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I. INTRODUCTION

This report presents the results of the supplementary program performed
,

to study inadequate core cooling (ICC) conditions *. This program,
undertaken pro-actively by the Westinghouse Owner's group, is more com-

-

prehensive than the program completed on October 31, 19791 and is
intended to investigate several scenarios and subsequent recovery steps
that were not addressed in that submittal. The results presented here

Thesupersede those given in that earlier W-FLASH based analysis.
analyses discussed in this report utilized the NOTRUMP computer code

along with a more detailed noding model (Figure 1).
.

Two cold leg break sizes were analyzed. A one inch and a four inch
diameter break were selected in order to examine system behavior when
natural circulation cooling and low pressure safety injection, respec-

tively, are important occurrences. In order to achieve inadequate core

cooling conditions., the loss of all high pressure safety injection was
assumed. Other assumptions were that the reactor coolant pumps tripped
at reactor coolant system pressure of 1250 psia and that offsite power

9
was available so that credit for the steam dump system could be taken.

( The expected response of currently available plant instrumentation to
the onset of inadequate core cooling conditions is discussed along with
relevant plots. The potential application of new instrumentation is
also addressed. Furthermore, the effectiveness of several possible
actions for recovery from an ICC condition is shown and discussed.

The analyses discussed in this report support the conclusion that a core
exit thermocouple reading of 12000F is a satisfactory criterion to
alert the operator that action is required to cool the core before

,

damage occurs, and therefore core exit thermocouples are acceptable
' instruments for the detection of ICC conditions. It is planned to use

.
.

|A
Inadequate core cooling, for the purpose of this report, is defined*

| as a high temperature condition in the core such that operator'

action is required to cool the core before damage occurs.

1

. .
.
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these analyses in the development of Guidslin:s to restoro core cooling
during a small LOCA.

-

II. MODEL DESCRIPTION .

.

A. f4 TRUMP Computer Code 2

The NOTRUMP code, originally developed fo use in the analysis of steam

generator behavior, was modified and expanded to permit treatment of
LOCA's. The code is extremely flexible, allowing for the choice of
several different drif t-flux, heat transfer and break flow models. j

i

Other features of significance are the capability for horizontal strati-
fied flow, node stacking for tracking mixture interf aces, natural con- |
vection and stratified node heat transfer models.

The N0lRUMP code has a wide range of plotting capabilities. Addi-
tionally, the code permits restarts with input modifications. The'
number of permissible restart points is large and restarts are accom-
plished easily; this feature makes the code an appropriate tool to be
used in the study of recovery operations. ,

!
- g

B. Nodalization

Figure 1 shows the noding used to perform the ICC analyses. Specific

features of this model are discussed below.

Vessel

f
The NOTRUMP model features a more detailed vessel noding arrangement

than used in the earlier WFLASH analysis. In particular the core is
~}La,o)]Wo)separatedfromtheupperplenumintc[ core nodes and ( pper

a separate node is used to represent the[

Also,fhe do& comer and lower plenum are separated into two
plenum node.

[ ._ a. ,0) *>

nodes, nodes [ ](r.a,espectively. Additionally [ jisanodeof.

;

| variable cross-sectional area which allows more appropriate modeling of

- the mixture level as a function of volume fraction. In order to better

|

:

.

.
ee

e*
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represent the flow path from downcomer to core for the ICC studies, the

interfacebetweennodes[ placed at the bottom of the flow

skirt.-

In order to investigate the response of core exit thermocouples, the*

flow communication between the core and the upper plenum is represented

in greater detail than before. [ ] rep.c) resents the upper thr ee feet
M

of the Octive fuel and flow paths [ nect the core to the upper

plenum region. Flow path [,[ehesents the minimum flow area in the
upper plenum, composed of open holes in the upper core plate and ther ,coc)
flow area around the support columns. Flow pathL.jrepresents the flow
consnunication between the core and the guide tubes. To properly treat
mixture elevation impact on flow as well as counter-current flow, flow

]ce,orepresent the flow area between the guide tube and thepaths [.
upperplenumwhileflowpath[he,c1epresents the flow between the guide
tube and the upper head. This set of flow paths represents the actual
flow connunication that exists in a RESAR 412 PWR and is representative

of all Westinghouse PRW's without upper head injection. Some of the
unique features of this flow arrangement are discussed later togethero

with the results of transient analyses.
,-

Core Fuel Model

The heat transport characteristics of the core are modeled using metal
fuel and zircaloy clad. Thenodes which represent the lumping of 002

whichspecific heat and thermal conductivity utilized are those of UO2
comprises the largest part of initial stored energy. The power genera-

tion is simulated by critical heat links that feed the core metal
nodes. The critical heat links deliver power in proportion to the power
shape that is being modeled; after reactor trip, the heat transferred is
modified by the appropriate decay fraction.

12.cJ
Figures 17to19showthetemperaturetransientforcorenodes[

,.
.,

a respectively. These temperatures represent the average temperature for
an average assembly at the elevation of the core node simulated.

i

3

-
. .
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Reactor Coolant Loop Piping

A more detailed representation of the loop than the WFLASH model is .

used. In the determination of the number of nodes to be used in
modeling the steam generator tubes the results of the study of natural '

3
circulation in steam generator tubes were considered. This study
performed for the Westinghouse Owner's Group, concluded that[ _ d

were sufficient to model the density gradients in the steam generator
tubes as well as to predict the onset and loss of natural circulation.
Therefore, the tubes are divided into[, , Jode)s.

ca 6
Individual nodes are (r

used for the inlet plena of the steam generators in both loops, and the
variable cross-sectional area model is utilized to model the area change i

that takes place within the plena. The steam generator outlet plena are
combined with the downside of the loop seal piping into one node having

a variable cross-sectional area. In addition, separate nodes are used I

l
to represent the hot and cold legs, reactor coolant pumps and the upside
of the pump suction piping.

Pressurizer Model ,

|

The pressurizer and surge line are modeled as one node having a variable ,,

crcss-section. The mixture separ g within,the node.is predicted l

jwhfletheusing the -o-- te#used in the treatment of the surge line flow path. The surgeis
line is connected to the broken loop hot leg at the hot leg center line

2elevation. A continuous flow path designation is also used to model
the presence of a mixture interface at the surge line connection.

Steam Generator Secondary System

A[
](rep,c )resentationofthesteamgeneratorsecondaries[

-a

[wi'ththevariable
cross-sectional area option to model the area change between the tube ,

region and the upper steam separator region, is used. Auxiliary feed- *
water is modeled employing best estimate flows and enthalpies. In order

to model anticipated operator actions, full auxiliary feedwater is

4
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utilized if the secondary level is below the low-level setpoint and a 50
gpm flow per steam generator is used between the low-level and hi-level
setpoints. Auxiliary feedwater is terminated when the high level is*

;

|
reached. A 50% load rejection steam dump system is also modeled. This
model is used instead of the traditional safety valve model because best~

;

estimate conditions assume the availability of off-site power and the
!

condenser. Two separate means for controlling the steam dump system are
0

applied. The early part of he transient uses no-load Tave (557 F)
since this is the automatic .sde; later control is switched to secondary

This latter option controls the secondary pressure toheader pressure.
1106 psia, about 100 psia under the safety valve setpoint, and can be
used to simulate core recovery via cooldown.

C. Flow Path Options Selected

Several special flow path and drif t flux models are used in the vessel
and loops. Thecoreflowpaths[ e a modified version of the

quenched core vertical flow model that is also used in the j{-llHI evalua-
The remaining vessel flow paths use the[2

* tion model .

$1isused. Inadditionthe[~

L A)S

Horizontal stratified flow path pairs are used to connect the hot and
i

cold legs to the vessel. This option allows counter-current flow of

| steam and water to occur in the hot and cold legs as well as refluxing

|
in the steam generator if conditions permit. TheTRAC-Pl[

fYheflow
.

path that represents the flow over the top of the tubes uses a special
,

flow path option to restrict the liquid carry-over at the top of the
,

tubes t

# _, thus allowing for proper phase separation in the steam generator
_

5
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The inverse of the preceding flow path ogtion is applied at thetubes.
_

bottom of the loop seals [ ]andtotheflowpath
between the downcomer and lower plenum. .

2Break flow is modeled using the a modified Zaloudek correlation for -

subcooled . liquid flow, the Moody correlation for two-phase flow and the
Murdock and Baumann correlation for superheated steam flow.

D. Model Limitati' 3

There are a numbe of limitations to the model as applied to the ICC
studies. Multidimensional effects in the upper plenum and c. ore are

neglected; only one core flow channel is modeled so that the response of
thennocouples located above an average fuel assembly is examined. The
effect of heat generated by the zirc-water reaction on pellet tempera-
ture is neglected as are the presence of non-condensible gas and its
impact on steam generator heat transfer.

III. TRANSIENT DESCRIPTION .

In order to properly establish system conditions at the onset of ICC it -

was necessary to take a mechanistic approach. Small break traNients
were chosen in order to study events during which the operator could
interact with the system. All transients were begun from a normal
operating steady state condition and allowed to proceed to a condition
of Inadequate Core Cooling. Table 1 lists best estimate input assump-
tions. The most obvious failure that would lead to severe consequences
for a small LOCA was the loss of all high pressure safety injection. A
total failure of all the high pressure safety injection is unrealistic
since multiple f ailures are required; however that assumption was
necessary in order to achieve ICC conditions. Reactor coolant pumps
were also tripped in the analysis. While presently this is an

*

unrealistic assumption (i.e., if no safety infection is available,
current guidelines do not require RCP trip), it was a necessary action
to examine natural circulation and refluxing.

,

e
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Breaks in the cold leg were chosen since they represent the most
restrictive steam vent path. Furthermore, for a cold leg break, less
inventory (than in a hot leg break, for example) remains in the vessel~

at the time that steam can be vented from the break; this phenomenon

reduces the amount of fluid available for use in ICC termination.
a

Two break sizes, of one inch and four inches in diameter, were exam-
ined. A one inch break depends heavily on primary to secondary heat
transfer for removal of the decay heat and therefore relies on natural
circulation flows. Also, since a one inch break relies principally on
high pressure safety injection to maintain core cooling, an analysis
without high pressure safety irjection leads to ICC conditions before
accumulator injection. Conversely, the four inch break relies on
primary to secondary heat transfer f or only a short period of time and
most of the decay heat removal is through the break. A break of this
latter size, resulting in rapid system depressurization, is expected to
have some accumulator infection during a transient which leads to ICC.

*
A. One Inch Diameter Cold Leg Break

'

.

Table 2 outlines the important events in the one inch transient while
Figures 2 though 71 give a deta~ sed depiction of the transient.

1. Early Events

The time period between break initiat'on and RCP trip is characterized

by subcooled blowdown and the resulting system depressurization. Re ac-
tor trip occurs at 143 seconds, with a simultaneous turbine trip. The

turbine throttle valves are assumed to close instantly and the steam

dump valves open 3 seconds later. Initiation of the steam dump system -

stops the sudden pressurization of the steam generator secondaries and
starts to control the steam flow to bring the primary system to 557 F,a

no-load T During the time period from reactor trip to RCP trip
|

ay,.
Sincethe system is coming into equilibriun with the steam generators.*

t

no safety injection, (which under normal circumstences would have
|

started at 155 seconds) is being delivered to the RCS, the initial,

l
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0system subcooling is lost; at RCP trip the system is still about 19 F -
subcooled. The sudden loss of flow caused by the RCP trip raises the-

core enthal'y sufficiently to initiate steam generation in the upperp .

core node almost innediately (Figure 21). Two phase flow starts to*

appear in the system at that time and two phase natural circulation .

begins at about 550 seconds (Figures 39 and 43). Two phase natural
circulation increases as the hot part of the system voids and decreases

3as'the cold side voids . Around 1500 seconds the steam generators can
no longer condense all of the steam flow and the downstream portions of4

the RCS begin to go two phase (Figures 63 and 65). Finally, at 4800
seconds liquid flow over the top of the steam generator tubes cannot be
sustained and the two phase natural circulation period ends (Figure 62).

1

2 .' Refluxing Period - - -- -

The loss of two phase natural circulation marks the beginning of the'

'

reflux period (Figures 37 and 41). From 4800 to 7800 seconds the
mixture levels in the upper plenum and the hot legs are interf aci.ig,
i.e., in contact, and interacting. The flow between the hot 190s and .

upper plenum is being controlled by the relationship between i.h6se
mixture levels. Evidence of this occurrence is seen in Figures 37-40 -

I which show an oscillating flow at the hot leg and vessel interface but a
'

smooth flow between the hot leg and steam generator inlet plenum. Con-

tinuous refluxing between the steam generators and hot legs begins at
,

4800 seconds but continuous refluxing with the upper plentan does not
occur until 7800 seconds when the upper plenum mixture level (Figure 5)'

falls below the hot leg. Refluxing continues as long as condensation is
occurring in the steam generator tubes and a supply of steam is avail-#

able for condensation. Several mechanisms may lead to the termination
of refluxing, e.g. drop in primary pressure .below that of the secondary
system or dry out and resultant loss of steem flow. In the analysis
being discussed, refluxing continues through core uncovery and into the

~

development of ICC symptoms.

w

|
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Figures 72 to 75 and 76 to 79 show the refluxing for the broken and

f intact loop hot legs, respectively. These figures are plotted from 8000

f~
to 12000 seconds in order to obtain the necessary resolution. The

figures show reversed (negative) liquid flow and normal positive steam
flow. Thus a counter current flow situation, characteristic of reflux-.

ing, exists.

| Figures 72 and 76 show a sharp reduction in reflux liquid flow from 9700
to 9900 seconds. This reduction results from the dry out of core node(

'

]ULouncovers, the heat load to the system drops and
s)-

3. When core [
system pressure starts to decline. Note that the sharp transition is a
result of the use of a finite number of nodes to model the core; in

'

reality, a smoother transition would be expected in a PWR. Figures 80
and 81 show the core mixture and pressure transient to support the above

|
; discussion. Figure 82 shows the secondary pressure which remains nearly

constant (i.e., secondary pressure is being controlled) during this time

f period. Thus the decrease in system pressure, which reduces TSAT

|, leads to reduction in AT across the tubes; consequently the reflux
rate drops dee to the reduction in condensation. This gradual loss in
steam generator heat transfer brings the system heat removal back in

,

line with the core heat addition and the system stabilizes again around

9900 seconds.

The above process starts again at around 10250 seconds when core node 2

| dries out and a significant reduction in core heat addition to the sys-
tem occurs. This time the reduction in the reflux liquid flow is due to'

a reduction in the steam generation rate. Both the primary and secon-

f dary systems depressurize at nearly equal rates and therefore a constant
AT across the tubes is maintained. The primary depressurization
occurs due to the loss of heat load while the secondary depressurizes
because of loss of heat load and continued auxiliary feedwater
delivery. Thus from 10250 to about 10420 seconds depressurization iso

due to the loss of heat load and from 10420 to 12000 seconds the
depressurization is due to the cooling of the secondary side by the"

auxiliary feedwater, resulting in the equal depressurization rate

9
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of the RCS and steam generator secondaries. When the core completely
uncovers, past 12000 seconds, steam generation stops, terminating
refluxing, ,

.

3. Approach to Inadequate Core Cooling Conditions .

During the time period from 4800 to 7800 seconds the system above the
hot legs is draining back into the vessel. Also, a net flow around the
loops exists due to the head in the downside of the loop seals that is
being supplied by condensation of steam in the cold side of the steam
generator tubes. At 7800 seconds the drain period is almost over and
the mixture level on the vessel falls below the hot legs. The reduction

in the upper plenum mixture level at about 7800 seconds uncovgr3 the
guide tube lower flow paths [ .

]and permits
increased steam venting through the upper head to the break. This
phenomenon has several effects on the total system and results in the
steady decrease in core mixture height (Figure 7) which begins at 8000
seconds. First, less stemn is delivered to the hot legs and the
refluxing rate slows. Secondly, the delivery of steam to the loop seals ,

is reduced and at 8000 seconds a gradual drop in the loop seal void

| fraction begins (Figures 25 and 26). The switch in steam flow from the -

loop to the guide tubes and out the break produces a readjustment in the
RCS pressure drops. This occurrence allows the[ f

,

| of the loop seal to come into static equilibrium with the[
]aq,c) Flow across the loop seals decreases nearly to zero and

,

I
.

the break flow goes to all steam flow (Figure 71). Pricr to this time
the loops had been supplying liquid to the core and dcwncomer, to make
up for the steam being released through the break. However, when the
loop flows stop, the inventory in the core and downcomer begin to be
depleted by the break. There is, in addition, a displacement of inven-
tory from the vessel to the loop seals due to steam condensation in the
cold side of the steam generator tubes. This causes a reduction in both

*

the core and downcomer mixture heights.

]%C)
u

| .Theuppercorenode[ dries out at 9300 seconds (Figures 21 and

| 80) but this node is cooled by the liquid that enters the upper plenum

10
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fluxing that is taking place (Figure 13). However, when
due to the rpN out at about 10250 seconds the temperatures in the
core [ ]d
upper core node and the upper plenum start to increase rapidly (Figure~

14). This increase is due to a skewed to-the-bottom power shape that is

used, i .e. , [ [n rates the largest fraction of the total core~

power (approximately33%). Therefore, the enthalpy rise up the core
becomes large enough to boil all the reflux water in [ fadto
superheat the remaining steam. The upper core node exceeds 1200 F at,

about 11000 seconds. Since this temperature value is used as the pri-

mary indication that an inadequate core cooling condition exists,
subsequent recovery operations are initiated at 11000 seconds. Note
that I?00 F is based on the highest expected peak clad temperature for0

best estimate large break LOCA analyses. Thus temperatures greater than
1200'F indicate a deviation from best estimate predictions and hence

the possibility of some degradation of safety systems.

At 11000 seconds, refluxing is still occurring (Figures 72 and' 76) but
the reflux water is being vaporized by the super heated steam leaving
the core. Figures 11throuh14showthefluidtemperaturedistripution*

starting in core [ ]and endin in the upper plenum f heseo . wc),o
figures show that nodes [ re hotter than node ,Jan thatnode[,j

. . ,
-

is botter than the upper plenum. The upper p1eman is cooled by the
entering reflux water. The upper core node is now cooled by steam flow
that circulates from the up er plenum to the upper core node and back up

the guide tube e guide tube node extends into the upper.

head
'

]Nd is in communication with the break through flow path

[ ch represents the head cooling Jets. Therefore, the guide tube
node is a low pressure region which creates a circulation flow field
between the upper plenum, upper core node, and the guide tube. Thus,
the refluxing and the circulation flows, coupled with the 1-D assumption
that is inherent in the NOTRUMP code, allow the (average) lower core
nodes to heat-up to higher temperatures than the (average) upper core,o

node.

|
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4. Core Exit Thermocouple Response

As discussed above, the 1-D assumption coupled with the reflux liquid .

flows and the particular flow path arrangeme' t between the core and
upper plenum modeled in NOTRUMP, delays the (.alculated heatup of the .

upper plenum and upper core nodes. The core exit thermocouples reside
in the upper plenum approximately 1.3 feet above the active fuel line.

columns, the steam temperature in flow path [ hu,t,om of the suppcrt
Since those themocouples are attached to the bot

ld be expected to be

representative of their temp,e,rature readings. At 11000 seconds, how- ;

ever, the flow in path [ Jis from the upper plenum to the upper core node
due to the circulation flow discussed earlier. Based on the NOTRUMP
results, the core exit thermocouples would not be predicted to reach
1200 F until almost 12000 seconds. However the response of the upper
core and upper plentsn nodes, as applied to fetermine the thennoccuple
temperature, is unrealistic because 3-D eff ects which would keep most of
the reflux liquid away from the core exit therm 0 couples are not modeled;
hence the thermocouple temperature would be expected to reach 1200 F

earlier. The upper plentan and upper core nodes are treated as homo- .

geneous below the mixture elevation and any liquid whic.n enters these.

nodes is instantly distributed throughout the node. Yet during the -
4

refluxing phase the steam velocities are very low so that in reality,
the low velocity liquid returning to the upper plentsn would be expected
to adhere to the inside barrel wall and flow down the outer fuel assem-
blies. In that case, then, a large number of fuel assemblies in the
central region of the core would not be expected to be directly influ-
enced by the reflux liquid. Furthermore, Figures 83 and 84 show that
the guide tubes and support columns are distributed throughout the upper
plenum and not lumped together as assumed in the NOTRtMP model. There-

fore the circulation flow field that is calculated to occur in the
NOTRUMP analysis would not be expected to exist in the same form. The
inner locations, whether guide tubes, open holes or support columns,

*

would have upflow while locations near the outer edge would have down-
f ow. Thus, the thermocouples located near the core center would be
expected to be in a flow field of superheated steam flowing up the core
and out to the hot legs.

.
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Another similar factor which, in this analysis, tends to yield high
steam temperatures for the thermocouple locations later than would
realistically be expected is that only one core flow channel is'

Thus only the enthalpy rise attributable to the average fueimodeled.
If several core flow channels had been modeled, theassembly is seen.*

response of the hottest assemblies would be expected to lead to earlier
0

core exit thermocouple readings of 1200 F. .

It should be noted (in comparison of the NOTRUMP core exit thermocouple

response with the expected response) that the NOTRUMP prediction is
conservative, with respect to system inventory, when used as an indi-
cator to start core recovery actions. However, actual recovery actions
may be required earlier than performed in these analyses, due to the
expected response of core exit thermocouples located near hot assemblies.

5. Hot Leg Temperature Response

Figures 15 and 16, presenting the response of the resistance thermo-
meters (RTD) in the broken and intact loop hot legs, show no discernible'

This is dueindication that inadequate core cooling is occurring. ,

partly to the equilibrium assumptions used in NOTRtMP. During the,

refluxing period the hot legs stay two phase and therefore equilibrium~

assumptions require that the hot legs be at the saturation temperature.
In reality, during refluxing the hot leg would contain superheated steam

The RTD's, in Westinghouse plants, are located inand saturated water.
the upper 180 of the hot leg piping and would therefore measure the0

temperature of the superheated steam. Therefore, it may be possible to
use RTD's as an indication of the onset of ICC; but it should be noted
that lack of superheating would not necessarily be an indication that
ICC conditions were not occurring.

B. Four Inch Diameter Cold Leg Break
.

Table 3 lists important events in the four inch transient, while Figures1- It should85 through 161 show various parameters as functions of time.
be noted that the transient required the assumptions of the loss of all
high head safety injection and the isolation of all accumulators to
reach ICC conditions.

13
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1. Early Events

After break initiation, there is a rapid depressurization within the ,

core and primary loops due to large break flow (Figure 85). Reactor
trip occurs shortly thereafter (9.3 seconds), with a simultaneous .

turbine trip. Af ter a 3 second delay, the steam dump systen is acti-
vated automatically in the normal operating no-load T,y, mode. Steam |
dump slows the rapid pressurization of the secondaries, incurred by the
steam generator shutdown (turbine trip) and throttling of the main feed-

! water (Figures 86,87). Complete loss of main feedwater occurrs 11 |
seconds after turbine trip (20.3 seconds) and following a further 3 )

second delay, auxiliary feedwater is initiated. The cod ined effect of
the steam dump and cool auxiliary feedwater halts the pressurization ofI

the secondaries.
|

Since complete loss of high-head ;afety injection is assumed (under
normal circumstances a safety infection signal would have occurred at
approximately 11.5 seconds after the break, with delivery of SI waterI

some 8 seconds thereaf ter), the primary systen rapidly reaches saturated .

conditions and voids start to appear 20-25 seconds ir.to the transient.
The sudder loss of core flow due to reactor coolant pump trip (30.9 -

seconds) imediately results in steam generation in the upper core nodes
(Figures 110-113). Since more energy is being added to the system than
is heing removed by the break, the primary pressure levels off about
75-100 psi above the secondary pressure (Fig,tre 85), as the steam

generator remains a heat sink. During the time period folicwing, the
break flow is two phase and remains relatively constant (Figures 159,
160); the primary is steadily depleted of mass, and the loop flows take
on aspects of natural circulation flows (Figures 128 and 132). The core
temperatures drop below the no-load T and steam dump ended (240

ave

seconds).

*

When enough primary system mass has been lost, the core begins to

|- uncover (388 seconds, Figure 90), and continues to drop in mixture level ~

until the blowing of the broken loop loop seal (460 seconds, Figure
L -

f '114); during that period, all the decay heat is being removed from the
i
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core by the steam flow, and core temperatures are stable (Figures
97-100). Also during that time, the intact loop (in actuality, 3 loops)
flow and broken loop flow remain in an approximate 3:1 ratio. After the*

broken loop loop seal blows, the core mixture level quickly recovers the
core (493 seconds) as steam is rapidly vented through the broken loop to,

the break (Figure 90).

This occurrence results in a loss of symmetry between the broken and
intact loops. The higher steam flows in the broken loop entrain much of
the water in the steam generator inlet plenum and tubes, carrying liquid
out of the steam generator, through the loop seal and into the pump;
some of that entrained water passes into the cold leg and out the
break. This is demonstrated by comparison of steam generator liquid
flows for the broken (Figure 151a) and intact loops (Figure 153a) during

Thusthe time period between 460 and 500 seconds of transient time.
less water exists in the broken loop steam generator inlet plenum than

,

remains in the corresponding node on the intact loop side. Since the
steam is now being vented, primary system pressure begins to drop once

again, allowing more rapid steam generation in the core and resulting in
,

the blowing of the intact loop loop seal (550 seconds, Figure 115).
When this event occurs, water that resides in the intact loop loop seal

,

is forced into the pump where some remains, and some continues on into
the intact loop cold leg, into the downcomer and spills over into the
broken loop cold leg. Some of this latter liquid is removed by the

-

break but the remaining water enters the broken loop. pump and loop seal,

causing a further loss of symetry between loop inventories (Figures
134-149). By 600 seconds, flows have stabilized once more, and flow

symetry once again exists, with the intact loop flow approximately 3
times that of the broken loop; in addition, the break flow has become

single phase vapor (Figure 159).

2. Approach to Inadequate Core Cooling Conditions.

At 722 seconds the core undergoes a second uncovery since primary inven--

tory continues to be lost to the break. As core level drops, steam

15
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|

production decreases and break flow depressurizes the system until
primary pressure drops below secondary pressure (750 seconds,
Figures 85-87).. At that time, auxiliary feedwater flow is throttled .

back due to increasing level in the steam generator secondary.
.

From 600 to 750 seconds, it is possible that a small amount of refluxing
is occurring. If it exists however, it is overshadowed by the draining
of the steam generator inlet plena back to the upper plenum through the
hot legs. At 750 seconds with primary pressure below secondary pres-
sure, refluxing becomes impossible since condensation can no longer
occur inside the steam generator tubes. The steam generator inlet plena
continue to drain, however, and at about 1050-1100 seconds the broken
loop SG inlet plenum dries out (Figure 128a). After that time, the
continued draining of the intact loop SG inlet plenum allows the pres-
sure difference between the vessel downcomer and upper plenum to drop,

since the head of water resisting flow in the intact loop is being
reduced. As mentioned earlier, there is water trapped in the broken
loop loop seal which could not drain as the inlet plenum drained. Con-

sequently, the broken loop steam flow has to fall off to match condi- .

tions in the vessel until finally, the resisting head of water in the
loop seal causes the flow in the broken loop to reverse (Figures 135, -

137). During this time the intact loop flow (Figures 143,145,147)
increases slightly to match the flow loss in the broken loop. Total
steam flow is dropping slowly, however, as the core mixture level falls,
decreasing steam production. With decreasing core mixture level, core

|

node tecperatures begin to increase (Figures 98-100). Between 1150 and -

1225 seconds, the intact loop SG inlet plenum drains all its liquid into
the upper plenum, and in turn, aids core cooling (Figure 132a). With
the loss of this cooling water, the upper core temperatures begin to
increase markedly.

At approximately 1300 seconds, the increasing core temperatures produce
~

aT greater than no-load T and the steam dump system begins to
ave ave

vent the steam generator secondaries, causing an increase in auxiliary
i

l
,
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The two effects combine to sharply depressurize the secon-feedwater.
dary (Figures 86 and 87) until, at 600 psia secondary pressure, the

These events occurring on
steam dump system is automatically isolated.,

the secondary side do not noticeably alter conditions in the primary
loops, since the heat transfer coefficient between the steam generator

,

tubes and the'superheated stean on the primary side is relatively small,
and the secondary to primary heat transfer is low.

At 1700 seconds when the maximisn average fuel temperature of about
2200 F is attained (Figure 107), primary pressure drops below the low0

Although
head safety injection shut-off head, initiating core recovery.
the core recovers in this case with minimal operator actions, higher
peak temperatures would be expected than are indicated by this analysis,

eactions
since only the average core assembly is modeled and zirc-water

are neglected.
.

3. Core Exit Thermocouple Response

In the one inch break transient, considerable recirculation was found to.

occur between the upper core node, the upper plenum and the guide
Three dimensional considerations, however, lead to the conclu-

,

tubes.
sion that the core exit thermocouples would indicate the core exit tem-

perature under inadequate core cooling conditions,'

For the four inch break case, however, since all core flows are upward
and out the top of the core, the upper core node temperature would be

Note thatexpected to give a good estimate of the thermocouple reading.
at 1363 seconds, the upper core node temperature reaches 1200 F,'

before the core has completely uncovered.
|

4. Hot Leg Temperature Response

.

Figures 102 and 103 present the response of the resistance thermometers
While the brokenin the broken and intact loop hot legs, respectively.' ~

loop hot leg temperature shows only a slight rise at about the time the

17
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0core exit thermocouples reach 1200 F, the intact loop hot leg tempera-
ture exhibits a sharp rise earlier (# 1275 seconds) when the steam
generator inlet plenum dries out. Therefore, in contrast to the one ,

inch break, theLintact loop RTD could be used as an indication of the
onset of ICC for the four inch break. .

C. Four Inch Diameter Break With Accumulator Injection

Under normal circumstances, low primary pressure would have allowed
accumulator injection at 1175 seconds into the transient. The inflow of
cold accumulator water recovers the core and drops primary system pres-

sure low enough to actuate low head safety injection approximately 25

seconds later (1201 sec.). At no time are there indications of ICC in
this transient. Since ICC does not occur in this transient, no further
details will be presented.'

D. Breaks With Reactor Coolant Pumps Running
;

4

This report has discussed the transients for one inch and four inch*
,

breaks in which the reactor coolant pumps were tripped. However, if the

pumps are allowed to run indefinitely a much different transient results. .

In the very early portion of the transient, the transient is the same as
in the case of the pumps tripped, but diverges later in time. Ini-
tially, the system remains nearly homogeneous; the volumetric flow in'

both loops remains fairly constant; the constant flow rate rest!ts in
continued heat removal from the primary system by the steam generators;

since the primary to secondary heat transfer is very effective, the cold
leg. temperature is almost always equal to the secondary temperature.

(This last occurrence has a clear effect on the transient.)

. O

W
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In the relatively early phase of the transient the primary system
remains at a pressure just slightly higher than the secondary pressure.
Thus the ener . removed from the primary fluid as it passes through the^ *

Ini-steam gener 'or tubes acts to reduce the quality of the fluid.
tially it retur,.; all of the fluid to fiquid conditions but as the*

transier' continues it just reduces the enthalpy and thus the quality of

the i . aid.

The pressuru continues to drop until the system has lost all of its
liquid inventory. At this point the primary system pressure is nearly
equal to the secondary pressure. Since the system pressure has been
held nearly constant to this time, the break flow has only been depen-
dent on the size of the break. For a four inch break the system empties
at about 775 seconds. In the table below, the time required to empty
the primary system has been extrapolated based on the ratio of the break
areas, for a number of break sizes:

Break Size 4" 2" 1" 1/2"
.

Time (sec) 775 3100 12400. 49600
.

J

-

(hrs) el. <3.5 #13.5

Of course as the breaks get very small as in the case of the one inch
and one half inch breaks, the secondary system's depressurization could
have a considerable effect in lengthening the time required for the

system to empty.

Once the system has complet91y emptied, (i.e., all steam) the system
pressure drops at a fairly steady rate as the system inventory is
removed through the break. Although system inventory is being depleted

.

the core continues to be cooled dut to two situations mentioned earlier:
-

1. Loop volumetric flowrate is nearly constant (although it does
increase slightly with decreasing fluid density).

|
t

I'
1 .

19

! - -
-

.. ..
.

- __ --



.

.

2. The cold leg fluid temperature remains in equilibrium with the
secondary fluid temperature.

.

Thus core heat is transferred f am the primary system to the secondary
system by a forced flow of super.tated steam. -

When the system pressura reaches 600 psi the accumulators begin to
inject. Depending on the size of the break and the decay heat rate the
accumulator flow will either cause an increase or a decrease in the
system depressurization rate. The reason that the accumulator flow
would cause an increase in the depressurization rate for larger small
breaks is explained as follows:

1. The break is causing a fairly fast reduction in system inventory and |

pressure.
.

2. When the accumulators begin to inject they initially follow the
rapid depressurization being caused by the break and the flow con-
denses steam in the loops. In the broken loop, this steam and much .-

of the accumulator water is carried out of the break.
.\

3. This results in an increase in system steaa flow through the break,
and in rapid condensation of the steam being pumped around the

loops, which in turn causes rapid sys'em depressurization. !

The overall effect of this depressurization is to bring a large amount
of liquid from the accumulators into the primary system, and recover the f
core. Once this has occurred the system pressure increases and the i

inventory begins to be depleted again.
f

In the case of smaller b'reaks, the slow depressurization prior to accu- |

mulator injection would initially be followed by the accumulators. This I

~

would limit injection to such a low rate that the injection would just
!reduce the steam superheat and the rate of primary system inventory

"I.depletion. Since primary system pressure is closely linked to primary
system inventory the primary system depressurizatfon would also be

reduced.

.
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One of. the major differences between this case and the case in which the
reactor coolant pumps are tripped is the method of core heat removal.
In the case in which the pumps are tripped there are two mechanisms for*

removing core heat: core boil-off to the break and core and loop flow
through the steam generators. Thus as long as either of these mecha-

,

nisms is working the core will remain fairly cool. However, when the
,

mixture height drops from the core and the loop flow diminishes, the
core goes through a rapid temperature rise. With the pumps running,
loop flows above keep the core cool. As inventory decreases, the loop

There-mass flow rate decreases, and core exit temperature increases.
fore the core temperature becomes dependent upon four system condi-

tions: decay heat rate, system inventory (pressure), secondary tempera-
ture and pump flow rate.

Based upon a steady state flow assumption a set curves have been devel-
oped. These curves were developed by assuming the steady-state volum-
etric flow of steam at the secondary temperature to be entering the

Then at a given system pressure the enthalpy rise up the core can
i core.

be calculated based on the decay heat rate at the time the core was,

calculated to dryout. The result is the core exit temperature for
The data has been plotted (Figure 306) as

, ,

various system pressures.
system pressure versus time with curves of constant temperature shown
for the given conditions of steady-state volumetric flow and secondary

Figure 306 shows that with the steam generator secondary atpressure.
1

the steam dump setpoint the primary system pressure would be required to

be at 142 psia for the core to have an exit temperature of 1200 F at
,

775 seconds. Thus, low heac safety injection would clearly be injected
0before core exit temperatures reached 1200 F for any break size equal

to or less than four inches in diameter. It should be noted that this
estimate of time excludes the addition of accumulator inventory and the
time required to depressurize to this -* essure. Clearly if this had
been taken into account even larger breaks could have been justified.

-

1. Four Inch Diameter Break With Reactor Coolant Pumps Running-

For the period prior to the pump trip signal, this transient is identi-
cal to the case in which pumps were tripped. After the RCP trip signal

,

the continued running of the pumps maintains large forward flows (Figure

21
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.

310 through 313) through the loops. Since the RCP's are volumetric
machines there is a fairly constant volumetric flow rate which maintains
the large flows. The continued running of the pumps results in mixing .

of the-fluid and therefore the system remains fairly, homo- geneous.
This impacts break flow by reducing the quality at the break, .

maintaining high break flows (Figure ;726). The high break flows result
in 'a rapid depletion of system inventory and eventually the system dries

-out; by 775 seconds into the transient virtually all the liquid has been
boiled into steam, including the liquid in the loop seals.

:

|

With the loss of the liquid, core temperatures begin to rise and the
primary system fluid begins to super heat. The break flow is now all
stean which causes the system pressure to begin to drop. Eventually,
the low head safety injection shut off pressure is reached and delivery
to the system begins. The incoming subcooled SI water rapidly condenses
steam and system pressure drops markedly which increases the SI deliv-
ery. The system begins to refill with the subcooled SI water and core
cooling starts with the cooling of the lower core nodes as saturated
rather than super heated steam becomes available. ..

The refilling process will continue with eventual recovery of the core. .

Thus core recovery was achieved without operator action or indications
of ICC being generated. The highest expected core exit thermocouple
reading, before core recovery, is less than 1000 F, well below the
1200 F ICC indication.

IV. RECOVERY OPERATION DESCRIPTION

The following section provides a discussion of the methods used for core
-recovery, once-inadequate core cooling conditions had occurred. These
recovery techniques include:

~'

Actuation of High' Head Safety Injection (HHSI)-

|
'

Reactivation of a Reactor Coolant Punp (RCP)-

~0pening of all PORVs on' the Pressurizer-

Opening 'of the Secondary System Steam Dump or Relief Valves.-

22 --
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The first method, actuation of HHSI, is the most direct and effective
way to cool the core. The second method, reactivation ;f an RCP, circu-
1ates the remaining fluid in the system, cooling the core for an addi-*

tional period of time to permit other recovery actions; however, since
the break continues to remove inventory, the system will continue to dry~

out unless water is provided by some means. In the analysis performed,

the broken loop RCP was restarted. This choice is the result of model
limitations and is not a necessary restriction. The remaining methods
are utilized to depressurize the primary system to the point of
actuation of the cold leg accumulators and low head safety injection
(LHSI) system.

The one-inch and four-inch break analyses were performed utilizing the

recovery methods once the upper core node had reached a temperature of
1200 F, as discussed above. The transients were run for a short time0

after core recovery.

Several parameters in all the recovery transients initially respond in
the same way. When the recovery operation begins, the hot fluid resid-*

|_
ing in the core is forced into the upper plenua and hot legs which
causes a sharp increase in fluid temperatures in those locations.
Shortly thereafter the energy of the steam is dissipated and fluid
temperatures return to saturation. A second parameter that responds
similarly in recovery cases is system pressure. For non-depressuriza-
tion cases, system pressure increases sharply following actuation of a
recovery technique due to the initial surge of liquid into the bottom of
the core which, in turn, causes a large increase in steam generation.'

A. One Inch Diameter Cold Leg Break
.

1. Actuation of High Head Safety Injection

.

The high head safety injection system is actuated at 11060 seconds for
the one inch break. By 11600 seconds the core is completeTy recovered--

(Figure 162). However, Figures 163 and 166 indicate that the core has

23

. .



.

begun to be cooled by about 11150 seconds. Thus, core cooling is
re-established while the core is being recovered, within two minutes of
operator action.

,

Figures 167 to 169 show the fluid temperatures in the upper plenum, .

broken and intact loop hot legs, respectively. As mentioned previously
these temperatures show a sharp rise shortly after the safety injection
begins, but drops rapidly thereafter. Figure 170 shows the rapid system
repressurization when the core begins to be cooled, and the slow depres-
surization that follows. It should be noted that there is an initial
depressurization due to steam condensation in the cold leg and down-
comer. This effect can also be seen in core and downcomer mixture
heights (Figures 162 and 171) in which injection initially increases
downcomer height; but, the depressurization caused by condensation in
the downcomer causes the core entrance flow to reverse and the core
mixture height to drop slightly.

Although this case was not run to a steady state condition, the system1

would be expected to refill with safety injection water and single phase .

natural circulation to be restored, with the steam generators removing
most of the decay heat; at that time, the safety injection flowrate -

would be reduced to match subcooled t,reak flow, bringing the system to a
stable condition.

2. Reactivation of Reactor Coolant Pump

Figures 172 and 173 present the RCP liquid and steam flows, respec-
tively, after the RCP in the broken loop is reactivated at 11000
seconds. Liquid flow increases dramatically as soon as the pump is
restarted, but decreases when the water remaining in the loop seal is
depleted. The flow increases again when more water is supplied from the
steam generator (Figure 174).

.

When the pump is reactivated, water remaining in the downcomer (Fig-
'

ure 185) is forced into the lower plenum and then into the core (Figure
176) as hot fluid residing in the core is forced into the upper plenum

24
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and hot legs. (Note the sharp increase in fluid temperatures in those
locations in Figures 187 to 139.) The surge of water into the core and
resuitant steam generation lead to a rapid, short-lived repressurization"

of the system (Figure 186). Increased steam generation from the liquid

entering the core causes the mixture height to increase dramatically,*

recovering the core at about 11020 seconds (Figures 179 to 181) and
sharply reducing core temperatures (Figures 182 to 185). The core con-
tinues to be cooled by the frothy mixture generated as the core is being
quenched.

The upper plenum steam and liquid flows to the broken loop (Figures 190,
191) as well as upper plenum void fraction (Figure 192) reflect the
surges of liquid through the system just after the pump is restarted and
the fairly quick stabilization of flow in that loop. Figures 193 and
194 indicate that, in the intact loop, steam flows from upper plenum to
steam generator where it is condensed and returned to the upper plenum
via refluxing.

However, as a caution, an important aspect of reactivating an RCP in the*

broken loop is the increased inventory lost to the break. Flowrates for
break mass, steam and energy, plotted in Figures 195 to 197, respec-

~

tively, make it clear that restarting the pump dramatically increases
break flow and that this increase is mostly liquid, out to 11300 seconds.

Since an excessively long computer run would have been required, the
recovery analysis was not carried out to a steady state condition.

5However, based on results of an analysis on a UHI plant , it is
expected that the break would continue to remove liquid as the system
slowly reached a state in which only steam remained in the core and
broken loop. The pump would continue to circulate steam around the loop
and cool the core. As the break removed more inventory, the system

(, would depressurize and the steam would superheat. In this case, with

( the pump running, the core exit thermocouples would be expected to

|.
follow core fluid temperature. If the accumulator set pressure were

|
reached before inadequate core cooling conditions had occurred, the
accumulators would provide an extended period of core cooling; but if

i

6
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that were not to happen, inadequate core cooling conditions would recur
and an additional method of core recovery would be required. The
results of the UHI analysis indicate that inadequate core cooling is not

.

reached prior to accumulator injection (2 hours af ter the pump is
|restarted). For this non-UHI case, then, the higher coM leg accumula-

,

tor set pressure would result in earlier accumulator injection.

3. Opening of all PORVs on the Pressurizer

This case is initiated at 11000 seconds by opening all PORVs, providing
the equivalent of an additional two inch break in the hot leg. This )

i

action permits the systen to depressurize (Figure 198) at a much greater i

rate than with the PORVs closed. The decrease in pressure continues

until the cold leg accumulator setpoint is reached (#11950 seconds),
at which time the system undergoes a rapid depressurization and repres-
surization transient, typical of accumulator injection into a nearly
empty system. ,

J

The injection affects both the primary and secondary systems. Accumu-
.

lator water recovers the core and fills the guide tubes (Figure 206).
.

The repressurization terminates accumulator injection and hot steam ,

passing through the steam generator tubes causes heat transfer to take
place from primary to secondary side once again (Figure 202). System
pressure stabilizes somewhat as the guide tube and hot leg liquid drains
back to the upper plenum, followed by the draining / core uncovery pheno-
mena described in Section III.A.2. The transient is run long enough so
that system pressure falls below the accumulator setpoint a second time
which temporarily recovers the core; the depressurization that follows
also actuates low head safety injection.

The impact of the steam discharge through the open PORVs is evident in

Figure 199 (the flow rate through the pressurizer surge line). Steam

flow entering the broken loop hot leg (Figure 200) increases sharply due -

to the increase in steam flow from the core. Note also the reverse hot
leg flow, toward the pressurizer, as seen in Figure 201 (steam flow from

'

the broken loop hot leg to the steam generator inlet plenum). In con-

junction with the hot fluid from the core reaching the broken loop hot

26
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leg, there is a steep rise in fluid temperature (Figure 203); less
effect is seen in the upper plenum (Figure 204) and in the intact loop
hot leg (Figure 205) which are farther removed from the additional break.*

In the vassel, both the core and downcomer mixture heights (Figures 206
.

and 207)'show a slight rise initially as the system adjusts to an
increased break flow and depressurization rate. This trend, however,
soon reverses as both the core and downcomer mixture heights drop due to

increased inventory loss through the PORVs. It is clear from these
figures that the opening of the PORVs does not cause a fast recovery of
the system. However, the increased core flow which is caused by the
more rapid depressurization does reduce the heatup rate, as is eviden
from core node fluid temperatures in Figures 208 to 210. Butnode[]
(Figure 211) shows an increase in heat-up rate, due mostly to increased
flow from the lower core nodes. Since this increase would also be
experienced by the core exit thermocouples, and the rate of core
recuvery for this transient is much slower than that for the other
methods studied, this recovery method 1.; considered to be the least

*

desirable.

~

4. Opening of the Secondary System Steam Dump Valves

This recovery operation is begun at 11000 seconds by opening all the
steam dump valves. Figures 212 and 213 exhibit the rapid depressuriza-
tion of the broken and intact loop steam generator (SG) secondaries.
The RCS pressure (Figure 214) follows the secondary pressure, but
remains higher until the accumulators are actuated (at about 11150
seconds). The depressurization (and resultant cooldown) of the secon-
dary side causes an increase in heat transfer across the steam generator
tubes. Therefore the initial phenomenon of importance in this run is
the rapid condensation of steam in the SG tubes, the effect of which is
so strong that a momentary flow reversal occurs in the loop seal and.

pump (Figures 217 to 220).
.

The initial temperature rise in the upper core nodes (e.g. Figure 227)
is due to the re-establishment of natural circulation flow, forcing hot

,
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'fluid residing in the core into the upper plenum and hot legs (Figures
228, 229), as described early in the preceding recovery transients.
Durin'g the early phase of this recovery operation, the core is slowly .I
being recovered ' Figure 221) from a number of sources, i.e., the frothy i

mixture that begins to flow through the core as mentioned above, steam .!

generated in the lower plenum (Figure 223) as the system rapidly depres-
surizes, and water remaining in the downcomer that is forced into the
lower plenum and core (Figure 222). With the increase in natural cir-
culation flow, the core is completely cooled in less than 100 seconds
after operator action (Figures 224-227).

When the accumulators begin to inject, t% void fraction in the lower
plenum (Figure 223) increases sharph because of the rapid local con-
densation and resultant depressurization that is associated with the
injection; as a result of the depressurization, the mixture from the
core flows into the downcomer (Figures 221,222). But note i. hat the
void fraction drops dramatically to near zero when the subcooled accumu-
lator water reaches the lower plenum,

.

Figures 231 to 233 present the total break mass, steam and energy flow-
rates. It can clearly be seen that opening the dump valves has a -

similar effect on break flow ss restarting the RCP. Although the system )
is depressurizing, the break flow increases dramatically, primarily due

( to an increase in liquid break flow. Thus, the liquid inventory is

| slowly being depleted until the accumulator injects.
|

Although this run was not continued to a steady state, the system con-

| tinues to depressurize and appears to be begir.ning to stabilize (Figure

214). It is expected that system pressure will drop until sufficient
! safety injection flow is entering the system to match liquid break flow.
|

B. Four Inch Diameter Cold Leg Break
,

In terms of recovery, the four inch transient is unusual in two ways.
,

First, even with the accumulators locked out, the low head safety injec-
tion is capable of recovering the core before any of the core nodes

|

|

*
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exceeds 2000 F. Secondly, the upper core node temperature is almost0

equal to that of the core node below it. This is considerably different
from the one inch break where the upper core node is being cooled to a*

temperature nearly 800 F less than the core node below. These effects0
|,

j show that the inadequate core cooling condition is much more difficult

| to achieve for a' larger small break, and that the core exit thermo-

! couples will respond more rapidly for a larger break. Two obvious
recovery techniques were not analyzed since they would clearly result in

| a rapid core recovery similar to that in the one inch break case, i.e.,
! high head safety injection actuation and opening of the accumulator flow

>

L path.

| 1. Reactivation of a Reactor Coolant Pump

|
This recovery transient is initiated by restarting the reactor coolant

| pump in the broken loop at 1363 seconds, at which time the core exit
thermocouples are reading 1200 F. This case is very different from0

the one inch case, mainly due to differences in system inventories. For i

this case there is little liquid remaining in either loop seal (Figures~

i 234-235) so that pump reactivation simply serves to move steam around

|' the broken loop (Figures 236-242). Since the intact loop is nearly
.

empty, it provides the path of least resistance for the increased broken|
loop flow. Thus, the flow reverses in the intact loop to match the*

! broken loop flow rate (Figures 243-249).

[ The.' operating reactor coolant pump supplies sufficient head tc cause the

| upper head fluid to flow in the normal dinction (Figure 250); but the
pump has very little effect on the core fiow (Figures 251-254),since
there are a number of less resistive paths than the core, namely the
intact loop and the upper head flow paths. In addition, the hot stea'm

f residing in the' upper plenum is forced into the broken loop hot leg and
|- then into the steam generator tubes. Initially in the recovery tran-

sient the secondary system is at a higher pressure and temperature than
the' primary (Figures 256-258). The increased flow in the tubes causes-

an ' increase in the primary to secondary heat transfer coefficient which,
in turn, causes the secondary to follow the primary temperature more

<

|
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|

| closely. As superheat in the core increases, the superheat in the
broken loop hot leg increases, resulting in secondary temperature and
pressure increase. Consequently, cold leg steam flow remains super- .

heated (Figure 259) as it continues on into the intact loop. Before the i

pump is reactivated the flow in the intact loop is in a positive direc- .|

tion, causing the hot leg temperature to ba superheated. However when
|

the flow reverses, fluid temperature in the intact loop hot leg, now
being fed by the broken loop cold leg, drops drastically, (Figure 260)
serving to cool the fluid in the upper plenum when it enters that region
(Figure 263).

|

For this case the system continues to heat (i.e. upper core node reaches
02000 F) until the system pressure decreases to the low head safety

injection setpoint and the core is recovered (Figures 264-269). While

|
the pump causes a substantial increase in break mass flow rate in the )

i

j one inch case, little water remains in the loop seal in the four inch !

case to be supplied to the break. Figures 270-272 show that the break
flow, mostly steam, is increased only momentarily.

.

2. Opening of All PORVs on the Pressurizer
.

'

For the four inch case the PORY flow area is only one fourth that of the
break in comparison with the one inch case in which the PORV is four

times as large as the break. For this reason, the effect on depres- |i

surization rate of opening the PORVs at 1363 seconds is not noticeable
I on the plot (Figure 273). However, the additional break does serve to

increase depressurization sufficiently to cause an earlier initiation of
low head SI and faster core recovery as is evident from the core and |

downcomer mixture heights and core temperature plots of Figures 285-290.

|,

| The impact of the flow of steam leaving the pressurizer when the PORVs
,

| are opened is seen in Figure 274, as well as in Fig re 275, showing |

| positive steam flow from upper plenum to broken loop hot leg, with an
accompanying increase in hot leg fluid temperature (Figure 277). There

'

, is, however, little effect on the flow entering the hot leg from the i

steam generator (Figure 276) since the flow in the broken loop has been

1
l
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reversed for some time. Nor is there much effect on the intact loop
(Figure 278), i.e., the hot leg temperature continues to follow the

,

upper plenum temperature (Figures 279 and 280).

.

The break continues to be supplied by reverse flow entering the cold leg
from the downcomer (Figure 281) and intact loop. The initiation of the
recovery method has almost no effect on the break flow as is seen from

'

Figures 282-284.

3. Opening of the Secondary System Steam Dump Valves

The opening of the steam dump valves for a four inch break does not have
some of the dramatic effects on the system which were exhibited in the

one inch transient. In this case the primary system pressure is about
200 psi less than the secondary pressure. Thus the secondary has to
depressurize considerably before falling below the primary. Until that

;

time the depressurization of the secondary has little effect on the
primary system.

.

Figures 291 to 293 show the primary and secondary system pressures dur-
.

ing the recovery transient. As mentioned previously the primary system
is depressurizing at a steady rate until the secondary pressure becomes
less than the primary pressure (at about 1400 seconds). At this time
the heat transfer in the steam generators reverse and the secondary
begins to cool the primary. At first this causes steam in the core to
be forced into the upper plenum and hot legs. This can be seen by the
sharp rise in t..e temperatures of the upper plenum and hot legs in the
intact and broken loops (Figures 294-296) as well as the drop in core
temperature (Figures 297-300).

When the secondary depressurizes significantly below the primary, the
,

'. heat transfer from primary to secondary increases dramatically causing-

the primcry system pressure to follow the secondary system pressure.
This rapid depressurization continues until the primary system reaches.

1
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the low head safety injection pump shutoff head. At that time the
safety injection causes a steam condensation depressurization which
results in primary system depressurization below the secondary pres- ,

The injection, quickly refills the downcomer (Figure 302),sure.
causing core mixture level to increase. ,

V. DISCUSSION OF RESULTS

The analyses performed for the one-inch and four-inch diameter cold leg
breaks demonstrated the need for the assumption of multiple failures in
order to achieve inadequate core cooling conditions, i.e., the loss of

all high head safety injection and additionally the loss of the accumu-

lators (locked out) in the latter case. The results show that core exit
thermocouples may be used as a reliable indication that ICC conditions
are occurring.

For the one inch break the results indicate that most of the recovery
techniques, initiated when core exit thermocouples reach 1200 F, are !

effective and provide long term cooling to the core: ,

Restoration of high pressure safety injection results in beginning .|
of core recovery in less than 2 minutes after operator action, and4

complete core recovery at 10 minutes. 1

Opening of the secontfary system steam dump valves leads to depres-
surization of the RCS and subsequent delivery by the low head safety
injection system, and complete core recovery in less than 3 minutes
after operator action.

With inventory remaining in the system, reactivation of a reactor
coolant pump leads to complete core recovery in 20 seconds af ter i

operator action; as discussed above, it is expected that the system
will slowly depressurize and LHSI will be activated before core exit

-

temperatures of 1200 F are achieved. Note: The case studied is
'

conservative in that reactivation of the pump in the broken loop
maximizes inventory lost to the break; the qualitative conclusions
are applicable to cases in which pumps are restarted in any loop.

.
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Opening of the PORVs on the pressurizer appears to be the least
desirable recovery method of those studied since the results indi-

0
cate that core exit thermocouples would increase, to above 2000 F,*

before accumulator injection; accumulator infection led to complete
core recovery about 15 minutes after PORV opening. Further analysis*

found that long tem core recovery cannot be achieved via PORY
blowdown, without high head safety infection

For the four inch break (RCP tripped; accumulators locked out) the
results also indicate that most of the recovery techniques, initiated
when core exit thermocouples reach 1200 F, are effective and provide

long term cooling to the core:
;

Although transients were not run for restoration of high head safety
injection or for cold leg accumulator injection, both of the methods
would result in rapid core recovery.

As with the one inch break the opening of the steam dump valves

seems to be second most effective method to restore sustained core-

cooling,(i.e.,provideLHSI). Here, the core reaches a temperature
of 1600 F, 350 F less than the case in which no action is taken8-

and the core is cooled 140 seconds earlier.

When compared to the case in which no recovery action is taken,

opening the PORVs causes a reduction in the maximum core temperature

(130 F) and in the time to cool the core (75 seconds). Note that
in both instances LHSI is delivered.

Since there is little inventory remaining the primary system the
reactivation of a reactor coolant pump had very little effect. In
fact, when compared to the case in which no recovery action is
taken, the core remains in an inadequately cooled state for an

U,

additional 15 seconds and reaches a temperature nearly 150 F

higher in the RCP reactivation transient. Note that core cooling
.

would have occurred if more than one RCP had been restarted, forcing

positive steam flow through the core from (an) intact loop (s').

! 33
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Therefore, the effectiveness of recovery techniques is very dependent
upon the system conditions at the time these techniques are initiated.
Therefore, no single recovery method, other than correction of the

,

failure that created the ICC condition, is best for all possible small
break ICC scenarios. ,

Figures 327 through 336 show the system inventory as a function of time
for the one and four inch ICC transients and all the recovery tran-

sients. All the recovery techniques, except restarting an RCP for the
one inch transient, show an increase in system inventory. The sudden
increases for the one inch PORV and steam dump transients are due to

'

accumulator injection. The four inch recovery transient shows a much
smoother increase in system inventory since the accumulators were locked

out and only low pressure safety injection is active.

VI. OTHER INDICATIONS OF SYSTEM CONDITIONS

The present analyses show that core exit thermocouples are acceptable

instruments for the detection of ICC conditions. But there are other ,

indications of system conditions that might be used by the operator such
as equipment status, and loss of primary system subcooling, and contain- ,

mentparameters(e.g., pressure, radiation,sumplevel). Measurement of
RCS void fraction by use of vessel level or RCP electrical current would
also provide an indication of the approach to inadequate core cooling
conditions, prior to the 1200 F reading of the core exit thermo-
couples; further analysis would be required, however, to confinn the
effectiveness of these indications and to determine the appropriate time
for operator action. Figures 337 and 346 show the expected response for
the Westinghouse vessel level gauge. In particular, the figures show a
comparison between the core mixture elevation and the vessel level gauge
prediction for the one inch, and four inch transients analyzed. With
RCPs tripped, the trend of the vessel level gauge compares well with the
calculated vessel level. This statement does not apply for the pumps -

running case (Figure 346), here the vessel level gauge trend corresponds to
'

the increasing void fraction of the system.

.
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A final note about thermocouples. The recirculation of fluid between
the upper plenum and upper core nodes that occurred for the one inch
break created a reverse flow field past the core exit thermocouples.

,

|

f, This situation was primarily a result of guide tube flow communication
! with the break through the upper head. Note that the existing thermo-

- couples will detect ICC but thermocouples attached to the guide tubes
,

would have provided a direct measure of the core exit fluid temperature.
j

VII. CONCLUSION'

The analyses of transients with reactor coolant pumps running and

| tripped, discussed in this report, support the conclusion that a core
exit thermocouple reading of 1200 F is a satisfactory criterion to

;

alert the operator that action is required to cool the core before
damage occurs. Therefore thermocouples, directly exposed to the mixed
fluid exiting the core, are acceptable instruments for the detection of
ICC conditions. It is recomended, therefore, tha' thermocouplesc

centrally located above the core in the upper plenum, be utilized in

order to avoid circulation / reflux interference as seen in the one-inch
.

f. LOCA analysis.

While these analyses were performed for a 4 loop Westinghouse design,
the results and recomendations of this study are generic in nature and
therefore are also applicable to Westinghouse 2 and 3 loop design.

|

I

{
i

.
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TABLE 1
; -

'

BEST ESTIMATE ASSUMPTIONS FOR THE NOTRUMP ICC ANALYSES
.

.

Core Power: 100% vs 102%

RCS Flow: Best Estimate

RCS Enthalpies: Best Estimate

Safety Injection: Best Estimate

:

Best Estimate, All Trains Are OperatingAuxiliary Feedwater:

Protection Signals and
Delay Times: Both Are Best Estimate

ANS Finite vs 120% ANSDecay Heat:
, Infinite

Secondary Pressure Control: Steam Dump System vs Safety Valves
.

*

-

.

*
1

|

|

|
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TABLE 2

SIGNIFICANT EVENTS FOR THE ONE INCH DIAMETER .

COLD LEG BREAK
.

EVENT TIME (sec)

| Break Initiation 0

Reactor Trip 143

Steam Generator Shutdown 143

Main Feedwater Termination 154 )

i

Initiation of Auxiliary

Feedwater 156

Reactor Coolant Pump Trip 376 -

-

Transfer of Steam Dump

Control from T toaye
Pressure Header Control. 1500

Loss of Two Phase Natural
ICirculation 4800

Beginning of Core Uncovery 8900

0Core Exit T/C's > 1200 F 11000

Onset of Refluxing 7800 |

,

,

|e

1
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TABLE 3

SIGNIFICANT EVENTS FOR THE FOUR INCH DIAMETER*

| COLD LEG BREAK

*

|

TIME (sec)EVENT

0Break Initiation

9.3Reactor Trip

9.3Steam Generator Shutdown

20.3Main Feedwater Tennination

Initiation of Auxiliary Feedwater 23.3

30.9Reactor Coolant Pump Trip
.

388Beginning of 1st Core Uncovery
.

460Blowing of Broken Loop Loop Seal

493Core Recovery

550Blowing of Intact Loop Loop Seal

722 ,

Beginning of 2nd Core Uncovery

|

|
Loss of Primary to Secondary Heat Transfer

I (Pressuresacondary > Pressureprimary) 750

.

Broken Loop Steam Generator Inlet Plenum
1050-1100'

Dryout-

\
Intact Loop Steam Generator Inlet Plenum

1150-1225Dryout

Core exit thermocouples read 12000F 1363

39
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