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2.0 PLANT DESCRIPTIONS AND INITIAL CONDITIONS

ANL initial plant conditions for the TLOFW transient analysis are com-
pared with C-E data in Table 2.1. These represent 100% full power steady
state conditions for a C-E system 80 plant obtained with RELAP5/MOD1.5 cycle
29 with updates. (A1l calculations were performed on the INEL computers.)

Ouring preliminary calculations, the results with RELAP5/MODL1.5 Cy=29
exhibited significant mass error accumulations in the regions where saturation
conditions existed. Code updates provided by the RELAPS code developers were
incorporated into Cycle 29 which resulted in a dramatic reduction in mass
errors. Calculations reported in this study were performed with Cycle 29 with
these updates.

The plant nodal diagram is shown in Fig. 2.1. The system-80 plant is
designed with two cold leygs per loop and thus also contains four reactor
coolant pumps. In the analysis the cold legs were combined in pairs and each
cold leg and RCP delivers a combined flow of two plant size cold legs.

Pressurizer safety valves were similary combined such that one valve had
an equivalent flow area to yield a combined steam flow of two valves at the
rated pressure. Similarly, when two PORVs were assumed in the analysis, they
were simulated with one valve sized to yield a combined rated steam flow at
the rated pressure.

The safety engineering features modeled in the analysis are:

- Steam Generator Safety Valves
Actuation: Steam line pressure > 1282 psia
Capacity: 20 valves
4 valves 1270 psia
4 valves 1305 psia
12 valves 1333 psia

Total capacity 19.0 x 105 lom/hr DRAF[
I



Pressurizer Safety vValves

Actuation:
Capacity:

Charging Pump
Actuation:
Capacity:

Pressurizer pressure » 2525 psia
2 valves
255.56 1bs/sec

started by the operatad after TLOFW
6.90 1bs/sec (1 pump,, 120°F

Auxiliary Spray System

Actuation:
Capacity:
PORVs

Actuation:
Capacity:

Hot leg subcooling > 25°F; open.
Hot leg subcooling < 20°F; close.
6.90 1bs/sec (1 charging pump capacity), 12C°F

Opan by the operator

2 valves

119.71bs/sec (Calvert Ciiff type)
254.0 1bs/sec

Accumilator Injection

Actuation:
wapacity:

Cold leg pressure < 624.7 psia
1536.7 ft3 of liquid volume (per tank)

Auxiliary Feedwater Pump

Actuation:
Capacity:

Started by the operator
121.27 1bs/sec, 100°F

DRAFT
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3.0 TRANSIENT ASSUMPTIONS

The transient was initiated following 100 seconds of steady state
calculation in the analysis. The figures presented in the next section also
include these 100 seconds, however, the time discussed in the text of this
report refers to the transient time rather than the computer run time.

Two sets of transient conditions are introduced in tne calculations:

1. Total Loss of Feedwater (TLOFW) with concurrent Loss of Offsite
Power (LOOP) at t = 0.0 s.

2. TLOFW without LOOP at t = 0.0 s.
Under each set of transients, the following scenarice are studied:
1. a) TLOFW with operator recovery action based on the C-E Recovery
Guidelines.
b) without
2. TLOFW with initiation of feed and bleed.
3. TLOFW with actuation of auxiliary feedwater flow.

The general transient assumptions are:

© One charging pump (6.09 1bs/s) was started at 10 minutes after
TLOFW.

* APS (6.09 1bs/s; initiation by the operator based on the Recovery
Guidelines.

B Only one HPSI pump was available. DRA”

{
a HPSI actuation on SIS (1600 psia) when no operator recovery action
is assumed, otherwise by the operator at 10 minutes after TLOFW.



° Two PORYs were modeled in the feed and bleed sensitivity study with
PORV size and the PORY opening times as variables. Two PORY sizes
were simulated:

Nominal size: 119.7 1bs/s (113.4 1om/hr/Mut)
Giant size: 268.1 1hs/s (254.6 1bom/hr/MWt) of steam at 2400
psia.

o AFW initiation by the operator

Trip setpoints and the associated delay times are summarized in Table
3.1. There are four operator actions simulated in the RELAPS calculations

Table 3.1 Reactor Protection System Trips Used in the Analyses

Trip Setpoint Delay time, s

High pressurizer pressure, psia 2475 0.55
Low pressurizer pressure, psia 1600 ——-
Pressurizer safety valves, psia 2525 -——-
Steam generator safety relief valves, psia 1282 to open -———

1218 to close -
RCP trip on signal 0.55
Turbine trip on signal 0.55

based on the C-E Loss of Feedwater Recovery Guidelines; CEN-152 Rev. 01 and
are the following:

1. Auxiliary Pressurizer Spray
e on if the hot leg subcooling > 25°F

. off if the hot leg subcooling < 20°F, or the pressurizer
level > 90%

URAFT



2. HPSI
- on 1f the pressurizer level < 100 inches, or the hot leg
subcooling < 20°F
B off if the pressurizer level > 100 inches and the subcool-
ing > 20°F

During the time the operator takes control of the HPSI system,
the injection is actuated only based on the above criteria, and
not by the automatic actuation on a low primary pressure
setpoint at 1600 psia.

3. PORVs
° opened by the operator and left open throughout the tran-
sient.

4., Auxiliary Feedwater
° actuated by the operator and left on throughout the tran-
sient.

Cases analyzed are summarized in Table 3.2. For the TLOFW with LOOP
transient, the reactor trip, turbine trip, and RCP trip occur at 0.0 second
due to LOOP, and the feedwater is lost at the same time. Whereas, for the
TLOFW without .00P transient, the loss of feedwater occu~s at t= 0.0 s and a
short time later, the reactor trips on either high RC syEtem pressure or low
steam generator level. At that time the turbine is isolated but the coolant
pumps are still operated until they are tripped by the operator as soon as the
TLOFW is detected to minimize heat input into the RCS. 1In the analysis RCPs
were tripped at 10 minutes into the transient.

In the feed and bleed sensitivity study, the only operator action simu-
lated was opening of the PORVs and leaving them open for the remainder of the
transient. Sensitivity to PORV sizes and the initiation time was examined.
Attempts were made in both transients to estimate the latest time at which the
operator could open PORVs without resulting in core uncovery, Similary the
sensitivity to the AFW flow was studied by determining the latest time for the

actuation of flow. ‘n
DRAFT |



Table 3.2.

Summary of TLOFW Transient Cases

TLOFW WITH LOOP
Transient Description

TLOFW WITHOUT LOOP
Transient Description

Case

Case

Case

case

~

.ase

Case

ase

| -- Base Case

10 Jperator actions
HPS1 on at 1600 psia
No AFS

3
Operator Action at t=10 min
APS, HPSI

3ai -- Small PORYs

No APS

HPSI on Tow RCS pressure on at
t=10 min

PORV opened at t=20 min

3bi -- Giant PORVs

No APS

HPSI on low RCS pressure on at
t=10 min

PORY opened at t=20 min

3aii -- Small PORVs
Find the latest PORV opening
time

3bii -- Giant PORYs
11 == AFNW

Find the latest AFW initiation
time

Case

Case

Case

Case

Case

Case

Case

2 -- Base case

No operator actions

HPSI on at 1600 psia

No APS

RCPs tripped at t=10 min

4

Operator actions at t=10 min
APS, HPSI

RCP tripped at t=10 min

4ai -- Small PORVs
No operator actions
RCP tripped at =10 min
PORVs opened at t=10 min

4bi -- Giant PORVs
No operator action
RCP tripped at t=10 min
PORYs opened at t=20 min

4aii -- Small PORYs
1) PORY opened at t=10 min
Find the latest PQRY

opening time
4bii -- Giant PORVs
21 == AFW

Find the latest AFW initiation
time




4.0 CALCULATIONAL RESULTS AND ANALYSIS

In this section we present the detailed results and discussions on four
cases related to the ability of the APS to depressurize the system (cases 1,
2, 3, and 4) and eight cases related to the feed and bleed mode of depressur-
1zing the system (cases 3af, 3bi, 4ai, 4bi, 3aii, 3bii, 4aif, and 4bii). Also
discussed in this section are two cases fnvestigating the latest effective
time for restoration of auxilizry feedwater (AFW) flow (cases 1i and 21).
These cases cover three areas of the transient:

1) Total loss of feedwater (TLOFW) flow with and without operator
recovery actions.

2) TLOFW with initiation of feed and bleed.
3) Restoration of AFW.

- Analysis is focused upon determination of the effectiveness of CE's
operator recovery guidelines and analysis of the relative capabilities of
auxiliary pressurizer spray (APS), the Pilot Operated Relief valve (PORY) and
AFW as methods of rapid systam depressurization.

Results are presented in the following order; first, cases on TLOFW with
concurrent Loss of Offsite Power (LOOP) are discussed, followed by those for
TLOFW without LOOP. In the next section, cases where the PORVs are utilized
are discussed, and finally we examine the sensitivities to PORV opening tine
and to AFW initiation time. Results are summarized at the end of this sec-
tion.

ORAFT



4.1 Total Loss of Feedwater Flow Concurrent with Loss of Offsite Power

4.1.1 Case |

Normal feedwater flow is assumed to be lost as an initiator
of the transient, and at the same time, the offsite power is also assumed lost
("A" in Fig. 4.1). A signal is generated to actuate thc reactor trip, turbine
trip and the reactor coolant pump (RCP) trip, which initiates RCP coast-
down. Throughout this first transient, we assume that no operator recovery
actions are taken to mitigate severe consequences; eventual core uncovery is
indicated by the presence of both of the following conditions: 1) complete
voiding of the upper node in the core; 2) high cladding (and also coolant)
temperatures.

Figures 4.1 and 4.2 show that the RCS pressure increases
rapidly due to the secondary side temperature increase and concomitant pres-
sure buildup due to the loss of cold feedwater into the steam generators,
aggravated by the turbine trip. Thts caused degraded primary-to-secondary
heat transfer. The steam generator relief valves opened immediately following
the onset of the transient and remained open as the steam generators boiled
away their inventory. Following the delay time associated with the reactor
trip, the RCS pressure dropped instantly to 2130 psia then rose immediately to
2220 psia due to power-to-flow mismatch. The RCS pressure gradually dropped
to 2150 psia and remained at this level until the steam generators dried out
at 2400 seconds into the transient (Fig. 4.3). At this time, the primary-to-
sacondary heat transfer was completely lost and the primary pressure rose to
the pressurizer safety setpoint (2525 psia) and permitted the RCS inventory to
be discharged through the pressurizer safety valves. Small fluctuations in
the primary pressure between points B and C on the curve in Fig. 4.4 corres-
ponded directly to the times when the liquid level in the steam generator
crossed the computational node boundary, hence to the change of heat transfer
regimes (Fig. 4.4). With the loss of energy removal capability, the RCS
temperature rose and the coolant expanded, increasing pressurizer level as
shown in Fig. 4.5. We note that around 3100 scconds after the transient
initiation the pressurizer hecame solid (in Fig. 4.5). The pressurizer safety
valves opened around 2630 seconds into the transient and, when the pressurizer

DRAFT



went solid, the discharge from the pressurizer safety valves became single
phase liquid (Fig, 4.6). Since the primary pressure was greater than the
maximum HPS! pump head (-~ 1790 psia), without operator actions to depressurize
to enable ECCS delivery the primary temperature rose until it reached the
saturation temperature corresponding to the pressurizer safety setpoint (Fig.
4.7). From that time on, the primary temperature stayed constant while void
was generated in the primary system (Fig. 4.3). Core uncovery began at 5800
seconds into the transient (Fig. 4.9), when the RCS inventory became so Tow
that the void fractions in the top three nodes of the core reached 1.0. At
that time, the collapsed water level in che core began to decrease rapidly
(Fig. 4.10) and the cladding and core outlet flow temperatures began to rise
(Fig. 4.11 and 4.7).

DRAFT
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4.1.2 Case 3

This transient differs from Case 1 after 600 seconds into
the transient, after which time operator actions based on the CE Recovery
Guidelines were simui.ted in this case. The purpose of these actions is to
provide alternate means of cocling by activating the APS and HPSI to attempt
to maintain decay heat removal capability.

The following operator actions were modeled:

1. Actuation of the A”S using ome chargt:; pump (6.09 1bm/s) with an
objective to maintain a range of 20-25°F subcooling in the hot
leg. However, the APS was turned off wnen the pressurizer level
reached 90% (or more) of the total pressurizer height because beyond
that it would merely aggravate pressurizer refilling and would flow
out of the safeties directly.

2. Actuation of the high pressure safety injection (HPSI) system, using
one pump, when the pressurizer level was less than 100 inches or the
hot leg subcooling became less than 20°F. The HPSI was turned off
when the pressurizer level rose above 100 inches and the degree of
subcooling in the hot leg was more than 20°F. (However, it is
important to note that HPSI mazimum head ia ~ 1800 pei and that for
most of this tmansient the primary pressure 18 well above that
value. Thue the HPSIe produced no substantial flow.)

At 10 minutes into the transient, the APS was actuated {:ith
the 120°F water) because the subcooling in the hot leg at this point (see
Figs. 4.12 through 4.14) was 44 .5°F. The primary pressure had decreased from
2157 psia to 1760 psia by roughly 1240 seconds into tne transient, at which
point the subcooling fell below 20°F and the APS flow terminated. The APS was
actuated on and off four more times in the ensuing 2400 seconds as the hot leg
subcooling fluctuated. Each time it actuated, the RCS pressure dipped a
little, but the flow had less and less impact as the transient progressed,
since by 2400 seconds into the transient, the steam generators were dry and
had therefore l1ost energy removal capability. The steam generators represent

DRAFT
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4.2 TLOFW with Power Remaining Available

8.2.1 Case 2

In this case, although normal feedwater flow was assumed to
be lost, power was assumed to remain available to the RCPs and the reactor was
not tripped concurrent with loss of feedwater. Ten minutes after the loss of
feedwater, we assumed that the operator manually tripped the reactor coolant
pumps and started pump coast-down (Fig. 4.22).

Without the cold feedwater flow into the steam generators,
the secondary side temperature rose (Fig. 4.23) and steam pressure increased
while the turbine was maintaining constant 100% load (constant steam flow)
(Fig. 4.24). The primary-to-secondary heat transfer deg-ided and the primary
pressure rose (Fig. 4.25) to the reactor trip setpoint on high primary pres-
sure (2475 psia) at 29.8 seconds after loss of feedwater. The reactor trip
was assumed to actuate a turbine trip signal. The RCS pressure continued to
increase rapidly and reiched the pressurizer safety valve setpoint, but by
that time the control rods were fully inserted into the core and the pressure
decreased immediately (spike roughly 30 seconds after loss of feedwater). The
secondary side inventory boiled dry much more rapidly in this case (Fig. 4.26)
primarily because there was an additional 30 seconds of full power operation
after the loss of feedwater and additionally in part because the reactor
coolant pumps were still forcing flow through the RCS so that more heat was
transferred from the core to the secondary side. Thirty seconds of full power
operation generates enough heat to completely dry out the mass inventory of
one steam generator; the balance of energy which caused early dryout came from
decay heat and pump power. Thus in this case the steam gererators dried out
less than ten minutes into the transient, in sharp contrast to the situation
with LOOP (Case 1) where the heat removed was due solely to fecay heat.
Compare Fig. 4.26 to Fig. 4.3.

The loss of primary inventory out of the safeties began much
earlier in this case (Fig. 4.27) and the primary inventory began to deplete
correspondingly (Fig. 4.28). It is useful here to compare the RCS inventory
history in this case to that of Case 1 (Fig. 4.8 and Fig. 4.28). We note that

it



the slope of inventory decay is nearly identical but that in this case it
occurs more than thirty minutes earlier due in large part to failure to trip
the RCPs.

As we saw before, once the steam generators dried out, the
primary inventory began to thermally expand and the pressurizer filled (Fig.
4.29). Because the loss of mass in the steam generators was so rapid in this
case, however, the numerical “humps" in the primary pressure (which were also
visible as a secondary effect in the pressurizer inventory level) which were
so marked in Cases 1 and 3 were not particularly noticeable here.

As the hot leg vapor fraction reached 100% in the junction
to the surge line (Fig. 4.30), the surge line began to draw vapor (Fig.
4.31). (We note that the junction is on the bottom of the pipe and the RELAPS
flow regime map forces the surge line to draw only liquid from the stratified
flow until no liquid remains.) Once the surge line begins to draw vapor, the
net inventory in the pressurizer drops rapidly because low quality mixture was
still flowing out of the safeties (Fig. 4.32 and 4.29).

Since the primary inventory was rapidly depleting (Fig.
4.28), the void generation in the hot leg (Fig. 4.30) causing voids in the
surge line (Fig. 4.31) was nearly co-incident with onset of voids in the core
(Fig. 4.33) and a decrease of collapsed water level in the core which occurred
at about 2100 seconds after the loss of feedwater (Fig. 4.34). We observe, as
before, that rate of the loss of inventory from the primary decreased as the
pressurizer safety flow returned to high quality flow at around 2500 seconds
in this transient (see Figs. 4.27 and 4.28), permitting the core water level
to temporarily level off (Fig. 4.34) (although inventory is still being lost
from the system). Since this transient was proceeding much faster than Case
1, the inventory in the core leveled off for a somewhat shorter period. (This
is a compound result of the inventory loss rate through the safeties, somewhat
higher decay heat, and lower primary inventory at the onset of uncovery.)
(Compare Figs. 4.34 to 4.10). As before, this results eventually in core
uncovery (Fig. 4.34) and coolant and cladding heatup (Fig. 4.35 and 4.36).

Los A

LIS

dﬂ\k ‘



= |

-3 i\
o .
A8 ] O
. L3
%, %,

P 3

4 o
ey W
I 0
(N | N

r.
i e
>

= o
O L 8
o] v
X

3
“wd
i
4
4
et
o
® =
P~
¥ -
@
0 )
0 4
o e
3
!
Q
™
-
0
s .
1 O
4 -
S &
0 3
=
4 42
=



iLa/s)

MASS FLOW RATE

PC FLOWS: HOT LEG,

CaMD LEG

|

L[

Ll

|
. e 2ene e o Teee
e ses e s -
Tine (s)
CASE 2
Fig. 4.22




862
sG2

Gl.
sG1,

>

Fig.

OCOME PRESSURES:

SG

"
w
[+3
e
.
B
@
W
o
x
w
-
w
X
~
o
‘.
"

|

B ¢ £ ¢

(4 930" INNIVYEIINZ) IYISd) J¥NSS3INd




LEVEL (FT.)

PRESSURE (PSIA)

RCS PRESSURE-PZR

| | S B
Lt oo {
{ |
T
b ewe el wem
e ee e e
Tiae (s)
CASE 2
Fig. 4.25
WATER LEVEL IN SGI
e ese e e
1509 B see e
Tine (s)
CASE 2
Fig. 4.26



MASS INVENTQRY (LBM)

MASS FLOW RATE (LB/S)

..

..

s..

“.

s

e

PIR

SAFETY VALVE FLONW

Fig. 4.28

iatlhes  Sedd i
Fig. 4.27
RCS MASS INVENTERY
\
"
\
N
N
i ‘Nﬂ



MASS INVENTORY (IN.)

V@ID FRACTION

s

.“r

MASS INVENTORY IN PZR

ﬂr,\‘r

\
e e e
= e e e
Tine (3)
CASE 2
Fig. 4.29
VOID FRACTI@N IN HOT LEG
gﬂ
|
el e e
e e mae -
fime (s)
CASE 2

Fig. 4.30



IR SAFETY FL@W

IN P

Tine ()

w
b 4
J
w
e
x
7
z
- ~ —
s
-
o
-1
o
“
o
=

V@ID FRACTION

NO11OVY¥4 OIPA
NP11OV¥4 QleA




V@ID FRACT!@N

LEVEL' TFF.)

.?

.

“e

VOID FRACTI@N IN CIRE:TOP 3 NQDES

7 I{ |

ey T e T

Time (8]
CASE 2

Fig. 4.33

COLLAPSED WATER LEVEL IN C@RE

™\

N —

4-—/

i
i
i
i
i
i
!

Tilee (3}
CASE 2

Fig. 4.34



TEMPERATURE (DEG F)

TEMPERATURE (DEG F)

§F 8§ % 8 3 8 B 3 O O OEITN

§§% 8§38 8¢313¢131113

CORE COOLANT TEMPERATURES: BTM, MID,

Tov

[ | ' |

Tl |

e e een e Seee
1500 ee 508 se vas
Tiee ()
CASE 2
Fig. 4.35
CLAD TEMPERATURE: TQP NODE
[f
e Rl e e el
o vee nas ew e
Tiue (3}
CASE 2
Fig. 4.36



1

ase 2 for the first 10 minutes

*n
v

of the transient, at which poi e RCPs were tripped and operator actions
were initiated. However in thi in Case 3, the operator actions were
assumed to include APS and HPSI actuation according to operator guidelines.

We recall from Case 2 that by about 310 seconds into the transient both steam
generators were dry and had totally lost primary-to-secondary heat transfer
capability. In this case, as with case 2, within 100 seconds after dryout the

nec {

RCS pressure was on a sharp rise (Fig. 4.37). Thus, when the APS flow was
initiated (Fig. 4.38) because of high hot leg subcooling margins (Fig. 4.39),
the APS flow had 1ittle impact in lowering the RCS pressure because, in con-
trast to Case 3, there was NO heat sink available here. The APS was even-
tually turned off when the pressurizer inventory level reached the high level
setpoint (90% level) roughly 1015 seconds into the transient (Fig. 4.40).
Nevertheless, the APS 4id slow down the primary pressure increase to the
pressurizer safety valve setpcint by about three minutes. As in all cases
wiscussed thus far, the primary pressure leveled off at the pressurizer safety

setpoint, and the RCS inventory was rapidly discharged out of these safeties

Fig. 4.41). HPSI produced no flow because the primary pressure was too high,
and core uncovery began about 3240 seconds after the transient initiation
(Figs. 4.42 and 4.43). As before, the code computed cladding and core coolant
temperatures rcse sharply (Figs. 4.44 or 4.45) when the void fraction in the
upper node finally reached 1.0.

in the tmmediately preceding
gration of the reactor and RCPs dominated the
ctuation of APS and HPSI was assumed here,
gingle img ] hily minutes of APS flow (initiated 1
the operator firgt ed the same time of RCP trip) wa
minute delay < B wncovery.
only one charging pump wae assumed available for APS
APS wnen there is less than 20°F

owmpe would alter omly the timing not
: . q
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4.3 Feed and Bleed Operation

In this section we present results from four cases where "“core
flushing" (feed and bleed) was utilized to attempt to cuwol the core by opening
a PORV and aligning the SIS for cold leg injection. “Core flushing" takes
place when the cold fluid enters from the cold legs passes through the core
and out the PORYV.

Assumptions in this transient are:
1) Two PORVs were simulated in each analysis and

2) Two different sizes were examined with the following combined
(total) flowrates
a) 119.7 1bm/s (113.4 1bm/hr/MWt) (nominal)
b) 268.1 1bm/s (254.0 1bm/hr MWt} (giant)

3) The PORVs were assumed to be manually openea after 20 minutes into
the transient and to remain open.

4) One train of SIS was assumed to be available (i.e., one HPSI pump).

Other than to open the PORVs and to shut off the RCPs in thuse cases
based on Case 2, no further operator actions were assumed required.

The PORVs were sized in the code to deliver the rated VAPOR mass
flowrate at 2400 psia. However it is important for the reader to recognize
that the two-phase flowrate is substantially greater and is not well known.
Thus these (and any other) analyses should be taken to be only representative
of the general behavior to be expec®sd and the fine details of the analysis,
while interesting, have substantial uncertainties.
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4.3.1 Case 3ai

This case and the next case (3bi) are both identical to Case
1 up to 20 minutes into the transient when the PORVs were manually opened. In
ths case we assumed the small PORVs while the next uses large PORVs. A signi-
ficant amount of energy was removed through the PORVs when the flow out of
these valves was a single-phase vapor; however as the flow leaving the PORVs
became twso-phased, the energy removal slowed down, hence the primary pressure
decrease also slowed down (Fig. 4.46, 4.47, and 4.48) and briefly began to
repressurize when the quality in the PORV flow reached 0.0 (single-phase
liquid). At that point the pressurizer was solid. This slight upturn in the
primary pressure was aggravated by the steam generator relief valve closure
until the secondary side pressure built up enough to open relief valves again.

The HPSI was actuated at about 1255 seconds into the tran-
sient when the primary pressure fell below 1600 psia shortly after the PORVs
were opened (Fig. 4.49). As the RCS depressurized, HPSI flowrate into the
cold leg increased and because the injected fluid was at 120°F, the HPSI flow
also contributed to further reduction of the RCS pressure. This depressuriza-
tion in turn permitted higher HPSI flow, so that the symbiotic effects re-
sulted in a relatively monotonic increase of HPSI flowrate.

The combination of opening the PORVs, which resulted in loss
of RCS inventory, and the HPSI injection of c¢2'd fluid, which lowered the RCS
average temperature and therefore led to contraction of RCS fluid, eventually
caused voiding in the RC system (Figs. 4.50, 4.51, and 4.52). Void formation
was evident in the core as early as 1500 seconds into the transient. From
that time onward, the primary inventory decreased monotonically and the void
in the surge line finally reached 1.0 at slightly after 3000 seconds (Fig.
4.,53). As we saw in case 2, a drop in the pressurizer inventory accompanied
voiding in RCS and finally reached the pressurizer through the surge line
(Fig. 4.54). As discussed earlier, the delay is due to the fact that the
surge line is connected to the bottom of the hot leg pipe, and until 3100
seconds into the transient the flow in the horizontal hot leg was stratified
s0 that the insurge into the pressurizer was extracting only the liquid por-
tion of the flow from the hot leg until the flow in the hot leg became pure
steam, . T
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after transient initiati
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This case is identical to case 3ai ) that we used the
larger PORV size through which more energy can amoved, The RCS pressure
dropped to approximately 1200 psia compared to 0 psia with smaller PORVs
(Figs. 4.59, 4.60, and 4.61). The HPSI was actuated immediately following the
opening of the PORVs (Fig. 4.62), and the flow continued to increase as long
as the RTS pressure continued to drop (as expected). In that case the system
depressurized and cooled down so rapidly that the steam generators did not
dryout (Fig. 4.63). More liquid was discharged from the PORVs permitting
generation of void in the RCS system to take place earlier (Fig. 4.64). The
dip in the void fractions in the core at 1900 seconds into the transient was,
as in the prior case, due to loop-seal clearance (Fig. 4.65). The void frac-
tions in the core increased when the accumulator injection was on because the
cold accumulator flow condensed the vapor and ccoled the core inlet tempera-

ture causing mixture collapse (compare Figs. 4.64, 4.66, 4.57 and 4.68).

The RCS inventory apneared to bottom out by 3500 seconds
after the onset of transient, and although it was fluctuating, tne trend seems
to be up (Fig. 4.69). The collapsed water level in the core also stabilized,
with occasional dips also due to accumulator injection. No core uncovery was
computed to occur in this case.

Although none of the other cases analyzed encountered mass
error problems with RELAPS, this case originally had significant problems.
With assistance from the RELAPS code developers who prepared code modifica-
tions to cure these errors, we were able to complete the study without any
further code problems. Hence, this particular transient was run with these
code updates, while the remainder were not. For completeness, selected para-
meters were cownared for this transient using the original code and the up-
dated version. These results are pesented briefly :n Appendix 1. We point
out here only that the differences in major plant transient parameters are
negligible.
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4.3.3 Case 4ai

This case and the following case (4bi) are identical to Case
2 (ten minutes of RCP operation) up to 1200 seconds (20 minutes into the
transient) when the PORYs were opened. As with the previous two cases, in 4ai
we study the effect of the small PORVs while in 4bi we study the effect of the
lare PORVsS. We note that by the time the PORVs were opened the RCPs had been
tripped (at 10 minutes after transient initiation) and both steam generators
(this plant is nearly symmetric) were dried out (Fig. 4.26). Figure 4.70
shows that the RCS pressure was already at the pressurize safety valve set-
point and the RCS inventory was being'discharged (Fig. 4.71). The pressurizer
was nearly solid with water at this point (Fig. 4.72). When the PORVs were
opened, the void fraction in the PORV flow indicated that the flow was single-
phase liquid, which degraded the energy removal capability and the RCS pres-
sure began to rise to the safety setpoint (Figs. 4.73 and 4.74). RCS pressure
was, nevertheless, momentarily reduced by 450 psia due to opening the PORVs.

Void formation began as scon as the PORVs were opened and
quickly propagated through the RCS up to the surge 1ine and into the pressur-
izer. The inventory in the pressurizer dropped as the flow into the pressur-
izer became two-phased and finally pure steam (Figs. 4.75, 4.76 and 4.70).
When the discharge out of the PORVs finally became two phased. and therefore
began to remove energy at a greater rate, the RCS pressure began falling
(about 2100 seconds into the transient). However, by 3050 seconds into the
transient, the system had lost enough inventory that core uncovery was indi-
cated by the core coolant temperatures, the liquid level in the core, 2nd the
cladding temperature (Figs. 4.77, 4.78 and 4.79).

This case indicctes that the small PORVe were unable to
depressurizer the plant emough to emable HPSI delivery to prevent core uncov=-
emy. As for Cases 2 and 4, 30 seconds o full power operation exacerbated the
trangient.
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4,3.4 Case 4bi

This case differs from 4ai only in that here the larger PORV
size was utilized. A1)l other conditions of the plant at the time of PORV
opening were identical to Case 4ai. The flowrate through tnhese larger PORVs
was sO great that even though the initial flow was nearly all liquid, it was
able to pull the voids generated in the core immediately after the PORV open-
ing through the surge line into the pressurizer. By 2000 seconds into the
transient the PORV flow was pure steam (occurring about 500 seconds sooner
tha1 Case 4ai with smaller PORVs) and the RCS pressure fell rapidly.

In this case, the RCS pressure fell below 1600 psia and HPSI
was actuated at 2150 seconds into the transient (Fig. 4.80 and 4.81). Depres-
aurization of the RCS comtinued and at 3120 seconds, the pressure became low
enough (below 640 peia) for accumulator injection (Fig. 4.82). The RCS mass
inventory (Pig. 4.83), however, turmed around before the accumulator actuation
because of rapid primary pressure reduction allowing HPSI flow to reach a near
maximum flowrate 300 seconds sooner than for Case 3bi (compare Figs. 4.81 to
4.62).

Figures 4.84 srows that the top node in the core nearly
voided at about 2300 seconds into the transient but core uncovery was not
indicated by the core coolant temperature or the water level in the core
(Figs. 4.85 and 4.86).
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4.4 Sensitivity to PORV Opening Time and AFW Restoration Time

In this section, sensitivities to PORV opening time and to AFW res-
toration time were investigated. In all cases analyzed here, we attempted to
determine the approximate time of core uncovery by presenting, whenever pos-
sible, results from two RELAPS calculations. The only assumption changed from
those discussed earlier is the time of PORV opening. As before, once opened
the PORVs stayed open for the duration of the transient. Since plant re-
sponses to use of PORVs were similar to the earlier cases, only those para-
meters affected by the timing of PORV opening are presented here.



Cases 3aii and 3bii

In Case 3aii, smaller PORVs were opened at 30 minutes after
the transient initiation in one calculation (curve 1 in figure) and at 40
minutes in another (curve 2). We recall that in the original Case 1 the
pressurizer water level rose rapidly between 2400 and 3200 seconds into the
transient and the pressurizer became solid at 3200 seconds (Fig. 4.5). When
the PORVs were opened early, the system had a greater period of time during
which the PORV flow was two phased than the later openina (~ 700 seconds for
early opening and 250 seconds for late opening (Figs. 4.87 and 4.88) because
with later opening the primary fluid continued to swell and fill the pressur-
izer (Fig. 4.89). Thus, more energy was removed by earlier PORV opening,
lepressuriaing the system and permitting LU HPSI delivery
and 4.91). When the PORVs were opened L

opening (FPig. 4.90) terminating

nds. During this period, there was
his case and, the RCS inventory was
PORVe were opened early (Fig. 4.92).

By 4900 seconds into the transient, the collapsed water
level in the core had dropped substantially for the late opening case (curve 2
Fig. 4.93), the cc:@ uncovered (Fig. 4.94), and the coolant temperature sud-
denly rose {curve Z, Fig. 4.95) whereas curve 1 shows that this was not the
case in Figs. 4.93 through 4.95 because of continuous HPSI flow. When the
HPSI flow was actuated again in the late opening case by eventual RCS pressure
reduction, the transient turned over.

Thus we conclude t} with the small PORVs, the operator has

v v

after TLOPW and LOOP initiation to open PORVe without

In Case 3bii, we performed a similar parametric analysis
using the larger PORV size. In this study the PORVS were openea at 3000 sec
into the transient (curve 1) and at 3600 seconds into the transient (curve 2)
to bracket the time when the pressurizer went solid (~ 3200 + seconds into the
transient) (Fig. 4.96). Thus with 50 minute opening the initial PORV flow was
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two phased

,‘;r'j)J' "“:‘ 2

ases began coincident with the

over as the flow void fraction increased. ompare Figs.

Although there were indications that the 60 case was closer to
uncovery (Fig. 4.101), neither case reached cladding heatup conditions

4.102, 4.

& ’

In both cases the inventory turned around about the time

that accumulator injection began (Fig. 4.104).
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4.4,2 Cases 4aii and 4bii

In these two cases we investigated PORV opening time in a
manner similar to that discussed in 34.3.1 using case 2 as the base case
({.e., 10 minutes of RCPs).

Case 4ai had resulted in core urcovery (when the PORVs were
opened at 2u minutes), so in this parametric the valves were opened at 10
minutes into the transient (Case 4aii 1s the small PORVs;. We recall that in
Case 2, by 10 minutes into the transient the steam generators dried out since
the RCPs were not tripped until 10 minutes after loss of feedwater. In previ-
ous cases, we saw that the smaller sized valves were unable to depressurize
enough to mitigate core uncovery under the combination of TLOFW and LOOP
conditions. Here again, as in all cases, the ability of the PORVs to depres-
surize was governed by the quality of the fl.w through them (Figs. 4,105,
4.106).

Opening at 10 minutee permitted the RCS pressure to fall
enough for HPSI injectiom, however the pressure quickly turmed over termi-
nating the flow into the cold lege (Fig. 4.107 and 4.108). The sequence of
events was very gimilar to Case 4ai throughout the transient (although taking
place about 250 seconds earlier instead of 600 seconds due to HPSI injectiom)
and eimilarly ended with core wuncovery (Pige. 4.109 through 4.112).

In Case 4bii, the larger PORVs were opened at 1800 seconds
into the transient (curve 1) and at 2400 seconds (curve 2) of Fig. 4.113.

The larger PORVs, as before, were able to take the primary
preasure down encugh for continuous HPSI injectiom (Pigs. 4.113 and 4.114).
VYoids formed in the core following PORV opening were pulled through the system
rapidly to force the PORV flow to turn to pure steam from the two-phased
mixture (Figs. 4.115, 4.116 and 4.117). The RCS inventory leveled off and
started refilling on HPSI flow (Fig. 4.118). However in the 40 minute case,
complete core uncovery was encountered (Fig. 4.119) and clad heatup was com-
puted to occur (Fig. 4.120). Thus, we comclude that the operator has roughly
30 minutes to open the lamger PORVe to cool dowm the plant and still avoid

core wncovery.
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Case 11 and Case 21 (Restoration of AFW)

In these cases, instead of opening PORVs, the AFW was as-
to be restored to regain primary-to-secondary heat transfer capabili-

ties, providing cold (100°F) feedwater flow into both steam generators. This
portion of the study was directed at ident.ifying the latest possible moment

for restoration of AFW which would prevent core uncove<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>