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1. INTRODUCTION

Rapid cooling of the reactor pressure vessel during a transient or acci-
dent accompanied by high coolant pressure is referred to as pressurized thermal
shock (PTS).

Rapid cooling at the reactor vessel wall inner surface produces thermal
stresses within the wall. As lorq as the frrcture toughness of the reactor
vessel is high, overcooling transients will not cause vessel failure. However,
study1 showed certain older plants with copper impurities in vessel weldments
may become sensitive to PTS in a few years as the nil-ductility ..••ansition tem-
perature of the weld material gradually increases. The purpose of the thermal-
hydraulic analyses is to better understand the behavior of a plant during var-
ious kinds of postulated severe overcooling transients with multiple failures
of equipment and without operator corrective action. For each of these postu-
lated transients, the reactor vessel temperature distribution and stresses dur-
ing the transient and the conditional probability of vessel failure was calcu-
lated if tht transient should occur, to estimate the likelihood of PTS driving
a crack through the reactor vessel wall and to identify important event se-
quences, operator and control actions, and uncertainties.

The Nuclear Regulatory Commission (NRC) has selected three plants repre-
senting PWRs supplied by three vendors in the United States for detailed PTS
study. These are: Oconee-1 (Babcock and Wilcox), Calvert Cliffs-1 (Combustion
Engineering), and H. B. Robinson-2 (Westinghouse Electric). Oak Ridge National
Laboratory (ORNL) has identified several groups of transients with multiple
equipment failure and with no corrective operator action which could lead to
severe overcooling in these plants. It should be noted that these transient
scenarios were purely hypothetical and not necessarily probable. The tran-
sients were chosen to give as much insight as possible in a minimum set of cal-
culations to the effect of certain operator and equipment failures, even when
the probability of the combination of these failures was extremely low. The
thermal-hydraulic calculations for these transients were calculated at the Los
Alamos National Laboratory (LANL) and the Idaho National Engineering Laboratory
(INEL) using the latest versions of the TRAC-PWR and RELAP5 codes, respec-
tively. The Oconee-1 transients were divided between LANL and INEL, with some
transients common to both. The Calvert Cliffs and Robinson transient calcula-
tions were performed by LANL and INEL, respectively.

* This work was performed under the auspices of the U. S. Nuclear Regulatory
Commission. NOTICE
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Brookhaven National Laboratory (BNL) reviewed and compared the plant input
decks developed at LANL and INEL, and reviewed the calculation results. This
paper presents the results of the BNL review of the selected Calvert Cliffs and
H. B. Robinson calculations performed at LANL and INEL.

LANL performed TRAC calculations of thirteen transients and INEL performed
RELAP5 calculations of eleven transients. Input decks and steady-state results
for these calculations were reviewed and a quick preliminary review of all cal-
culations was also performed at BNL. BNL aiso selected six transients for each
plant and performed detailed in-depth review of the calculations of these tran-
sients.

In order to provide a quantitative review of these calculations, a simple
method has been developed to predict the primary system temperature based on
the mass and energy balances. In this approach, the whole reactor system, in -
cluding the secondary sides of the steam generators (SG) and the metal
structures, is lumped into a single volume anu the energy balance is applied to
that volume, However, separate mass balance equations are used for the primary
system and the secondary side of each SG. This approach assumes that the
temperature differences between the cold and hot legs of the primary loops and
between the primary and secondary sides of SGs are relatively small. I t was
shown that the primary temperatures calculated by both codes were indeed in
close agreement with those obtained by simple hand calculations for most
transients.

These balance equations are:
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where M, W, Q, h are total mass, mass flow rate, heat (or power) and enthalpy,
respectively and the subscripts p, s, m, HPI, c, BR, fw, st, d, pm, mis denote
primary, secondary, metal structure, HPI, charging, break, feedwater, steam-
line, decay, pump and miscellaneous, respectively.
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The primary and secondary pressures have been more difficult to analyze
with this simple approach, especially when the cold water is entering into the
pressurizer or the secondary sides of the SGs. Due to the significant non-
equilibrium effect, the pressure prediction depends largely on the condensation
or evaporation rate, which is difficult to estimate by simple analysis. Many
factors affect the condensation and evaporation rates, such as temperature of
the liquid and vapor, mass flow rate, mixing of the incoming water with the
bulk water, and the mode of heat transfer between the liquid, vapor and wall.
Therefore, In some transient calculations, attempts have been made to compare
the pressurizer water levels obtained by the codes and BNL simple calculations
instead of the pressures. It has been observed that the trend of the pressuri-
zer pressure calculated by the codes is very clorely approximated by the trend
of the water level in the pressurizer in many transients. Whenever possible
and applicable, calculation for the pressurizer pressure has been made based on
the adiabatic and/?r equilibrium assumptions. The adiabatic approach assumes
no mass and energy transfer between the liquid and vapor phases (no condensa-
tion or evaporation). The pressure thus calculated is expected to be the lower
bound of the actual pressure when the pressurizer is being emptied and the up-
per bound when the pressurizer is being filled. On the other hand, the equili-
brium approach assumes that the phases are in complete equilibrium, and it is
expected to provide the upper bound pressure when emptying and the lower bound
when filling. The actual pressure is expected to be somewhere in between these
two extreme pressures.

A similar nonequililbrium effect has also been observed in the secondary
side pressure of SG, especially when the SG is being filled with the cold auxi-
liary feedwater (AFM). In several transients, the secondary pressure remains
high while the temperature declines. This indicates high non-equilibrium ef-
fect. It appears that further code assessment work is needed verify the code
calculation of the U-tube steam generator pressure when the cold auxiliary
feedwater is introduced into it. However, it is not expected that this uncer-
tainty would affect the transient calculations significantly.

A similar approach was used for the extrapolation of the calculations and
predicting the ultimate state of the system beyond the calculated time. Review
of only one typical transient calculation for each plant will be discussed in
this paper as illustration. Review of the remaining transients can be found in
References 2 and 3.

2. REVIEW OF TRAC CALCULATION OF 1-FT2 STEAM LINE BREAK IN HZP CONDITION
FOR CALVERT CLIFFS

This transient was initiated by a 1-ft2 break at the main steam line dur-
ing the hot zero power (HZP) operation. No other equipment failure or operator
action was assumed.

Figure 1 shows the downcomer liquid temperature calculated by TRAC with
the system average temperature obtained by BNL hand calculation. Two BNL-cal-
culated temperatures are shown in the figure. One is calculated with the as-
sumption that heat transfer between the wall of the reactor (ana other struc-
tures) and liquid is instantaneous and, thus, the metal temperature changes
with the liquid temperature. The other calculation assumes that the heat



transfer is so slow that the metal temperature does not change. The real tem-
perature should be between these two extreme temperatures. The TRAC downcomer
temperature initially agrees well with the temperature calculated without the
metal mass accounted for, and then it eventually approaches that calculated
with the metal mass accounted for, as expected. This indicates that the metal
takes a considerably longer time to cool and plays an important role in deter-
mining the minimum downcomer liquid temperature. The liquid temperatures cal-
culated by TRAC at the various locations are shown in Figure 2, along with the
BNL system average temperatures, with and without the metal heat transfer dur-
ing the initial 1500 seconds. The figure shows that the downcomer temperature
may be representative of the system average temperature and, again, both TRAC
and BNL calculations agree very well.

Figure 3 shows the system pressures as calculated by TRAC and BNL. The
BNL pressure is calculated based on the assumption of adiabatic compression
during the filling stage, which yields the highest rate of pressure increase
during compression. The actual pressure is expected to be lower than this, as
is the case in this calculation. Figure 4 compares the water level in the
pressurizer as calculated by TRAC, BNL and RETRAN. As expected, the pressure
and the water level behave similarly.

Figure 5 shows the TRAC pressure of the secondary sides of both steam gen-
erators. The saturation pressures corresponding to the BNL average temperature
and the TRAC intact steam generator temperature are also shown in the figure.
These would be the expected pressures of the steam generators if the equili-
brium condition prevails. The broken steam generator pressure stays at the at-
mospneric pressure as it becomes empty, as expected. However, the intact steam
generator pressure remains much higher than the saturation pressure and also
shows several sharp turns. A similar steam generator pressure response is ob-
served in several other transients when the steam generator is being filled
with cold AFW. This is apparently related to the severe non-equilibrium effect
caused by the TRAC condensation model. It appears that the TRAC condensation
model underpredicts the condensation rate and, thus, over-estimates the non-
equilibrium effect. However, this uncertainty is not expected to alter the
course of the rest of the transient significantly, since the SG pressure is not
involved in the control of the system after the initial 100 seconds into this
transient.

The TRAC calculation was terminated at 7200 seconds. After 7200 seconds,
the system temperature is expected to continue to decrease until it eventually
reaches 357°K where the decay heat balances with the cooling by the charging
and the AFW.

There is a corresponding RETRAN calculation performed by ENSA for BGSE,
the owner of the Calvert Cliffs plant, available for this transient for the
initial 1000 seconds. Figure 6 shows good agreement between the downcomer tem-
perature calculated by RETRAN and those obtained by TRAC and BNL calculations.
Figure 7 shows that the RETRAN pressure is virtually identical to the TRAC
pressure, while the BNL pressure based on the adiaDatic assumption is higher
than these, as expected. Figure 8 shows the pressure in the ster.m generators
from both RETRAN and TRAC calculations. The saturation pressure corresponding
to the system average temperature calculated by BNL is also shown in the fi-
gure. The BNL saturation pressure matches the broken SG pressures for both



TRAC and RETRAN calculations very closely. However, the intact SG pressure for
TRAC increases while the RETRAN pressure continues to decrease. As discussed
earlier, further work is needed to clarify this uncertainty.

In summary, both TRAC and RETRAN codes present reasonable results except
for the TRAC intact SG pressure, which may have an insignificant effect en the
final results.

3. REVIEW OF RELAP5 CALCULATION OF STEAM LINE BREAK AT HZP CONDITION
FOR H. B. ROBINSON

This transient, as the one discussed in the previous section, was initi-
ated by a 1 ft2 break in a main steam line at hot standby operation. The break
is upstream of the main steam isolation valve and there is no failure cf any
automatic equipment. The operator is assumed to trip the reactor coolant pumps
when the safety injection actuation signal is generated and the primary system
pressure falls to 1300 psig and to stop the auxiliary feedwater flow 600
seconds after the initiation cf the transient.

The RELAP5 code was used to calculate the transient to 1800 seconds and
the key parameters were extrapolated to 7200 seconds. Figure 9 show." the down-
comer temperatures calculated by RELAP5 with the system average temperature ob-
tained by the 3NL hand calculation. In addition, the figure shows the INEL ex-
trapolation of the downcomer temperature. The BNL temperature shown is that
calculated without accounting for the heat stored in the metal structure. This
assumes that the heat transfer between the liquid and the reactor and component
metal structures is relatively slow to affect the temperature of the metal at
the early stage of the transient. Calculations were also performed with the
assumption that the wall heat transfer is instantaneous, so that the metal and
the liquid temperatures change simultaneously. The actual temperature would be
close to that calculated without the metal structure initially and eventually
approach that calculated with the metal latent heat accounted for since the
metal cooling is considerably slower than that for the liquid.

In the code calculations, there was stagnation in Loops B and C which pre-
vented the injected cooling water from circulating, hence, keeping the cold leg
temperatures very low. This lack of natural circulation forced the Loop B and
C hot leg temperatures to remain very high. In the affected Loop A there is
greater natural circulation and therefore its hot leg temperature is lower than
the other loops and its cold leg temperature is closer to the downcomer temper-
ature.

Figure 10 to 12 show the hot and cold leg temperatures of each loop with
the BNL calculated temperatures with and without the metal latent heat. Due to
stagnation in the loops, there are large temperature spreads between the hot
and cold legs in Loops B and C and the BNL calculated temperatures fall between
the two extremes. In Loop A the BNL system average without the metal heat
accounted for is very close >.,.• th<* hot leg temperature. Since the BNL values
are system average temperatures, these results are to be expected. Figure 10
also compares the temperature spread between the hot leg and the cold leg as
calculated by RELAP5 and BNL. This spread is based on the flow rates
calculated by RELAP5. As can be seen, the INEL calculated temperature spread
is realistic and to be expected.



Figure 13 shows the cold leg temperatures as extrapolated by INEL and the
BNL temperatures with and without the heat stored in the metal structures. The
INEL extrapolations approach the system average temperature with the metal, as
would be expected, in Loops B and C, but not in Loop A. These extrapolations
assume a constant rate of tempe-riure increase or decrease based upon the tem-
peratures calculated at 1800 seconds. However, these calculations appear to
have been prematurely terminated since the key parameters still have not sta-
bilized and there is insufficient information to accurately extrapolate the re-
sults. As found in the previous section the effect of the metal latent heat is
significant up to 4000 seconds after which the heat transfer rate may decrease.

Figure 14 shows the system pressures as calculated by RELAP5 and BNL. The
BNL pressures are calculated with the assumption of adiabatic compression dur-
ing the filling stage which is expected to provide the upper bound of the ac-
tual pressure. Also shown is the saturation pressure corresponding to the BNL
calculated system average temperature. As expected, the RELAP5 pressure remain-
ed alow the BNL pressure. Similar results were observed in the Calvert Cliff
case discussed previously, as can be seen in Figure 3. However, RELAP5 exhibi-
ted less non-equilibrium effect than did TRAC. The secondary pressure of the
broken loop corresponds very closely with the equilibrium pressure, as
expected. The pressure in the intact steam generators remains high, indicating
that these loops are completely stagnated.

4. SUMMARY AND CONCLUSIONS

Thermal-hydraulic transient calculations performed by LANL using the TRAC-
?F1 code ana by I MEL using the RELAP5 code for the USNRC PTS study of the
Calvert Cliffs and H. B. Robinson Nuclear Power Plants have been reviewed at
BNL including the input decks and steady state calculations. Furthermore, six
transients for each plant have been selected for the in-depth review. Simple
hand calculations based on the mass and energy balances of the entire reactor
system, have been performed to predict the temperature and pressure of the
reactor system, and the results have been compared with those obtained by the
code calculation.

In general, the temperatures and pressures of the primary system calcula-
ted by the codes ha/e been very reasonable. The secondary pressures calculated
by TRAC appear to indicate that the codes have some difficulty with the conden-
sation model and further work is needed to assess the code calculation of the
U-tube steam generator pressure when the cold auxiliary feedwater is introduced
to the steam generator. However, it is not expected that this uncertainty
would affect the transient calculations significantly.
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CAUTION: The scenario simulated contains significant conservatisms
in operator actions and equipment failures.
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CAUTION: The scenario simulated contains significant conservatisms
in operator actions and equipment failures.
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CAUTION: The scenario simulated contains significant conservatisms
in operator actions and equipment failures.
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CAUTION: The scenario simulated contains significant conservatisms
in operator actions and equipment failures.
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CAUTION: The scenario simulated contains significant conservatisms
in operator actions and equi"riient failures.
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CAUTION. The scenario simulated contains significant conservatisms
in operator action and equipment failures.
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