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ABSTRACT

This report describes the RCS pressurization analysis for several vent path configurations proposed for
future outages at Diablo Canyon. Various combinations of vent paths in the pressurizer and at the
reactor vessel flange are considered for high decay heat conditions of approximately 15 MWt. The
vent paths are evaluated from the perspective of steam generator nozzle dam integrity and capability
for RWST gravity feed. Several cases without steam generator nozzle dams installed are also

investigated.
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1.0 Introduction and Overview

For possible use for future outages at Diablo Canyon Units 1 and 2, PG&E requested Westinghouse to

evaluate the following vent path configurations for high decay heat conditions of approximately 15 MWt,
sufficient to bound the decay heat at 3 days after shutdown for either unit:

Case l.
Case 2.

Case 3.

Case 4.

Head detensioned, pressurizer PORVs opened,

Head detensioned, pressurizer safety valves removed and PORVs opened,

Head not detensioned, pressurizer safety valves removed and PORVs opened,

Head detensioned and blocked up approximately [ ] ~'nches.

An important part of the vent path evaluation was to determine the thermal hydraulic response, in
particular the maximum RCS pressure limits, ifno operator recovery actions were taken to limit or
prevent boiling in the RCS. This report describes the analysis performed for these cases using the

WGOTHIC computer code (Reference 1).

This report supplements work previously performed and described in the flange venting and contingencies

strategies program reports (References 2 and 3, respectively). As described in these reports, with the

head detensioned and studs nuts loosened (backed off), the head will liftslightly due to the

decompression of the fuel hold-down springs. Only a slight RCS pressurization (to < 10 psig) is required

to cause the mating surfaces to separate a small amount [ )]"', thus increasing the effective area

for venting around the reactor vessel flange to about [ ]"'. The vent path is limited primarily
by the [ ]"'adial gap between the vessel head and the core barrel flange (note: this area is plant-

specific, but would be typical for either Diablo Canyon unit). The effective area remains relatively
constant (at [ ]"'q-in) until the head and internals separate at approximately [ ]~'. A
stop at [ ]~'s recommended and assumed for Cases 1 and 2 to limit this separation and prevent

binding and cocking of the reactor vessel head. In these analyses, the transient effects of the head lifting
were ignored (i.e., a constant area was assumed); this approximation is valid since the effective area

remains relatively constant once the RCS pressure reaches about 10 psig.

Additional assumptions for all analysis cases include initial level near the flange (one ft below the flange
is assumed for operational considerations). Note that high RCS inventory (versus mid-loop or reduced

inventory) is conservative for RCS pressurization analysis. Certain geometric data specific to Diablo
Canyon is also used in the 4 loop WGOTHIC model. These assumptions are explained further in the

paragraphs below and in Section 2.0.

Additional Discussion for Case 1:

When evaluated at a conservatively small effective flange vent area [ )]",; the RCS pressure would
be approximately 35 psig at 15 MWt decay heat based on the analysis in Reference 2. A few psi
reduction should be possible by considering the additional vent area from the pressurizer PORVs. The

WGOTHIC analysis for Case 1 was based on this conservative flange vent area [ ]"'.
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Two pressurizer PORVs were also assumed open and the PRT rupture disk removed so that the

pressurizer is vented to atmospheric pressure. The vent area for each PORV was assumed to be 2 sq-in,
consistent with but bounded by the vent area specified for cold over-pressure limits [ ]"
Technical Specification 3.4.9.3). Only 2 (versus 3) PORVs were modeled to be conservative and since

only 2 PORVs are Class I with nitrogen back-up.

Additional Discussion for Case 2:

Due to the surge line flooding phenomena, the pressurizer cannot relieve morc than the equivalent of a

few MWt decay heat without water hold-up in the pressurizer. Therefore, removal of a single safety

valve (effective area of about 13 sq-in) will likely be sufficient to obtain most of the benefit of having a

large vent in the pressurizer ifthe RCS pressure is limited by steam relief. Thc WGOTHIC analyses for
Case 2 were again conservatively based on an effective flang vent area of [ ]~'. One 6" Schedule

160 pressurizer safety valve was assumed to be removed as a pressurizer vent for Case 2a. A sensitivity
case (Case 2b) is also included with three (versus one) pressurizer safety valves removed. Since the

pressure drop across a single valve could be important (several psi), it may be beneficial to have the

results of Case 2b for comparison.

Additional Discussion for Case 3:

Without the flange vent and at high decay heat, surge line flooding is expected to occur ifno operator
actions are taken. Furthermore, all three safety valves should be removed to limit the steady state

pressure after the surge line "clears" and provides a vent path for the boil-offstcam. Some additional
pressure relief willoccur via the pressurizer PORVs (with the PRT rupture disk removed). The
maximum pressure transient willoccur for a high inventory initial condition (versus mid-loop), so this
analysis was performed with the RCS level initially near the flange (i.e., one ft below the flange). A
plant specific analysis was performed using Diablo Canyon surge line data (Unit 2 has the smaller area

and higher resistance). Diablo Canyon specific elevations for the bottom of the pressurizer relative to
mid-loop (approximately 8 ft) were also modeled.

Additional Discussion for Case 4:

After the head is blocked up approximately [ ]»'r more, the effectiv vent path area increases

significantly. For example, the vent area exceeds [ ]"'nce the mating surfaces separate [
]"'. At this area, the pressure estimates provided above for Case 1 would be

reduced by about one order of magnitude. Thus, it would become possible to gravity feed to keep up
with core boil-off. One disadvantage with this option, however, is that the outage could be extended by
requiring the additional head liftoperation to place (or remove) the blocks. The WGOTHIC analysis for
Case 4 was based on an effective flange vent area of [ ] '.

Sections 2.0 through 2.5 describe the WGOTHIC analysis performed for the above four cases, including
several variations with the PORVs closed. Section 2.6 considers several cases without steam generator

l
nozzle dams. Results are summarized in Section 3.0. References are provided in Section 4.0.





2.0 Analyses with the WGOTHIC Computer Code

The Westinghouse-GOTHIC (WGOTHIC) code is capable of modeling the thermal-hydraulic phenomena

associated with boiling and venting steam at reduced inventory conditions with non-condensible gas

present in the RCS. The Westinghouse-GOTHIC code is described in WCAP-13246,
Westin house-GOTHIC: A Com uter Code for Anal ses of Thermal H draulic Transients for Nuclear

Plant Containments and Auxili Buildin s (Reference 1). The code is a state-of-the-art program for
modelling multiphase flow.

WGOTHIC solves the integral form of the conservation equations for mass, momentum, and energy for
multicomponent, two-phase flow. The conservation equations are solved for three fields; continuous

liquid, liquid drops, and the steam/gas phase. The three fields may be in thermal nonequilibrium
within'he

same computational cell. This allows the modelling of subcooled drops (e.g., containment spray)
falling through an atmosphere of saturated steam. The gas component of the steam/gas field can be

comprised of up to eight different non-condensible gases with mass balances performed for each

component. Relative velocities are calculated for each field as well as the effects of two-phase slip on

pressure drop. Heat transfer between the phases, surfaces, and the fluid are also allowed.

The WGOTHIC code is capable of performing calculations in three modes. The code can be used in the

lumped parameter mode, the twoMimensional mode, and the three-dimensional mode. Each of these

modes may be used within the same model. The capability of multi-dimensional analyses greatly
enhances the ability to study non-condensibles and stratification as well as allowing the calculation of
flow fields. Thc Westinghouse-GOTHIC code also contains the options to model a large number of
structures and components. These include, but are not limited to, heated and unheated conductors,

pumps, fans, a variety of heat exchangcrs, and ice condensers. These components can be coupled to

represent the various systems found in any typical containment.

The WGOTHIC code is an enhanced version of the GOTHIC code purchased from Numerical

Applications, Inc. in late 1990. The modifications made by Westinghouse to create the WGOTHIC code

are related to improving the heat and mass transfer packages available. The modifications include
improved film tracking models for condensate, mixed convection, evaporation, wall-to-wall radiation, and

most recently the addition of subcooling to applied films. These modifications were made to facilitate the

analysis of the advanced plant designs, but can be applied to other suitable modelling situations.

The WGOTHIC code has undergone extensive review and validation since its purchase. It has been used

to study hydrogen distributions, containment pressure and temperature transients, perform flow field
calculations for particle transport purposes, and reflux cooling from steam generators. The code's flexible
noding and conservation equation solutions allow its application to a wide variety of problems, not
necessarily just containment pressure and temperature calculations.

l'





WGOTHI R M dehDescri tion:

The detailed subnoding for the reactor vessel and hot leg components is shown in Figure 1. This noding
was used directly for the Diablo Canyon cases. The volumes and flow areas for the hot legs in the loops
without the pressurizer were lumped with the upper plenum for the Diablo Canyon 4 loop plant model as

was done for the cases with steam generator nozzle dams in WCAP-14089, Revision 1, Supplement 1

(Reference 4). a.b< <) )





]"'"'. The elevation
of the flange vent flow paths was modeled at 24.22 ft, i.e., 7 ft above mid-loop, corresponding to the

elevation of the flange at the mating surfaces for either Diablo Canyon unit.
1

Several additional conservative or simplifying modeling assumptions were made and are listed below

1. For simplicity, the RCS temperature was initialized at approximately 100 'F for all cases.

2.. The core decay heat was assumed to be 15.3 MWt (14,500 BTU/sec) for all cases. This is a

conservative estimate of the decay heat at 3 days after shutdown based on the ANS-5.1-1979

decay heat standard, including 2-sigma uncertainty (see e.g., Appendix A, Table A-2 of
NSAC-195L, Reference 6).

3. The initial level was modeled at approximately I ft below the flange (23 A iri the WGOTHIC
model).

4. The RCS and core metal masses were not modeled. This conservatively reduces the time before

boiling begins.

5. To maximize the RCS pressure response, compressible flow was considered as appropriate for the

pressurizer and flange vent flow paths. In addition, critical flow was allowed to occur if
predicted. This is conservative for some of the flange vent cases (Cases 1 and 2) since a

conservatively small effective area was modeled instead of the actual area.

6. Core uncovery was assumed to occur when the core collapsed level reaches 9 ft. Based on
assessments performed for the supplement to Reference 4, a core collapsed level of 9 feet would
be a conservative indication of core uncovery for boil-offconditions similar to that modeled in
this study.

7. As noted previously, for most of the analysis cases (those in Sections 2.1 through 2.5), stcam
generator nozzle dams are assumed to be installed in all steam generators, hot and cold sides.

Therefore, no credit is taken for heat removal from the steam generators via natural circulation or
reflux cooling. Section 2.6 includes several analysis cases without steam generator nozzle dams

installed but with water drained from the secondary side. [Note: for these cases, water could be

held up in the steam generator U-tubes ifthe initial water level is near the flange (i.e., maintained
above the top of the loops and not drained as part of the refueling operations). This additional
water inventory in the SG U-tubes could cause an increase in RCS pressure ifsome of the water
is able to fill the pressurizer without boiling away. Heat transfer to the secondary side of the
SGs, ifmodeled, and coolant circulation in the loops will tend to reduce the RCS pressure and

delay the time to boiling. Although evaluations have not been performed to determine which
effect would dominate the RCS pressure response, it is estimated that for long term cooling thc
SGs would be capable of relieving up to half of the above decay heat (8 MWt) at relatively low
RCS pressures (10-20 psig) via steam relief through the atmospheric relief valves.]
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Figure 1. Detailed Noding Diagram for the WGOTHIC Model
(Reactor Vessel and Loops)





2.1 Analysis for Case 1 - Flange Vent with Pressurizer PORVs Open

This is a simulation of a loss of RHR event with the RCS level initially one foot below the flange and

the RCS vented at the flange. As an additional vent path, two pressurizer PORVs are also open and the

PRT rupture disk is removed.

Summary of Initial Conditions:

High Core Decay Heat - 15.3 MWt (- 3 days after shutdown)
Initial Level One Foot Below the Flange (23 ft for the WGOTHIC model, see Table 1)

Nozzle dams installed in all loops
Initial RCS Temperature = 100 'F
Initial Pressurizer Pressure = 14.7 psia

RCS vented as follows:
2 pressurizer PORVs open, PRT rupture disk removed,
A = 4 sq-in, K = 1.4 (K- 2.5 including piping)
Head detensioned and resting on vessel, stops assumed at [
Effective area A = [ )"

]I,O

Transient plots of interest are provided in Figures 2 through 9. Summarized below are the transient
sequence of events and description.

Transient Sequence

T~ime see

0-120

120

1250

1500

> 7200

11000

12000

of Events:

~Deseri tice

Steady State Operation

RHR Cooling is Lost
Core Exit Temperature Reaches 200 'F

Boiling Begins

Maximum Pressure in Loops / Upper Head Reaches 48 psia
Core Collapsed Level Reaches 9 feet
End of Transient Analyzed

Flange vent relieves 13 ibm/sec (13 MWt)
Pressurizer vent relieves 2 ibm/sec (2 MWt)

Transient Description:

i

After loss of RHR, the core and upper plenum regions heat to saturation and the RCS starts to boil
(Figures 2 and 3). As a result of the subsequent pressurization, steam begins to vent at the flange
opening (Figure 6). The water level in the upper plenum region also drops as water is forced into the
surge line, thus increasing the level in the pressurizer (Figures 4 and 5). After about one hour, level has





increased to near mid-span in the pressurizer; the RCS pressure in the loops and upper head has reached
J

approximately 33 psiag18 psig).

Gradual heat-up of the vessel downcomer region delays steady state boil-offconditions until about two
hours after loss of RHR. After "steady state" conditions are achieved, approximately 13 Ibm/sec steam is

relieved from the vessel flange vent (this is equivalent to approximately 13 MWt decay heat); as shown
in Figure 6, about 2 ibm/sec is vented from the two pressurizer PORVs (equivalent to the remaining 2

MWt decay heat). For the long term RCS response, the RCS pressure in the upper head and loops
reaches a maximum value of approximately 48 psia (33 psig). Note that the pressurizer level reaches a

peak and then decreases to a steady state value equivalent to around one-third of the pressurizer height
(See Figure 5 for an illustration of the pressurizer collapsed level. The long term steady state level is

roughly equivalent to 30% cold calibrated level.) The surge line flow becomes all steam and is just
sufficient to hold up this water in the pressurizer, a phenomenon also known as "surge line flooding" (see

Figures 8 and 9).

Although surge line flooding occurs, the core collapsed level does not reach 9 feet until near the end of
the three hour transient modeled. As noted previously, based on assessments performed for the

supplement to Reference 4, a core collapsed level of 9 feet is a conservative indication of core uncovery
for boil-offconditions similar to that modeled here.

It should be noted that the steady-state boil-offflow through the flange vent is predicted to be critical
flow at 48 psia (33 psig). This is less than the assumed nozzle dam capacity (35 psig) but higher than
the pressure at which RWST gravity feed would be possible (the RWST level is approximately 60 ft
above the loops when full, equivalent to a pressure of 60*62/144 = 26 psig - sce Figure B-I of
Reference 3. If the RWST level is maintained at 80%, or 49.4 ft above the loop center-line, RWST
gravity feed would be possible ifthe RCS prcssure in the loops is less than 21 psig ).

Note that ifan actual area of around [ ]~'ad been used in these cases (per References 2, 3), the

pressure would be reduced to around [ ]"' 41 psia (or 26 psig). (For this estimate, it is

assumed the flange vent flow increases by 0.5 ibm/sec since the pressurizer vent flow would decrease at
the reduced RCS prcssure.) Note that this revised pressure of 26 psig is now significantly less than the
assumed nozzle dam capacity (35 psig) and close to the limit for RWST gravity feed.
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F'gure 4. Core and Downcomer Collapsed Levels Case 1
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Figure 5. Pressurizer Level for Case 1
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Figure 6. Flange Vent Flowrate for Case l
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Figure 7. Pressurizer Vent Flowrate for Case l
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2.2 Analysis for Case 2 - Flange Vent with Pressurizer Safety Valves Removed

This is a simulation of a loss of RHR event with the RCS level initially one foot below the flange and

the RCS vented at the flange. One (or more) pressurizer safety valves are also removed as a vent path.

Summary of Initial Conditions:

High Core Decay Heat - 15.3 MWt (- 3 days after shutdown)
Initial Level One Foot Below the Flange (23 ft for the WGOTHIC model)
Nozzle dams installed in all loops

Initial RCS Temperature = 100 'F

Initial Pressurizer Pressure = 14.7 psia

RCS vented as follows:
Head detensioned and resting on vessel, stops assumed at [ ]"',
Effective area A = [ )"
Pressurizer Vented as follows:
Case 2a - One pressurizer safety valve removed, A = .147 sq-ft, K = 1.4

Case 2b - Three pressurizer safety valves removed, A = 0.44 sq-ft, K = 1.4

(K —2.5 including piping for both Cases 2a and 2b)

Transient plots of interest for Case 2a are provided in Figures 10 through 17. Corresponding plots for
Case 2b are provided in Figures 18 through 25. Summarized below are the transient sequence of events
and description.

Transient Sequence of
T~ime see

0-120

120

1250

1500

—3700
- 6000
- 7500

10000

Events:

~Deseri rien

Steady State Operation

RHR Cooling is Lost
Core Exit Temperature Reaches 200 'F

Boiling Begins

Maximum Pressure in Loops / Upper Head Reaches 33 psia (18 psig) - Case 2b

Maximum Pressure in Loops / Upper Head Reaches 36 psia (21 psig) - Case 2a
Core Collapsed Level Reaches 9 feet
End of Transient Analyzed

Flange vent relieves —10 ibm/sec (10 MWt)
Pressurizer vent relieves - 5 ibm/sec (5 MWt)

Transient Description:

AAer loss of RHR, the core and upper plenum regions heat to saturation and the RCS starts to boil. As a

14





i

result of the subsequent pressurization, steam begins to vent at the flange opening (see Figures 14 and

22). The water level in the upper plenum region also drops as water is forced into the surge line, thus

increasing the level in the pressurizer (Figures 13 and 21). With the additional relief area in the

pressurizer, pressurizer refill occurs somewhat faster and at lower pressures when compared to the

previous Case 1 transients. Note that for Case 2b (largest area), the pressure peaks earlier but the peak

pressure is slightly less than that of Case 2a (see Figures 10 and 18).

As noted in the previous Case 1, gradual heat-up of the vessel downcomer region delays steady state boil-
offconditions until about two hours after loss of RHR. After "steady state" conditions are achieved,

approximately 10 ibm/sec steam is relieved from the vessel flange vent (this is equivalent to

approximately 10 MWt decay heat; referring to Figures 15 and 23, about 5 Ibm/sec is vented from the

pressurizer safety valve opening(s) (equivalent to the remaining 5 MWt decay heat).

For the long term RCS response, the RCS pressure in the upper head and loops reaches a maximum value

of approximately 36 psia (21 psig) for Case 2a (Figure 10). The pressurizer level stabilizes at 35 ft
(Figure 13). The valve delta-p for Case 2a is about 7 psi during steady-state boil-offconditions. The

valve delta-p is smaller for Case 2b (about 1 psi), so the pressure in the loops is reduced several psi over

that of Case 2a. Likewise, the water hold-up in the pressurizer is somewhat higher, about 38 ft for
Case 2b (Figure 21). For both of these cases, the boil-offsteam relieved by the pressurizer (5 lbm/sec, or
5 MWt) is sufficient to cause water hold up and surge line flooding. Note that the amount of water hold-

up in the pressurizer long term is significantly less for Case 1 (about 16 feet - see Figure 5).

Because of the additional water hold up in the pressurizer, the core collapsed level reaches 9 feet at

approximately two hours for cases 2a and 2b (versus three hours in Case 1). Again, a core collapsed

level of 9 feet is a taken to be a conservative indication of core uncovery for boil-offconditions similar
to those modeled here.

It should be noted that the steady-state boil-offflow through the flange vent is again critical flow for both

Cases 2a and 2b. Ifan actual area of [ ]~'s credited for the flange vent area and the

flange vent flow is assumed to increase from 10 to 11 lbm/sec due to the increased flow area (and

reduced pressurizer vent fiow), the adjusted pressures in the loops / upper head would be expected to be

reduced to [ ]"' 32 psia = 17 psig for Case 2a; likewise, the adjusted pressure is estimated

to be [ ]"' 30 psia = 15 psig for Case 2b. Since RWST gravity feed is feasible for
pressures as high as 26 psig (or 21 psig ifthe RWST level is only 80% - refer to Section 2.1), removal of
one or more safety valves allows the operator to use this mode of recovery by a considerable margin.
The limiting pressures for Cases 2a and 2b are also about a factor of two lower than the assumed nozzle

dam rating of 35 psig.

15
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Figure l2. Core and Downcomer Collapsed Levels Case 2a

Vessel Levels (ft)
MTHOOOis 1 2 0 Oowncomer

G—uTH00022 3 2 0 Care

30

25

20

15

10

0
0 2000 4000 6000 8000

Time (seconds)
10000

Figure l3. Pressurizer Level for Case 2a
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Figure l4. Flange Vent Flowrate for Case 2a
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Figure 15. Pressurizer Vent Flowrate for Case 2a
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Figure i6. Surge Line Flowrate for Case 2a
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Figure 17. Integrated Surge Line Flow for Case 2a
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Figure 18. RCS Pressures for Case 2b
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Figure 19.
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Figure 20. Core and Downcomer CoUapsed Levels Case 2b
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Figure 21. Pressurizer Level for Case 2b
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Figure 22. Flange Vent Flowrate for Case 2b
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Figure 23. Pressurizer Vent FIowrate for Case 2b
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Figure 24. Surge Line Flowrate for Case 2b
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Figure 25 Integrated Surge Line Flow for Case 2b
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2.3 Analysis for Case 3 - Pressurizer Safety Valves Removed and PORVs Open

This is a simulation of a loss of RHR event with the RCS level initially one foot below the flange and

the RCS vented only at the pressurizer (three pressurizer safety valves are removed and two PORVs are

open with the PRT rupture disk removed).

Summary of Initial Conditions:

High Core Decay Heat - 15.3 MWt (- 3 days after shutdown)
Initial Level One Foot Below the Flange (23 ft for the WGOTHIC model)
Nozzle dams installed in all loops

Initial RCS Temperature = 100 'F
Initial Pressurizer Pressure = 14.7 psia

Pressurizer Vented as follows:
Three pressurizer safety valves removed plus two PORVs open with PRT rupture disk removed,
A = .46 sq-ft, K = 1.4 (K —2.5 including piping)

Transient plots of interest are provided in Figures 26 through 33. Summarized below are the transient
sequence of events and description.

Transient Sequence

T~ime eee

0-120

120

1250

1500

2400

2750

3000

6100

7200

of Events:

~Deeeri tice

Steady State Operation

RHR Cooling is Lost
Core Exit Temperature Reaches 200 'F
Boiling Begins

Pressurizer fills
Maximum Pressure in Loops / Upper Head Reaches 50 psia (35 psig)
Surge Line "Cleared" - essentially only steam vented up surge line and out
pressurizer, pressure in loops / upper head stabilizes at < 42 psia (27 psig)
Core Collapsed Level Reaches 9 feet

End of Transient Analyzed
Pressurizer vent relieves 15 ibm/sec (15 MWt)
Pressurizer essentially filled (level > 50 ft)

Transient Description:

After loss of RHR, the core and upper plenum regions heat to saturation and the RCS starts to boil. As a

result of the steam formation in the upper head region, the RCS begins to pressurize, forcing water from

24





the upper plenum region into the surge line, thus increasing the level in the pressurizer (see Figures 26,

28 and 29). By 2400.seconds, the pressurizer has filled and water is relieved from the pressurizer vent

(Figure 31). Water discharge continues for several minutes until the surge line "clears" and provides a

vent path for the boil-offsteam.

Note that after the surge line clears and steady-state boil-offconditions are achieved, the prcssure in the ..

loops is comprised of the following contributions:

2 psi surge line delta-P for vapor flow
20 psi "static" head of water held up in the pressurizer

~5si pressurizer vent path delta-P for vapor fiow
27 psig = 42 psia - long term pressure in the loops.

The peak pressure (50 psia = 35 psig) is somewhat higher due to the relief of the two-phase mixture
before the surge line clears.

Note that ifthe pressurizer is filled with cold water to a height of 8 + 52 = 60 ft above mid-loop, the

corresponding pressure would be somewhat less, approximately 62~60/144 = 26 psig = 41 psia.

The peak pressure equals the assumed nozzle dam rating (35 psig) for a brief period of time; the pressure

exceeds 30 psig for less than 5 minutes. It is reasonable to assume the nozzle dams willwithstand such a

transient without loss of integrity.

Capability to gravity feed prior to core uncovery may not be an option for this transient. Therefore, it.is
recommended that redundant a.c. power an'd makeup sources be maintained to allow recovery by feed and

bleed in the event that RHR cooling is lost for a prolonged period of time.
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Figure 26. RCS Pressures for Case 3
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Figure 27. RCS Temperatures for Case 3
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Figure 28. Core and Downcomer Collapsed Levels Case 3
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Figure 29. Pressurizer Level for Case 3
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Figure 30. Hot Leg and Cold

and Cold Leg
2—Mraaaaze r a

G Mrnaaaal 9 2

Leg Levels for Case 3

Levels (ft)
0 Hot Leg
0 Caid Letj

2 '

2000 4000 6000
Time (seconds)

8000

Figure 31. Pressurizer Vent Flowrate for Case 3
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Figure 32. Surge Line Flowrate for Case 3
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Figure 33. Integrated Surge Line Flow for Case 3
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2.4 Analysis fol'ase 4 - Flange Vent with Vessel Head Placed on Blocks

This is a simulation of a loss of RHR event with the RCS level initially one foot below the flange and

the RCS vented at the flange (vessel head blocked up approximately [ ]"'. As an additional
vent path, two pressurizer PORVs are also open and the PRT rupture disk is removed.

Summary of Initial Conditions:

High Core Decay Heat - 15.3 MWt (- 3 days after shutdown)
Initial Level One Foot Below the Flange (23 ft for the WGOTHIC model)
Nozzle dams installed in all loops

Initial RCS Temperature = 100 'F
Initial Pressurizer Pressure = 14.7 psia

RCS vented as follows:
2 pressurizer PORVs open, PRT rupture disk removed,
A = 4 sq-in, K = 1.4 (K- 2.5 including piping)
Head detensioned, lifted, and resting on blocks [
Effective area A = [

]"'C,C
Transient plots of interest are provided in Figures 34 through 39. Summarized below arc the transient
sequence of events and description.

Transient Sequence of Events:

T~ime see ~Deseri ties
0-120 Steady State Operation
120 RHR Cooling is Lost
1250 Core Exit Temperature Reaches 200 'F
1500 Boiling Begins
3000 Maximum Pressure in Loops Reaches 19 psia (4 psig)
9500 Core Collapsed Level Reaches 9 feet
10000 End of Transient Analyzed

.Flange vent relieves 14 ibm/sec (14 MWt)
Pressurizer vent relieves < I Ibm/sec (1 MWt)

Transient Description:

After loss of RHR, the core and upper plenum regions heat to saturation and the RCS starts to boil. As a

result of the subsequent pressurization, steam begins to vent at the flange opening (Figure 38). Since the
flange vent path area is relatively large, RCS pressure remains low (Figure 34).

Gradual heat-up of the vessel downcomer region delays steady state boil-offconditions until about two
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hours after loss of RHR. After "steady state" conditions are achieved, approximately 14 Ibm/sec steam is

relieved from the vessel flange vent (this is equivalent to approximately 14 MWt decay heat); roughly
1 Ibm/sec is vented from the two pressurizer PORVs (equivalent to the remaining I MWt decay heat).

For the long term RCS response, the RCS pressure in the upper head and loops reaches a steady state

value of approximately 18 psia (3 psig), about I psi less than the maximum pressure reached at around

3000 seconds.

Since there is no water holdup in the pressurizer, the time to core uncovery is relatively long,
9500 seconds or 2.6 hours, based on a core collapsed level of 9 ft.

Makeup via RWST gravity feed or pumped injection are both feasible for this scenario.
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Figure 34. RCS Pressures for Case 4
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Figure 36. Core and Downcomer Collapsed Levels Case 4
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Figure 37. Hot Leg and Cold Leg Levels for Case 4
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Figure 38. Flange Vent FLowrate for Case 4
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Figure 39. Pressurizer Vent Flowrate for Case 4
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2.5 Additional Analysis for Cases 1 and 4, Without Pressurizer PORVs

Normally the PRT rupture disk is not removed during the outage. Therefore, it is advantageous to have
results without the PORVs open for comparison to the previous Cases 1 and 4. These new cases will be

called Cases la and 4a, respectively. From the standpoint of RCS pressurization, the results for these
new cases willbound the configurations in which the PORVs are opened but the PRT is vented only by a

small line to the plant vent. Note that the analysis for Case 2 did not consider PORVs. Furthermore, the

PORVs should have only a small impact for Case 3 since the vent path created by removing the three

safety valves comprises 96% of the vent area modeled at the top of the pressurizer (.44 versus .46 sq-ft,
as modeled).

In this section, results for Cases la and 4a are presented and compared to the corresponding cases with
PORVs, Cases 1 and 4.

Summary of Initial Conditions for Cases la and 4a:

High Core Decay Heat - 15.3 MWt (- 3 days after shutdown)
Initial Level One Foot Below the Flange (23 A for the WGOTHIC model)
Nozzle dams installed in all loops

Initial RCS Temperature = 100 'F

Initial Pressurizer Pressure = 14.7 psia

RCS vented as follows:
- Case la: Head detensioned and resting on vessel, stops assumed at [

Effective area A = [ ]~; no pressurizer vents
- Case 4a: Head detensioned, liAed, and resting on blocks [

Effective area A = [ ]"', no pressurizer vents

]I,C

]"'igh,

Transient plots of interest comparing Case 1 (with PORVs) and Case la (without PORVs) are provided in
Figures 40 through 43. Summarized below are the transient sequence of events and description for
Case la. Section 2.1 provides additional details for Case l.

Transient Sequence

T~ime sec

0-120

120

1250

1500

7200

> 9500

12000

of Events for Case la:
~Descri tice

Steady State Operation

RHR Cooling is Lost
Core Exit Temperature Reaches 200 'F
Boiling Begins

Pressure in Loops / Upper Head Reaches 48 psia (33 psig)
Maximum pressure in Loops / Upper Head Reaches 55 psia (40 psig)
End of Transient Analyzed (core collapsed level = 11 ft),

Flange vent relieves 15 ibm/sec (15 MWt)
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Transient Description for Case la:

After loss of RHR, the core and upper plenum regions heat to saturation and the RCS starts to boil. As a

result of the subsequent pressurization, steam begins to vent at the flange opening. The water level in the

upper plenum region also drops as water is forced into the surge line, thus increasing the level in the
pressurizer. After about one hour, level has increased to around 18 ft in the pressurizer; the RCS
pressure in the loops and upper head has reached approximately 40 psia (25 psig). This can be compared
to corresponding results for Case 1, i.e., approximately mid-span in the pressurizer (26 ft) and 33 psia
(18 psig) in the hot leg (see Figures 40 and 41).

Gradual heating of the vessel downcomer region combined with draining of the pressurizer delays steady
state boil-offconditions for Case la until almost three hours after loss of RHR. After "steady state"

conditions are achieved, approximately 15 ibm/sec steam is relieved from the vessel flange vent (this is

equivalent to the 15 MWt decay heat). This can be compared with a steady state boil-offof 13 ibm/sec
for Case 1 (see Figure 42).

The maximum pressure for Case la (55 psia) is expected based on previous results for Case 1. The
pressure for that case reached 48 psia when the flange vent flow was 13 ibm/sec (2 ibm/sec went to the
pressurizer PORVs). Since flow through the flange vent was predicted to be critical flow, the steady state
pressure should be proportional to the fiowrate (ignoring the slight dependence on absolute temperature);
i.e., based on Case 1 results, the pressure for Case la should reach (48)~(15/13) = 55 psia (or 40 psig), as

confirmed by the analysis.

Note that based on Table 4 of Reference 2 (or Table F-4 of Reference 3), the pressure at the flange was
previously reported to be 35 psig = 50 psia based on saturated steam flow of 14 ibm/sec. This is in close
agreement with results obtained using WGOTHIC for the 13 and 15 ibm/sec steam flow cases (i.e., 48
and 55 psia, respectively).

Ifthe actual area is considered for the flange vent [ ]~', the maximum pressure for
Case la would be reduced inversely proportional to the vent area; i.e., to [ ]»' 45 psia (30 psig).
Thus, on a "better estimate" basis, the pressure would be less than the assumed nozzle dam rating of
35 psig.

The estimated time to core uncovery for Case la (core collapsed level = 9 ft) occurs after three hours,
somewhat later than previously determined for Case 1 (see Figure 43). This increase in time for Case la
is due to the reduced pressurizer level. Previously in Case 1, the pressurizer level stabilized and was held
up at around 16 ft, remaining at that level long term because of pressurizer surge line flooding. For
Case la, all the water initially pushed up into the pressurizer after the RCS starts to boil is able to drain
out. This extends the time to core uncovery as noted above.
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Figure 40. RCS Hot Leg Pressures for Cases 1 and la
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Figure 41. Pressurizer Levels for Cases 1 and la
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Figure 42.
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Transient plots corn'paring the large flange vent cases [ ]"' Case 4 (with PORVs) and

Case 4a (without PORVs) - are provided in Figures 42 and 43. Summarized below are the transient

sequence of events and a brief description for Case 4a. Section 2.4 provides additional details for Case 4.

Transient Sequence

T~ime sec

0-120

120

1250

1500

3000

10000

of Events for Case 4a:

~Descri tice

Steady State Operation

RHR Cooling is Lost
Core Exit Temperature Reaches 200 'F
Boiling Begins

Maximum Pressure in'Loops Reaches 19 psia (same as Case 4)
End of Transient Analyzed (core collapsed level = 9 ft)

Flange vent relieves 15 lbm/sec (15 MWt)
@tote: in Case 4, the pressurizer vent relieved < I lbm/sec (1 MWt),
the flange vent relieved 14 Ibm/sec (14 MWt)]

Transient Description for Case 4a:

The transient is almost identical with Case 4 except the flange vent flow is slightly higher for Case 4a

due to the absence of the pressurizer vent (see Figure 45). The maximum pressure in the loops is about
the same as in Case 4 (19 psia = 4 psig, see Figure '44). The long term pressures are also similar (18
psia = 3 psig), with Case 4a being slightly higher because of the reduced total vent area. Apart from
these minor differences, Cases 4 and 4a are nearly identical.
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Figure 44.
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Figure 45. Flange Vent Flowrates for Cases 4 and 4a
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2.6 Additional Analysis for Cases Without Steam Generator Nozzle Dams

For the analysis presented in the previous sections, it had been assumed that steam generator nozzle dams

were installed in all the loops. Variations of these cases without nozzle dams installed are also of interest

for typical refueling outages at the Diablo Canyon Nuclear Plant. The flange venting cases without and

with pressurizer vents (Cases 1 and 2) are considered in the section. For these cases, it is conservatively

assumed that all the water has been drained from the secondary side, so no credit is taken for heat

transfer to the secondary side coolant. In addition, it is postulated that water is initially held up in the

steam generator U-tubes. With the RCS level initially one foot below the flange (approximately 5 feet

above the top of the loops), this configuration is possible and expected ifthe RCS has not been drained

to below the top of the loops.

For the RCS pressurization analysis, it is conservative to model maximum inventoiy conditions with the

SG U-tubes essentially full. However, for the U-tubes full configuration, the time to boiling will be

delayed ifcoolant is able to circulate in the loop piping. Note that with the U-tubes partially filled, water
willnot be able to circulate, the time to boiling will be reduced, and the RCS may pressurize quickly.
Coolant circulation could be impeded if the RCS is vented (not able to pressurize) and non-condensible

gases coming out of solution at low RCS pressures are sufficient to block natural circulation. To address

both situations and reasonably bound the problems of interest, the following variations of Cases 1 and 2

are considered in this section:

Case lc. Head detensioned, no pressurizer vents, SG U-tubes full
Case ld. Head detensioned, no pressurizer vents, SG U-tubes 75% full

Case 2c. Head detensioned, one pressurizer safety valve removed, SG U-tubes full
Case 2d. Head detensioned, one pressurizer safety valve removed, SG U-tubes 75% full

The noding diagram used for these four cases is presented in Figure 46. This WGOTHIC model is

similar to the full RCS model used previously in the cold leg opening studies described in Section 4 of
Reference 4. In the model, a single steam generator loop is modeled in the pressurizer loop (called loop

A). The opposite loop (loop B) represents three lumped loops. The detailed noding diagram for the

vessel including flange vent paths pictured in Figure 1 is also used in the full RCS model of Figure 46.

Leakage at the RCP seals is modeled using a WGOTHIC valve model that allows increased seal leakage

when the RCS cold leg pressure reaches [ ]"', the approximate pressure required to lift the

RCP from its backseat with the RCP seal package installed. For the analysis cases considered in this

section, the pressures remain below this threshold value.

Figures 47 through 50 are comparison plots of several parameters of interest for Cases lc and ld.
Figures 51 through 54 provide similar comparisons for Cases 2c and 2d. Time tables of events and

transient descriptions follow.
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Figure 46. Noding Diagram for the Full RCS WGOTHIC Model
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Summarized below are the initial conditions and time table of events for Cases lc and ld.

Summary of Initial Conditions for Cases 1c and 1d:

High Core Decay Heat - 15.3 MWt (- 3 days after shutdown)
Initial Level One Foot Below the Flange (23 A for the WGOTHIC model)
Initial RCS Temperature = 100 'F

Initial Pressurizer Pressure = 14.7 psia

RCS vented as follows:
Head detensioned and resting on vessel, stops assumed at [ ]"',
Effective area A = [ ]"', no pressurizer vents

Case lc: Steam Generator U-tubes filled with water (790 cu-ft U-tube volume per SG)
Case ld: Steam Generator U-tubes filled 75% with water

Transient Sequence of Events for Case lc:
~Time sec ~Descri tion
0-120 Steady State Operation
120 RHR Cooling is Lost
3300 Core Exit Temperature Reaches 200 'F
3600 Boiling Begins, RCS pressure in loops = 16 psia (1 psig)
2900 - end SG in Loop A drains (single loop with pressurizer)
3100 - end SGs in Lumped Loop B drain
7000 End of transient modeled (code abort before desired end time)

Integrated flange vent liquid flow —74000 ibm (- 1200 cu-ft)
Core collapsed level > 16 ft

Transient Sequence of Events for Case ld:
T~ime sec ~Descri tion
0-120 Steady State Operation
120 'HR Cooling is Lost
1250 Core Exit Temperature Reaches 200 'F
1500 Boiling Begins
2000 - 9100 SG in Loop A drains (single loop with pressurizer)
3600 RCS pressure in loops reaches 23 psia (8 psig)
9200 - 12000 SGs in Lumped Loop B drain
7200 RCS pressure in loops reaches 36 psia (21 psig)
10800 RCS pressure in loops reaches a maximum of 48 psia (33 psig)
12000 End of transient modeled

Integrated flange vent liquid flow- 22000 ibm (- 360 cu-ft)
RCS pressure in loops = 39 psia (24 psig)
Flange vent steam fiow = 12 ibm/sec
Core collapsed level = 15 ft
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Comparing the two cases, for Case 1c natural circulation flow (approximately 100-150 lbm/sec in loop A,
300400 lbm/sec in fumped loop B) allows RCS coolant to mix after loss of RHR cooling. This delays

boiling until approximately one hour. For Case 1d, there is no natural circulation flow in the loops.

Without this mixing, boiling begins approximately 20 minutes after loss of RHR cooling. This result is

consistent with that of the other cases analyzed previously in Sections 2.1 through 2.5.

As the RCS reaches saturation and begins to boil, the RCS inventory swells into the pressurizer. The

RCS mixture level also reaches the level of the flange vent and some of the RCS water spills from the

opening. For both cases, most of the liquid spill from the flange vent occurs prior to 4000 seconds. As
noted in the sequence of events, more liquid spills for the higher inventory case. The difference between

the two cases is roughly the same as the differences in the initial RCS inventories (note: the initial
inventories differ by one SG U-tube volume, approximately 790 cu-ft; the inventories spilled from the

flange vent also differ by about the same amount, i.e., 1200 - 360 = 840 cu-ft). Given this spill
difference, it is understandable that the results for Case lc appear to "connect with" Case ld after 4000 to

5000 seconds.

Near the end of the transient modeled for Case ld, the RCS pressure in the loops reaches a maximum of
48 psia (33 psig) at 10800 seconds. This pressure decreases to approximately 39 psia (24 psig) at the end

of the transient modeled (at 12000 seconds). The flange vent flow at that time is about 12 ibm/sec. As

previously determined for Case la, it is expected that the RCS pressure would eventually increase to

approximately 50-55 psia (35-40 psig) ifanalyzed further in time since this pressure is required to
remove the anticipated steady-state boil-offsteam flowrate of 15 ibm/sec. This projected result is based

on the conservative flange vent area of [ ]"'. Ifthe area is increased to [ ]~'(as in Case lb),
the maximum RCS pressure would be reduced accordingly, to about 45 psia (30 psig).

Results for Cases 1d and lc indicate that the RCS pressurizes slowly, reaching 36 psia (21 psig) afler
about 2 hours. RWST gravity feed would be feasible up to this time ifthe RWST level is initially
maintained above 80%. Core uncovcry for these cases is not anticipated for at least several more hours,
thus allowing the operator considerable time for RHR recovery or other contingency actions.
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Figure 47. RCS Hot Leg Pressures for Cases lc and ld

RCS Hot Leg Pressure (psia)2— 12 3 0 U-tubes Full
9—0 12 3 0 U-tubes 75K Full

50

o 45
~ ~
co g0

35

30

25

~ 20

15
2000 4000 6000 8000

Time (seconds)
10000 $ 2000

Figure 48. Pressurizer Levels for Cases lc and ld
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'Figure 49. Flange Vent Vapor Flowrates for Cases lc and ld
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1

Summarized below are the initial conditions and time table of events for Cases 2c and 2d.

Summaiy of Initial Conditions for Cases 2c and 2d:

High Core Decay Heat - 15.3 MWt (- 3 days afler shutdown)

Initial Level One Foot Below the Flange (23 ft for the WGOTHIC model)

Initial RCS Temperature = 100 'F

Initial Pressurizer Prcssure = 14.7 psia

RCS vented as follows:

Head detensioned and resting on vessel, stops assumed at [ ]",
Effective area A = [ ]"', no pressurizer vents

One pressurizer safety valve removed, A = .147 sq-A, K = 1.4

Case 2c: Steam Generator U-tubes filled with water (790 cu-ft U-tube volume per SG)

Case 2d: Steam Generator U-tubes filled 75% with water

III

Transient Sequence

T~ime sec

0-120

120

3200

3500

2200 - end

3000 - end

7500

of Events for Case 2c:

~Descri tion

Steady State Operation

RHR Cooling is Lost

Core Exit Temperature Reaches 200 'F

Boiling Begins

SG in Loop A drains (single loop with pressurizer)

SGs in Lumped Loop B drain

End of transient modeled (code abort before desired end time)
Integrated flange vent liquid flow —75000 Ibm (- 1200 cu-ft)
RCS pressure in loops = 35 psia (20 psig)
Pressurizer level —40 ft (oscillating)
Core collapsed level = 15 ft

Transient Sequence of
~Time sec

0-120

120

1250

1500

2000 - 6500

7000 - 11000

, 12500

Events for Case 2d:

~Descri tion

Steady State Operation

RHR Cooling is Lost
Core Exit Temperature Reaches 200 'F
Boiling Begins

SG in Loop A drains (single loop with pressurizer)

SGs in Lumped Loop B drain

End of transient modeled

Integrated flange vent liquid flow - 28000 Ibm (- 460 cu-ft)
RCS pressure in loops = 35 psia (20 psig)
Flange vent steam flow = 12 Ibm/sec

Core collapsed level = 15 A
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Cases 2c and 2d have similarities to the previous two cases (1c and 1d). However, RCS pressure is

maintained about 10 psi lower (long term) because of the pressurizer vent. Similar to Case 1c, natural
circulation flow for Case 2c allows RCS coolant to mix afler loss of RHR cooling. This again delays
boiling until approximately one hour. For Case 2d (like 1d and the remaining cases in Sections 2.1

through 2.5), there is no natural circulation flow in the loops; the associated RCS mixing does not occur
and boiling begins approximately 20 minutes after loss of RHR cooling.

As the RCS reaches saturation and begins to boil, RCS inventoiy't swells and partially fills the pressurizer.

The RCS mixture level also reaches the level of the flange vent and some of the RCS water spills from
the opening. Similar to the previous two cases, more liquid spills for the higher inventory case (2c).

Again, the diQ'erence between the two cases (2c and 2d) is roughly the same as the differences in the

initial RCS inventories, i.e., the U-tube volume in one SG, 790 cu-ft (the inventories spilled from the

flange vent differ by about 1200 - 460 = 740 cu-ft). As in the previous two cases (lc and ld), results
for Case 2c again appear to "connect with" Case 2d afler about 5000 seconds.

Near the end of the transient modeled for Case 2d, the RCS pressure in the loops briefly reaches a

maximum of 38 psia (23 psig) at 11500 seconds and decreases to approximately 35 psia (20 psig) at the
end of the transient modeled (at 12500 seconds). The flange vent steam flow at that time is about
12 ibm/sec. The pressurizer level response is somewhat erratic, but level stabilizes near 40 ft at the end

of the transient. The SG U-tubes and plena have drained by this time. Furthermore, the levels in the

upper plenum and hot legs are close to mid-loop, so it is not likely that pressurizer level will increase

further for this transient. It is anticipated that pressurizer level will stabilize at approximately 40 ft or
less, similar to Case 2a (as illustrated in Figure 13). It was not possible to run Case 2d to steady-state
boil-offconditions. However, similar to Case 2a, it is expected that for the longer term response, the

steam flowrate through the pressurizer vent would build-up to approximately 5 ibm/scc (removes 5 MWt)
and the flange vent flowrate would decrease to approximately 10 ibm/sec (to relief the remaining 10

MWt decay heat).

The core collapsed level is approximately 15 ft at the end of the transient modeled (12500 seconds =

3.5 hours). Core uncovery would not be expected for at least one more hour, based on extension of
results for Case 2a.

Based on the analysis for Cases 2c and 2d and the expected long term response based on Case 2a, the
pressure in the loops stabilizes near 35-36 psia (20-21 psig) for a period of several hours (i.e., until core
uncovery). This is the approximate limit for gravity feed ifthe RWST level is maintained above 80%.
As expected based on Case 2b, several psi additional margin for RWST gravity feed would be possible
by removing two or three pressurizer safety valves. Additional margin is also available by taking credit
for the additional flange vent area [ ]gC
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Figure 5 l
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Figure 52. Pressurizer Levels for Cases 2c and 2d
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Figure 53. Flange Vent Vapor Flowrates for Cases 2c and 2d
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3.0 Summary and Evaluation of Results

8 This report describes the WGOTHIC RCS pressurization analysis performed to bound the following four

Diablo Canyon shutdown scenarios:

Case 1.

Case 2.

Case 3.

Case 4.

Head detensioned, pressurizer PORVs opened (or closed),

Head detensioned, pressurizer safety valves removed and PORVs opened,

Head not detensioned, pressurizer safety valves removed and PORVs opened,

Head detensioned, lifted, and blocked up approximately [

]"'ncluding

variations, twelve WGOTHIC cases have been analyzed or evaluated for the above scenarios.

Table 3 presents. results for these twelve cases. They are described in Sections 2.1 through 2.6 of this

report.

Note that when the PORVs are used as a vent path, the PRT rupture disk is assumed to be removed so

that the pressurizer is vented to atmospheric pressure. Cases with the PORVs closed bound the cases

with the PORVs open but with the PRT vented via a small line to the plant vent.

i

In addition, ifthe head is detensioned for Cases 1 and 2, it is assumed that the stud nuts are loosened far

enough to allow the head to lift, ifrequired, [ ]~'bove the mating surface. Further lift (greater

than [ ]"'hould be avoided due to mechanical concerns (binding and cocking). Therefore, a stop

at [ ]"'as assumed for these cases. In these analyses, the transient effects of the head lifting were

ignored (i.e., a constant area was assumed); this approximation is valid since the effective area remains

relatively constant once the RCS pressure reaches about 10 psig.

The following is a summary of initial conditions used for all cases:

High Core Decay Heat - 15.3 MWt (- 3 days aAer shutdown)

Initial Level One Foot Below the Flange (Flange Elevation = 24 ft in the WGOTHIC model)

Nozzle dams installed in all loops (except Cases 1c, ld, 2c, and 2d)
Initial RCS Temperature = 100 'F

Initial Pressurizer Pressure = 14.7 psia

RCS vented as described in Table 3.

The following transient sequence of events is also common to all cases (except Cases lc and 2c):

T~ime see

0-120

120

1250

1500

~Deseri ties

Steady State Operation

RHR Cooling is Lost

Core Exit Temperature Reaches 200 'F

Boiling Begins

i

With the SG U-tubes full for Cases lc and 2c, RCS coolant is able to circulate in the loops for a period
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of time following loss of RHR cooling. Boiling occurs at approximately one hour for these two cases.

The assumed steam generator nozzle dam rated or allowed pressure is 35 psig. Note that in Table 3, the

RCS pressure in the loops does not exceed 35 psig for any of the cases with the exception of Case la
(head detensioned, PORVs closed). Ifadditional flange vent area is credited (Case lb - the area is

expected to be [ ]~', the maximum pressure for this case is reduced to 30 psig, as evaluated

in Section 2.5. 'ase 3 reaches the 35 psig pressure limit but only briefly (greater than 30 psig for about

5 minutes). It is reasonable to assume the nozzle dams willwithstand such a transient without loss of
integrity.

The next pressure of interest is the pressure at which RWST gravity feed willbe possible - approximately
26 psig ifthe RWST is full, or 21 psig ifthe RWST level is at 80%. During the first hour of the

transient, this back-up method of recovery is feasible for all cases except Case 3 and possibly la.
Between 1 and 2 hours, the RWST gravity feed limit is reached for Cases 1 and la (note: for Cases lc
and ld, the pressure in the loops is approximately 21 psig at 2 hours). Therefore, if the configurations
for Cases 1, la, or 3 apply (and the decay heat is high), it is recommended that redundant a.c. power
sources and means for adding makeup (e.g., SI and charging pumps) be maintained to allow feed and

bleed recoveiy. Similar precautions are recommended for the two cases without SG nozzle dams

installed (1c and ld), ifit is conservatively assumed water has been drained from the secondary side of
the SGs for these configurations.

Note that removal of one or more pressurizer safety valves (Case 2) is suQicient to allow RWST gravity
feed by a generous margin ifthe RWST is full (26 - 21 = 5 psi, or more). Pressures are close to the

RWST gravity feed limit ifthe RWST level is at 80% (corresponding to 21 psig). As evaluated in
Section 2.2, the estimated maximum pressures for these cases would be even lower ifthey were based on

the actual flange vent area of about [ ]~'. As evaluated, these maximum pressures would be

approximately 15 psig (Case 2b, with 3 pressurizer safety valves removed) and 17 psig (Case 2a, with
only one pressurizer safety valve removed). Long term, the cases without SG nozzle dams and one

safety valve removed (Cases 2c and 2d) are expected to behave similar to Case 2a. Thus, there would be

significant margin for RWST gravity feed for the Case 2 scenarios, even ifthe RWST level is reduced to
80%.

If the reactor vessel head is blocked up (Cases 4 or 4a), the maximum RCS pressure in the loops is less

than 4 psig (approximately 3 psig long term). This is a low pressure from the standpoint of steam

generator nozzle dam integrity and RWST gravity feed capability. Such a configuration may also be

acceptable for ce'rtain cold leg side openings located above mid-loop; these could be evaluated on a cas'e

The results for Cases la and lb are consistent with previous results for early decay heat (l5 h/Wt)
reported in References 2 and 3. In these reports, it was noted that "With the stop [ j'"
calculations indicate that steam relief at the flange from early decay heat would cause an RCS

pressure increase of approximately 35 psig if no other vent existed."

These results are also consistent with previous expectations for early decay heat noted in References 2
and 3 —"If a large vent also existed in the pressurizer, gravity feed from the RWST could be initiated.
The cold water injection would reduce pressure and permit sustained gravity feed."
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by case basis. Cases 4 or 4a are acceptable from the standpoint of maintaining low RCS pressure.

However, at least one additional head liftoperation would be required to place or remove the blocks

required for maintaining the head separation.

The final column in Table 3 provides an approximate and conservative time to core uncovery for the

shutdown scenarios considered in this report. Note that this estimated core uncoveiy time is typically on

the order of two hours or more. Operator action to either recover RHR cooling or to initiate "feed and

bleed" or "filland spill" per the Diablo Canyon shutdown procedures (Reference 7, Appendices E and F,

respectively) would be required prior to this time to prevent core uncovery. Based on a brief review of
the Reference 7 appendices, the operator would likely maintain the RCS fillrate at less than 2000 gpm if
the RCS is vented at the flange (per the caution prior to Step 13 of Appendix E). The flow required to

maintain RCS subcooling and achievable via any combination of two high pressure ECCS pumps

(centrifugal charging and/or high-head SI pumps) would also not exceed 2000 gpm (per Reference 7-
Table 2 of Appendix E and per Figures 1 and 2 of Appendix H). Therefore, it is reasonable to assume

that operator willnot initiate feed and bleed cooling at a rate exceeding 2000 gpm. At this rate, the

pressure drop at the assumed flange vent opening (effective area of [ ]"'illbe less than 9 psi.

The corresponding pressure in the loops (at an elevation 7 ft lower than the flange) would not exceed 12

psig ifthe injection flow is maintained at or below 2000 gpm.

The pressure in the loops would exceed 35 psig ifthe pressurizer was not vented and the injection rate is

initiated and maintained at a rate of 3800 gpm or higher. It is unlikely that this combination of
conditions would occur based on a review of the Diablo Canyon outage practices and shutdown

procedures. Therefore, it is unlikely the RCS pressure willexceed the assumed 35 psig rating assumed

for the steam generator nozzle dams.

As noted previously, for most of the analysis cases (those in Sections 2.1 through 2.5), steam generator

nozzle dams are assumed to be installed in all steam generators, hot and cold sides. Therefore, no credit

is taken for heat removal from the steam generators via natural circulation or reflux cooling. Section 2.6

includes several analysis cases without steam generator nozzle dams installed but with water drained from

the secondary side. For these cases, water could be held up in the steam generator U-tubes ifthe initial
water level is near the flange (i.e., maintained above the top of the loops and not drained as part of the

refueling operations). This additional water inventory in the SG U-tubes could cause an increase in RCS

pressure ifsome of the water is able to fillthe pressurizer without boiling away. Heat transfer to the

secondary side of the SGs, ifmodeled, and coolant circulation in the loops will tend to reduce the RCS

pressure and delay the time to boiling. Although evaluations have not been performed to determine

which effects would dominate the RCS pressure response, it is estimated that for long term cooling the

SGs would be capable of relieving up to half of the above decay heat (8 MWt) at relatively low RCS

pressures (10-20 psig) via steam relief through the atmospheric relief valves. In the analysis presented in
Section 2.6, with the water assumed drained on the secondary side, the RCS pressure response is found to

be similar to the corresponding cases with steam generator nozzle dams (i.e., Cases la and Za), except

delayed in time because of the additional RCS inventoiy assumed in the steam generator U-tubes.
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