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4.0. THERMAL-HYDRAULIC ANALYSIS OF POTENTIAL OVERCOOLING TRANSIENTS

OCCURRING a: CALVERT CLIFFS UNIT 1 NUCLEAR POWER PLANT

4.1. Introduction

In Chapter 3, 115 sequences were identified for potential thermal-hydraulic
analysis. Even though many of these sequences have relatively slow cool~-
down rates (less than 100°F per hour), some thermal-hydraulic data must be
generated for each sequence or at least for each class of event.®* Clearly,
an extensive thermal-hydraulic analysis of each sequence would be unneces~
sary. Therefore, the approach used was (o analyze 12 selected sequences to
provide data that could be ased either directly or to estimate the thermal-

hydraulic characteristics of each of the 115 sequences.

The selection of the 12 sequences is described in Sectiom 4,2. For each
one, an analysis of the system response over a two~hour period was per~
formed by Los Alamos National Laboratory (LANL) as described in Sec~

tion 4.3, Two topics were identified as requiring special attention:

(1) mixing in the downcomer regiom, and (2) the heat-transfer coefficient
at the surface of the reactor vessel wall in the downcomer region. These
two characteristics were examined by T. G. Theofanous of Purdue University,
and the results are presented in Sections 4.4 and 4.5, respectively.
Finally, the results of the analyses discussed in Sections 4.3, 4.4, and
4.5 were used to estimate the thermas~hvdraulic characteristics of those
sequences for which a specific calculation was not performed. The process

applied and the results obtained are presented in Section 4.6,

.

This i neconsary since many of the eveats vwith slov cooldown rates have
relatively high frequescies of occurrence. Although it is snticipated
that high-frequency events with slow cooldows are loss important them
ti.ose low-frequency events with rapid cooldown, the relative risk of &
through~wall orack must be determined.
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4.2. Selegtion of Iwelve Sequences

The primary objective of the selection process was to identify sequences
that would provide informatiou om the impact of the initiating events,
potential equipment failures, and operator actions on the primary system
cooldown rate and pressure. As a result, many of the sequences choscn are

low-frequency probability sequences.
4,2.1, Sequences Imitiated by Large Steam-line Break at HZP

Three sequences [sequences 1.4 and 1.7 plus a sequence to repressnt the
residual® (1.8)] were chosea to provide informatiom for sequences initiated
by & large steam-line break at HZP. Two large break sizes are covered by

2 and & full double-ended main steam—line break.

the three sequences: 0.1 m
The two different break sizes will be used to examine the effects of the

range of sizes in the large-break category. The 0.1--2 break size was used
for sequence 1.4, and the full-break size was used for sequence 1.7 and the

residual sequence. These three sequences can be used to provide the fol-

lowing information for analysis of the large steam—line break sequences:
(1) The ei’ect of a variance of break size,

(2) The effect of continued feeding to the steam generator on the

broken line,

(3) The effect of the blowdown of both steam generators.

In Chapter 2 it was stated that Baltimore Gas and Electric is considering a

procedures change at Calvert Cliffs~1 which would leave two reactor coolant

ho renidanl was repreosented by the sequence involviang the fail
CMSIVe and & full system repressurization, - - ‘" “ ““ B ks S 217 S———

- e - y - -
S ——— - s S “’l-“" . S, -t » . e —— o

-
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pumps running during a cooldown caused by a secondary system initiating
event. Although this sequence has not been ideutified as part of the
sequence tables, it was felt that a full calculation of this effect was
necessary to evaluate the potential effect of this procedures change. Thus

sequence 1.4 was analyzed with two resctor coolant pumps left running.

4.2,2., Sequences Initiated by Small Steam-line Break at HZP

At the time the 12 sequences were chosen, it was felt that data from the
large-break cases at both HZP and full power, along with data from small-
break cases at full power, could be used to estimate the small-break
sequences at HZP., Thus no elaborate calculations were performed for small
steam-line break sequences at the HZP condition., In retrospect, even
though we were able to estimate the temperature and pressures associated
with these transients, the evaluation would have been greatly simplified

with at least one elaborate evaluation of a small steam—-line break at HZP,

4.2.3., Sequences Initiated by Large Steam-line Break at Full Power

One elaborate evaluation was performed for this initiator, This sequence

2

involved the 0.1-m“ break with failure to control repressurization and

failure to throttle auxiliary feedwater,

4.2.4, Sequences Initiated by Small Steam-line Break at Full Power

Small steam-line breaks at full power are dominated from a frequency stand-

point by failures of ADVs and/or TBVs., As stated in Section 3.3.3.3,
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failures of these valves at full power are treated as failures following a
reactor trip imitistor., Thus, the data used to estimate sequences in this
category will come from calculatioms performed for the reactor trip inmitia~

tor as described in Sectionm 4.2.5.

4.2.5. Sequences Initiated by a Reactor Trip

Elaborate calculations were performed for four sequences associated with
the reactor trip initiator. Two of these sequences deal with steam—line
valve failure, while the remaining two are steam genmerator main feedwater

overfeed sequences.

Both of the steam—line valve failure sequences involve the failure of a
TBV. In the first sequence, the MSIVs close as required. This provides
information on small steem—line breaks which are downstream of the MSIVs
and involve isolation of the brokem valve by closure of the MSIV. The
second TBV failure sequence includes the failure of a MSIV to close, This
not only provides information on small breaks downstream of the MSIVs when
a MSIV fails to close, but also represents small breaks upstream of the

MSIVs.

The two overfeed sequences involve: (1) the overfeed of onme line, and
(2) the overfeed of both lines. The overfeed on both lines represents the
maximum main feedwater overfeed. The single line overfeed was examined to

evaluate the potential for loop stagnation due to the asymmetric cooldown,

In all four sequences, operator actions to control repressurization and AFW
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were not considered. This was done since it was determined to be much
easier to extrapolate from the case where these operator actions are not
performed to the case where they are performed than it would be to exirapo~
late from the case where these operator actionms are performed to the case

where they are not performed.

4.2.6. Sequence Initiated by a Small-Break LOCA (0,016 ft?)

The sequence chosen to provide information for this category was a PORV-
sized break with a failure of one ADV to close. The PORV size was used to
ensure that the pressure remains reasonmably high during the transieat., The
additional failure of an ADV to close provides informatiom on the coupling
of & small-break LOCA and a small steam-line break., As in previous cases,
the operator action to conmtrol AFW flow to the intact steam line was not

considered for the initia) calculation,

4.2.7. Sequence Initiated by a Small-Break LOCA (~0,02 ggz)

The most probable break size in this eategory is a 2-in. break because of
the many 2-in. lines that come off of the main primary piping. A 2-in.
break represents a flow area of ~0,02 !tz (0.002 -z). Thus the calculation
2

performed to provide information on this class of event was a 0.02~1t

break.
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4.2.8, Sequences Initiated by LOCAs with Potential Loop Flow Stagnation

In Section 3.4.5, several sequences were defined which could potentially
lead to loop flow stagnation. As stated in that sectiom, it was determined
that loop flow stagnation would be assumed for these cases as a screening
mechanism, Since loop flow stagnation is assumed, the downcomer tempera™
ture becomes & mixing analysis. Thus these sequences were analyzed as part

of the mixing analysis discussed in Section 4.4,

4.2.9. Sequence Initiated by Loss of Main Feedwater with

Subsequent AFW Overfeed

In Section 3.4.6, a bounding case was identified to represent this category
of event, Thus a transient analysis was performed for this sequence., In
addition to the sequence description as given in Section 3.4.6, it was

assumed that the repressurization was not controlled by the operator.

4.2.10, Summary

The 12 sequences identified can be grouped uander three categories: (1) a
steam-line break, (2) runaway feedwater, or (3) small-break LOCAs., A sum~
mary of these transients is presented in Table 4.1, It should be noted
that except as specified in Section 4.3, several operator aotions/inactions
vere assumed to be common to all LANL transient caleulations.®* These

Assumptions were!

.
R. LIIRE ) . . b h LLA f
M HEer anannintod with the o o0 Fatiness wore disenssnd i




Table 4.1, Sumsary of twelve postulated overcooling transients

lcn-il ine Brdaks
1-m” main steam~line break upstream of MSIVs
(1) From HZP
(2) From full power
(3) From HZP with two operating resctor coolant pumps

Double~ended main steam~line break upstream of MSIVs
(4) From HZP with continued AFW flow to broken steam line
(5) From HZP with two stuck-open MSIVs

Small steam~line break downstream of MSIVs
(6) From full power
(7) From full power with ome stuck-open MSIV

Runaway Feedwater
(8) Runaway main feedwater to two steam gemerators from full power
(9) Runaway main feedwater to one steam generator from full power
(10) Runaway aunxiliary feedwater to two steam generators from full power

Soall-Break l.urol—C«lnc Aceidents
(11) 0.002-m" hot-leg break from full power
(12) Stuck-open pressurizer PORV with stuck-open secondary system ADV
full r




(1)

(2)

(3)

(4)

(5)

(6)

Operator turns off all RCPs 30 seconds after SIAS based on low

pressurizer pressure.

Operator fails to turn off charging pumps prior to full repres-

surization.

Operator fails to comtrol repressurizationm.

Operator fails to maintain level in intact SG.

Operator fails to respond to high SG alarm at 30 inches.

Operator fails to respond to high SG alarm at 50 inches.



4.3. LANL TRAC Analvsis

Los Alamos National Laboratory (LANL) participated in the PTS program by
usin_ the TRAC-PF1 computer code to provide best-estimate thermal-hydraunlic
analyses of the 12 postulated overcooling transients identified in

Table 4.1, Each of the 12 transients was to be analyzed by LANL for a 2~
hour transient period.® A summary of the TRAC model used and the results
obtained for each transient analysis are presented inm Sectioms 4.3.1-
4.3.13, A separate report, "TRAC-PF1 Analysis of Potential Pressurized~
Thermal-Shock Transients at a Combustion-Engineering PYR, " has been pud~
lished by LANL which describes in great detail both the model and the tran~
sient analysis performed, This repcrt has been included here as

Appendix F,

Since the thermal-hydraulic characteristics of the transients are in some
instances & result of complex intra-system cooling mechanisms and since in
many instances small differences in temperature can have significant

effects on the fracture-mechanics analysis, a separate review of the TRAC
analysis was performed by Brookhaven National Laboratory. The report sum—

marizing the BNL work is included in this report as Appendix 6.

“Ihe 1-hour transient period was choses for several ressons, First, the
calenlations are wery supensive and the snalvnis of & 10-hour transient
would iasur sabstantial sosts, From this standpeint, the 1-hour analysin
conid be sonsidered an loitial caleniation share tramaionts requiring
farther snalysis are idestifiod, The second resson s that many people
foel that say overcoolisg event would de recognined and termisated given &
1-hour dingnosis pertod. Although the sathors wouid not totally sgeon
with this statement, we would consur that for the groat majority of tran~
sients thare ars seversl wesas of recovery in & I~ period. Thas there
s some logltimaey assoninted with Limiting the canlynis to 1 hoves. Howe
aver, ons mast e awars of potential transients for whish recovery sey be
beyond the 1-hour peried, inally, deyond the 1-hour time frame the
tatliore sechaniom (s elennly cold-ovar-pressurization rather thas pressne
taed thermal shosk.
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4.3.1. TRAC-PF1 Model of Calvert Cliffs Unit 1

The TRAC model used for the Calvert Cliffs~1 analysis (TRAC-PF1) resulted
from a evolutionary process involvinmg several interactions with the plant
owner, Baltimore Gas and Electric, and the plant vendor, Combustion
Engineering. The TRAC noding diagrams for the primary system, feedwater
train, and steam lines are presented in Figures 4.1, 4.2, and 4.3, respec~
tively., The development of the noding and control signals for each system

is described in detail in Appendix F.

Two initial condition models, hot-zero power and full power, were required
to analyze the 12 transients. For each initial condition model, a steady-

state calculation was performed and compared with plant data.

The TRAC-PF1 HZP steady-state calculation for Calvert Cliffs-1 yielded very
stable primary-side conditions but oscillatory secondary-side conditions,
The fundamental difficulty in determining the secondary-side conditions
during HZP occurred because the vapor-generation rate was very small and

appeared to destabilize the steady-state solution for the SG wodel.

Table 4.2 compares the actual plant conditions with the conditions gen-
erated by TRAC after 15 minutes (reactor time) of the steady-state HZP cal-
culation. The comparison is reasonable with the exception of secondary
steam flow, A simple energy balance dictates that, in the steady state,
the tabulated plant value for the steam flow is correct. The over-
prediction by TRAC suggests that the liquid temperature entering the SG

riser was too high because the temperature profile in the downcomer was not
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Table 4.2, Comparison between TRAC and measured plant data
at hot zero power conditions
Parameter Measured Plant Data TRAC Predictions s
Primary Side
1. Pressure 15.5 MPa (2250 psia) 15.5 MPa (2250 psia)
2. Fluid temperature 550.9 K (532°F) 551.8 K (534°F)
3. Power 100 hr after shutdown 9,38 MW decay heat
+ pump power 4+ 17.38 MW from the pump
4. Mass flow 19,300 kg/s (153 x 105 1/h) 19,700 kg/s (156 x 105 1b/R)
5. Precsurizer 5.66 m (144 in.) 3.66 m (144 in,)
Secondary Side
1., Pressure 6.20 MPa (900 psia) 6.17 MPa (896 psia)
2. MFV temperature 300 K (80°F) 300 K (80°F)
3, Steam flow 10.1 kg/s (22.2 1b/s) 11.8 kg/s (26.0 1b/s)
4, 8SG inventory 95,000 kg (210,000 1b) 102,000 kg (225,000 1b)
5. TBV flow area 7% open 5% open




Figure 4.1. TRAC noding diagram for the primary side at Calvert Qliffs-1 (from Ref. 37).



Figure 4.2. TRAC noding diagram for the feedwater train at Cabvert Cliffs-1 (from Ref. 37).
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fully established,

The HZP temperature profiles appear rewsonable and reveal & situation in
whieh the cold feedwater heated to saturation by the time it entered the
riser section. In the ciser, the small vapor-generation rate ylelded »

very small veid frection uatil the liquid surface was reached.

Bven with the exaggersted steam flow, the LANL analysts.bellieve that the
TRAC HZP steady-state solution was close to the sotual plant conditions.
This belief is supported by the correspondence of the TRAC solution to the
conditions e, iiiiely expected when the power was nearly zero, that s, »
primary temperature that was susentially uniform and & secondary tempers~

ture that resembled & slowly simmering pot of boiling water,

Of the 12 transients, eight wore initiated from full-power steady-state
conditions, During full power the rractor operated at 2700 MW with an
sdditional energy input of 17.38 MW from the RCPs, The ealoulated tempera~
ture lnerease soross the vessel was 26,4 K (47 .6°F) with an inlet tempers~
tare of 559.3 K (547.0°F). The pressurs drop through the loep was 0.54 Mpa
(78.7 paid), Makesp/letdown flow regulated the pressurizer level to 5.46 »
215 in.).

Hoat was transferred through two SGs to the secondary loop, The fesdwater
flow was regulated to maintain & specifiod Liguid level by the MFRV uaing o
three-mode controllor, The valve ares was determined from the 50 level and
foodwater flow/steam flow mismatoh & doseribed in Appendin F.  The WIW-

pump speed was adjusted to malntain & constant precsnre drop of 0.71 M
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(108 paid) soross the MFRVs, The feedwater was heated to 495 K (431°F) by
two high-pressure feedwater heaters and four low-pressure feedwater

heaters, The liquid mass in each SO was ~62300 kg (136400 1b),

The full=power transients were initiated from different full-power steady-
state onlonlations., As the Calvert Cliffe~1 model evolved during the oal~
oulation of the transients, It was necessary to rerun & stoady-state calow~
lation whenever & model was modified, Table 4.3 gives & comparison between
the TRAC saleulation snd the seasured plant cond!tions for the last steady-
state ealenlation, The results are ia good agresment, as woere those from

the previous ealeunlations,

4.0.2, Steam=line Break Caloulations

The steam-line breaks considered in this analysis ranged from & double~
ended guillotine broak to & single stuck-open THV, The genersl events fol~
lowing & stesm-line break wore as follows, After & broak or stuck-open
valve occourred in the steam line, secondary depressurization resulted, If
the plant was at full power, the resctor and turbine teipped (probably on
Liguid level in the 50) and the MIW flow ran back, Becanse the secondary
Liquid temperature deoroased with the saturation temperature, the primary

temperature was governsd by the AT soross the tubes in the S04,

The deorense in secondary pressure cansed an SOIS, initinting elosure of

the MSIVe and MFIVe, If thess valves operantad corveatly and (solated one
80 from the break, ssymmetrie conditions were induced on the primary side,
As deseribed in the TRAC-Analysis-Mathodology seotion of the LANL report,



cC-4.17

Table 4.3, Comparison between TRAC and measured plant date’

at full-power conditions

Parameter

Measured Plant Dats

TRAC Prediotions

1. Core power
2. Vessel flow

’ "vuul

“ A,

s. D"”

‘. Tuu

LE “nuol

1, Fesdwater flow per 80

2. S0 dome pressure
Loep-A 86
Loop-0 %G

3. MW pump discharge prossure

Loop=A 8G
Loop~R 56

4, VIV temperature
. MRV flow ares (% open)

6, 50 liguid mass

Primary Side
2694 MW
25,27 /s (401,100 gym)

0,19 MPs (28,15 paid)
0.54 MPa (78,73 paid)
§59.3 K (547.0%F)
6.4 K (47.6°F)

Secondary Side
749 kg/n (598 & 10% w/n)

$.90 MPs (836 paiyg)
S.06 MPa (RS0 paly)

7.0 MPa (1130.7 pain)
T.60 MPs (1106.7 pain)
4% .8 £ (431,00

~90

§3,050 ky (197,438 1v)

2700 MW

24.9 w¥/s (395,250 gom)
0.23 MPa (33,5 paid)
0,19 MPa (28.15 paid)
0.55 MPa (80,5 paid)
$59.5 K (347,7°F)

26.0 K (47,0%%)

737 kg/n (5,88 x 10° /W)

5.9 MPa (852 paiy)
5.9 MPa (852 paiy)

7.66 MPa (1125.7 pain)
T.596 M (1111.0 pain)

49,2 K (433,91
”

63,000 kg (138,600 1b)
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Apperdix F, this asymmetry could result in temporary flow stagnation in the
"intact” SG so that it eventually boiled dry. AFW filled the intact SG and
because of assumed operator inactiom, the intact SG overfilled. If neither
or both SGs were isolated, symmetric comnditions would exist on the primary
side and AFW would be delivered tc poth SGs if s low liquid level in the

SGs was reached.

4.3.2.1., Transient 1: 0.1---2 Main Steam—line Break from HZP

The downcomer temperature and pressure profiles for Transient 1 are

presented in Figures 4.4 and 4.5, respectively.

The temperature profile was divided into three phases. Phase 1 (0 - 1300
seconds) was dominated by the blowdown of SG A. The blowdown was limited
by choked ilow through the 0.1-1-2 (1.0—£t2) break. Data from Combustion
Engineering indicated that the moisture separators would continue to be
effective at the predicted steam flows and thus the fluid exiting the break
was 100% steam. As SG A depressurized, the saturated liquid flashed and
the secondary temperature decreased according to the saturation curve.
Power extraction slowed as the liquid inventory depleted because the tubes
began uncovering, which steadily decreased the heat-~transfer area, Because
AFW was valved out to SG A based on an asymmetric-SG-pressure signal, its
secondary eventually voided completely. This event marked the end of

Phase 1 (at 1300 seconds).

Phase 2 (1300 - 4200 seconds) of the downcomer liquid temperature was the

period after SG A dryout and before natural circulation was established in
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Figure 4.4. Transient 1: Downcomer liquid temperature during 0.1-m? main steam-line
break from HZP. (Note: This transient assumes MULTIPLE operator/equipment failures;

see Section 4.1.10 for failure assumptions.)
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Figure 4.5. Transient 1: Primary system pressure during 0.1-m? main steam-line break
from HZP. (Note: This transient assumes MULTIPLE operator/equipment failures; see
Section 4.1.10 for failure assumptions.)
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Loop B. The downcomer temperature went through a maximum of 435 K at 4200
seconds. Energy was added via the core and heat slabs. The RCPs and SG A
had no input during this time period. SG B added emergy only to the tubes
because Loop B was stagnant throughout Phase 2. The deadhead of the HPI
pumps was reached at 100 seconds so HPI flow was zero in Phase 2. Charging
flow continued throughout the transient. The PORVs opened at 3120

A seconds,® relieving the fluid input from the charging system but at a much

higher temperature.

Phase 3 (4200 - 7200 seconds) began with the omset of natural circulation
in Loop B. Because it was assumed the operator failed to throttle AFW, the
liquid leve! in SG B rose above the moisture separator deck and natural
circulation was established on the secondary. AFVW mixed with the warmer
liquid in the riser, making SG B an effective heat sink. Energy removal by
SG B induced natural circulation on the primary side. It is interesting
that as the primary fluid mixed in the system, the downcomer temperature
approached the bulk temperature circulated at 4200 seconds. The circula-
tion was ended at 7200 seconds with the primary temperature decreasing
slightly. SG B was slowly becoming a colder heat sink with continued
injection of AFW. The primary temperature was also decreasing as charging

f flow replaced the hotter fluid leaving through the PORVs.

4,3.2,2. Transient 2: 0.1--2 Main Steam—line Break

from Full Power

With the exceptionm of the initial power conditiom (full power vs HZP),

Transient 2 is identical to Tramsient 1. The temperature and pressure

-

It is assumed for this calecslation that no attempt is made by the operstor
to comtrol the repressurization. This allows the pressure to reach the
poiat st which the PORV will open,

This assumes that the PORV is sllowea to contissally eycle opes and shut
for the daration of Phase 3,

—— iy WL NP W
b o cam A & - - e —— b

-
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e
) f" f? profiles are presented as Figures 4.6 and 4.7, respectively.

| Again Phase 1 of the downcomer liquid temperature profile was the period
during SG-A blowdown. Recause the system energy was higher and the SG mass
lower, 3G A dryout occurred much earlier (at 300 seconds) than for the same
transient from HZP, MFW [~5000 kg (11000 1b)] was added to each SG for 15
seconds after the reactor/turbine trip, but this was balanced by steam flow
through the TBVs. Because loop flows were very low in Loop B from ~250 to
750 seconds, the downcomer liquid temperature varied as much as 30 K (54°F)
in the azimuthal direction. The total emergy—removal capability of SG A
was 98.1 GW-s. SG B removed 30.9 GW-s before SGIS at 44 seconds. After
this, SG A cooled the primary below SG B, and the resulting energy addi-

tion, though small, severely slowed the flow in Loop B.

Phase 2 (~300 - 800 seconds) was a period of relatively rapid heating fol-

lowing SG-A dryout. Because Loop B was close to stagnation, less primary

fluid was availsble to receive the energy deposition from the core, and so

th: specific energy of the flowing fluid increased rap:dly. As the primary

temperature increased, SG B became an effective heat sink. In Phase 3

(800 - 2500 seconds), the average core power was ~46 MW, SG B removed ~24
/ MW and the PORVs removed some energy after they opened at 1975 seconds,*®

but the primary fluid continued to heat,

Phase 4 (2500 - 7200 seconds) was extrapolated from a previous calculation
of the same transiemt. As the core power decreased, 2 balance was achieved
? i with the energy remcval by SG B and flow through the PO!V:.- A quasi-

equilibrium state existed in Phase 4 with tre downcomer temperature at

.

It is assumed for this caleulation that no attempt is made the operat
or

to control the repressurizstion. TRis sllows the pressure :: nul':ho

point st vhich the PORV will open.

.hu assumes that the PORV is sliowed to contimually cyele ad
for the duratiom of Phase 4. g et
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Figure 4.6. Transient 2: Downcomer liquid temperature during 0.1-m? main steam-line
break from full power. (Note: This transient assumes MULTIPLE operator/equipment
failures; see Section 4.1.10 for failure assumptions.)

i} -
- - 2450
]
g ———
- 2100
1“4~ .
Q2 4-7%0
\: 10 T woo o
- (7]
5
7 E
i. .4 = 3
H extrapolated - 1050 &
LB -
s + 700
e A
- - 350
24 1
0 ~ - 0
0 1000 2000 3000 4000 $000 6000 7000 8000
Time (s)

Figure 4.7. Transient 2: Primary sistem pressure during 0.1-m’ main steam-line break
from full power. (Note: This transient assumes MULTIPLE operator/equipment failures;
see Section 4.1.10 for failure assumptions.)
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530 £ (495°F). The primary temperature would decrease slightly with time

because:

(1) The decay heat was decreasing;

(2) SG B was becoming slightly colder with continued AFW; and

(3) charging flow at 300 K (80°F) was replacing hotter fluid that

left through the PORVs.

4,3,2,3, Transieant 3: 0.1--2 Main Steam—line Break from HZP

with Two Operating Reactor Coolant Pumps

This transient was identical to Tramsient 1 except that two diametrically
opposite RCPs remained in operation throughout the tramsient. The primeci-
pal effect of leaving two RCPs in operation was that loop-flow stagnation
did not occur in Loop B and SG B became a considerable heat source durimg

the initial part of the tramsieat (0 - 500 seconds).

Figures 4.8 and 4.9 show the downcomer liquid temperature and the downcomer
pressure for this transient. Again the time for the downcomer temperature
was divided into three phases. Phase 1 (0 - 500 seconds) corresponded to
SG A blowdown and ended at the time of minimum downcomer temperature.
Because two RCPs were still operating, enmergy—transfer rates were much
hi;hoi than when all four RCPs were tripped and SG A dried out at 500
seconds. The forced circulation in Loop B allowed SG B to deposit consid-

erable energy into the primary while it was being cooled by SG A.
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Figure 4.8. Transient 3: Downcomer liquid temperature during 0.1-m’ main steam-line
break from HZP with two operating RCPs. (Note: This transient assumes MULTIPLE
operator/equipment failures; see Section 4.1.10 for failure assumptions.)
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Figure 4.9, Transient 3: Primary system pressure during 0.1-m* main steam-line break
from HZP with two operating RCPs. (Note: This transient assumes MULTIPLE
operator/equipment failures; see Section 4.1.10 for failure assumptions.)
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Phase 2 (500 - 1900 seconds) was a period of primary fluid heating (from
the core, the two operating RCPs, and the primary side heat slabs) before
SG B became a significant heat sink. Not much cooling was provided by HPI
and charging flow, Phase 3 (1900 - 5300 seconds) began with a significant
increase in the heat—transfer rate across the tubes in SG B. This abrupt
increase was a result of an inadequacy in the TRAC code but perhaps was
physical to some extent. As the secondary side of SG B filled with AFW
above the moisture separator deck, the liquid began to spill over into the
steam space in the SG downcomer above the feedwater ring. As seen from the
rapid depressurization, TRAC overpredicted the condensation rate that would
result from this spillover. The resulting depressurization caused the cold
AFW that had accumulated in the SG downcomer to flow into the riser regiom.
The colder liquid came into contact with the tubes and the emergy-removal

rate from the primary increased.

After 2500 seconds, a quasi-equilibrium state was reached. The PORV
opened,® removing approximately 8 MW, SG B removed the remainder of the
energy input from the core, the heat slabs, and the RCPs, which amounted to
~15 MW, The calculation was terminated at 5300 seconds with the system in
this gquasi-equilibrium state. The system was cooling slightly with time
because SG B was becoming & cooler heat sink with continued AFW and charg~

ing flow was replacing the hotter fluid leaving the PORVs.

4.3.2.4, Transient 4: Double~Ended Main Steam-line Break from HZP

with Failure to Isohtct AFW Flow to Broken Stcam Line

The downcomer temperature and pressure profiles for Transient 4 are

.

It is assumed for this calculation that no attempt is made by the operator
to comtrol the repressuriz:tionm, This allows the pressure to reach the
point at which the PORV will opesm.

“This assumes that the PORY is sllowed to costisuall cle = sad sk
for the duration of Phase 3. Sl R

xhcl.‘u both failure of automatic system and failure of operator to
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presented as Figures 4.10 and 4.11, As shown in Figure 4.10, the downcomer
temperature was again divided into three phases. The first phase (0 - ~800
seconds) is characterized by severe overcooling of the primary caused by
the rapid blowdown of SG A to atmospheric pressure. Although the blowdown
rate was limited by the flow restrictors downstream of the SGs, the mass
flow out of the SGs increased by more than three orders of magnitude over
the HZP steady-state value., Furthermore, the assumed failure of the
asymmetric-SG-pressnre signal to effect isolation of AFW to SG A enmsured
that the atmospheric heat sink would not be lost because of SG dryout.
During this period, the flow in Loop B stagnated following the RCPs being
tripped because of reverse heat transfer in SG B following SGIS. Also,
during this period the upper heat of the vessel voided briefly (90 - 350
seconds) because the primary fluid comtractiom initially exceeded the
HPI/charging refilling capacity. A model input error caused closure of the
MFIVs on AFAS at 2 seconds instead of on SGIS at 9 seconds, but this error

has no significant effect on the results.

The second phase (~800 - 3275 seconds) is characterized by repressurization
of the primary caused by unrestricted operation of the charging pumps.
During this phase of the tramsient there is an approximate balance between
decay heat, heat transfer from the structure to the fluid and heat rejec—
tion to SG A, However, becaunse the HPI and charging flow added substantial
mass to the primary [~46000 kg (101000 1b) during 0 - 800 seconds and
~30000 kg (66000 1b) during 800 - 3275 seconds to an imitial mass of 224000
kg (493000 1b)] but very little enthalpy, the average specific internmal
energy decreased slightly. By 3200 seconds the downcomer temperature hed

leveled off at 380 K.
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Figure 4.10. Transient 4 Downcomer liquid temperature during double-ended main
steam-line break from HZP with failure to isolate AFW flow to broken steam line. (Note:
This transient assumes MULTIPLE operator/equipment failures; see Section 4.1.10 for
failure assumptions.)

i)

- ™~ 2‘50
1 ff A 'y A .
wd / a0

z 3
2 A a
It “woo b
: | o4 i ®
2 ; / 3
® 8 1 1 a
a ! v
5 { >
| A —— A
" / extrapolated L 700
4 \/ o
b - 350
29 4
Q0 ' 0
o woo 2000 300C 4000 50072 5000 7000 8000
Time (s)

Figure 4.11. Transient 4: Primary system pressure during double-ended main steam-
line break from HZP with failure to isolate AFW ‘"ow to broken steam line. (Note: This
transient assumes MULTIPLE operator/equipment .ailurcs; see Section 4.1.10 for failure
assumptions.)
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The problem was terminated at 3275 seconds because the transient had sta-
bilized with respect to dcwncomer temperature and pressure. PORV cycling
between 15.7 MPa and 16.5 MPa would lirit the pressure because PORV capa-
city was more than adequate to relieve the charging flow. Furthermore, the
decay power was sufficient to heat the AFW to SG A to the atmospheric boil-
ing temperature; therefore, the liquid temperature in the downcomer of the

vessel would not fall below 373 K (121°F) within 7200 seconds (Phase 3).

4.3.2.5., Transient 5: Double-Ended Main Steam—line Break Upstream of MSIVs

from HZP with Two Stuck-Open MSIVs

Transient 5 is the same as Transient 4 except that the MSIVs failed to
close upon receipt of SGIS and blowdown of both SGs continumed. Also, the

operator terminated AFW flow at 480 seconds (8 minutes).

The transient may be divided into three phases as shown on & plot of the
downcomer liquid temperature in Figure 4.12. In Phase 1 (0 - 1000
seconds), 2 minimum temperature of 376 K was reached, which was a few
degrees above the temperature of the liquid remaining in each SG-secondary
after the blowdown to 0.1 MPa (14.7 psia). Each SG removed ~97 GW-s of
energy from the primary, which included AFW flow for 390 seconds. The heat

slabs added 33,1 GW-s to the primary fluid.

After the AFW ended at 480 seconds, the primary temperature leveied off a
few degrees above the secondary temperature (Phase 2). The downcomer tem—
perature increased slightly after the termination of HPI flow at 1000

seconds. In extrapolated Phase 3 (3300 - 7200 seconds) the power from the



CC-4.29

590 v v - - 600
m- -4
1. Blowdown of both SGs
i 2. Quasi-equilibrium with both SGs 4500
530+ , 3. Extrapolated; equilbrium maintained
500 4 1
g | £
5 j Jo »
3 470 | =
1 K
; - 4 §
- ia 3 AFW terminated __'5“ =
} /IPI flow ended §
380 3 L p——— ’ -A A— A— . .
- 2 | 3 - 200
3304 7
320 7
3 - 100
290 .
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Figure 4.12. Transient 5S: Downcomer liquid temperature during double-ended main
steam-line break from HZP with two stuck-open MSIVs, (Note: This transient assumes
MULTIPLE operator /equipment failures; see Section 4.1.10 for failure assumptions.)
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primary is expected to slowly boil the remaining liquid in each SG [-18000
kg (~40000 1b)]. At 3300 seconds, the power from the heat slabs was ~7.5
MW, Together with 9 MW from the core, a steaming rate of ~4 kg/s would be
produced in each SG. With this rate as a maximum (heat input from the
slabs would decrease in time), the SGs would dry out in another 4650
seconds (t = 7950 seconds), which is past the end of this tramsieant. Thus,
the temperature is expected to remain at ~378 K (221°F) for the remainder

of the transient,

Figure 4.13 gives the system pressure. The blowdown of both SGs caused the
system to depressurize to 4.1 MPa. HPI flow reached a maximum of 60 kg/s
to make up for the primary liquid contraction. The upper head voided dur—
ing the 50- to 900-second time frame. Charging flow eventually repressur—
ized the primary system to the PORV setpoint® where it was assumed to

remain for the rest of the transient.

4.3.2.6, Transient 6: Small Steam—line Break Downstream of MSIVs from

Full Power

The failure of ome TBV %o reseat after opening on a turbinme trip is postu—
lated in this transient. One full-open TBY is about half the size of the
0.1-n? (1.0-ft2) break described previously (0,05 12/0.51 £t%). Because

the TBVs are downstream of the MSIVs, a stuck-openm TBV is isolatable,
whereas the 0.1--2 MSLB described previously was not. The "break” communi-
cated with each SG identically and so the thermal-hydraulic events on both

the secondary and the primary side are symmetric.

-

It i3 sssomed for this caleslation that mo attempt is made by the operator
to comtrol the repressurization. This allows the . t

point at which the PORV will open. T e

“This essmmes that the PORV is sllowed to comtineal
for the durstion of Phase 1. W . —
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Figure 4.13. Transient 5: Primary system pressure during double-ended main steam-
line break from HZP with two stuck-open MSIVs. (Note: This transient assumes
MULTIPLE operator/equipment failures; see Section 4.1.10 for failure assumptions.)



2

"l

B

~
D,
>

The temperature history in the downcomer (Figure 4.14) was divided into
five phases. Phase 1 (0 - 510 seconds) was the time before the stuck—open
TBY was isolated from the SGs as a result of the clozure of the MSIVs fol-
lowing SGIS, The initial ~50 seconds of the transient should have been
jdentical to a loss-of-load.® The TBVs reseated as the primary temperature
decreased. When one failed, & relatively slow depressurization began in
both SGs., The secondary pressure decreased until the setpoint for SGIS was

reached. This marked the end of the cooldown caused by the stuck—open TBV.

Phase 2 (510 - 1050 seconds) was a time of primary fluid heating ending
with opening of the ADVs on high primary temperzture. Boiling on the SG
secondary continued to remove enmergy but at a2 slower rate as the secondary
repressurized. The ADVs were open in Phase 3 (1050 - 4200 seconds), modu-
lating to maintain the average primary temperature at 552 K. The TBVs also

opened, but they had no effect because the MSIVs were closed.

Boiling in the SGs continued and mass was depleted thromgh the ADVs. AFAS
was received at 4200 seconds based on low level in both SGs.  Phase 4
(4200 - 5800 seconds) began with AFW flow to both SGs. A cooldown ensued
as the AFW mixed with the boilimg liquid im the riser phase. AFV flow
affected the primary temperature in this transient more than in others
because it was initiated to both SGs (no asymmetric-SG-pressure signal) and
both SGs were low in invemtory. Also, both loops were in natural circula-
tion on the primary; this allowed rapid feedback to the primary side. The
cooldown is expected to comtimme at the same rate until 7200 seconds,
reaching a minimum of ~510 K. Phase 5 (5800 - 7200 seconds) is the extra-

polated temperature history.

.locuu of am erzcs im the imitial liquid temperatures iz the pressurizer,
the primary side depressurizec much too rapidly. This calculation was to
be redone, bet becanse it vas already poedicted sot to be of PTS comcers,
s sdditionsl failure of ome MSIV was specified. The recalculation is
reported ins the sext section. The period (0 - 570 seconds) before SGIS
was ideatical to the specifications of this tramsiemt, Tais tramsieat is
iscluded to give details of & 7200-second tramsieat with the failure of
one TBY esnly.

AFAS was dased on & AP sessurement of ~4.3 m (~170 in.). This
corresponded to & ligquid iavesmtory of ~17000 :85 Rased on & collapsed
liguid messurement, AFAS would oveur with 45, kg remaising is the SGs.
It is snksows vhich method is more correct, but AFAS probably was seat

| later tham it should have besn.
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Figure 4.14. Transient 6: Downcomer liquid temperature during small steam-line break
from full power with stuck-open TBV. (Note: This transient assumes
operator /equipment failures; see Section 4.1.10 for failure assumptions.)
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The pressure history for this transient is given im Figure 4.15. Energy
removal, and consequently depressurization, ended at 510 seconds when the
SGs were isolated. As mentioned earlier, the initial depressurization was
too rapid because all the imitial liquid in the pressurizer was not
saturated. SIAS should not have been xsached at 28 seconds. After the
initial depressurization that was caused by the reactor/turbine trip (which
would have brought the system to about 13.2 MPa), s slow depressurization
continued becsuse of the slow blowdown of both SGs. Charging flow repres—
surized the system to the PORV setpoint® after emergy removal ceased at 510
seconds. The system pressure was never low emough for HPI flow. The pres-
sure is assumed to remain at the PORV setpoint for the remainder of 7200~

second time poriod.*
4.3.2.7. Transient 7: Small Steam—line Break Downstream of MSIVs with

Failure of Ome MSIV to ClouI from Full Power

This transient is the same as the previous transient with the additional
failure of the MSIV on one loop after SGIS., Thus, one SG blew down com~

pletely in this transient,

As shown in Figure 4.16, the downcomer liquid temperature was divided imto
four phases. Both SGs blew down through the stuck-open TBV during Phase 1
(0 - 570 seconds). The end of this phase was marked by the closure of ome
MSIV and the failure of the other MSIV after SGIS. The emergy-transfer
mochanisms were similar to those described for the previous transient, The
minimum temperature for Phase 1 'o;ld be the minimum reached for the sntire

transient (as a result of a stuck-open TBV) if omly the TBV had failed as

.Xt is assumed for this caleulation that no sttempt is made by the operator
to comntrol the represssrization. This sllows the pressure to resch the
point at which the PORV will open.

'nn sssumes that the PORY {s allowsd to continsally eyele open and shat
for the duratiom of Phase 3.

"m. is the same a8 s small steam-line bresk spetreas of the MSIVs,

L ey - . e i~ - A N A - - e

v — NS SnE——" T e > & - Ms O -
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\ Figure 4.16. Transient 7: Downcomer liquid temperature during small steam-line break
~ from full power with one stuck-open MSIV and a stuck-open TBV. (Note: This transient

assumes MULTIPLE operator/equipment failures; see Section 4.1.10 for failure assump-
tions.)
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Figure 4.17. Transient 7: Primary system pressure during small steam-line break from
full power with one stuck-open MSIV and a stuck-open TBV. (Note: This transient
assumes MULTIPLE operator/equipment failures; see Section 4.1.10 for failure assump-
tions.)
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specified for the previous tramsient.

Phase 2 (570 = 1750 seconds) was a period of asymmetric SG conditioms. One
MSIV closed, isolating SG B from the stuck-open TBV, while SG A continued
to blow down. AFW was delivered to both SGs until asymmetric SG pressures
were detected at 640 seconds. AFV was then delivered to SG B only. Some
azimuthal differenves inm the downcomer temperature existed because higher
heat-transfer rates caused the primary fluid to flow prefereatially to

Loop A, The dryout of SG A marked the end of Phase 2.

Phase 3 (1750 - 2500 seconds) was a period of primary heating after SG A
dryout. The PORVs had not yet opened so SG B was the only heat sink for
the emergy deposition from the core. Phase 4 (2500 - 7200 ‘'conds) was
extrapolated based on the 0.1--z zmain steam-line break from full power (the
originel run for 0 - 7200 seconds). The heatup to a quasi-equilibrium
state should be similar for both transients, because the energy transfers
were similar. In both tramsients, SG B and the PORVs were removing the
decay heat, and the primary side heat slabs, RCPs, and SG A no longer

influenced the transiemt., A guasi-equilibrium state is expected to be

reached at ~525 K (486°F).

Figure 4.17 shows the pressure history. The first 50 seconds corresponded
to & normal loss of load. When ome TBV failed to reseat at 50 seconds, the
pressure continued to drop with a sharp decrease after tae RCPs were
tripped at 500 seconds. The pressure leveled at 11.2 «“Pa as the cooldown
slowed end the primary liquid contraction ended. The PORV setpoint was

reached® just as the calculation was terminated. The system pressure is

.ll is assmwed for this caleslation that so attempt i» wade by the operstor
to somtrol the repressurization. This sllows the pressure to resch the
potat st which the PORV will open.



CC-4.37

assumed to remain at the PORV setpoint during the remainder of the 7200~
second time period.® SIAS was received at 470 seconds, but the system

pressure was never low emough for HRPI.

4.3.3. Runaway Feedwater Events

Three transients were snalyzed in the runaway feedwater category. The
first two transients involve runaway main feedwater and the third tramsient

involves runaway auxiliary feedwater.

4.3.3.1. Transient 8:@ Runaway Main Feedwater to Both Steam Gemerators

from Full Power

This transient was initiated by a reactor/turbine trip from full power at
t = 0 seconds with an assumed failure of both MFRVs to close. The downco-
mer temperature and pressure profiles are presented in Figures 4.18 and

4.19, respectively.

As shown in Figure 4.18, for this case the downcomer temperature history
was divided into three phases. Tke first phase (0 - 283 seconds) s ~ws a
rapid decrease in downcomer temperature, The initial 10 K (18°F) tempera-
ture drop that occurred between 0 and 60 seconds is the normal temperature
decrease that occurs when the reactor scrams. The significant decrease in
core thermal power caused the AT between the primary and secondary sides of
the SGs to reduce to a much smaller value that still permitted dissipation
of the decay heat. The emergy removed from the primary fluid during this

interim was ~22 GW~s per SG. At 60 seconds sfter the scram, the relatively

.
This assumes that the PORV is sllowed to contimeally eycle opes and shet
for the daration of Phase §
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Figure 4.18. Transient 8: Downcomer temperature during runaway main feedwater to
two SGs from full power. (Note: This transient assumes MULTIPLE operator/equipment
failures; see Section 4.1.10 for failure assumptions.)
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cooler liquid that was in the feedwater pipes downstream of the high-
pressure heaters was swept into the riser region of the SGs, pushing the
hotter liqu'd inm the riser region into the steam—volume region above the
tubes. The effective lower secondary side temperature begam to extract
energy from the primary side at a rate of ~200 MW per SG. At 218 seconds,
the MW pumps tripped on low-suction pressure because of depletion of liquid
inventory in the condenser hot wells. At this point, the liquid in the
riser could no longer be replemished with cooler liquid. The riser regionm
stagnated and quickly approached thermal equilibrium with the primary
liquid temperature. The euergy transferred to each SG decreased to ~15 MW,
However, the thermal power produced by the decay heat is adding emergy to
the primary liquid at a rate of ~75 MW. As a result, the primary liquid
begins to heat again, The downcomer liquid temperature reaches a minimum

temperature of 477.5 K (399.8°F) at 283 seconds.

Phase 2 (283 - 4800 seconds) shows a relatively slow heatup of the primary
fluid following the trip of the main feedwater pumps. As the primary tem—
perature increases, enmergy is continually being transferred from the pri-
mary into the secondary. The stagnant liquid in the SGs begins to heat up
until it reaches the saturation temperature corresponding to 6.2 MPa (900
psia), the pressure setpoint of the TBV. The primary temperature levels
off at a small AT above the saturation temperature of the liquid remaining
in the SGs. A slow boiling process now begins (Phase 3). The small amount
of steam being produced in the secondary side of the SGs is being vented by
both the ADVs and the TBVs. [The ADVs and TBVs opened boc;nso the primary

side temperature exceeded 552.6 K (535°F).]
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4.3.3.2., Transient 9: Runaway fain Feedwater to Ome Steam Genmerator

from Full Power

This transient was initiated by a reactor/turbine trip from full power at
t = 0 seconds with an assumed failure of ome MFRV to close, The tempera-

ture and pressure profiles are preseated in Figures 4.20 and 4.21.

Figure 4.20 shows that the downcomer temperature history was divided into
five phases. The first pLase (0 ~ 363 saeond;) shows a rapid decrease in
the downcomer temperature. As with the transiemt discussed in the previous
section, the initial 10 K temperature drop that occurs between 0 and 60
seconds is the normal temperature decrease that occurs when the reactor
scrams. The energy removed by each SG during this interim is ~22 GW-s. At
60 seconds after the scram, the relatively cooler liquid that was in the
feedwater pipes downstream of the high-pressure heaters feeding SG A has
been swept into the riser region of SG A. The effective lower secondary
side temperature in SG A begins to extract emergy at am average rate of
~260 MW. At 303 seconds, the main feedwater pumps trip on low suction
pressure because of depletion of the condenser hot-well liquid inventory.
(Unlike the runaway main feedwater to two SGs, failure of ome MFRV to close
produces a feedwater flow to that SG of ~1000 kg/s. This depletes the con—
denser hot-well liquid inventory im ~300 seconds.) At this point, the
liquid in the riser regiom of SG A can no longer be replenished with cooler
liquid. The riser region stagnated and quickly approached thermal equili-
brium with the primary liquid temperature. The energy transfer in SG A
decreases to ~28 MW. However, the thermal power produced by the decay heat

is adding emergy to the primary liquid at a rate of ~75 MW. As a result,
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Figure 4.20. Transient 9: Downcomer temperature during runaway main feedwa er to
one SG from full power. (Note: This transient assumes MULTIPLE operator/equipment
failures; see Section 4.1.10 for failure assumptions.)
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Figure 4.21. Transient 9: Primary system pressure during runaway main feedwater to
one SG from full power. (Note: This transient assumes MULT IPLE operator/equipment
failures; see Section 4.1.10 for failure assumptiors.)
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the primary liquid begins to heat again, The average downcomer liquid tem—
perature goes through a minimum temperature of 491.0 K at 363 seconds.
Phase 2 (363 - 3200 seconds) shows a relatively slow heatup of the primary
fluid following the trip of the main feedwater pumps. This is similar to
the heatup observed im the runaway main feedwater to two SGs discussed in
the previous sectionm except that the heatup that occurs inm this transient
has only one heat sink - SG A. The other SG cooled only slightly during
the runaway feedwater portiom of the transiemt., As a result, the decay
heat added to the primary fluid could be dissipated through only one SG
rather than two. Hence, the primary fluid heated up more rapidly for this
case. After SG A was heated again to the saturation temperature
corresponding to 6.2 MPa (900 psia), both SGs shared the heat load equally.
The primary temperature leveled off at a small AT above the saturation tem—
perature of the liquid remaining in the two SGs. A slow boiling process
began (Phase 3). As in the transient discussed in the previous sectiom,
the primary fluid temperat-re during this period exceeded 552.6 K (535°F).
Both the ADVs and the TBVs reopened. This vented the steam being generated
by the boiling process. Subsequently, about ome~third of the decay heat
was removed by each SG. The remaining one-third of the decay heat was
removed by convective mass transfer associated with injecting cold charging
flow into the primary system at a rate of 8.3 kg/s (6.59 x 10* 15/8) and
rejecting, on an average, the same mass flow rate through the PORVs with a

much higher temperature.

Because the mass inventory im SG B was initially depleted somewhat at the

beginning of the transient and was not replenishing during the runaway
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feedwater portion of the tramsiemt, the slow boiling process that occurred
in Phase 3 continued to boil away the remaining liquid ian SG B. At 4800

seconds, the level in SG B was finally low emough to activate AFW to both

SGs. The continuous additiom of cold 277.6 K (40°F) liquid to each of the
8Gs resulted in a continuous reduction of the secondary side heat sink tem
perature. This, in tura, produced » decrease in the primary fluid tempera~
ture (Phase 4). Once the primary side temperature decreased below 552.6 K

(535°F), both the ADVs and the TBVs reclosed.

The calculation was terminated at 5800 seconds. Nowever, it was antici-
pated that the primary fluid temperature would continve to decr2ase at
approximately the same rate observed in Phase 4 for the interim from 5800

to 7200 seconds (Phase 5).

4.3.3.3, Transient 10: Runaway Auxiliary Feedwater to Two Steam Generators

from Full Power

This transient was initiated by an unanticipated trip of both main feedwa~
ter pumps from full power at t = 0 seconds. It was assumed that the AFW
system would fail to start following AFAS., At 1200 seconds (20 minutes)
into the transient, AFW was recovered to both SGs at its prescribed maximum
flow rate of 25 kg/s (400 gpm). Furthermore, it was assumed that the
operator would secure AFW to both SGs 3 minutes after the narrow-range
level indication in either SG reached the +50-in. high~level alarm. The
downcomer temperature and pressure profiles are shown in Figures 4.22 and

4.23.
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The first phase (0 - 24.7 seconds) shows a slight temperature increase
prior to the reactor/turbine trip at 34.7 seconds. This temperature
increase was produced bty the degradatiom of the heat—load capacity of each
SG following the loss of main feedwater flow. Because the reactor power
was programmed not to change during this interim, a net energy transfer of
0.9 GW-s into the primary fluid resulted, causing the primary temperature
to increase a few degrees. The ixitisl SG inventory of ~63,000 kg per SG

was reduced by 30% during this period.

As previously mentioned, the reactor/turbine tripped at 34.7 seconds
because of low SG narrow-range level indication. The primary liquid tem—
perature quickly dropped to a quasi-static equilibrium temperature a few
degrees above the secondary side liquid temperature (Phase 2). The decay
heat produced by the reactor during this period was dissipated equally by
both SGs at a rate of ~40 MW per SG; this heat continued the boiling pro-
cess in each SG. This continued to deplete the liquid imventory in each SG

and subsequently led to AFAS at 35.5 seconds.

The average primary temperature during Phase 2 was higher than 552.6 K
(535°F), which caused both the ALUVs and TBVs to be op=n. Together, they
vented all the steam that was being produced. After the SG liquid inven—
tory was depleted, the heat-load capacity of each SG decreased to less than
1 MW, The decay heut produced by the reactor could no longer be dissipated
from the primary fluid. 7ie temperature began to rise sharply (Phase 3).
This caused the ADVs and the TBVs to open fully, which caused each of the
SGs to depressurize. As a resuli, SGIS occurred at 864 seconds. The MFRVs

and MSIVs closed and iso. ated the SGs from the TBVs.
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At 1200 seconds the AFW flow was recovered. The initial surge of cold aux-
iliary feedwater to enter the SGs vaporized rapidly. This removed 15.4 GW-
s of emergy from the primary fluid over the next 300 seconds. The imjec-
tion of cold charging flow over the same period of time resulted in a
further decrease in the temperature of the primary fluid. The net result
was a rapid temperature decrease of 22.5 K (40.5°F). The average primary
temperature dropped below 552.6 K (535°F), causing the comtrol system to
close the ADVs. This bottled up both SGs for the remainder of the tranm-
sicnt. The continued additionm of cold AFW to both SGs resulted in each 5G
removing energy from the primary fluid at an average rate of ~19 MW. This
energy did not boil the auxiliary feedwater. Rather, the emergy was added
as sensible heat to the liquid, causing its temperature to increase. The
increase in the secondary side liquid temperature, however, occurred for
only a short period of time. The secondary side liquid temperature peaked
at ~540 K (512°F) at ~1600 seconds. The rate at which energy was being
added to the secondary side !iquid as sensible heat was offset at this time
by the continued addition of cold AFW., The net result was an increasing

liquid inventory in each SG with a modestly decreasing liquid temperature.

On an average, the primary fluid temperature decreased at a rate of ~32 K/h
(58°F/h) over Phase 4 because of convective cooling. Had the operator
throttled the charging flow at the time of level recovery in the pressur—
izer, the primary liquid temperature would have remained constant during

Phase 4.

At 6590 seconds, the AFW system had refilled the SGs to the +50-in. level.

Per the transient specifications, the operator turned off the AFW system 3
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minutes later. The emergy that was being dissipated through the SGs began
to heat up the liquid in the SGs. As the secondary side temperature
increased, the heat-transfer rate to the SGs decreased. The decay heat
from the core finally exceeded both the rate at which energy was being
removed via the steam gemerators and the comvective energy transfers asso—
ciated with the charging flow, The primary fluid began to heat again

(Phase 5) 100 seconds after the operator turmed off the AFW.
4.3.4. Small-Break LOCA Events

In the absence of SIS flow, the depressurization caused by a LOCA will
cause the primary system to follow the saturation curve — a condition that
is not likely to induce PTS. The break must be large enough to depressur—
ize the system to the SIAS setpoint if it is to generate PTS. However, if
the break is too large, the rate of depressurization will be sufficient to
maintain a pressure~temperature relationship close to the saturation curve
despite the effect of ihe cold SIS water. Because the HPI flow rate is
strictly a function of system pressure, reasoning suggests that the threat
of PTS will be increased by any mechanism that lncalizes and roncentrates
the effect of the HPI water in the vicinity of the critical vessel welds.
One such mechanism is loop stagnation. Loop stagnation not omly localizes
the HPI effect along the downcomer wall by promoting siratification in the
cold legs, it also inhibits reverse heat transfer from the hot SGs that
would mitigate the effect of the HPI, Consequently, there is some concern
that certain break sizes may generate conditions conducive to loop stagna-

tion yet limit depressurization sufficiently to cause PTS.
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To address this concern, two small-break LOCA transients were selected for

inves:igation., The first was a small hot-leg break LOCA with a break size

of ~0,002 a2 (0.02 £t2) in the range suspected of causing loop stagnationm.
For that calculation the full-power model was modified to include a break
in the hot leg of Loop A with a prescribed pressure boundary condition of
0.1 MPa (1.0 atm). The second transient was a small small-break LOCA hav-
ing a size of 0.001 m® (0,01 ft%) and caused by the failure of ome of the
two PORVs to close fully. Im addition, it was assumed that the SG A ADV
failed to close when it should have. These two transients are described in

the following sections.

4,3.4.1, Transient 11: 0.002-m? Hot-Leg Break from Full Power

The downcomer temperature ind pressure curves for Transient 11 are shown in
Figures 4.24 and 4.25., The analysis of these curves can be divided into
two phases. The first phase was characterized by a rapid depressurization
of the primary that was halted by flashing in the upper head of the vessel
at 110 seconds. During this phase of the accident the energetics were dom—
inated by overcooling by the SGs fcllowing the reactor txip. Heat rejec-
tion to the SGs decreased rapidly with the loss of forced convection fol-
lowing the RCP trip, however, and by the end of this phase of the accident,

energy removal by the SGs was almost 90% completed.

The second phase (~110 - 6636 seconds) was characterized by the emergence
of an approxinate balance between tle mass discharge rate from the hot-leg
break and the SIS injection rate, a gradual decrease in primary pressure

and temperature, and extemsive voidiug in the upper plenum. At 502
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Figure 4.24. Transient 11: Downcomer temperature during 0.002-m* hot-leg break

from full power. (Note: This transient assumes MULTIPLE operator/equipment failures;
see Section 4.1.10 for failure assumptions.)
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seconds, SGIS was predicted to occur based on an auxiliary calculation
presented in Appendix F. This analytical calculation was necessary because
the TRAC model did not include the containment. The decrease in pressure
and temperature during this phase was attributed to the gradual but per-
sistent decline in primary emergy resulting from replacement of the hot

fluid issuing from the break with cold SIS water.

An interesting feature of this phase of the calculation was the non-
equilibrium between the steam in the upper plenum and the water bemeath it.
The TRAC non-equilibrium condensation model predicted that conditions at
the liquid-vapor interface were not conducive to rapid phase change; hence,
condensation could not cool the vapor as quickly as HPI flow cooled the

liquid.

Another interesting feature of this phase of the calculation was the reduc~
tion in the loop flows that culminated in flow stagnation in Loop A at
~6500 seconds. After the ADVs closed at 968 seconds, the SG could no
longer reject heat to the atmosphere; hence, the primary temperature fell
below the secondary temperature, The resulting reverse heat transfer
cooled the secoudary, but it also retarded natural circulation im both
loops. The reverse heat transfer and reduced flew downstream of the hot-
leg break caused voiding in the top of the U-tubes in the Loop A SG at
~6300 seconds. This voiding caused the stagnation that occurred about 200

seconds later,
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4.3.4.2, Transieat 12: Stuck-Open Pressurizer PORV with Stuck-Open

Secondary ADV from Full Power

The downcomer temperature and pressare profiles for this transient are
shown in Figures 4.26 and 4.27. As in the previous case, this tramnsient
can be characterized by two phases., The first is distinguished by a rapid
depressurization of the primary that was halted by flashing in the upper
head of the vessel at ~210 seconds. During this phase of the accident, the
energeticc were dominated by overcooling by the SGs following the reactor
trip. Heat rejection to the SGs decreased rapidly with the loss of forced

convection following the RCP trip, however.

The s¢cond regiom (~210 - 7200 seconds) is characterized by a gradual
decrease in primary pressure and temperature, stagnatiom in Loop B result-
ing from overcooling by the Loop~A SG, and complete refilling of the pri-
mary by the SIS, Most of the decrease in primary temperatire can be attri-
buted to fluid exchange between the SIS and PORV discharge with the balance
of the decrease being caused by continued heat rejection through the stuck-

open ADV (Loop A).

Farthermore, the stuck-open ADV was responsible for the stagnation that
occurred in Loop B. Following SGIS, SG B could no longer reject heat to
the atmosphere, and Loop B lost the density head through the U-tubes that
helped to drive natural-circulation flow., Because the ADV near SG A was
stuck open, however, SGIS did not isolate SG A and it continued to depres—
surize., JTn fact, the steam flow out of SG A essentially doubled following

SGIS because the total flow out the ADV did not change but the flow from
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Figure 4.26. Transient 12: Downcomer temperature during break from a stuck-open
PORYV plus a stuck-open ADV from full power. (Note: This transient assumes
MULTIPLE operator/equipment failures; see Section 4,1.10 for failure assumptions.)
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Figure 4.27. Transient 12: Primary system pressure during break from a stuck-open
PORV plus a stuck-open ADV from full power. (Note: This transient assumes
MULTIPLE operator/equipment failures; see Section 4.1.10 for failure. assumptions.)
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SG B was terminated. Consequently, the heat transfer to SG A practically
doubled following SGIS and the increased heat transfer enhanced the demsity
head in Loop~A. The primary temperature decreased throughout the transient

and the downcomer temperature had fallem to 425 K (8306°F) by 7200 seconds.
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4.4, Downcomer Fluid Mixing Behaviox

A review of many of the tramsieuts perceived for Calvert Cliffs Unit 1
revealed several instances in which the flow in omne or more cold-leg pipes
was very small, This could lead to s stratification phenomenon which would
produce localized vessel wall temperatures in the downcomer region that are
significantly lower than the bulk fluid temperature as calculated by TRAC.
As & result, it was necessary to evaluate this phenomenon and evaluate its

potential effect.

Three sets of analysis were performed to quantify the effects of partisl or
total loop flow stagnation. The first analysis, discussed in Sectionm
4.4.1, was performed at Purdue University by T. G. Theofanous. This
analysis involved an evaluationm of the 12 LANL calculations to ideatify the
potential for and the effects of stratification phenomena associated with
those transients, In addition to the above analysis, an evaluation of the
mixing phenomena associated with the LANL transients was performed at LANL
by B. J. Daly using the SOLA-PTS mixing code as discussed im Sectiom 4.4.2.
Finally, Theofanous was asked to calculate the downcomer temperature pro—
files associated with total loop flow stagnation, This information was
necessary for evaluation of those sequences for which stagnation was

assumed. The results of this analysis are presented in Section 4.4.3.

4.4,1, Stratificetion Analysis of Twelve LANL Transients

This evaluation was performed utilizing a stratification criteria screening

process and a regional mixing model (RMM) which had been benchmarked
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against experiments carried out inm a 1/2-scale facility rigged up to the
Calvert Cliffs—-1 injection geometry. A summary of the results of this
evaluation is presented in this section and the detailed evaluation process

and results are presented in Appendix H.

The initial stratification criteria screening identified three transients
(Transients 1, 4, and 12) as requiring further analysis. The RMM was then
used to evaluate these three transienmts. The results showed that for Tran—
sient 1, high-pressure injection occurs for the first ~1,000 seconds.

Loops Al and A2 run well-mixed at stromg natural-circulation rates and cool
rapidly in the 400 - 425 K range. Loop B2 goes into momentary stagnation
(and stratification) at ~500 seconds and reverses flow for the next 2,500
seconds, Loop Bl exhibits two stratification periods of ~250 seconds each
around ~500 and ~1,000 seconds respectively. The possible effect of such
short~duration stratification was determined by running the RMM calculation
for the cold-leg/pump/loop seal system., The results are shown in Fig.
4,28, along with the TRAC temperature traces for loops Al and Bl., It is
epparent that loop Al (and hence the downcomer and lower plemum) cool much
faster than the staganated loop Bl. Note that the "cold stream” in Bl
(Bl ) is warmer than the Al outflow for the duratiom of the stratified
condition, In fact, this is the reason for the choice of the mixing con~
trol volume as indicated above., It can be concluded that downcomer tem—
peratures will be dominated by loop Al and A2 flows and their temperatures

even for the period of stratification in loops Bl and B2.

The characteristics of Transient 4 are very similar to those of Transient

1, with one addition., Here loops Bl and B2 both exhibit back~flow at ~750



1
— 6206
; — 5308
=z
é -
Ay — 4406
=
E k
=
g - 3506
400 (— A}[mc) """ — 2806
- Stagnation period
350 1 l 1 l | no.a
0 500 1000 1500

TIME (SEC)

lk-'m T'“ lz mm w“. nl. ta ted: A'. » l‘n
therefore, downcomer well-mixed, forced flow. o stagnated; circulating;

TEMPERATURE (°F)



CC-4.57

seconds, which is slow emough to establish a relatively low temperature
condition before a stagnaticn condition for 750 to 1000 seconds is
obtained. The possible effects of this stratificatiom, i.e., any addi-
tional cooling, was also determined with am RMM calculation with an initial
"ambient” temperature of 375 K. 7The results are shown in Fig. 4.29. Here
the cold stream is omly ~30 K cooler than the downcomer temperature (Al
outflow). This, plus the strong flows in the downcomer from loops Al and
A2, indicate that any additiomal cooling effect due to strtitticution in

loop B2 would be negligible.

In Transient 12, loops Al and A2 again remain at well-mixed conditionms,
with strong natural circulation. Loops Bl and B2 stagnate for times beyond
2,000 seconds under HPI of ~10 kg/s. The effects of the resulting stratif-
ication were scoped by assuming that the stromg Al and A2 loop flows estab-
lish the downcomer temperature history. With this taken as the "ambient”
in the RMM calculation, a cold stream temperature in the Bl (and B2) cold
legs was obtained as shown in Fig. 4.30. The modest degree of stratifica~
tion seen (~30 K) is the result of the stromg mixing within the injection
line un' + the prevailing low injection Froude Numbers (Fr ~0,2). This
mixing was determined experimentally im our 1/2-scale facility and found to
be considerably higher than that observed at Fr ~0.6, which was examined
earlier in connection with Westinghouse reactors, The resulting "plumes”
into the downcomer would be gxtremely weak under these conditions and would
miz quickly with the Al and A2 loop flows, which hence will dominate the

downcomer response,

In cenclusion, it was determined that, at least for the types of transients
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Figure 4.29. Transient 4: Downcomer fluid mixing behavior. Al, A2, circulating; Bl, B2,
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covered by the 12 LANL transients, stratification phenomena are of no PTS

significance for the Caivoxt Cliffs-1 reactor.

4.4.2., SOLA-PTS Mixing Analysis of Selected Transients

A mixing analysis was performed at LANL for those transients for which mix-
ing was considered to be important. A separate rer>rt thet documents the

results of this analysis is included here as Appendix I.

The conclusions of this analysis were very similar to those obtained by
Theofanous. One exception was that for some tramnsiemts, a very narrow but
strong thermal plume was established below the broken loop cold leg. How-
ever, as will be discussed in Chapter 5, this narrow plume was not com~
sidered to have an impact om the vessel welds of interest. Thus the con~
clusion of this SOLA-PTS analysis was that the TRAC bulk temperature values

wvere appropriate for use in the fracture¢ mechanics analysis.

4.4,3, Total Loop Flow Stagnation

In performing the thermal-hydraulic analysis for Calvert Cliffs-1, it
should be noted that no calculations performed predicted total loop flow
stagnation. However, it is also clear tbat situations exist for which the
potential for total loop flow stagnation is greatly increased. As stated
earlier in this report, total loop flow stagnatiom, or at least very low
flow, has been assumed for these cases. Theofanous was asked to determine
the temperature profiles in the downcomer region under the assumption of

total loop flow stagnation.
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Two temperature regions were identified. The first regionm includes the
initial planar plume exiting the cold leg. This plume areas covered a vert-
ical strip im the downcomer that was two cold-leg diameters wide and about
five cold-leg diameters loug. The second region includes everything out-
side the plume region and is called the well-mixed region. The tempera-
tures associated with each region are shown in Fig. 4.31. These are the

temperature profiles used to analyze those sequences for which stagnation

is assumed.
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4.5. Heat-TIransfer Coefficient Evalmation

A time-dependert heat-transfer coefficient was calculated by TRAC for the

fluid film condition associated with each ol the tramsients calculated by

LANL,

The fluid film and the vessel wall constitute two thermal resistances in

series. Thus the "total” conductivity is

s hiray ~ov

where
hy = thersal conductance of fluid film,
k. = thermal conductivity of cladding,
ky = thermal conductivity of base material,
Ar_ = thickness of cladding,

At‘ » offective thickness of base material (time dependent).

Vhen the resistance of the fluid film (l/h') is small compared to the
resistance of the vessel wall (At./t. + Ary/ky ), the fluid=film condue~
tivity has Little offect on heat removal from the wall., For instance, I‘ -
1000 .tl/itO(!,"’ (pumps on) is & "lacge™ value, and but even larger
values (momentary boiling) have little offect on the severity of the tram~

slent,
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Yhen the resistance of the fluid film is large (small value of l!, such as
100 Btu/hr+ft2+F), the film resistance is domimant. As h, approaches

zero, the potential for vessel failure disappears.

Plots of the heat-transfer coefficient calculated by TRAC for each tram-
sient are presented in the LANL report (Appendix F); however, it was
discovered after all the transients had been run that TRAC was not calcu~
lating the downcomer hest-transfer coefficient correctly. For the two-
dimensional flow field that occurs in the vessel downcomer (azimuthal and
vertical flow), the magnitude of the velcecity yegtor should have been used
to evaluate the Nusselt number in each of the fluid cells in the downcomer
annulus, However, because of an error, only the vertical component of the
velocity was considered. In transients in which one loop stagnates and the
other loop is flowing, significant azimuthal flows occurred in the downco~
mer annulus., In cells in which the velocity component in the szimuthal
direction is large and the velocity component in the vertical direction is
small, the Nusselt number was underestimated and a natural circulation flow
regime was predicted. Comsequently, the heat-ctransfer coefficients for

those cells were underestimated.

Recanse of this error, the TRAC-calculated heat-transfer coefficients were
modified for use in the fracture mechanics analysis. In the modification
the initial drop in the fluid film heat-transfer coefficient was not
changed since it was felt that the TRAC caleulation for this time frame was
quite adequate, For the remainder of the analysis time, it was assumed
that the minimum heat-transfer coefficient was 400 Btu/hr+£t2.oF, This

value was chosen for two reasons: (1) After a review of the TRAC
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calculations, it appeared tiit the heat transfer coefficient would stabil-

20'? of this value, and (2) the minimum

ize in the range of + 100 Btu/hr.ft
value is large enough so that the total heat transport is mot significantly
sensitive to the value of the fluid film heat-transfer coefficient (i.e.,

it is much larger than 100 Btn/h:.ftz-OF).

As the fracture-mechanics calculations progressed, Theofanous was asked to
ceview this assumption., He used the TRAC velocity histories to calculate
fluid film heat-transfer coefficients. A discussiom of the complete
snalysis is included Appendix H, In genmeral, it was determimed that typi-
cally the forced convection augmentation was overshadowed by the
corresponding reduction in the forced comvection component (as the velocity
decreased) such that the resulting spread in heat-transfer coefficients was
much smaller thanm the variationm in the individual "free” or "forced” con-
vection components., The variation in calculated wall temperatures was even

smaller.

The calculated fluid film heat-transfer coefficients are shown in Table 4.4
for all 12 LANL transients, As shown, the coefficients are almost all
covered by the 400 + 100 Btn/ht-ftzo'P range. Thus it was concluded that

the original assumption was valid.



Table 4.4. Fluid film heat-transfer coefficients
for twelve LANL transients

Fraction Fractica
LANL of h of h
Transient h*® mixe from Forced From Free
Number NU/Nq’f (BTU/hr-ft“+°F) Convection Convection
1 3.23 330 0.53 0.47
2 1.00 454 0.98 0,02
Jee - it — o
4+ 1,00 365 0.55 0.45
5 1.20 345 0.40 0.60
6 1.00 510 0,98 0.02
7 1.00 480 0.91 0.0
8 1.00 460 0.98 0.02
9 1.00 590 1.00 0.00
10 1,00 500 0.59 0.41
11 1.00 515 0.90 0.10
12 1,03 477 0.85 0.15

*Based on maximum velocity in downcomer regiom at 2000 seconds
for each tramsient.

*syYith two reactor coolant pumps in operation throughout the
transient period, the heat transfer coefficient is assumed to
be very large.
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4.6. Estimstions of Pressure, Tempexature and Heat-
Izansfex Coefficient Profiles

The evaluation of the risks of pressurized thermal shock (PTS) entails the
coupling of overcooling incident event trees to fracture-mechanics calcula-
tions of the probability of vessel crack propagation. The link between an
event tree end state and the fracture-mechanics calculation is the tranm-
sient behavior of the pressure (P), temperature (T), and heat-transfer
coefficient (h) im the reactor vessel downcomer region. That is, the P, T
and h transient profiles from the sequence defined by an event tree end

state become inputs for the fracture-mechanics calculation.

There are potentially several milliom end states produced from overcooling
transient event trees and the cost and complexity of thermal-hydraulics and
fracture-mechanics calculations preclude the evaluation of every end state
separately. Therefore, it becomes necessary to (a) reduce by similarity
grouping the number of end states to be evaluated and (b) reduce the number
of detailed thermal-hydraulic calculations to be performed through the use
of less rigorous estimation techniques. This section summarizes the
approach used to group the sequences and estimate P, T, and h profiles for
the Calvert Cliffs-1 PTS study. Section 4.6.1 describes the estimation
methodology developed for the study and the approach and rationale for
sequence grouping, and Sectiom 4.6.2 summarizes the results of evaluations

for each of the major initiating events:
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1. Large main steam—line break at HZP,

2. Small main steam—line break at HZP,

3. Large main steam—line break at full power,

4. Small main steam—line break at full power,

5. Reactor trip,

6. Small-break LOCA (£0.016 ft2),

7. Small-break LOCA (~0.02 ft2),

8. LOCAs with potential loop flow stagnation, and

9. Loss of main feedwater with subsequent AFW overfeed.

The last two categories involved sequences for which P, T, and h values

woere determined in earlier sections of this chapter and thus they are not

discussed in this section.

The estimated P, T, and h transient profiles presented here are based on
the TRAC-PF1 calculations reported by Los Alamos Natiomal Laboratory and
described in Section 4.2. Computer tapes of TRAC plot output files for
these calculated transients were alsoy employed in the development of param—

eters applied to the temperature and pressure estimation procedures.
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The sole and extensive use of these TRAC calculations in estimating the P,
T, and h profiles for the varioas sequences implies that the estimations
are subject to the same modeling assumptions and code characteristics driv-
ing the uncertainties in the TRAC-calculated results. Additional uncer—
tainties introduced by the estimation procedure have not been fully
evaluated. Such uncertainties were minimized by using the estimatiom pro-
cedure to duplicate portioms of the tramsients calculated by TRAC and
thereby check the validity of the assumed parameters and extrapolation

models.

The estimated P, T, and h profiles presented in this report represent a
"single point” estimate of downcomer conditioms. That is, the estimated
conditions are assumed to hold for the entire downcomer region without any
azimuthal or axial variations. Since the detailed TRAC calculations demon~
strated both azimuthal and axial variation in fluid temperatures and heat~
transfer coefficients, the cooldown model used in the estimation procedure
was conservatively set up to yield the expected temperature of the coldest
subregion of the downcomer rather thanm the overall average temperature for

the whole downcomer region.

4.6.1. Methodology

4.6,1,1, Jeneral Approach

After an initial survey of the data resources and the sequences identified
for estimation, the five-step process depicted in Figure 4.32 was employed

in estimating the Calvert Cliffs~1 P, T, and h profiles. This approach



Resouwrce Data

12 calculations by
LANL (TRAC)

steamiine Dieaks R

TBV lailhure
PORV LOCA
Medium break LOCAL 77 4

MFW overleed

Step 2

Detenmine applicable
TRAC cases’exlhiacl

relevant paramelers

EFW ower feed
Loss of loa2

Total over 100 cases

Step 3 !
Check consislency of
patameters by
resulls in

cooldown model

Steam line breaks:
Largebreak at hot zero power
Small dreak atl hot ze10 power
Large break at full power
Smail-break Jt lull power

Turbine Wips.

TBV. ADV lallures
Smali break LOCAs

Step 4

Evaluate

A Temperaluwes by
plecewise seleclion of
TRAC curves and use ol
cooldown model,

B. Presswies by piecewise
selection ol TRAC curves

or by coolant swell
calculations

C. Heat Transler Coelliclent

by plecewise selection ol
TRAC curves and cormrected

limiting value

Slep §

Figure 4.32. P, T, and b estimation approach.

oL ¥=20



cCc-4.71

allowed logical reduction of the number of cases to be evaluated and

derived the greatest bemefit from the informationm in the TRAC caleulations.

The first step involved the grouping of similar sequences within each tram~
sient imitiator table. An evaluation of the TRAC caleunlations for the
effocts of different operating states provided the eriteria for assignment
of sequences into groups. In step 2 the parameters were developed for the
cooldown (temperature) and coolant cwell (prezsure) models used on ocecasion
for this study. To assure correct interpretation of conditions during
sequences, the appropriate parameters were applied to the cooldewn model to
duplicate portions of sequences c.lenlated by TRAC, Trese validation

efforts took place in step J (see Section 4.6.1.3),

In step 4, the pressure, temperature, and heat-transfer coefficients were
estimated, Temperature could be estimated by plecevise application of TRAC
results and/or by caloulation using the cooldown model. The method selee~
tion depended on the complexity of the sequence and the availability of
applicable data from the TRAC caleulations, FEarly portions of many
evaluoated sequences had stated configurations identical to those of a par~
ticular TRAC calenlation, so plecewise use of the TRAC results was applied.
The cooldown model was then used to evalnate the remainder of the transient
out to 2 hours, Cortaln mild ({.0., high=tomperature) transients were not
explioitly evaluated. These mild seqnences were as igned the P, T, and &
profiles of o TRAC onleulation ov the eatimated sequence whioch most closely

repreosented the antieipated response of the sequence,

Prossure sstimates wore lorived from observation of pressure trends in the
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TRAC calonlations and by & pressure prediction model (the coolant swell
model). The Calvert Cliffs~1 plant (eatures a low-head HPSI system which
cannot repressurize the primary above the pump shut=of f head of 1285 psia.
The charging pumps can repressurize the primary up to the PORV setpoint
(2400 psin), but does 80 st & very low rate due to low flow capacity. The
charging pumps were not throttled in any of the TRAC caleriations, There~
fore, there are & number of cases available for evaluation of the comtribu~
tion of the charging pumps to system repressurizatios. The ccolant swell
model sccounts for pressure eoffects due to coolant expansion on reheating.
This model is used for evaluation in those cases where charging pump flow

is throttled,

Heat-transfor coefficlents were based on the plecewise selection of TRAC
data and the results of modeling performed by Theofanous at Purdue Univer
sity (see Section 4.5), In general, the TRAC caleulations predicted rela~
tively constant values wiile the reactor cooling pumps (RCP) are running
and & step change to & lower but nearly constant value after RCP trip and
sntablishment of natural cirenlation., Due to problems in the TRAC heat~
transfor regime selection logle, the TRAC values were systematioally under
predioted, Theofanous found that the contribution of free conveotion to
the downcomer heat-transfer coefficient of fast inoreases or decreases in
foreed convection suvh that a total value of 400 Bre/hesftieop (2270
'/I"l) was maintained over & wide range of natural-eirculation flow condi~
tions, The sequence evaluations presented in this section use & composite
of TRAC-caloulated heat=teansfer coefflolents for pre=RCP trip regimes and

gorreoted sntimates for natural-eireulation regimes,
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The completed estimations were documented in step 5. This documentation

comprises Sections J.3 - J.8 of Appendix b g8

4.6.1,2, Sequence Grouping

When all PTS initiators and failure branches sre set up in event trees,
several thousand end states result., To obtasin a tractable yet representa~
tive set of PTS trn;siont; requires some method of sequence grouping.
Chapter 3 describes the comstruction of the event trees and the process
psed to eliminate "non-contribution” states (i.e., component failures made
irrelevant by the actiom of othsr systems or compoments). The collapsed
event trees from this process still contain a large number of end states.
Section 3.5 describes the screeming process used to separate end states
into a set of discrete sequences for evaluation and a set of residual
sequences for which no further evaluation was performed. Sequences
representing idemtical combinatioms of failures were collapsed to a simgle
group and the corresponding frequencies were summed. Sequences with fre-
quencies between 10~7 gng 1078 per year, which would normally fall into 2
residuvel group, were examinel for similarity with the discrete sequences
and were collapsed together with specific discrete sequences where
appropriate. This approach minimized the cumulative frequency of the resi-

dual, Ths resulting set of discrete sequences are found in tables

presented in Sectiom 3.5,

Altogether, 115 sequences emerged from this groupinmg process, including 11
residual groups. The grouping processes of Chapter 3.0 were based on sys-

tem configuration and event frequency. Further grouping may occur based on
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the thermal-hydraulic impact of the configuratiom. The impact of a partic-
ular compoment or system can be evaluated from observation and evaluation
of the effects of its operatiom or failure in the TRAC calculations. In
this way the importance of failures or actioms could be classified as dom—
inant, minor, or incomsequential., Sequences with the same dominant
features were grouped together for amalysis. In later stages, the influ-
ence of minor events was evaluated to check the comsistency of the group—
ings. This checking accounted for the thermal-hydraulic interactiom or
feedback due to the combination of failures. Some sequences were reas—

signed to other groups as a result of such checks.

The groupings for each of the initiators are discussed in Appendix J, Sec~—

tions 103 . J.’.

4.6.1.3. Temperat: e Evaluation by Cooldown Model

The temperature response of a transient is a function of the system’s con—
figuration during the sequence, including the timing of comfiguration
changes (e.g., RCP trip; MSIV, MFIV closures; AFAS, etc.). The sequences
from the LANL TRAC calculations represent only 12 of the thousands of
sequences on the overcooling event trees. The cooldown model is z means
for applying the information genmerated by the TRAC calculatioms to other
sequences requiring temperature respomse estimation. The approach used in
the cooldown model was to obtain separate mass—energy balances around the
steam gemerators and the reactor vessel (i.e., balance of the primary cool-
ing system) to predict the rate of temperature change. All pertiment cool-

ing and heating mechanisms were included. In obtaining these mass—energy
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balances, it was necessary to make the assumptiomns listed in Table 4.5 to

simplify the system to a two-node model.

The assumption of no steam generator heat—transfer resistance will result
in the prediction of slightly lower primary temperatures than are reported
by TRAC, the error being proportiomal to the rate of heat transfer. The
error will be less than 10°F for large steam—line bresks (LANL transients
1-5) snd less than 5°F for small steam—line breaks (LANL transients 6 and

7) under conditions where natural loop circulation prevails.

The assumption of thermal equilibrium in the steam generator secondary
allows the use of simple choke flow models to predict steam flow rate.
Conditions close to thermal equilibrium are obtained by TRAC for steam gen—
erators during blowdown. Division of the reactor coolant system into only
two nodes coupled with the assumption of perfect mixing within a node
"smears out” the temperature differences around a loop, thus losing tem—
perature lag information available from a finely noded model such as that
used in TRAC, Therefore, the cooldown model will respond faster to input
parameter changes than will the TRAC model. Direct comparison of the cool-
down model’'s extrapolated temperature respomse with TRAC resultr suggest
that this effect is small for cases where natural loop circulation remains

large (500 1b/sec).

A final assumption that allows the use of the cooldown model is the assump-
tion that TRAC-calculated mass flow data from the 12 LANL transients may be
applied to the evaluation of other sequences. This assumption is necessary

because the mass flow information is required to implement the cooldown



Table 4.5.

Cooldown model assumptions

Justifications

Limitations

Braphiineedel

o MAssumption

1. No heat-transfer (HT)
resistance between
primary and secondsry

Large HT area; large HT
coeificient for boiling,
condensation,

Loss of heat flow lags
and disequilibrium
information.

Simplifies calculation
at expense of accounting

for SG primary temperature
lag of 5-15°F,

2. SG secondaries in
thermal equilibrium

Same as for assumption 1
plus good approximation
for SG blowdown conditions.

Not & good approximation
where overfeed is
compressing steam im
isolated steam generator.

Allows use of enthalpy
transport model based
on choked flow pressure,
enthalpy conditions.

3. VWater inventory is
well mixed within a
node (energy is
uniformly distributed)

Same as for assumption 1

plus netural circulation flow
is generally much larger

than HPI and secondary

flows, allowing equilibration
or approach thereto.

Eliminates space—time
effects; difficult to
quantify flow stagnation
effects,

Allows use of two-—node
mass—energy balance.

9L ¥-00
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model calculated from a simple two-node model. Engineering judgement is
used to identify segments of the TRAC calculations relevant to the sequence
being evaluated. Partinent mass flow data are then extracted from the
identified TRAC calculations for application to the cooldown model. The
required parameters for the model are listed in the derivation of the model

as described below.

Model Derivation and Charxacteristics. The cooldown model consists of two
simultaneous nonlinear differential equations describing the mass—energy
balance of a primary node (i.e., vessel, loop pipiag, and RC pumps) and a

steam genmerator node as follows (see Figure 4.33):

d (MU) | . (4.1)

at - "gpr HBgpy ~ ™ Hp * Qpqe) * Opep * Yy~ Qg -

d(IU)sg FE. = (4.2)
dt Bpw Hpy - mgp Hgr + Qg -

where

RePI HHPI product of HPI mass flow and specific enthalpy at HPI
nominal temperature (ThPI) vs. thermodynamic reference

temperature (Tref)

= "gp1 cp (ThPI-Tref)‘

m BL = product of primary leak flow (pressurizer surge line or
break) and specific enthalpy at hot leg temperature

(Tg)
= Cp (Ti-rzof) (valid for liquid flow only),

= product of feedwater mass flow and specific enthalpy
"F¥ HF' at feedwater temperature (TF')

® "pw cp (TF'-Tref)'
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@ “sr = product of secondary steam flow and specific enthalpy
for saturated steam at steam generator conditions (TSG)

mor ‘“’v,rsc) +C, (TggTeer)»

Qp(t) = decay heat input as function of time

= ANS Decay Heat Function for transients from full power
= constant value for transients from hot standby,
Qpep = pump power deposited im coolast
Q' = heat transferred from vessel wall to coolant

anc = heat transfexred from primary to secondary.

In the absence of heat-transfer resistance, Qsoc is limited only by the

transport of emergy to the steam gemerator by the hot leg flow (in);

Qsoc iy cp (Tn i TSG) .

The lefthand sides of Equations 4.1 and 4.2 may be expanded by use of the

chain rule

40 _ ,dn, g dn

dt dt dat '’
where
M = total mass,
U = specific emergy = Cv (T - Ttof)'
du/dt = Cv (dT/dt) .,

daM/dt = Z- = mass flow across system boundaries.

Substituting into the lefthand sides of Equatioms 1 and 2,

d (MU) dT,
-———m.l cJ+c'(T

. . (4.3)
at pri Oy Tat B~ Teee) gpr ~ ®)
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4(M0) 4T .
—SG _ °°s6 i, oy (4.4)
at Moo € “at * S (Tse ~ Tres) (®pw ~ By

and then placing these expressioms with their respective righthand sides

yields

M ffn Y ‘
pri cv at T C' (IH - th!) (-HP K -L)

= gy 5 Tapr = Tree) ~ Prep Ta = Tref’

+Qy(t) + Qpep + Oy - =g C, (T = Tgg) (4.5)
for the primary node and
daT,
SG 12 R ’
nSG cv at C' (TSG Ttlf) (-F' - -STJ
~ By €5 Tpw = Tret) ~ ®st [“v.rsa
(4.6)

+ CP (TsG - T:of)] +my C’ (Th = TSG)

for the steam gemerator node. For liquids, Cv may be assumed to be equal

to C ., Using this assumption and collecting common terms yields

P
aTy  mgprCoTpr-Ty) | Qp(t)  Qpep ay {.ﬁ (Tg~Tgg) (4.7)
= M + . -
- "pricp prilp 'pxicp .pricp "pricp
for the primary node and
. S . 4.3
4T ) mep(AB, ¢ ) o (T.-T W
—56 - ——l - -E_H__SG)
dt Ipr i% lmcp MgC 2

for the steam gemerator node. In this form, the thermodynamic reference

state (Trof) has been eliminated, leaving only the expressions for heating

and cooling mechanisms.
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Flow rates for HPI, leak, hot leg and feedwater are independent parameters
extracted or estimated from TRAC calculations. Steam flow rate is a funec~
tion of steam enthalpy and pressure, break (or valve) area, and flow resis~
tance. The estimation of steam flow is based on an isentropic choked model

altered to sccount for these elements. The model is of the form

B (4.9)
T f(P,E)AXP ,

where

choked isentropic mass flow [1b/hr/in.?-psia (upstream
pressure)] as a function of pressure and mixture enthalpy (see ASME
steam tables, 4th ed., Figure 14),

£(P,H)

A = break (valve) size (in.z).

X = factor by which effective area of break is reduced to
compensate for flow resistances in lines and valves,

P = pressure (psia).

By evaluating this expression for saturated steam enthalpy at various tem—
peratures and taking a power curve fit against corresponding satursationm

temperatures, the expression was converted to

mgr = Ak x 1.87045 x 1074 12632”1 (1b/see) . (4.10)

wvhich has an accurscy better than 3% between 200°F and 500°F upstream
steam temperature. The choked flow conditiom holds over this ramge for TBV
flows to the condemser, but becomes invalid at low temperatures for breaks

to the atmosphere.

With the expression for steam flow substituted into the cooldown equation
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for the steam gemerator, the total model becomes

Bypy Co(Tapr~Tg) + Qp(t) + Qpep + Qy - my Cp(Tp-Tgg) (41D
dt .yri cp

vith Mooy = Mopgo + / (mppy - myp) dt

-11 4.32991 ” dam)
dTgg  mpyC,(Tey~Tgg) = Ak x 1.87045 x 10 'r‘ +_-lc (Tg~Tgg)
at Msg C,

with Mg, = Mggo * / (mpy - Bgy) dt

which is a set of simultaneous, nonlinear differential equations which can
be solved numerically to obtain the primary hot leg temperature (T ) and

steam generator exit temperature (Tsa). The dcwncomer liquid temperature

is obtained from the following equation:

o s Sthae Bl 4 . (4.13)

(=g + mgpy) €,

with all quantities as defined above., This equation defines the downcomer
temperature in terms of the mixing of loop flow and HPI and the heating of
the fluid by RCP power input and heat transfer from the vessel wall. This
equation does not affect the mass—energy balances (Equations 4.11 and 4.12)
described above but is nsed to define the local fluid temperature in the

downcomer.



CC-4.83

Application of Cooldown Model. The cooldown model calculates temperatures
for the hot leg, steam gemerator, and vessel downcomer using only a two~
node emergy balance. The Calvert Cliffs—1 plant is equipped with two
separate cooling loops which may be subjected to an asymmetric operating
condition (e.g., one steam generator blowing down while the other is iso~
lated). Such situations require applicatiom emgineering judgr ient to fit
the existing conditions to the model. Judgement is also required to

develop the required mass flow data for input to the model.

As described at the beginuing of this sectiom, the genmeral approach for
evaluating a particular scenmario is to first identify which of the TRAC
calculations most closely matches the description of the scemario. Often
the TRAC calculation and the evaluated scemario are identical out to some
specified point in time or particular event (SGIS, RCP trip, etc.), after
which the evaluated sequence becomes different from the TRAC calculation.
Temperatures and mass inventories of the primary system and the steam gen—
erators are extracted from the TRAC calculation at this point to set up the
initial conditions for the extrapolation of temperature by the ccoldown
model. Also, the effective valve areas for the model choked flow calcula-
tion is selected so that the model will closely follow the steam flow

trends observed in the TRAC calculationmn.

The initial mass inventories in the primary loops and steam generators may
be distributed in different ways to account for asymmetric loop operationmn.
For example, when a steam generator is totally isolated from the rest of

the primary system (no heat tramsport possible) due to flow stagnationm in

that loop, the water mass and its emergy content (temperature) are left out
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of the model, since they camnot influence temperature trends elsewhere.
Should the loop flow be restored later, the water mass and the emergy would
be put back into the model where they can influence total system heating or
cooldown. Another example is when one steam gemerator is undergoing cool-
ing by blowdown while the other steam generator is losing heat to the pri-
mary loop due to continued loop flow. In this case, the inventory of the
steam generator would be adde! to the primary mass since both are working
together to retard the cooldown of the system. Should any of these condi-
tions change to a symmetric conditiom or to another form of asymmetric com—
dition, the extrapolation should be stopped for adjustment of primary and

steam generator node masses.

Other system state changes will require interruptiom of temperature extra-
polation to alter input parameters., Some of these system state changes are
listed in Table 4.6, Whenever one of these state changes is encountered,
the current values of the hot leg and steam genmerator temperatures as cal-
culated by the cooldown model are applied as input to the next extrapola-
tion segment, together with altered values (as necessary to match the new
system state conditions) of the primary and steam gemerator mass inven—
tories, total loop flow, HPI flow, primary leak (pressurizer surge line)
flow, feedwater flow, feedwater temperature, heat input rate from wall heat
transfer, decay heat factor, RCP heat, and secondary side break (valve)
area. This process continues until the entire 0- to 7200-second period is

evaluated.

By estmating the temperature profile of a TRAC-calculated transient, the

validity of data interpretation relating to the transiemt respomse can be



1.ble 4.6, System state changes for extrapolation of overcooling

sequences by the cooldown model

Trigger Condition

Significance

Action

RCS cools below 535°F,
RCS cools below 537°F,

HPSI time + 30 sec.

Extrapolated pressure below
1285 psia.

SG cools below 498°F (685 psia).
SG inventory below 99,000 1b.

Coexistence of "broken” and
isolated steam gemerators.

SG dries out.

Hot-leg temperature drops
below SG temperature.

SG level reaches +22 in.
(250,000 - 300,000 1b).

Hot-leg temperature becomes
greater than stagnant SG
temperature.

Commencement of primary
system reheat.

Sequence specified closure
of valve.

TBVs and ADVs close.

RCS pressure falls below

1740 psia.

SGIS
AFAS

Loop stagnates.

Natural circulation
restored.

Repressurization to HPI

shut-of f head.

Adjust valve area.

Initiate charging flow.

Trip RCPs and begin 100-sec
coastdown,

Initiate HPI flow as per heat
capacity. .

Close MFIVs, MSIVs.
Initiate AFW to one or both SGs.

Isolate AFW to "broken” steam
generator.

Set secondary break (valve) area
to zero.

Adjust mass inventories.
Throttle AFW flow to SG.

Adjust mass inventories.

Eliminate HPI flow.

Adjust parameters accordingly.
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checked, Vhen the extracted parameters are correct, the extrapolation will
closely follow the TRAC calculation. For example, the times to SIAS and
SGIS signals for the 0.1-m? main steam—-line breaks at hot zero power (LANL

transient 1) and at full power (LANL transient 2) as estimated by the cool-

down model are not significantly different,

An example of a full 7200-second extrapolationm is given in Figure 4.34,
which compares cooldown model and TRAC results for the case of a PORV LOCA
with a stuck-open ADV (LANL transient 12). This case was selected because
it feactures a secondary side break that causes a general system cooldown
coupled to a localized cooling due to significant HPI flow. The two TRAC
curves represcnt the downcomer condition under the nozzles of the stagnated
(Bl) and flowiang (Al) loops which represent the expected ramge of condi-
tions. The cooldown model always assmes that all HPI flow is mixed with
the flowing loop, thus yielding a temperature lower than the average for
the two loops. In this case the extrapolated temperaturc stays within 10

to 50°F of the calculated minimum temperature oop values.

4.6.1.4, Pressure Evaluation by Coolant Swell Model

An overcooling event will cause the primary coolant to cool down and con—
tract, drawing water out of the pressurizer via the pressurizer surge line.
As the water level drops in the pressurizer, the steam layer expands and
the system pressure decreases. As the pressure decreases, SIAS initiates
char_ing pump flow and the safety injection pumps are started. If the
pressure then decreases to below 1285 psia, high-pressure injection flow

commences. These injection flows help to stabilize system pressure during
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Figure 4.34. Comparison of TRAC and cooldown model temperature profiles for PORV LOCA with
stuck-open ADV (LANL transient 12).

L8 ¥-00



cc-4.88

the rapid cooldown portion of the eveant sequence.

If the injection flow volume is greater than the shrinkage rate, or if the
system enters a reheating mode, the pressurizer water level will imcrease,
compressing the steam layer and ircreasing the pressure. The rate at which
the pressure recovers is of importance because of the contribution of pres—

sure in the fracture-mechanics calculations.

To determine the best algorithm for estimating pressure recovery rate, the
TRAC calculations for Calvert Cliffs—1 were examined im detail. PTS cases
calculated by TRAC and also by REALPS for the Ocomee-1 (Ref. and ) and
H. B. Robinson—2 (Ref. ) plants were also examined. It was observed
that the codes predict that the system pressure variation with pressurizer
water level is essentially linear. Furthermore, the PORV set—point pres—
sure is reached when the pressurizer is on the verge of becoming water
solid., A theoretical model of the ideal adiabatic compression of the pres-
surizer steam layer yields nonlinear pressure v:i. pressurizer wiater level
response and predicts an exceedingly fast repressurizatiom to the PORV set-
point pressure. Clearly the ideal adiabatic compressiom mode' is not
representative of repressurization rates predicted by TRAC and REALPS.
Therefore, the observed linear relaticnship between pressurizer level and

system pressure was employed for this study.

In most of the Calvert Cliffs-1 sequences that were evaluated, the system
pressure dropped below and then recovered to the HPI pump shut-off head of
1285 psia. At this point, system cooldown mechanisms have been isolated or

corrected and the system has commenced reheating. Injection flow from the
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high-pressure injection system has ceased and injection flow from the
charging pumps may or may not be throttled, depending om the specification
of the sequence. The reheating of the coolant will cause the coolant
volume to swell and (with the charging pump flow) refill the pressurizer.
The required increase in temperature to cause total refill of the pressur—
izer, and therefore repressurizatiom to the PORV set point, may be deter—

mined by the following equatiom:

\ (4.14
V(T 2400 psia) = (1 + ;,-n) Y(T,, 1285 psia) , )

pri

where

Y(T,P) = spec <{ic volume of water at specified temperature and pressure,

TL = limiting average primary temperature at which coolant swell
(and accumulated charging pump flow) volume equals available
pre-surizer steam volume,

Ti =~ initicl sverage primary temperature at start of system reheat,
vST = pvailable steam volume in pressurizer at start of reheat,

= volume of primary system susceptible to reheating

= pricary volume witkout pressurizer or HPI line volume

= 9601 £23 - 346 £t = 9255 £¢°.

This empirical relationship ignores the actiom of the pressurizer heaters.
This equation zlso assumes that there are no primary steam voids outside
the pressurizer and that the pressurizer steam volume (VST) is known at the
beginning of reprsssurization. Table 4.7 contains estimates of effective
steam volumes for the repressurization phases of the LANL transients.

These volumes represent the amount of volume change which results in

attainment of the PORV set-point prussure and do not necessarily represent
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Table 4.7. BEstimates of initial steam volumes for Calvert Cliffs~1
transients for repressurization from HPJ shutoff up to PORV opuhj:

Time to Initial/final AVolume AVolume Total
Transient repressurize temperature due to coohq‘t due to ohnt.isl Bf!oetivs
Calculation (sec) (*F) reheating (ft”) pump flow (ft”) Volume (ft”)
LANL1 2120 258/310 240 670 940
LANL2 200 405/ 467 486 284 770
LANL3® - — - - -
LANL4 1980 224/221 0 600 600
LANLS 1200 216/218 0 363 363
LANL6 800 510/540 250 470 720
LANLT® — — — — —
LANLS 1810 438/497 455 665 1120
LANLS 1250 432/4898 540 460 1000
LANL10® — — — - -—
LanL114 - - - - -
LanL12¢ — - — - -

‘lopnuuinuon times are calculated assuming no operator actionms to control pressure.
l’(Zuc not analyzed.
°l¢pnuuiutiol commences before system reheat; VST not defined.

‘LOCA case; system does not repressurize,
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the actual steam volume in the pressurizer.

Engineering judgement dictated the selectiom of VST for the estimation of
repressurization rate, In evaluation of sequences similar to a LANL tran—
sient, the corresponding value of Vs.r would be applied to Equatiom 4.14.
In other cases, gemeralized values reflecting the tremds in Table 4.7 were
selected. Hot zero power sequences were evaluated using s VST of 600 fg’.
A value of 700 23 was applied to severe transiemts at full power and
values between 1000 ft3, 4ng 1500 £t° was applied to milder tramsiemts at

full power.

For each sequence estimationm, the steam volume (VST) and initial average
system temperature (T‘) were applied to obtain the average temperature at
which full repressurization is obtained. The sequence temperature extrapo~
lation wes then examinmed to obtain the time at which this temperature is
achieved., If charging pump flow continued over this period, the accumu~
lated volume over the interval was subtracted from VST and the final aver—
age temperature was recalculated. This was repeated until convergence was
obtained. The resulting sequence time represents the point at which the
PORV set-point pressure is reached. Pressure between the beginmning of
reheat and attainment of full pressure is obtained by linear interpreta-

tion.

Pue to the assumptions involved in the coolant swell model, the prediction
of repressurization rate is imprecise. In most cases the uncertaiaty in
the calculation would be conservatively bounded by the use of the repres—

surization curves calculated by TRAC. Some mild transients may
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reprecsurize faster than the rates predicted by TRAC, but this is not

expected to affect the fracture-mechanics analysis.

4.6.2, Results of Simple Model Evaluations

4,6.2.1, Large Main Steem—line Breaks at HZP

The sequences related to a large break (20.1-2) in a main steam line with
the unit at hot zero power (HZP) are described in Table 3.7 in Chapter 3.
The seven sequences in the table reflect a variecty of combinations of
equipment and operator failures. Sectiom J.3 in Appendix J relates the
details of extrapolation development and Figures 4.35 - 4,37 summarize the
results of the temperature, pressure, and heat-transfer coefficient extra-
polations. Sequences 1.1 - 1.6 are represented in the figures. Sequence
1.7 is very similar to LANL transient 4 (see Figures 4.10 and 4.11 for tem—
perature and pressure profiles respectively), and sequence 1.4 is

equivalent to LANL transient 1.
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The temperature curves in Figure 4.35 show the influence of the various
failure combinations in Table 3.7. The six curves fall into three ranges
or families on the figure. Sequenmces 1.1 - 1.4 are all identical to LANL
transient 1 out to 1400 seconds, a2t which time the affected steam generator
dries out. The terminatiom of charging pump flows yields local temperature
increases and reduced cooling loads for sequences 1.1 and 1.2, the two war-
mest sequences for this initiator., These two curves split at about 3500
seconds owing to the failure to throttle AFW to the intact SG in sequence

1'2.

Sequences 1.3 and 1.4 remain cooler than sequences 1.1 and 1.2 because the
charging pumps are left running. The separation of these sequences after
4200 seconds is again due to the failure to throttle AFW in sequence 1.4

(LANL transient 1).

Sequences 1.5 and 1.6 (and 1.7) drop lower than the others and do not
reheat. In the case of sequence 1.5, the drop is due to the failure to
stop flow to the affected steam generator. In the case of sequence 1.6
(and 1.7), it is due to greater blowdown from MSIV failure. These failures
provide a cooldown mechanism over the entire period and thus prevent

reheating.

The minimum temperature for sequences 1.1 - 1.4, 253°F (396 K), lies in the
portion of the profile extracted from LANL transient 4. The minimum tem—
peratures for sequemces 1.5 - 1.7 are 212°F (373 K), 211°F (373 K), and

212°F (373 K), respectively.
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The pressure curves in Figure 4.36 show the influence of charging pump
operation and system reheating onm repressurization. Sequences 1.3 and 1.4
include charging pump flow and system reheating, which cause total repres™
surization by 3000 seconds. Sequence 1.7 does not reheat, but also repres~
surizes by 3000 seconds as predicted in LANL transient 2. The charging
pumps are turned off in sequences 1.1, 1.2, 1.5, and 1.6, and sequences 1.5
and 1.6 do not reheat or repressurize. Sequence 1.2 reheats slowly and
repressurizes to 2000 psia at 72000 seconds. Greater reheating in sequence
1.1 promotes repressurization to the PORV set point, 2400 psia, by 6000

seconds.

Figure 4.37 shows the heat-transfer coefficient profiles for sequences 1.1
- 1.6, The minimum assumed value, 400 Btn/hr-ftzc'p, persists throughout
the period fcllowing RCP trip. The profile for LANL transient 1 (sequence

1.4) is shown for comparison purposes.

4,.6.2.2 Small Main Steam—line Break at HZP

The sequences related to a small main steam—line break at HZP are described
in Table 3.8 in Chapter 3. The eight sequences in the table reflect combi-
nations of MSIV failure, AFW isolation failure, and failure of the opera-
tors to turn off charging pump flow and to throttle AFW, Figures 4.38 -
4.40 present the temperature, pressure, and heat-transfer coefficient pro~
files for representative sequences 2.1, 2.4, 2.5, 2.7, and 2.8. Due to
similarity of conditioms, sequence 2.2 was grouped with 2.1, sequence 2.3
was grouped with sequence 2.4, and sequence 2.6 was grouped with sequence

2.7 for the purposes of this summary. Detailed discussion and individual
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Figure 4.36. Extrapolated downcomer pressures for large main steam-line break at HZP.
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plots of pressure and temperature profiles are provided in Appendix J, Sec—

tion J.4.

The temperature profiles show two primeipal regimes: (1) single SG blow-
down and dryout with subsequent reheating and (2) extended blowdown from
both steam gemerators without reheating. Sequences 2.1 and 2.4 feature
single SG blowdown to dryout with resulting minimum temperatures of 250°F
(394 K) and 242°F (390 K), respectively. The failure of the operators to
turn off the charging pumps and throttle AFW in sequence 2.4 causes the
temperature to remain cooler than in sequence 2.1, where these operator
«otions are carried out. The effect of these operator actionm failures is
80°F (44.4°C) at the end of the sequence (7200 seconds), as illustrated by
the two upper curves in Figure 4.38, Sequences 2.5, 2.7, and 2.8 do not
exhibit reheating beceuse MSIV fuilures or feed isolation failures aug-
mented the amount of water available for blowdown such that SG dryout does
not occur. Sequence 2.8 is 10°F (5.5°C) warmer than sequences 2.5 and 2.7
due to operator actions that terminate feedwater flow to the affected steam

generator and terminate charging pump flow.

The pressure profiles for these sequences are shown in Figure 4.39.
Sequence 2.1 is assumed to display a mild depressurization which persists
until 2G dryout, where the ensuing reheat of the system causes repressuri-
zation to 2210 psia (15.2 MPa) by 7200 seconds. In sequences 2.4 and 2.7
the charging pumps are not turned off, so early repressurization such as
that in LANL transient 1 was projected to occur. Sequences 2.5 and 2.8
have neither churging pump flow nor reheating and thus the pressure is

assumed to stay at the HPI flow-limiting pressure.
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Figure 4.40 shows that all of the sequences were assigned the same heat-
transfer coefficient profile. The initial value of 4230 Btu/hr°ftzoop
(2400 '/lzol) holds until the RCPs are tripped at 120 seconds. By 250
seconds the assumed minimum value of 400 Btu/hreftZsop (2270 WaeK) is

obtained and held for the rest of the sequence.

4,6,2.3. Large Main Steam—line Break at Full Power

The sequences related to a large break at full power are described in Table
3.10 in Chapter 3. The nine sequences include combinations of failures of
MSIVs and/or ADVs to close, failure of feedwater isolation, and failures of
the operators to control repressurization or throttle AFW., Figures 4.41,

4.42, and 4.43 present the temperature, pressure, and heat—transfer coeffi-
cient profiles for sequences 3.4 - 3.8, Sequences 3.1 - 3.3 are grouped

with sequence 3.4, which is itself identical to LANL tramsient 2. Sequence
3.9 is grouped with 3.8 for similarity ressons. Detailed discussion of the

individual sequences is provided in Appendix J, Sectiom J.S5.

The temperature profiles in Figure 4.41 show a wide range of sequence out-
come based on whether or not blowdown is stopped. The higher decay heat
levels associated with full-power operatiom render the operator actioms to
throttle AFW to the intact SG or to turn off the charging pumps of minor
importance to the temperature trends in the sequences. This is signifi-
cantly different from the HZP cases when the same operator actions greatly
impact the trends. In sequence 3.4 (LANL transiemt 2), SG dryout occurs at
about 400 seconds (minimum temperature of 358°F) and then the primary sys—

tem reheats under the influence of core decay heat. In sequence 3.5, AFW
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Figure 4.41. Extrapolated downcomer temperatures for large main steam-line break at full power.
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isolation failure to the affected steam gemerator provides 320 gal/min of
flow with which to comtinue blowdown and cooling. However, the cooling
provided by this flow did not exceed the decay heat imput uatil 2000
seconds into the sequence., The temperature rises slightly before declining
to the minimum of 240°F (388 K) at 7200 seconds. In sequence 3.8, a main
feedwater overfeed to the broken steam gemerator loop prolomgs steam gen—
erator dryout to about 800 seconds with a minimum downcomer temperature of
276°F (408 K). Decay heat and natural-circulation flow effects cause a

rapid recovery in downcomer temperature,

The pressure response as shown for sequence 3.4 (LANL transieamt 2) in Fig-
ure 4.42 predicts full repressurization by 2000 seconds. Sequences 3.5 -
3.7 experience no repressurization beyond recovery to the HPI shut-off head
pressure. Sequence 3.8 experiences rapid repressurization on the basis of

system reheating.

Figure 4.43 shows the assumed heat-transfer coefficient profile for the
sequences. The profile for LANL transient 2 is presented for comparisom

purposss as sequence 3.4,

4,6.2.4., Small Main Steam—line Break at Full Power

The sequences related to a small main steam—line break at full power are
described in Table 3.11 in Chapter 3., The 12 sequences include all of the
failure combinations examined in the large~break case: MSIV failure, MFW

runback failure, ADV failure, AFW isolation failure and operator failures

to control repressurization and to throttle AFW, Figures 4.44 - 4.46
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contain the temperature, pressure, and heat-transfer coefficient profiles
for sequences 4.2, 4.4, 4.6, 4.8, 4,11, and 4.12. For the purposes of this
section, sequence 4.1 is grouped with 4.2; 4.3 with 4.4; 4.5 with 4.6; and
4.7, 4.9, and 4.10 with 4.8, Detailed discussion of these sequeances is

available in Appendix J, Sectiom J.6.

The temperature profiles in Figure 4.44 show a wide range of sequence out—
come based -Ainiy on whether or not extended blowdown occurs. The smaller
break tends to draw out the period required for SC dryout. This translates
into higher minimum temperatures than were obtained for the large-break
cases. Also, the delay of reheating to after 2000 seconds reduces the dom—
inance of decay heat and makes the effects of operator actions more notice-
able. For example, in sequence 4.2 the operator is to turn off the charg-
ing pumps, whereas in scquence 4.4 the operator takes no action. Both
sequences behave the same througk the affected SG dryout [minimum tempera-
ture of 337°F (442 K) at 860 seconds] and begin to diverge thereafter.
Sequence 4.8 suffers a MW overfeed to the affected SG, which extends
dryout to 1700 seconds. This case also reheats quickly. Sequences 4.11
and 4.12 feature s stuck-open ADV on line B opposite the break., The addi-
tional blowdown extends the time of SG A dryout to 1650 seconds at a

minimum temperature of 296°F (397 K).

Figure 4.45 shows that all sequence pressure profiles except that for
sequence 4.6 return to the PORV set-point pressure, 2400 psia (16.6 MPa).
Sequence 4.4 reaches this pressure first based on mildest cooldown and com—
tinved charging pump flow., Next comes sequence 4.8 based on rapid reheat-

ing. Finally, sequences 4.11 and 4.2 follow based on their slower

reheating rates,



Figure 4.46 shows the heat-transfer coefficient for all sequences. The

initial value of 4230 Btu/hreft2+oF (24000 ¥W/m>+K) holds until the RCP

2

trip. The final value of 400 Btu/hr+ft"+°F is obtained 55 seconds follow-

ing the trip.

4,6.2.5. Reactor Trip Sequences

The sequences related to reactor trip from full power are described in
Table 3.13 in Chapter 3. These 43 sequences involve various combinations
of failures, including failure of the turbine to trip; failures of the
ADVs, TBVs, and MSIVs to close; failure of the MFW to run back; failure of
the AFW isolation; and failure of the operators to turn off charging pump
flow and throttle AFW, The P, T, and h profiles for some selected
sequences are presented in Figures 4,47 - 4,52, Table 3.13 summarizes the
groupings of sequences for this initiator. Detailed discussions of indivi-

dual sequences may be found in Appendix J, Sectiom J.7.

Figures 4.47 and 4.48 give the temperature profilss for sequences with
failures of one TBV (sequences 5.18, 5.21A,* 5.21B,* and 5.25B*), two TBVs
(sequences 5.22, 5.26A,® and 5.26B*), three TBVs (sequences 27A* and
27!‘).‘ one ADV (sequence 5.35), and two ADVs (sequence 5.36) to close.

* For turbine bypass valve failures, there is a potential for manually
closing the valve at the valve location. The "A" member of each set
represents failures to isolate the valves such that continued cooldown
occurs to final temperatures of 348°F (448 K) for sequence 5.25A and
259°F (399 K) for sequence 5.27A. The "B" members of each set
represent manual isolation of the stuck valves, yielding minimum
temperatures of 433°F (459 K) for sequence 5.25B, 399°F (476 K) for
sequence 5.26B, and 339°F (443 K) for sequence 5.27B., The time
required for isolation purposes was determined based on conversations
with Calvert Cliffs-1 operational staff. A 15-minute period was
assumed to be required to isolate one valve, a 20-minute period to
isolate two valves, etc. It should be noted that for the actual
analysis of risk only the "A" cases were considered. The effects of
isolation ("B" cases) were, however, determined for the purpose of
consideration in the event that one of the "A" cases was identified as
a dominant risk sequence.
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Parametric cases of zero, ome, or two MSIV failures are represented in the
above list. The MSIVs have profound influence on the course of TBY failure
events. Where the MSIVs are successful, the downcomer temperature does not
drop below S00°F (533 K) unless assisted by other cooldown mechanisms as
shown in Figure 4.47 for sequences 5,18 and 5.19. Onme MSIV failure leads
to minimum temperstures of 400°F as in sequence 5.22 (two TBVs open) to
£50°F as in sequence 5.21A (one TBV open, LANL tramsiemt 7). Figure 4.48
shows the response for ome TBV (sequences 5.25A and B) failure coupled to

the faiiure of both MSIVs to close.

The pressure profiles for these sequences are presented in Figures 4.49 and
4.50. The combination of system reheating and continued charging pump flow

cause full repressurization of most cases.

Figures 4.51 and 4.52 present the heat-transfer coefficient profiles for
the above sequences. The main differemces are in the timing of the RCP

trips, which occur later for the mild ADV and single TBV cases.

4.6.2.6. Small-Break LOCA (£0.016 ft?)

The sequences associated with the small-break LOCA (£0.016 22 in size) ar

deseribed in Table 3.14 in Chapter 3. The 17 sequences include isolatable
and nonisolatable breaks, TBY and ADV failures, )i« runback failure and

failure of operstors to turn off charging pump flow after break isolation
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and to throttle AFW, The temperature, pressure, and heat-transfer coeffi-
client profiles for selected sequences are presented in Figures 4.53 - 4,55,
Detailed discussion of the other sequences is provided inm Appendix J, Sec~-

tion J.8,

The temperature profiles in Figure 4.53 show diversity inm outcome due to
combinations of cooldown mechanisms. The warmest sequence, 6.12, experi-
enced early SGIS and loss of MFW flow such that HPI flow and occasional ADV
sctivity were the only sources of cooling. A combination of MFW and HPI
flow provided cooldown for sequences 6.1 and 6.3 uatil SGIS at around 2000
seconds. WMPI cooling continues out to 1.5 hours, at which time the break
is isolated in sequence 6.1, ‘l'b, next coolest transients are sequences 6.7
(LANL transient 12) and 6.8, in which a stuck-open ADV augments HPI cool~
down to yield a final temperature of JO00°F (421 K). Sequence 6.10, the
coldest sequence among those identified for this initiator, included two
stuck-open ADVs augmenting HPI cooldown to yield a minimum temperature of
253°F (396 K).

The pressure profiles in Figure 4.54 basically follow that of LANL tranm~
sient 12, The isolatable break cases deviate from transient 12 values
after break isolationm at 1.5 hours. Sequence 6.2 features failure to turn
of f charging pump flow and s0 repressurizes to the PORV or safety valve set

nut.. The other isolation cases, sequences 6.1 and 6.8, repressurize to

* Dependent on whether PORVs are isolated.
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the HPI shut-off head pressure. However, if the system is water solid,
i.e., if no steam voids are present, the reheating after break isolation

would cause repressurization similar to sequence 6.2.

Figure 4.55 shows the heat-transfer coefficieat profiles for these
sequences. The behavior for transient 12 (sequence 6.7) is provided for

comparison with the assumed minimum value of 400 ltnlhrcftzoOF (2270 'I-z).

4.6.2.7. Small-Break LOCA (~0.02 ft®)

The sequences dealing with a nonisolatable small primary break (0,02 £tz)
is provided ir Table 3.15 in Chapter 3. The eight sequences include vari-
ous combinations of TBV and ADV failures, MW runback failure, snd failure
of operators to throttle AFW., Figures 4.56 -~ 4.58 provide the temperature,
pressure, and heat-transfer coefficient profiles for sequences 7.1, 7.4,
and 7.6, Sequences 7.2, 7.3, 7.7, and 7.8 correspond to sequence 7.1,
vhich is equivalent to LANL tramsient 11. Sequence 7.5 is similar to
sequence 7.4, Detailed discussion of these sequences is provided in Appen~

dix J, Section J.9.

The temperature profile im Figure 4.56 expresses the influence of HPI cool~
ing alone (sequence 7.1), HPI cooling with ome ADV open (sequence 7.4), and
HPI cooling with both ADVs open (sequence 7.6). TBV and MFW runback
failures only incur an early SGIS, which eliminates such cooldown mechan~

isms, leaving only the HPI cooling mechanism. Therefore, these other cases



o SEQ 71

! T T . T - - T

4000 0000 1000
TINE ( seconds )

Figure 4.56. Extrapolated downcomer temperatures for small-break LOCA (=0.02 f¢3).

Y1920



cC-4.125

{ v ) IUNSSI¥d
o x L} ’

n
olais!

e

0 oo ot
( visd ) 2unssIyd



Figure 458. Extrapolaicd downcomer heat-transfer coefficients for small-break LOCA (=0.02 ft).

¥~ ke
(4 20 MU/NIR ) 48300 L H




m“.!n

ultimately resemble sequence 7.1, The minimum temperature of sequence 7.6,

the coolest sequence is 253°F (396 K).

The pressure pzofile in Figure 4.57 is that of the LANL tramsiest 11, which

|
\
|
is applicable to all of the sequences for this imitiator. i
\
|
|

The heat-transfer coefficient profiles in Figure 4.58 include the ussumed

sinimum value and also the profile for LANL transient 11 for comparisen.




ESTIMATION OF PRESSURE, TEMPERATURE,

AND HEAT TRANSFER COEFFICIENT

J.1  latceduetion

The evaluation of the risks of pressurized thermal shock (PTS) entails
the coupling of overcooling incident event trees to fractured mechanics
caleulation of the probability of vessel orack propagation. The link
between an event tree and state and the fracture mechanics calculation is
the transient behavior of pressure (P), temperature (T), and heat transfer
coefficient (h), im the reactor vessel downcomer region. That is, the
P, T, h transient profiles from the sequence defined by an event tree
end state become imputs for the fracture mechanics calculation., There are
tens of millions of end states om overcooling transiemt event trees. Due
to the cost and complexity of thermal hydraulics and fracture mechanics
caleculations, it is not practical to evaluate every end state separately.
Therefore it becomes necessary to a) reduce by similarity grouping the
nomber of end states to be evaluated and b) reduce the number of detailed
thermal hydranlic caleulations through the use of less rigorous estimation

techniques,

This appendix summarizes the approach used to group sequences and estimate
P, T, b profiles for the Calvert Cliffs PTS study. Section J.,2 deseribes
the estimation methodology developed for this study and the approach and
rationale for sequence grouping, Sections J.3 through J.9 present the
results of evaluations for each of the major imitiating events, These

initiations include:

1.1



1. Large main steam lire break at hot zerc power,
2. Small main steam line break at hot zero power,
3. Large main steam line break at full power,

4. Small main steam line break at full power,

5. Reactor trip,

6. Small break LOCA at full power, and

7. Medium break LOCA at full power.

Other initiators such as small break LOCA at hot zero power and loss of
main feedwater at full power (followed by auxiliary feadwater overfeed) are

not addressed in this appendix.

The P, T, h transient profile estimates presented here are based omn TRAC-
PF1 calculations reported by Los Alamos National Laboratory ( )s
The detailed transient calculations are summarized in Chapter 4.0 of this
PTS report. Computer tapes of TRAC plot output files for these calculated
transients were also employed in the development of parameters applied to

the temperature and pressure estimation procedures.

The sole and extensive use of these TRAC calculations in sequence P, T,
h profile estimation implies that the estimations reported here will be
subject to the same modeling assumptions and code characteristics driving
the uncertainties in the TRAC calculated resunlts. Additional uncertainties
introduced by the estimation procedure have not been fully evaluated. Such
uncertainty was minimized by using the estimation procedure to duplicate
portions of the transients calculated by TRAC and thereby check the

validity of assumed parameters and extrapolation models.

J.2



The estimated P, T, and h profiles presentad in this appendix represent
& "single point'’ estimate of downcomer conditions. That is, the estimated
conditions are assumed to hold for the eatire downcomer region without any
azimuthal or axial variations. The detailed TRAC calculations demoanstrated
both a:imuthal and axial variation in fluid temperatures and heat transfer
coefficients, To minimize the impact of the fracture mechanics calculations
the cooldown model used in the estimation procedure was set up to yield
the expected temperature of the coldest sub-region of the downcomer rather

than the overall average temperature for the whole downcomer region.

J.2 Methodology

J.2.1 General Approach

After an initial survey of the data resources and the sequences identified
for estimation, the five-step process depicted in Figure J.1 was employed
in the development of Calvert Cliffs-1 pressure, temperature, and heat
transfer coefficient estimates. This approach allowed logical reduction of
the number of cases to be evalunated and derived the greatest benefit from

the information in the TRAC calculations.

The first step involved the grouping of similar sequences within each
transient initiator table, An evaluation of the TRAC calculationms fer
the effects from differemt operating states provided the criteria four
assignment of sequences into groups. Besides providing grouping criteris,
step 2 developed the parameters for the ¢. iown (temperature) and coolant
swell (pressure) models used om occasion for this study. To assure correct

interpretation of conditions during sequences, the appropriate parameters

J's



were applied to the cooldown model to duplicate portioms of sequences

calculated by TRAC, These validation efforts took place in step 3. (See

Section J.2.3.)

In step 4, the pressure, temperature, and heat transfer coefficients were
estimated., Temperature could be estimated either by piecewise application
of TRAC results or by calculation using the cooldown model. The mechod
selection depended onm the complexity of the sequence and the availability
of applicable data from the TRAC calculationms, Early portions of many
evaluated sequences had stated configurations idemtical to those of a
particular TRAC calculation, so piecewise use of the TRAC results was
applied. The cooldown model was then used to extrapolate the remainder
of the transient out to 2 h. Certain mild (i.e., high temperature)
transients were not explicitly extrapolated, since they were well removed
from the threshold temperature Ei; )10_7). These mild sequences were
assigned the P, T, and h profile of the TRAC calculation or extrapolas-

at which vessel failure probability can be calculated (P tion most closely

representing the anticipated respomse of the sequence.

Pressure estimates were derived from observation of pressure trends in
the TRAC calculations and by a pressure prediction model. The Calvert
Cliffs-1 plant features a low-head HPSI system which cannot repressurize
the primary above the pump shut-off head of 1285 psia. The charging pumps
can repressurize the primary up to the PORV setpoint (2400 psia), but
does so at a very low rate due to low flow capacity. The charging pumps

were not throttled in any of the TRAC calculations. Therefore, there are

ample cases available for evaluation of the contribution of the charging

J.4



pumps to system repressurization. The coolant swell model accounts for
depressurization due to coolant expansion on reheating. This model is used

for extrapolated cases where charging pump flow is throttled.

Heat transfer coefficients were based on piecewise selection of TRAC data
and result of modeling performed by Theophancus at Purdue University (see
Section 4.4). In general, the TRAC calculations predicted relatively
constant values while the reactor cooling pumps (RCP) are running and a
step change to a2 lower but constant value after RCP trip and establishment
of mnatural circulation. The heat transfer coefficients predicted by TRAC
did not include correction for free conmvection effects. Therefore, the
TRACS values were underpredicted for natural-circulation flow conditionms.
Theopaanous found that the contributionm of free comvection to the downcomer
heat transfer coefficient off set increases or decreases inforced convection

2°F (2270 v/nzk) was maintained over

such that a total value of 400 Btu/hr ft
a wide ramge of natural circulation flow conditions. The extrapolations
presented in this appendix are a composite of TRAC calculated heat transfer

coefficients for pre-RCP trip regimes and corrected estimates for natural

circulation regimes.

The completed estimatious were documented in step 5. This documentation

comprises Sections J.3 through J.8 of this appendix.
J.2.2 Sequence Greuping

When all PTS initiators and failure branches are set up in event trees,

several million end states result. To obtain a tractable yet representative

set of PIS transients some method of seqnence grouping is mnecessary.

J.5



Chapter 3 describes the construction of the event trees and process
used to eliminate ''mon—-contributing’ states (i.e., component failures made
irrelevant by the action of other systems or components). The collapsed
event trees from this process still contain in excess of 100,000 end states.
Sectioa 3.5 describes the screeming process used to separate end states into
a set of discrete sequences for evaluation and a set of residual segquences
for which no further evaluation was performed. The discrete seguences
include all events with estimated frequencies greater than 10"7 per year.
Sequences representing identical combinations of failures were collapsed to
a single group and the corresponding frequencies were summed. Sequences
with frequencies between 10~/ and 108 per year were also examined for
similarity with the discrete sequences and were collapsed together with
specific discrete sequences and where appropriate. This approach minimized
the cumulative frequency of the residual. The resulting set of discrete
sequences are found in Tables . Altogether, _____ sequences emerged
from this grouping process, ‘The grouping process of Chapter 3.0 were
based on system configuration and event frequemcy. Further, grouping may
occur based on the thermal hydraulic impact of configuration. The impact
of a particular component or system can be evaluated from observation
and evaluation of the effects of its operation or failure in the TRAC
calculations. In this way the importance of failures or actioms could be
classified as dominant, minor, or inconsequential. Sequences with the same
dominant features were grouped together for amalysis. In later stages, the
influence of minor events was evaluated to check the comsistency of the

groupings. This checking accounted for the thermal-hydraulic interaction

J.6



or feed-back due to the combination of Zailures. Some sequences were

reassigned to other groups as a2 result of such checks.

The sequence tables of Chapter 3. (Tables ___) also contain some families
of sequences., The members of a family differea from each other only in
the timing of certain corrective actions (throttling of charging pump flow,
throttling of AFW, etc.). The most severe sequence in the family would be
evaluated to determine the extent of the cooldown. Where the '‘most severe’
sequence of a family turnmed out to be very mild from a fracture mechanics
standpoint, no further effort was spent on evaluating other members of the
family. Where the most severe sequence did present a significant PTS risk,
the other members of the family were evaluated separately or assigned to

other groups,as appropriate,

The groupings for each of the imitiators are discussed in sectiomns J.3

through J.9.

J.2.3 Cooldown Model

The temperature response of a transient sequence is a functiom of
the system’'s configuration during the sequence, including the timing of
configuration changes (e.g., RCP trip, MSIV, MFIV closure, AFAS, etc). The
sequences calculated at Los Alamos Nationmal Laboratory using TRAC represent
only 12 out of the millions of sequences onm the overcooling event trees.
The cooldown model is a means to apply the information gemerated by the TRAC
calculations to other sequences requiring temperature response estimation.

The approach used in the cooldown model was to obtain separate mass—energy

balances around the steam generators and the reactor vessel (i.e., balance

J.7



of the primary cooling system) to predict the rate of temperature change.
All pertinent cooling and heating mechanisms were included. However, to
obtain these mass—energy balances, the assumptions listed in Table J.1
were necessary to simplify the system to a two node model. The assumption
of no steam generator heat transfer resistance will result in prediction
of slightly lower primary temperatures thamn are reported by TRAC. The
error is proportional to the rate of heat transfer. The error will be

oF for large steam line breaks (LANL Transient 3) and less

less than 10
than S°F for single turbine bypass valve failures (LANL Transient 4A) under
conditions where natural loop circulation prevails. The assumption of
thermal equilibrium in the steam generator secondary allows the use of
simple choke flow models to predict steam flow rate, Conditicns close
to thermal equilibrium are obtained by TRAC for steam generators during
blowdown. Division of the reactor coolant system into only 2 nodes,
"smears out’ the type of temperature lag information available from the
finely noded model used by TRAC, Therefore, the cooldown model will
respond faster to input parameter changes than will the TRAC model. Direct
comparison of cooldown model extrapolated temperature respomnse with TRAC

calculations suggest that his effect is small for cases where natural loop

circulation remains large (>500 1lb/sec).

The final assumption involved in the cooldowr model is that TRAC calculated

mass flow data may be applied to the evaluation of cther seguences.

This assumption is necessary because the mass flow information necessary

to implement the cooldown model cannot be calculated from a simple 2

node model. Engineering judgement is used to identify segments of the
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TRAC calculations relevant to the sequence being evaluated. Pertinent mass
flow data are then extracted from the identified TRAC calculations for
application to the cooldown model. The required parameters for the model

are listed in the derivation of the model as described below.

Mods] Derivati ¢ Gl

The cooldown model consists of 2 simultaneous non-linear differential
equations describing the mass—energy balance of a primary node (i.e.,

vessel, loop piping, and RC pumps) and a steam generator node as follows:

i wimey * Sy " "R R S * W * N "N  WN
at
at
where

‘HPI BHPI = product of HPI mass flow and specific enthalpy at HPI nominal
temperature (THPI) vs. thermodynamic reference temperature (Tref)

= fgp1r C5 Tgpr = Tref)

‘L HL = prodnct of primary leak flow (pressurizer surge
line or break) and specific enthalpy at hot leg temperature

(rn) .
= C (Tqg - T__..), (valid for liquid flow only)
p 'H ref

‘F' HF' = product of feedwater mass flow and :pecific
enthalpy at feedwater temperature (TF')

"% O Trw = Tres

‘ST HST = product of secondary steam flow end specific
enthalpy for saturated steam at steam generator conditions

(TSG)

v‘p(rw) * cp (Tw - | Tt.f))
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Qn(t) = decay heat input as function of time
= ANS Decay Heat Functicn for transients from full power
= constant value for transients from hot standby

cp = Pump power deposited in coolant

g: = Heat transferred from vessel wall to coolant
Q

e Heat transferred from primary to secondary

In the absence of heat trausfer resistance, Q“c is limited only by

transport of emergy to steam genmerator by the hot leg flow (ln) or
The left had sides of equations J.1 and J.2 may be expanded by use of the

chain rule

d (MU) du dM

——— = N — + 0 —

dt dt dt
where

M = totz]l mass

U = specific energy = Cv (T - Tref)
du aT
dt dt
dM
—_— o= 2 m = mass flow across system boundaries.
dt
Substitution into the left hand sides of equatioms J.1 and J.2
d(MU) primary dTh
p - Ipri C' “;: + Cv (Tn - Tf’f) (‘DI - ‘L) (J.3)
d (MU) daT
S6 SG »
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then placing these expressions with their respective right hand sides
yields

Primarvy

dTn

upti G a + G (Tg = Tooy) (bgpy — @) =

.C wr 3
85p1% (Tapr = Treg) = 81P(Tg = Tyeg) * Op(t) + Qpep * Oy ~ 8y G (Tg = Tsg)

(J.5)
Steam Generator
aT
uSG Cv at > Cv (TSG i Trof> (.F' - tST) ot
.

FW Cp (Tpy = Tref) = figp (Anv(TSG) #* Cp (ng - Ttef)) + By Cp (Tg = T%§)6)

For liquids C may be assumed to be equal to Cp. Using this assumption

and cancelling common terms yields

Primary
Ty L fgplcp‘TnPI - T!l ! QD(t) d Qep * Y - incn(rn - Tss’ dbs
dt M .C M _.C M .C M _.C M _.C
pri’p prip prip prip prip
Steam Generator
dt 'Sch NSGCp lSch

In this form, the thermodynamic referemce state (Tref) has been eliminated,

leaving only the expressions for heating and cooling mechanisms.

Flow rates for HPI, leak, hot leg and feedwater are independent parameters
extracted or estimated from TRAC calculationms. Steam flow rate is a

function of steam enthalpy and pressure, break (or valve) area, and flow
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resistance. T:e estimation of steam flow is based on an isentropic choked
flow model altered to account for these elements. The model is of the form

‘ST = f (P.H)Ak? (1.9)

where
f(P,H)

chokad isentropic mass flow (lb/hr/inz-plil (upstream pressure))
as a function of pressure and mixture enthalpy. See ASME
steam tables, 4th ed., Figure 14,

A = break (valve) size (inz)

k = factor by which effective ar.a of break is reduced to
compensate for flow resistances in lines and valves

P = Pressure (psia)

By evaluating this expression for saturated steam enthalpy at various
temperatures and taking a power curve fit against corresponding saturation

temperatures the expression was converted to

.

oy = Ak (1.87045 x 1079 rsa"””l (1b/sec) (7.10)

which has an accuracy better than +3% between 200°F and 500°F upstream
steam temperature, The choked flow condition holds over this range for

TBV flows to the condenser, but becomes invalid at low temperatures for

breaks to the atmosphere.

With the expression for steam flow substituted into the cooldown equationm

for the steam gemerator, the total model becomes

Vessel
4T gp; C (Tgpy = Tg) *+ Qp(t) + Quep + Qy = dig C, (Ty = Tgp) (7.11)
dt M c

pri p
"o .pri . xm:iO o “EPI = @) dt
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Steam Genezator

=311 4,32991
d‘l's.r i"Cl(T"-Tx )-AKx1.87045x10 TSG

dt

ﬂHCD(Tn-TSG) (J.12)

ISG cp

with Moo = Mggg +  (hpy = dgy) dt

which is a set of simultaneous, non-linear differemtial equatioms which
can be solved numerically to obtain the hot leg temperature (Tﬂ) and steam
generator exit temperature. Downcomer liquid temperature is obtainmed from

the following equation

H + m H - -
TDC"B s¢ * Bgpr Hgpr * Qgep * Y id.db

(#y + dgpy) Cp

with all guantities as defined above. This equation defines the downcomer
temperature in terms of the mixing of loop flow and HPI and the heating of
the fluid by RCP power input and heat transfer from the vessel wall. This
equation does not affect the mass—emergy balances (equatioms J.11 and J.12)
described above but is used only to define do local fluid temperature in

the downcomer.
Application of Cooldown Model

The cooldown model calculates temperatures for the hotleg, steam generator,
and vessel downcomer using only a 2 node energy balance. The Calvert
Cliffs 1 plant is equipped with 2 separate cooling loops which may be
subjected to asymmetric operating condition (e.g., ome steam generator
blowing down while the other is isolated). Such situatioms require
application engineering judgement to fit the existing conditioms to the
model, Judgement is also required to develop the required mass flow data

for input to the model.
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As described inm the introduction to this sectiom the gemeral approach
for evaluating a particular scenario is to first identify which of the
TRAC calculations most closely matches the descriptiomn of the scemario.
Often the TRAC calculation and the evaluated scenmario are idemtical out to
some specified point in time or particular event (SGIS, RCP trip, etc.)
where the evaluated sequence becomes different from the TRAC calculationm.
Temperatures and mass inventories of the primary system and the steam
generators are extracted from the TRAC calculatiom at this point to set
up the initial conditions for the extrapolatiom of temperature by the
cooldown model. Also, the effective value area for the model choked flow
calculations is selected so that the model will closely follow the steam

flow rends observed in the TRAC calculation.

The initial mass inventories in the primary and steam generators may be
distributed in differemt ways to account for assymmetric loop operation.
For example, where a steam generator totally isolated from the rest of
the primary (no heat transport possible) due to flow stagnation in that
loop, the water mass and its emergy content (temperature) is left out of
the model, since it cannot influence temperature trends elsewhere. Should
the loop flow be restored later, both the water mass and the emergy would
be put back into the model where it can influence total system heating
or cooldown. Another example is where ome steam generator is undergoing
cooling by blowdown with thke other steam gemerator loosing heat to the
primary due to continued loop flow. In this case, the inventory of
steam genmerator would be added to the primary mass since both are working

together to retard the cooldown of the system. Should any of these

conditions change to symmetric or another form of assymmetric conditioms,
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the extrapolation should be stopped for adjustment of primary and steam

generator node masses. .

Other system state changes will require interruption of temperatu:-
extrapolation to alter input parameters. Some of these state changes and
required changes in parameters are listed in Table J.2. Whenever one
of these state changes are encountered the current values of the hot leg
and steam generator temperatures as calculated by the cooldown model are
applied as input to the next extrapolation segment. New values of primary
and steam generator mass inventories, total loop flow, HPI flow, primary
leak (pressurizer surge line) flow, feedwater flow, feedwater temperature,
heat input rate from wall heat transfer, decay heat factor, RCP heat, and
secondary side break (valve) area are also supplied to match the new system
state conditions. This process continues ontil the entire 0-7200 second

period is evaluated.

By estimating the temperature profile of a TRAC calculated transient,
the validity of data interpretation relating to transient respomse can be
checked. Where the extracted parameters are correct, tht+ extrapolation
will closely follow the TRAC calculation. For example, the times to SIAS
and SGIS signals for 1 ftz main steam line breaks at Hot Zero Power
(LANL Transient 1) and at Full Power (LANL Transient 2) as estimated by
the cooldown model were not significantly different. An example of a
fnll 7200 second extrapolation is givem in Figure J.3 which compares the
cooldown model to the results for LANL Traasient 12, PORV LOA with stuck

open ADV. This case was selected because it features a secondary side

break which causes a general system cooldown coupled to localized cooling
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due to significant HPI flow. The two TRAC curves represent downcomer
condition under the pozzles of the stagnated (Bl) and flowing (Al) loops
which represent the expected range of conditionms. The cooldown model
always assumes that all HPI flow is mixed with the flowing loop, thus
yielding a temperature lower than the average for the two loops. Im this
case the extrapolated temperature stays within 10 to 50°F of the calculated

minimum temperature loop values.
J.2.4 Pressure Estimation by Coolant Swell Model

An overcooling event will cause the primary coolant to cooldown and
contract, drawing water out of the pressurizer via the pressurizer surge
line. As the water level drops in the pressurizer, the steam layer
expands and the system pressure decreases. As the pressure <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>