 and 1800 K causes an
overprediction in the hydrogen production.

6.2 TEST VI-1

Calculated and experimental hydrogen production rates for test VI-1
are plotted against run time in Fig. 15. The symbols are the same as
those used in Fig. 13. The curve calculated by use of the PPC data
agrees best with the first experimental hydrogen production peak, in
which hydrogen came mainly from the Zircaloy/steam reaction, as mentioned
earlier (see Sect. 4.3). The cladding oxidation during the test, as
calculated by using the PPC data, is shown in Fig. 16, together with the
temperature history. Since the EC-1 node had two end caps and a com-
bined, much—thicker wall than that of EC-2 [see Fig. 5(b)], it took
~2]1 min longer for the EC-1 wall to be completely oxidized than for the
EC-2 wall. There was a small temperature overshoot after ~54 min of run
time as is shown in the figure. This extra heat was probably caused by
the heat released from the exothermic Zircaloy/steam reaction. It is
estimated that the heat release at the peak region was ~360 W, which was
sufficient enough to cause ~50 K temperature difference between the sur-
face of the cladding and the surface of the zirconia furnace tube liner
where the temperature was being measured by optical pyrometers.

The difference in temperature between the surface of the cladding
and the surface of the zirconia liner was estimated by calculating the
fuel and cladding temperatures using the HEATING6 heat transfer computer
program23 with conditions such that the cladding and fuel are hotter than
the zirconia liner whenever the Zircaloy/steam reaction is occurring.

The zirconia liner and cladding temperatures are shown as a function of
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run time in Fig. 17. 1In this estimation, input data for heat release
from the Zircaloy oxidation were calculated by using the U&H oxidation
rate constant. The curve with the squares shows the temperatures of the
zirconia liner and is based on the optical pyrometer measurements. The
other curve shows the calculated cladding temperatures. The maximum tem—
perature difference between the curves is ~50 K. After 54 min of run
time, the cladding temperature was calculated to reach ~2100 K, which
exceeds the melting temperature of unoxidized Zircaloy. However, because
the degree of cladding oxidation at that time had reached 95% (Fig. 16),
only limited cladding melting could have occurred. Cross sectional
photographs of radial sections from test VI-1 fuel were taken and verify
that assumption as shown in Fig. 18, These photos show that the cladding
tube was completely oxidized and that there was little indication of
cladding melting or reaction between the cladding and fuel.

The atmosphere surrounding the fuel specimen varied during test VI-1
and was evaluated from results of the cladding oxidation calculations.
The hydrogen concentration (H,CONC),, in percent, of the nth period was
calculated by the following equation:

(H,CONC), = 100(HPR),/(SSR) , (23)
where

(HPR),, = H, production rate during the nth period, mol/min,
(SSR) = initial steam supply rate, mol/min.

Since helium in the carrier gas was not involved in the reaction, it was
not included in Eq. (23). The variation of hydrogen concentration is
shown as the curve with squares as a function of run time in Fig. 19.
After 49 min of run time, the hydrogen concentration exceeded 50% and
reached 1007 after 53 min. However, the period of a high hydrogen con-
centration lasted only 5 min and for the rest of the test it was <10%.

The oxygen potential of the test atmosphere was calculated by
Eq. (24):

G02 = RTl“(POZ) (24)
where

PO2 = partial pressure of oxygen, atm,

R = gas constant,
T absolute temperature.

The oxygen partial pressure of the system is connected with the HZ/HZO
ratio in the atmosphere as:

l“(POZ) = =2 1n(K) - 2 ln(PHz/PHZO) (25)

where K is the equilibrium constant for the reaction for the formation of
water. Figure 20 shows the estimated history of the oxygen potential of
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the atmosphere together with the oxygen potential curves for typical
fission product oxides.2%526 The bold line with arrows indicates the
oxygen potential of the test atmosphere. The oxygen potential during the
heatup to 2000 K was ~ =300 kJ/mol and was low enough to reduce the oxides
such as Cs;0, TeOp and RuOjp, but was too high to reduce the so-called
refractory oxides such as Zr0Oj;, SrO and BaO. The oxygen potential during
cooldown was ~ -100 kJ/mol — a value comparable to the free energy of
formation of Cs;0, TeO, and RuOj.

6.3 TEST VT-3

The calculated oxidation profile of the cladding and overall oxida-
tion can be compared with the results obtained in test VI-3. Results of
the degree of cladding oxidation and overall oxidation are summarized in
Table 6. By use of the oxidation rate constant obtained from the PPC

Table 6. Results of cladding oxidation in test VT-3

Oxidation degree (%) Overall
oxidation
CL-1 CL-6 CL-11 (%)
Experimental results a
Weight increase NA NA NA 53
CO and H,0 NA NA NA 58
Cu0 and H50 NA NA NA 59
NAADb 75 44 19 NA
Calculated results
WOATGE 95.1 44,6 26.0 55.7
WATGd 92.9 43,2 21.8 53.2

9NA = not analyzed.

bNAA = neutron activation analysis.
WOATG = without axial thermal gradient.
dWATG = with axial thermal gradient.

data, several calculations were carried out to fit the experimental
results by changing the values of the steam supply rate and the axial
thermal gradient of the cladding. The results that gave the best fit
were obtained when the calculations were made using the conditions

(1) steam supply rate of 0.55 L/min and (2) the axial temperature change
of the fuel specimen as ~75 K. The temperature profile change used in
the calculation is shown in Fig. 21, The temperature of each node was
determined by subtracting the profile values from the fuel temperature
shown by curve A in Fig. 6.

The calculated oxidation profile 1s plotted in Fig. 22, together
with three experimental values which were determined by neutron activation
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analysis. The horizontal axis gives the node numbers starting from the
upstream end (bottom) of the cladding tube and the vertical axis gives
the percent oxidation. Each curve shows the oxidation profile at the run
time indicated. For the first 16 min of run time there was slight, but
fairly uniform oxidation, along the whole tube. Then, the oxidation rate
increased and all the steam was consumed by the upstream half and no
steam was available for the downstream half. The curve with downward-
triangles shows the final oxidation profile and can be compared with the
experimental data indicated by circles. The agreement between them is
satisfactory though the oxidation of nodes C-1 through C-3 are higher
than the neutron activation value. Figure 23 shows the cross—-sectional
view of the cladding near the bottom end cap. A gray area in the
cladding is the ZrO, phase and the white area is the alpha-2r(0) phase.
The figure indicates nearly complete oxidation of Zircaloy cladding.

It is worthwhile to note that not all the steam supplied to the fur-
nace was used to oxidize the cladding tube. In the best fit calculations
for this test, the steam supply rate was reduced to 0.55 L/min from the
nominal value of 1.2 L/min. This rate means that about half of the steam
supplied was by-passed through the susceptor blanket region and reacted
with the graphite susceptor to produce additional hydrogen and CO. To be
able to evaluate the amount of steam that was available for the cladding
oxidation, it was essential to measure the total amounts of hydrogen and
CO (or C02) generated. Equipment to make these measurements was not in
place at the time test VT-3 was run. Changes in the induction heating
coil have been made to reduce the axial temperature gradient.

7. CONCLUSIONS

A simple model (ZIRCOX) has been developed to calculate the extent
of oxidation of Zircaloy cladding in the vertical furnace tests.
Calculated results were tested against the degree of cladding oxidation
and hydrogen production that were determined experimentally.

The following findings and conclusions were obtained from the
present study:

l. The calculated results represented the experimental data very well.

2. The rate constant for Zircaloy oxidation that gave the best calcu-
lated hydrogen production was one based upon the combined data of
Pawel et al. and Prater and Courtright. The Urbanic and Heidrick
data under-predicted the experiments at temperatures above ~1800 K
and the Baker and Just's data over—predicted the Zircaloy/steam
reaction in the temperature range between 1300 and 1800 K.

3. The best—-fitted profile of cladding oxidation in test VT-3 was
obtained under conditions such that the steam supply rate was
0.55 L/min and the axial temperature change was ~75 K.
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4. The HEATING6 heat transfer computer program showed that the maximum
temperature difference between the cladding and the surrounding zir-
conia furnace tube liner was ~50 K.

5. The atmosphere during test VI-1 was estimated to be fairly rich in
steam. For most of the test, the H,/H,0 ratio was <0.l except for a
short period in the run time between 49 and 54 min when the H2/H20
ratio was more than unity.

6. The oxygen potential of the atmosphere during the second and third
20-min periods of test VI-1 was evaluated to be in a range between
—-100 and -150 kJ/mol, which was low enough to reduce oxides such as
Cs,0, TeO, and RuO, to their metallic states.
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