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EXECUTIVE SUMMARY

The loss of vital ac power and the Residual
Heat Removal System (RHRS) dunng shutdown
at Vogtle Unit | has emphasized tie need 1o eval
vate system performance following such an
event. The Nuclear Regulatory Commission Inci-
dent Investigation Team (HT) reviewed the
Vogtle Unit 1 event in NUREG- 1410 and noted
that alternate methods of residual heat removal,
which would be required in the event the RHRS
failed, need 10 be identified and made available
for core cooling. The T also idemified the need
for emergency procedures to deal with an
extended loss of the RHRS. Because there
remains a lack of understanding of thermal-hy
draclic behavior and nuclear steam supply system
performance following loss of the RHRS, system
performance was evaluated to identify the impor-
tant phenomena characterizing these events.

To evaluate system performance followig the
loss of the RHRS, transient calculations were per-
formed using RELAPS/MOD3 and an alternate
methodology to predict primary and secondary
thermal hydraulic behavior for a range of condi-
tons during plant shutdown and refueling. Of
particular interest were the conditions during
shutdown when the steam generators could be
used as an alternate means of decay heat removal
in the event the RHRS failed. 'n a closed system,
the steam generators could be used for decay heat
removal by condensation of primary steam. usu
ally referred 1o as a reflux cooling mode of heat
transfer. Other conditions investigated included a
loss of the RHRS during refilling of the refucling
pool cavity in preparation for removal of the
spent fuel

The stugy was performed based on the condi-
uons achieved following a normal cooldown ol
the RCS and after the RCS inventory has been
reduced to very iow levels. Operation with the
RCS at low liquid inventory —where the liguio
inventory is reduced to levels within the hot leg
outlet piping—is commonly referred 1o as mid-
loop operation. At mid-loop conditions, the steam
generator manway entries can be removed in
preparation fo. the maimtenance and refueling

Al

activities, Because the primary system will con
tain nitrogen and air tollowing opening of the pri
mary system manways, the loss of the RHRS ai
this tume present: lwo important considerations (o
recovenng from the event. These considerations
form the basis of the analyses contaned 10 this
report and include:

o I the integrity of the RCS temporary
boundaries can be assured and the RCS vent
paths and openings can be closed, use of the
steam generators as an alternative means of
hest removal may be o desirable strategy
because such action would preclude the
need to add water 1o the primary system
once bulk boiling begins

o If RCS integrity cannat be assured, then a
source of injection water will be needed to
prevent core uncovery in the event botling
in the core develops. If banling persists for
an extended periodd of time, then the poter
tial for precipitation of the bor acid in the
reactor vessel reads 1o be avoided,

For the first consideration, noncondensible
gases in the primatry system at low pressure
inhibit the condensation of steam in the steam
generator primary tubes Because ROS pressure is
strongly influenced by this condensation progess,
an assessment of the resulting primary peak pres
rare is important, particularly for those plants
with nozzle dams or lemporary thimble seals in
place. Nozzle dams and temporary thumble scals
are designed to accommodate peak pressures in
th - approximate range of 40 to S0 psia (0.2% (o
0.14 MPa). as documented in NUREG- 1410
With air or mitrogen in the RCS, peak pressures
could approach and potentially exceed the design
limits of these temporary baundaries.

In regard 1o the second consideration gbove,
should there be insufficient time 1o Close the RCS,
a source of injection water to the vessel would be
required to prevent uncovery of the core once
bulk botling i the core has begun. The necessity
of a bora’ed water source o maintaii core cool-
ing, when core boiling persists for an extended

NUREG/CR-5820
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alternative decay heat removal mechanism
1s not assured, The loss of the RHRS with
intial RCS water levels above the 1op of the
hot leg further suggests that use of the steam
generators as an aliernate means of decay
heat removal could result in sufficient pres-
sure 10 challenge the integnity of all of the
RCS temporary boundaries.

Analyses of the inventory loss due 1o the
farlure of the RCS temporary boundaries
(Le., thimble tube seals, nozzle dams, et )
or openings in the RCS, such as the safety
injection line of reactor coolant pumps,
demonstrate that core uncovery could ocour
from 15 10 90 minutes following the open-
ing of the break.

The anatysis of the loss of the RHRS with
the vessel internals in place suggests that,
without intervention or recovery of heat
removal capability, a partial uncovery of the
core may occur for those Westinghouse-
designed plants where the upper support
plate flow holes have been sealed. With the
vessel internals in place, the restricted ow
through the upper support plate inhibits
refueling pool cavity water flow 1o the ves-
sel upper plenum and core regions, which
vouw!'d result in the long-term uncovery of
the 05 ot the core in the event boiling
oces . While core uncovery would not ini-
tiate for several hours, 1. > potential for its
ocomrence emphasizes the need for proce-
dures and alternate strategies to prevent
boiling under these particular circum-
stances,

Analyses of the loss of the RHRS with the
reactor vessel interals (in place for those
Westinghouse plants with the resiricted flow
through the upper support plate) also demn-
onstrate that the refueling pool Cavity water
womperature is not & valid indication of the
temperature in the core. Because the vessel
coolant cannot readily circulate with the
pool water, pool cavity waer lemperature

Ay

should not be used 1o infer time 1o hoiling in
the vessel

*  Should boiling in the RS ocour, the addi-
tion of borated witer inhio the reacton vessel
to prevent core uncovery could result i the
precipitation of the bang acid in the KHRS
lines preventing s turther use for decay
heat removal. Precipitation followi g the
restorution of the RURS afier four or more
hours of bothing could occur when the
refucling water storage tank is used as a
source of conling. Precipitation as catly as
twao hours into the event could occur il @
high concentrated source of water is used,
such as the borie acd stotage tank,

Based on the analyses presented i this repon,
s important that studies be conducted on a
plant-specific basis 1o properly evaluate the effec.
tiveness of the proposed strategies and constyuct
provedures to effectively deal with a loss of
RHRS event. The analyses contained in this
repont should therelore be used only as gudance
1o wdent fy those areas where {urther, more
detaled, plant-specific analyses are needed to
guantity the magnitude and timing of the ey
hehaviors effecting a loss of the RHRS event

Also the weport suggests that given the conse-
quences of loss of RHRS, the use of the steam
pencialon as an alietnate mcans of decay heai
removal may not be assured, because peak pres:
sures can approach and exceed the desien pres-
sure of the temporary boundaries in the RCS. In
the unlikely event barding occurs, the addition of
horated water 10 the RCS may easily eliminate the
shon-tenm potential for core uncovery: however,
the injection of borated water for extended peri-
ods of bailing represents a mechanism that could
compromise decay heat removal and core cool-
ability during the long term. More importantly,
these analyses strongly suggest that specific pro-
cedures and strategies, in addition to careful
attertion 1o the instrumentation used to monitor
the accident progression, are needed 10 success-
fully deal with the range of potential conse-
yuences associated with a loss of the RHRS
event.

NUREG/CR-5820
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1 =

Ve = mixing volume {m*, ft*)
‘ V, = volume in region | where i = Lor 2 fm’ @t
- Wi = liguid Now into vessel [kg/ec, Ihsec]
wi = mass flow rate into or out of region | [kghec, Ih/sec)
Wy = muss £oow rate of air wto or out of region 2 [hg/sec. Ihsoc|
Lo = condensation height [m, ft]
Greek Symbols
Vi = specific volume in region | where i = 1 or 2 [m'Ag, ft/ib]

3 p = vessel liguid density (kgin’, I/t
Subscripts
| = lower ligwd or steam-hiquid region

2 = upper aif region
) = region | or 2 fudex
k = flow related parameters for lower ligud region

n = flow related parameters for upper air region
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assuming loss of the RHRS during the mainte-
nance of a safety injection line check valve was
also evaluated to identify the time that plant per-
sonnel have to restore cooling before core dam-
age occurs with an open penetration in the cold
leg piping. Again, the reactor head has not been
removed and ir is assumed to be in all portions of
the primary system above the centerline of the hot
and cold legs. All of the steam g-. rators were
assumed isolated with nozzle dams.

1.2.5 Loss of the RHRS with Vessel Inter-
nals In Place. The corsequences of the loss of
the RHRS with the vessel internals in place were
analyzed. Such condittons would occur, foi
example. during the flooding of the refueling pool
cavity in preparation for the fuel reloading. This
event is importam because of the possibility of
core ancovery, should boiling cecur after the
RHRS is lost. T1 .. potential for water holdup at
the support plate by the core decay heat generated
steam could prevent the downflow of water to the
core needed 1o maintain the core covered with a
two-phase mixture. The total flow area through
the upper care support plate, which represents the
only path for communication of the refueling pool
cavity water with the upper plenum and core, is
approximately 2.3 fi7 (0.21 m?) for some
Westinghouse plant designs. With this very small
flow area, once bulk boiling in the reactor vessel
initigtes following a loss of the RHRS, the steam
velocities through the plate may be sufficient o
limit the downflow of water from the refueling
pool. In these circumstances, core uncovery could
occur resulting in the heatup and oxidation of
the fuel. While temperatures are not expected
10 exceed 2200°F (1477 K, the potential tor
the long-term uncovery of the core suggests
that strategies and procedures be developed to
deal with the loss of the KHRS under these
conditions.

1.2.6 Consequernces of Borated Wator
Addition Following Boiling The injection of
borated water into the RCS would be necessary 1o
maintain vessel inventory should boiling occur
for conditions where the RCS cannot be sealed in
a timely manner. Because borated water would
be tnjected to prevent core uncovery, boric acid

Introduction

will accumulate in the vessel. The subsequent
restoration of the RHRS could cause the boric
acid to precipitate in the RHRS piping. prevent
ing its further use for decay heat removal

1.3 Method of Analysis

This section discusses the methods used 10
ate the consequences of the loss of the
(S events discussed in the previous sectan

1.2.1 RELAPS'MOD3 Computer Program
Transient thermal hydraubic analyses of the loss of
RHRS were performed using the RELAPS/MOD3
(Version SmS) computer program? executed on a
DECstation SO00/Maodel 200 RISC Workstation,
The RELAPS code was used to assess perfor
mance for the H B. Robinson plani (HBR-2),
which 1s a three-loop Westinghouse PWR with 4
thermal power rating of 2300 MW(1), and the
Ocoree 2568 MW (1) plant, which utilizes a once-
through steam generator design. These plants
formed the basis for the RELAPS/MOD3 analvses

4

discussed in Section 2

1.3.2 Alternate Methodology [ndependent
transient analyses were performed utilizing the
alternate methods developed by Ward. ' For these
analyses, a pon-equilibrium transient system per
formance code was developed to simulate the
RCS and secondary system thermal hydraulic
behavior following a loss of the RHRS with air in
the system. These calculations served as an alter-
nate rmethod W analyze and provide early insights
into the consequences of a loss of the RHRS and
a check of some the RELAPS/MOD3 code pre-
dictions. As pant of these aliemate methods, con-
densation maodels were also develaped with the
capabihity of assessing the degradation of steam
condensation due to the noncondensible gas as
the steam-air mmxture enters the primary steam
generator tubes.

i developing the abternai> method. the wran-
sient fluid behavior in the primary and secondary
systems was computed based on a mass and
encrgy balance for these regions, In treating the
behavior of the air-steam-water transient svstem
behavior two phenomenological models were
considered and mcluded the following:

NUREG/CR-5820






2. RESULTS OF THE LOSS OF RHRS ANALYSIS

The resuits of the applicaton of RELAPS/
MOD3 and the alternate methods to the loss of
RnRS for the events described in Section | are
presented in this section.

It should be emphasized that the analyses pres-
ented in this section were performed to 1dentify
some of the key phenomenological behaviors and
plant hardware charactenstics influencing the
RCS and secondary transient thermal and hydrau-
lic performance following a loss of the RHRS,
Because of the wide vaniation in plant conditions
during the shutdown modes of operation and
given the multitude of equipment differences,
these analvses should not be used directly to
develop plant specific procedures, While the ther-
mal hydraulic phenomena identified in this study
are pertinent to understanding the general behav-
101 for a range of loss for RHRS events, the timing
and magnitude of the calculated system response
parameters are expected to differ sigmificantly
among the various plant designs. The results of
these analyses should therefore be used only as
general guidance for identifying some of the areas
and range ol initial conditions warranting further
plant-specific analyses to support development of
plant-specific guidelines and procedures.

2.1 Use of Steam Generators
for Decay Heat Removal

2.1.1 Model Description The RELAPS/
MOD3 model used to assess the consequences of
a loss of RHRS event for the HBR-2 plant, which
utilizes U-tube steam generators, is presented in
Figures | through 3. This one-loop model cor-
taining the pressurizer and surge line was
constructed by elimmating two of the three loops
to simulate isolation of these components through
e use ¢ nozzle daos o the hat and cald leg pp-
ing. This elumination is made on the premise that
only one steam generator is available for decay
heat removal in the event the RHRS fails. The
nozzle dams are also assumed to be insialled at
the entrance and exit to the steam geperator inlet
and outlet plenums. Also note that the hot leg

piping was separated into two parallel compo-
nents as shown in Figure 4. This nodalization
wias ¢hosen to prevent the unrealistic accumula-
fan of water in the steam generigtor active tube
region caused by excessive entrainment by the
steam penetrating the hot leg from the reactor
vessel. The high interfacial drag between steam
and water rredicted by RELAPS in the hot leg
expelled unrealistically hgh amounts of water
Irom this region toward the steam generators in
the active loop, while also limiting the drainage of
condensed and deentramned water toward the ves-
sel from the steam generator tubes and nlet ple-
nurn. To more appropriately model this behavior,
the hot leg and inlet plenuim to the active steam
generator wis divided into two paraliel compo-
nents 1o allow drainage of the liguid trom the
steam generitor and inlel plenum 1o the vessel
upper plenum in the lower half of the hot leg,
while steam exits the vossel toward the steam
generator along **= upper haif. This choive of
partiioning only wmits the steam-water interac-
tion and entrainment behavior to the upper por-
tion of the hot leg piping. As discussed by
Fletcher,* this modeling approach is considered
appropriate for the fhind behavior expected from
mid-loop operation with the liguid evels located
at or below the hot leg centerling elevation. The
work by Fletcher demonstrated that entrainment
and carryover of the liguid in the hot fegs would
not be expected under these conditions should a
foss of the RHRS occur no earlier than one day
tollowing shutdown from mid-loop operation.

The nodalization for the reactor vessel, pnmary
loop, pressurizers and steam generators for the
once-through steam generator analyses, based on
the Oconee Plant, is presented in Figures 8
through XK.

Iniial conditions tor the loss of RHR analysis
for the H. B. Robinson and Oconee plants are

presented in Tables | and 2, respectively,

2.1.2 Analysis Results. This section presents
the results of the analvses of the use of the steam

NUREG/CR-5520






|
I
]
l

T T I I

s il TR T e e s T

R e L S T  ——
!

The decay heat power level corresponding
to one day after shutdown i1s assumed
[0.5% power or 11.5 MW(t3].

o  Case 2—Ildentical 1o Case | except that
the decay heat power level corresponding
to one week after shutdown 1s assumed
10.3% power or 7.13 MW(1)1.

s Case 3—1demical to Case 1 except that ini-
tial RCS liquid level is at the top elevation
of the hot and cold legs.

¢  Case 4—Identical to Case 1 e¢xcept the ini
tial RCS level is at the elevation of the reac
tor vessel flange.

It shotild be mentioned that decay heat a1 one
day following shutdown was chosen as an upper
limit for the analyses. More importantly, mid.
loop operation would not be expected 10 occur
until ar least 48 hours following shutdown.

For all of the cases, the secondary side of the
steam generator was initialized with water at a
temperature of 90°F (305 K) and upon the initia-
tion of secondary boiling, a vent path was
assumed 10 be available to mamtain secondary
pressure and temperature near atmospheric condi-
nons. Also, after secondary borling mitates, the
eventual addition of auxiliary or emergency feed-
water will also be necessary o prevent loss of the
secondary as a head wink and an uncontrolled pres-
sun zation of the RCS,

In comparing Cases | and 2, the insensitivity of
RCS peak pressure to the time of loss of decay
heat removal following shutdown is iliustrated,
while comparison of Cases |, 3, and 4 reflect the
sensitivity of peak RCS pressure to the initial
RCS water level. A discussion of the results of
each case is presented below.

2.1.2.1.1 Case 1—Loss of the RHRS
at One Day—Figure Y presents the pressure
transient in the primary side of the steam genera-
tor when the RHRS is lost at one day following
shutdown. The peak pressure of about 41 psia
(0,28 MPa) was achieved at about 7000 seconds
after the loss of RHRS. The peak pressure is

Loss of RHRS Results

reached at the time that the water temperature
(tempf) in the steam generalor secondary reaches
saturation {sattempy, shown in Figuge 10

Tahle 3 presents the distribution of i in the
RCS as a tunction of ume. These results show
that the air is predicted 10 be displaced from the
vessel, hot leg piping, and steam generator inlet
plenum and accumulated in the steam gencrator
active tubes and outlet plenum volumes, pressur-
1zer and suction leg piping by the steam generated
in the core. Bothing in the core region 1s initiated
at about 1250 seconds after loss of RHRS as
shown in Figure 11, and develops when the lig-
wid in the upper plenum and 1op portion of the
core regions achieve saturation (sattemp), indi-
cated by the water temperature (tempf) in the
uermost core votume (114-06).

Foliowing the nitiation of bulk boiling in the
vessel, a condensing surface 18 rormed once the
steam has compressed the air in the RCS 10 a
volume less than that of the stean genetator active
tube region. As a result. the primary heat transfer
rate increases and secondary side boiling is
achieved. Once secondary side boiling occurs and
the secondary temperature stabilize - the primary
system pressure stabthzes at about (XX seconds
into the event, At this time condensation in the
generator occurs prionarily m the first tube volume
ebave the tube sheet, with some condensation also
occurring in the next active tube volume, Fig-
ure 12 presents the vapor void fraction in the first
two volumes of the steam generator primary tubes
{408-01 and 408-02) just above the tube sheet;
Figures 13 and 14 present the heat flux in these
steam generator primary tube regions. The pri-
mary side heat transfer coefficients tor these vol-
umes are presented in Figures 15 and 16, Because
of the low decay heat fractron and the limited mix-
mg of the air and steam i these first two steam
generutor active tube volumes above the tube
sheet, primary pressure stabilizes because the con
densation coefficient of about 528 BTUMr-ft=- +
(3000 W/m=-K) after 7000 seconds is sufficient to
remove decay heat at the primary to secondary
temperature difference of about 35°F (19 K),
which develops during the later portion of the tran-
stent (See Figure 14) The primary to secondary
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Table 3. Distribution of air in the RCS for RELAPS/MOD3 Case 1 {use of steam generators for decay

heat removal).

Component
temp)

Downcomer
(cmp 100)

Downcomer
(emp 102)
Downcomer
(emp 104)

Downcomer
{emp 106)

Upper plenum
(emp 120)

Upper plenum
(emp 122)

Upper head
(emp 126)

Hot leg piping
{emp 404, 405, 504, 505)

Steam generator inlet plenum
(crmp 406, 506)

Steam generator tubes
{emp 408-01)

Steam generator tubes
(emp +08-02)

Steam generator tubes
(cmp 408-03 to 408-08)

Steam generator outlet plenum
(emp 410)

Pressurizer/surge line
(cmp 340G, 341, 343)

Cold leg piping
(cmp 412,414,416, 418, 420)

initial

1.7

(R

8.8

3.0

A8

6.0

7.8

5.6

56

339

7.9

914

16.8
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13.0

79

253

Mass of air

(Ib)

7200

<(.1

< |

<1

<)

<0.1

<. |

59

614

7.1

85.5

S84

Q000

s

10.3

134

10.4

14.7

<)

<{), |

0.03

<) |

<. 1

<t) |

62.5

6.7

639

56,9
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temperature difference is illustrated in Figure 17,
AL 7000 seconds into the transient, the mass flow
toward the steam generator in the upper portion of
the hot leg pipe is balanced by an equal amount of
downflow from the steam generator toward the
vessel in the lower part of the hot leg. Figure IR
illustrates the establishment of this quasi-steady
state mass Now in the upper and lower portions of
the hot leg. The high mass flow rates are aftnb-
uted to the high hot leg steam velocities (which
entrain the water in the upper portion of the pipe,
while deentrained) and condensed water accumu-
lated in the steam generator inlet plenum and
tubes flows back toward the vessel in the lower
section.

Figure 19 presents the noncondensible mass
fraction in the U-bend of the steam generator
active tubes while Figure 20 presents the accom-
panying vapor temperature for this event. The
decreasing mass fraction n the air region demaon-
strates that some steam has entered the cold side
of the steam generator active tube region, The
secondary side temperature for this event is also
presented in Figure 20

Also of particular importance is the RELAPS
transient pressure response, which displays an
oscillatory behavior once the peak pressure of
about 41 psia (0.28 MPa) 15 achieved after about
7000 seconds (see Figure 9). These oscillations
are a result of the changes in steam velocity at the
entrance (o the steam generator tubes, which
affect the condensation coetticient and void frac-
tion in the first wbe region above the tube sheet.
The transition frem countercurrent two-phase
flow to slug Mow as liquid tuilds up and drains
affects the pressure drop and heat transfer charac-
teristics at the tube entrance. The subsequeni
effect on the steam velogities in the active tubes
causes the heat transfer coefficient and vond frac-
tion to vary, producing the oscillations in RCS
pressure once the RCS pressure stabilizes near the
peak value after 7000 seconds.

The possibility of pressure oscillations may be
particularly important because they suggest that
while RCS peak pressure for the above reflux
boiling conditions may not exceed nozzle dam

B e e e e
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failure conditions, the oscillatory pressure behay-
jor should they persist with time, may be suffi-
cient along 1o eventually dislocate a dam. 11 such
conditions are realistic, the success of reflux baoil-
ing to mitigate the consequences of lass of the
RHRS may not be judged on peak RCUS pressure
alone but on the amplitude and penod of the peak
pressure oscillations that could result later in the
cvent,

2.1.2.1.2 Case 2—Loss of the RHRS
at Seven Days—iigure 21 presents the pres:
sure response in the RCS when the RHRS 15 lost
seven days following shutdown. The peak pres-
sure of about 3% psia (0.26 MPaj 15 reached at
about 12,000 seconds after the loss of RHRS
occurs. The peak pressure for this case is also
reached a1 the time that the steam generator sec-
ondary reaches saturation as indicated by the
behavior of the secondary water temperature
(tempf) (sec Figure 22).

Table 4 presents the distribution of air in the
RCT as a function of time. These results show
that again most of the air is predicted to be purged
from the vessel, hot leg piping. and steam genera-
tor inlet plenum once core boiling hegins. In gen-
eral, the steam displaces the air into the high
points of the RCS or steam generator and pressur-
izer regions. Unlike Case | (loss of the RHRS at
one day ), some air remains in the upper head due
to the lower steam velocity in this region from the
much lower decay heat level. Boiling in the core
region begins at about 2600 seconds after loss of
RHRS as shown in Figure 23, when the water
temperature (tempf) in the uppermuost core vol
ume (1 14-06) is compared 1o the saturation tem-
perature (sattemp).

Figare 24 illustrates the void fraction in the
first two volumes of the steam generator primary
tubes (408-01 and 408-02) and again shows that
condensation n this portion of the steam genera-
tor develops sufficiently to remove decay heat
when primary pressure reaches 3% psia
(0.26 MPa). The heat transfer coefficients for
these volumes are presented in Figures 28§
and 26, while the primary to seconaary tempera-
ture difference in the volume just above the tube
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sheet 18 given in Figure 27, The figures showing

heat flux in the steam generator and mass flow in
the hot leg are not shown because this behavior is
indicative of Case 1.

Based on a comparison of the Case 1 and 2
results, the peak pressure achieved following the
joss of RHR can be considered to be relatively
insensitive 1o decay power because the bulk of the
RCS pressurization 1s a direct result of the need o
compress the air volume sufficiently to enable the
creation of an adequate condensing surface inside
the active twbe region of the steam generator. The
pressure required 1o cotupress the air to this condi-
tion s relatively independent of power because the
bulk of the pressunzation of the RCS is needed 10
compress the air into the steam generator and out-
Jet plenum regions. Lower decay heat power levels
simply delay the initiation of boiling and conse-
quently delay the time the peak pressure. in the
range 38 to 41 psia (0.26 10 0.28 MPa), is reached.

2.1.2.1.3 Case 3—Loss of the RHRS
at One Day with the Liquid Level 3t the
Top of the Hot Leg—+igure 24 presents (he
pressure response in the RCS when decay heat i
lost at one day following shutdown. Unlike
Case 1, with the initial level at the hot leg center-
line, the initial RCS water level for Case 3 15
increased to the top elevation of the hot leg ptp
ing. As shown in Figure 28, following the loss of
the RHRS and mitiation of bulk boiling in the
RCS. the peak pressure of about 40 psia
(0.28 MPa) is reached at about 7500 seconds.
The peak pressure again is reached after the tme
the water in the steam generator secondary
reaches saturation as shown by the secondary
behavior of the water temperature (temp!) in Fig-
nre 29, Comparison with Case | where the initral
water level was at mid-loop operation demon-
strates that the peak pressure is not sensitive to
mitia! vater levels berwaen *he hot leg midplane
and top elevations, This 18 not skrprisiy: becguse
with thus mitial water level, fluid expansion and
the entrainment of water from the hot legs 1s sl
insufficient to plug the entrance into the steam
generators 10 prevent the development of & con-
densing surface.

Loss of RHRS Results

Table S presemts the distribution of air in the
RCS as a function of time. These results show
that most of the air is predicted 1o be swept by the
steam nto the steam generator from the reactor
vessel, hot leg, and mlet pleaum once core boiling
begins. Botling in the core region hegins at ahout
1800 seconds after loss of RHRS (see Figure 30}
and 1+ based on the waler temperature (tempf) in
the uppermost gore volume (114-06),

Figure 31 presents the vapor void fraction in
the first two valumes of the steam generatar pri-
mary tubes (408-01 and 408-02) where condensa-
tion of the steam occurs. The heat transfer
coefficients for these volumes dre presented on
Figurcs 32 and 33 while the primary and second-
ary water temperatures for the first tube volume
above the tube sheet is presented in Figure 34

2.1.2.1.4 Case 4—Loss of the RHRS
at One Day with the Liquid Level at the
Vessel Flange—figurc 15 presents the pres
sure response 10 the RCS when decay heat is lost
at one day fellowing shutdown with an initial RCS
water level at the elevation of the reactor vessel
flange. The Case | mtial water level was assumed
to be at the elevation of the centerline of the hat leg
while Case 1 assumed the level was located at the
top of the hot leg. With the level at the vessel
flange, a peak pressure of about 95 psia (0.66
MPa) was achieved at about 25 (00 seconds after
the loss of RHRS (see Figure 35). The peak pres-
sure again is reached at the ume well atter the
witter in the steam generator secondary reaches
saturation, as shown by the behavior of the wite,
temperature (tempf) (see Figure 36). As shown in
Figure 37, boiling in the RCS initiates at about
2000 seconds when the water temperature reaches
saturation in e pppermaost core volume.

Comparison of Case 4 with Cases | and 3,
where the initial water levels were at mid-loop
and the top elevation of the hot leg piping, respec-
tively, demonstrates that for water levels above
the top levation of the hot leg, the peak pressure
achieved for these condizion: coald result in pres-
sures well above the nozzle dam wrdather tlempo-
rary boundarv design conditions. With the rauen
higher initial wuter level, fluid expansion und
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level swell during the transient s sufficient alone
to fill the entrance 10 the steam generator actve
tube region well above the tube sheet elevation.
Figures 38 and 39 present the void fractions in
the steam generator active tube region and show
that all of the tube volume excluding the U-bend
volumes (volumes 4 and §) accumulate liguid
after about 17,000 seconds into the event. In fact,
as the RCS liquid heats up and expands. the flow
rates and fluid velocities through the hot leg to the
entrance to the steam generator tube region are
initially 100 low to develop adequate steam gener-
ator heat removal to match decay heat generation.
As a consequence, the RCS continues 1o pressar-
ize untif sufficient RCS pressure (and hence pri-
mary to secondary temperature difference) and
fluid velocity in the steam generator 18 achieved
1o establish @ heat removal rate that can accom-
modate the core decay heat generaticn. As shown
in Figure 40, with the expanded time scale dur-
ing the latter partion of this transient, the RCS has
nearly ceased pressunzing as sufficient primary
10 secondary temperature difference and flow into
the active tube region develops to match decay
heat and slowly stabilize pressure near 95 psia
(0.66 MPa).

The results of these analyses suggest that
increasing the RCS higuid level above the top
elevation of the hot legs could prevent the estab-
lishment of quasi-steady state reflux botling heat
removal capability at pressures below the fatlure
limits of the temporary boundarnies in the RCS.

Table 6 presents the distribution of air in the
RCS as a function of time. For the earlier cases
with the lower initial water levels, the higher air
imventory in the RCS did not inhibit reflux boiling
and peak RCS pressures remained in the range 38
10 41 psia (0.26 to .28 MPa). For Case 4 where
the iniual water level is at the reactor vessel
flange, well above the hot leg elevation, peak
RCS pressures approaching 95 psia (0.66 MPa)
are predicied; the large inventory of subcooled
liquid results in sufficient fluid expansion follow-
ing a loss of the RHRS and plugs the steam gener-
ators with higuid.

13
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The heal transter coefficients for these vol-
umes are presented in Figures 4/ and 42. Al
20,000 seconds (5.6 hrs) imnto the event, with the
flow rate and resulting primary heat transfer coef-
ficient established, the slowly increasing primary
to secondary temperature difference gradually
establishes a primary heat removal rate that can
maitch the core decay heat generation rate. The
primary and secondary temperatures are illus-
trated in Figure 43

Although a natural corculation flow through the
steam generators U-bend region to the cold side 18
not established duning this event, the prnimary 1o
secondary temperature difference, fluid velocity,
und hence heat transter coefficient in the tirst vol-
ume of the steam generator active tube region
develops sufficiently to nearly stabilize RCS
pressure at about 95 psia (0.66 MPa). Note that
RCS pressure has not yet stabilized completely
and displays approximately a one psi (0.01 MPy)
ingrease over the tast 3000 seconds of the event
(see Figure 40). Although the RCS pressure con-
tinues to increase very slowly late in this event,
the pressure is not expected o increase more than
an addiional 10 psi (0.07 MPa) because such an
increase is expected to provide sufficient primary
to secondary temperature difference 1o eventaally
stabilize RCS pressure,

21.2.1.5 Summary of Results for
Cases 1 to 4—To summarize the resuits of the
reflux boiling analyses, Figure 44 presents the
RCS pressure profiles for Cases | and 2, iHlustrat-
ing the msensitivity of peak RCS pressure to ume
of the loss of the RHRS at ane and seven days
following shutdown. The relative insensitivity of
peak RCS pressure to time of loss of RHRS,
which dictates the decay heat power level, is due
to the fact that approxmmately 39 psia (0.27 MPa)
is required to compress the air in the RCS toa vol-
ume equal 1o the volume of the active tube and
outlet plenum regions of the steam generator. The
additional pressure increase needed to produce a
condensing surtace just above the tube sheet
results 10 only @ two to three pst (0.01 to
£1.02 MPa ) pressure increase. This result has also
been contirmed and discussed 1 Reference 3.
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Figure 45 presents the sensitivity of the peak
RCS pressure ¢oe to the vanation i imitial RCS
water level for the condition where the RHRS s
assumed lost at one day following shutdown,
Clearly, for mitial RCS water levels greater than

the top elevation of the hot leg, peak RCS pres-
sutes greater than 95 psia (0.66 MPa) can be

achieved. These results suggest that peak RCS
pressure achieved following a loss of RHR event
could increase dramatically when the nitial water
level in the system exceeds the top elevation of
the hot leg. Peak pressures achieved from mid-
loop operations were calculated in the range 38 10
41 psia (0.26 1o 0.28 MPa; while pressures of
95 psia (0.66 MPa) may be possible when the ini-
tial water level is i the reactor vessel flange.

2.1.2.2 Oconee, Once-Through Steam
Generator Behavior. In evaluating the use of
the steam generators for decay heat removal fol-
wing a loss of the RHRS from mid-loop opera-
won for the Oconee plant, three cases were
anaiyzed:

¢  (Case 1— The RCS is at mid-loop conditions
with a water temperature of 90°F (305 K)
and a liquid level at the hot leg centerline
glevation. Air at 90°F (305 K) and 100%
relative humidity is present in ail volumes
above the centerline of the hot and cold legs.
The decay heat power level corresponding
to one day after shutdowr: is assumed [0.53%
power or 12.8 MW(tl|. Also, the surge hine
was assumed to contain iquid. Both steam
generators were assumed available for heat
removal

&  Case 2—This case is the same as Case |
except the loop seal region of the surge line
was assumed 10 be purged of liquid 1o allow
air trapped in pressurizer 1o migrate into the
RCS piping during the transient

e  Case 3—This case is the same as Cuse 2
oxcept only one steam generator is assumed
available for heat removal.

Analyses wete not pe-formed at lower decay
heat values because, based on the HBR-2 analy-
ses presented above, peak RCS pressure for

Loss of RHRS Resuliy

plants atilizing once-through designs 1s also
expected 1o be relatively insensitive to decay
power level or the time following shutdown of the
loss of the RHRS. Alse, studies were not per
formed 1o invesiigate the sensitivity of peak pres-
sure to variations in RCS liguid level during
reduced mventory aperation for this plant type.
The availability of emergency feedwater i addi-
ton 10 a secondary steam reliel capabiliny was
assumed m these analyses. To maxiniize the heat
removal capability of the steam generator, the
secondary side was also assumed to be filled with
water 10 an elevation near the inlet to the acuive
tube region,

2.1.2.2.1 Case 1—Loss of the RHRS
at One Day—+igure 46 presents the RCS pres.
sure response when the RHRS is lost ane day fol-
lowing shutdown. At about 8000 seconds, the
RCS pressure response displays an oscillatory
hehavior that persists tor the duration of the
event. This behavior is & result of the secondary
temperature behavior that shows an attendant
oscillatory charactenstic, which is due to the
addition of emergency feedwaler once secondary
boiling begins, Figure 47 shows the secondary
water temperature of the uppermost volumes
(volumes 325 and 425) where the sateration tem-
perature of 212°F is achieved at about
4000 seconds. The two-phase level is maintained
in components 325 and 425 of the steam genera-
tor secondary and the remainder of the secondary
side remains subcooled with the overall second-
ary behavior reflected in the lemperatare
response for the next lowest secondary volume
shown in Figures 4% and 49 for loops A and B,
respeclively.

Figures 4% and 49 display a rather erratic sec-
ondary temperature behavior that atfects the pri-
mary to secondary temperature difference and
therctore the primary heat removal rate. Because
the feedwuter ts injected at the top of the second-
ary side, the non-uniform mixing in these lower
regions produces the secondary temperature
response, which in tumn affects the primary heat
removal and resultant RCS pressare. While there
is uneertainty associated with the timing and
magnitude of the caleulated pressure oscillations,
owing 1o the model or nodalization, emergency
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Downcomer (cmp $70)
Lower plenum (cp 875, 505)
Core (cmp S10, 515)

Table 7.  Distribution of air in the ROS fur Oconee Case 1.

Upper plenum (cmp 520, 525, 530, §35, 540, 545,

558, 560, 565,

- Upper head (cmp 550)

Loop A hot leg piping (comp 101, 105, 110, 115, 118

Loop B hot leg piping (cmp 201, 205, 210, 213, 2

Loop A 8G iniet plenum (cmp 115)

Loop B SG inlet plenam (omp 215)

Loop A SG primary tubes (emp 120, vol 1)
Loop A SG primary tubes (cmp 120, vol 2)
Loop A SG primany tabes (cmp 120, vol 3-10)
Loap B SG primary tubes (cmp 220, vol 1)

- Loop B SG primary tubes (cmp 220, vol 2)

Loop B SC primary tubes (cmp 220, vol 3-10)
Loop A SG outlet plenum (cmp 125)
Loop B SG outlel plenum (cmp 225)

Loop A cold leg piping (cmp 130, 135, 140, 145,
150, 160, 165, 170, 175, 180)

Loop B cold leg piping (cmp 230, 235, 240, 245,
250, 260, 265, 270, 275, 280)

Surge line (cmp 600)

Pressurizer (cmp 610, 615)

14)

Tl

00
00
00

463

134
136
336
1949
199
19
4%
807
19
4.8
59.7
(L0
0.0

15.4

1854
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Mass of air

(ib)

R106) IR0
(8) (5}
04 03

<)} <1

«l ] <1

174 128

wl) 1 «ld |

<0 1 < 1

<) <)}

<1 <1
1.4 <1
0.X 14
10.2 153
1300 1349
1.5 36
1o 14.7
136.0 141.2
023 0.2
(2.3 0.2

235 240

270 219

«f).1 <01

L10.6 109
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2.1.2.2.3 Case 3—Loss of the RHRS
with Heat Removal Through One Steam
Generator—Analyses were performed (o inves-
tigate the impact on peak pressure of using only
one steam generator for decay heat removal. In
this case, the steam generator heal transfer
removal capability 18 halved once the foop B sec-
ondary boils dry.

Figure 68 presents the pressure transient in the
RCS when the RHRS s lost one day following
shutdown. As in the previous two cases, oscilla-
tons in RCS pressure are predicted 10 oceur dur-
ing the event. As shown in the figure, the peak
RCS pressure of 78 psia (0.52 MPa) iy achieved
for this case. Note that at 30000 seconds into the
event, RCS pressure is still increasing. Figure 69
presents the pressure nise over the last three hours
of this event and shows about a 10 psi (0.07 MPa)
wicrease, which indicates a very slow rale of pres-
surization. RCS pressure 1s not expected to
increase more than an additional 10 psi
(0.07 MPa) because this increase would produce
a primary to secondary temperature difference
sufficient to stabilize RCS pressure. As such, the
analysis was not cortinued for this case.

The temperaturs in the secondary volumes are
displayed in Figures 70 through 73 and
demonstrates that the bulk of the secondary side
reaches the saturation temperature of 212°F
(373 K at about 10,000 seconds into the event
The two-phase level is maintained in the
uppermost secondary components 323 and 373

As inthe previous cases, the majority of the heat
removal from the RCS occurs in the first two vol-
umes of the primary sieam gensrator tubes near
the inlet. The heat transter coefficients in these
regions are presented in Figures 74 and 75,

The vapor void fraction and the noncondens-
ible mass fraction in the pressunzer volumes are
shown in Figures 76 and 77, respectively. The
results show that the air migrates from the pres:
surizer into the primary loop

Loss of RHRS Results

2.2 Failure of Instrument Tube
Thimble Seals

2.2.1 Model The instrument tube thimbie seal
{wiure analysis was performed 1o defermine the
time that the core uncovers in the event of thimble
seal fotlure in the instrument tubes when one
steam generator is used to remove decay heal,
The RELAPS/MOD? model used for determinmg
the time to core uncovery is hased on the one-loop
model desenibed in Section 2.1 for the HBR-2
plant, while the mstrument Tuhe geometry was
based on the Zion plant design. Although this par-
ticular analyvsis is not apphicable to the HBR-2
plant design, the results of the analysis are ol
importance as @ scoping evaluation to highlight
the approximate timng of core uncovery follow.
ing Tailure of all of the temporary thumble tube
seals,

Because the purpose of this calculation is to
identity the time to core uncovery, the number of
volumes representing the core is mcreased from
six 10 twelve volumes to berter approximate the
axial void profile in the core and better track the
two-phase level in this region, Aside from the
change in the number of core nodes, the vessel
nodalization used in the initial HBR-2 model
described in Section 2 was used. The one-loap
primary and secondary side nodalization of Fig-
ures 2 through 3 applicable 1o the steam geners
tor decay heat removal analysis above was also
used for this analysis.

Thimble seal failure n the instrument tbes is
dssumed W occur when system pressure resched
35 psia (024 MPaj. This value was chosen arba-
trarily 1o investigate the conseguences of failure
of the thimble seals and muay not reflect actual
failure pressures for seals. This pressure does
however, represent the masimum calculated pres-
vurc-~eached in the instrument tube at the seal

able when decay heat removal by one steam

generator 1s assumed. For this analysis, it1s
assumed that there are 38 thimble seals and all of
these seals arbitranidy fail once the assumed tail
ure pressure is achieved. The break flow arca wis
based on an empty mstrument tube with an inner
diameter of 0.4 in. (00101 m), resulting in a total
break area of 00506 112 (00047 m*) The failure
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volume just above the core, where complete void-
ing occurs at about 4000 seconds inio the event
(see Figure 84). Core un overy occurs at ahout
4000 seconds after loss of « HRS, as indicated by
the increase in void fractiun in the top three core
volumes (sec Figure X5). Core uncovery follow-
ing nozz'e dam failure occurs rather quickly (e,
in about 30 minutes) because the steam velocities
in the hot leg are sufficient to entram and carry
liquid from the hot legs and vessel out the open
manway in the steam generator. Uncovery is
therefore carlier in this e ‘end than if boddoft alone
is credited for reducing the liquid invertory above
the top elevation of the core.

The break mass flow rate and void fraction are
shown in Figures 86 and K7, respectively,

o  Case 2—-Nozzle dam failure at sever days
following shutdown

An RCS pressure of 40 psia (0.28 MPa) and an
assumed nozzie dam failure was achieved at
about 3900 seconds after loss of RHRS at seven
days following shutdown (see Figure 88) The
void fraction in the upper plenum volume just
above the core is shown in Figure 89. Core
uncovery was predicted to occur at about
96 seconds after the loss of the RHRS, as indi-
cated by the increase in vord fraction in the top
three core volumes (see Figure 90). Because of
tie much lower decay heat power levels, the later
uncovery time of about one hour following the
nozzie dam failure 1s attributed to the much lower
liquid entrainment and bailoft rates experienced
for these conditions.

The break mass flow rate is shown in Fig-
ure 91 while Figure 92 presents the break flow
void fraction.

2.4 Safety Injection System
Line Open Due to Check
Valve Maintenance

2.4.1 Model. This analysis was performed to
determine the time of core uncovery assuming a
check valve has been removed from the safety

L—_.—r_-—-—. e e e e e S iy P
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inpection (81 system hine corwected to the cold
leg duning mid-loop operatien WVith the open Sl
line, there is a direct Nowpath from the cold leg at
the reactor coolant pump discharge to the contain:
ment. For this analysis, it was also assumed that
nozzle dams have been installed in all hot legs,
resulting in isolation of all steam generators from
the RCS.

The RELAPS/MOD2 model used for this anal-
ysis 18 the same as that de cribed for the nozzle
dam failur analysis with a break path in the dis-
charge pipe 17 the reagtor coolant pump added.
The S1 line is modelled as a pipe component ¢on-
nected 1o the cold leg in Loop . The diameter of
this line is 8.5 in. (0.22 m). The length of the line
is assumed to be 5.0 1 (1.52 m) trom the top
elevation of the cold leg at the reactor coolant
pump discharge leg to the point where the check
valve is removed, The line 15 assumed to extend
vertically from the cold leg. The vertical distance
from the top of the vore to the location of the
removed check vidve was assumed to be approx:
mately 9 f1 (2.7 m)

The initial RCS water temperature of 90°F
(3085 K) was assumed with the RCS level located
at the cemterhine of the hot and cold legs. Awr at
90°F (308 K) and 100% relative hunudity was
assumed present in all volumes above the center:
line of the hot and cold legs. The decay heat power
jevel corresponding to one day after shutdown was
assumed for this analysis [11.5 MWo |,

2.4.2 Results Figure 93 presents the RCS
pressure transient. Vnding i the upper plenum
region 1s illustrated in Figure 94 indwating the
approach to uncovery as the void fractions
increases to a value of 1.0 tindicating pure steam)
toward the latter portion of the event. Core
uncovery was predicied 1o inftigie at about
4000 seconds after loss of RHR occurs as indi-
cated by the voud fraction in the top three core
nodes (see Figure 95). As shown in Figare 95,
bulk boiling in the core s inttiated at aboul
2000 seconds at which time fluid 1s expelled
from the opened SI line as indicated by the break
flow shown in Figure 96. While core uncovery
does not ocour unti! gbhout 4000 seconds, RCS
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fluid expulsion to the contminment begins at

The break flow void fraction is presented
Figure 97,

To illustrate the transient response to change s
in the initial cere outlet temperature, wall heat
transf.r, and vessel upper plenam to annules leak-
age path arca, an additional caleulation was per-
formed for this event with the tollowing madified
assumptions:

e The upper plenum and hot leg initial flud
temperature was increased from 90°F
(305 K)o 140°F (333 K)

e The leakage paths connecting the upper ple-
num and upper head regions ol the reactor
vessel to the annulus were eliminated

e The wall heat structures in the RCS were
eliminated so that no heat could be absorbed
by the RCS vessel and loop piping
components.

Witn the these assumptions, the loss of the
RHRS analysis with the open SI Ine was reana
lyzed with the resulting RCS pressure response
given in Figure 98, Core uncovery was calou-
lated 1o occur at about 6K seconds into the event
as illustrated by the void fraction i the core (see
Figure 99). The void fraction in the upper ple-
numn volume just above the core is shown in Fig-
ure 100, Comparison with the preceding case
shows the above assumprions can have a signifi-
cant impact on the results. These results illustrate
the sensitivity of the transient response to changes
in the leakage paths between the upper plenum
and annulus regions of the reactor vessel. These
leak. ge paths can significantly delay core uncov-
ery by slowing the mitial pressurization as a result
of venting the core generated stéam into the anna-
tus and out the open S| hine. Wall heat effects act
to condense steam. further reducing the pressur-
ization rate, while the lower initial temperature
delays the initiation of bolirg. The importance of
these results ix that plant behavior can be very
sensitive to what may appear to be small differ-
ences i the design characteristics and initial
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conditions. Moreover, the use 0f conservative
assumplions 1o bound the behavior Tor a class of
plants may place unnecessary restrictions on the
strategies and procedures (o be developed, nol
only for this pariicular sequence. but the other
evenis evaluated i this report as well.

2.5 Consequences of Loss of
the RHRS with Upper Core
Support Plate in Position

2.5.1 Mode! The conseguences of Im of the
RHRS with the upper core support plate in post-
ot was evaluaed because of the possibility of
care uncovery during the refilling of the refuchng
poal cavity duning preparation for femoval of the
spent fuel The analysts was performed 1o 1avesti-
gale the potential tor holdup of the water aboye
the support plate by steam generated in the core.
i1 the steam velocities reach the fle sting lmat for
coumercurrent flow through the extromely smul
flow area through the plate, core uncoy 2ry could
avcur. Figure 101 presents the HBR-2 vessel
showing the location of the upper suppont plate,
while Figure 102 illustrates the vessel and refuel-
ing pool cavity for a typcal dry confainment.

The RELAPS/MOD? mioddel was used tor ana-
lvzing the flow charactenstics through the upper
core support plate isee Figure 103, To beuter
accommedate single and two-phase natural cir
culation i the vessel duning this event, the upper
pleaum and core regions were represented with
three radial regions, As nored in Figure 103, the
core was divided into three radial regions consist-
ing of the center hot region, a middle annular
region, and an ouier low power region. This radial
nodalization was then applied (o tire upper ple-
numt region between the top of the core anda upper
support plate. The retuelmg pool and containment
volumes were aiso added where the pool was
assumed 1o contain higuid to a depth of 25 fi
{7.62 m) above the upper core support plate (s¢e
Figure 103). The depth of water above the top of
the core is about 35100107 my,

It i= also important to note that the flow nozzies
comnecting the reactor vessel head with the upper
annulus were alvo included in the model, These



flow paths consist of 16 flow nozzies that pene-
trate the barrel with a conbined flow area of
about 0.02 ft” (D.0018 m?). The total flow area
through the upper core support plate for the
HBR-2 plant is 2.3 ft? (0.214 m?). This wtal flow
area consists of flow paths directly through the
plate with & combined area of 1.3 {12 (0,120«
and the flow area from the guics teh=s areh
the plate with a comuined area of 1.0 ftf
(0,093 m?). Because some plants may have sealed
the flow leakage paths directly through the plate,
leaving only the flow paths at the exit to the guide
tubes, two cases were evaiuated and include:

e Case I—Loss of the RHRS with the flow
paths through the plate at the guide tubes
and the flow paths directly through the plate
assumed 10 be open. This results i a total
flow arca of 2.3 fi? (0.214 m?) through: the

apper support plate

o Case 2—Same as Case | except the flow
paths directly through the plate are assumed
t0 be sealed. This results in a total flow area
of 1.0 fi? (0.093m?) and consists of only the
leakage paths through the plate just above
the guide tubes.

E- The initial RCS water temperature for these
analyses were assumed to be 90°F (305 K) in the
RCS and the refueling pool cavity. The hot und
cold leg nozzle dams were assumed to be in place
3 while no vent paths were available 1n the pressur-
. izer. The decay heat power leve! corresponding 1o
1 one day after shutdown [11.5 MWn] was alse
| assumed. The results of the analyses are discussed
1 below.

2.5.2 Resuits

¢ {ase |—Flow holes directly through the
upper support plate open

The RELAPS/MOD3 analysis, with the upper
support plate assumed ta remain it position dar-
ing refilling of the refuel poot cavity, predicted
that the core will remamm oo ~ed with a two-
phase mixture. This conclusic . is supported by
the results presented in Figure 104 which shows
the void fraction in the upper plenam region just
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ubove the top of the core. The vaid fraction of
about 20% n the upper plenum just aboyve the top
of the core demanstrates the core remains covered
with a two-phase mixture during this event. Fig-
ure 1S presents the voud fraction in the volume
Just helow the support plate. The vananon in void
fraction just below the plate (between 80 o %% )
indicates that nearly complete voiding occurs in
the region just below the plate

The liquid tamperatures in the upper plenum
atd refueling pool cavity above the upper support
plate are presented in Figure 106, Note that the
refueling pool cavity temperature 15 not a gowd
indication of the wemperatures in the upper ple-
num and core regions that achi¢ve saturation
eily i the event. This is attributed 1o the himied
flow circulation between the pool water and the
apper plenum as o result of the small leakage
paths through the support plate

Although the flow between the refueling pool
cavity and upper plenum is restricted through the
plate, once boiling mitiates, steam generated in
the care is vented through the support plate whiie
liguid downflow through the flosy nozzles and
outer region guide tubes are sufficent 1o mainam
the core covered with a two-phase mixture
throughout the cvent. The liguid downflow
through the annulus flow nozzles and guide tubes
matches the core decay heat steaming rate during
this event therehy preventing long-lenm uncovery
of the core.

RCS pressure during this event remains at
about 25 psia (0,17 MPa) throughout the transient
and s not presented.

¢ (Case 2—Flow holes directly through the
plate are sealed

With the flow feakuge paths sealed through the
plate, interaction of the fluid w the upper plenum
with the refuehing pool cavity 15 limited to only
the flow through the plate w1 the exit of the guide
tubes, As a conseguonce, once boiling bagins,
steam relief from the vessel upper plenem can
only be achieved through the guide tube flow
leakage paths through the upper support plate.
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(0186 m?) and smaller] between the upper
plenum and upper head regions. These findings
suggest that the leakuge through the upper inter-
nals could vary sigmficantly upon removal of the
upper head and given the wide vanation i plant
internal designs, core uncovery may be minimal
or preciuded for some plants. In the event these
leakage paths are limited to the smaller flow
areas, the analyses show that several hours are
required befare core uncovery is predicted, allow-
ing sufficient time to take the appropriate actions
to prevent boiling and core uncovery for such an
event. However, in view of the uncertainty in
these leakage paths and given the many different
plant designs and operating conditions, the results
of these analyses should not be used to develop
plant-specific procedures. Rather, they should be
used as a guide 10 identify the areas where more
plant-specific analyses could be conducted to
guantify both the timing and magnitude of the
calcutated response parameters.

In view of these anslyses, the following impor-
tant conclusions can be summarized regarding the
loss of the RHRS with the internals in place:

¢  The heatup rate of the coolant in the core
and upper plenum is not reflected in the
refueling cavity water temperature behavior
because the fow restrictions throegh the
npper support plate do not promote suilt-
ctent natural circulation between the core
and cavity regions

o Sigmficant voiding can occur in the upper
plenum and for those plants with limited
flow through the upper support plate, there
is & potential for core uncovery. Pressure
oscillations may also occur which, over an
extended period of time, suggest that the
integrity of the temporary RCS boundanes
could be challengea

¢ Plant-specific analyses should be conducted
to assess the impact of RCS venis to pre-
clode core uncovery for plants with low
leakage through the upper internals, For

Loss of RHRS Results

example, plant-specitic analyses could
show that vent paths in the pressarizer may
be suffient 1o prevent core uncovery fol-
lowing a loss of the RHRS during fleoding
of the refuel pool,

In view of these considerations, the following
recommendations are made:

*  For those plants incorporating upper sup-
port plates with limited flow leakage paths,
the upper support plate should be removed
(if possibie) as soon as the head has heen
resnoved

= U the support plate must reman i position
during filling of the refueling pool cavity,
then procedures should be in place to
quickly remove the plawe betore boiling in
the vessel would ocour

o During filling of the refucling cavity with
the plate in position, a means of measuring
the upper plenum or core exit coolant tem-
perature should also be available. Refueling
cavity pool temperature is not a good indica-
tion of the upper plenum and core tempera-
tures following a loss of the RHRS under
these conditions

e All possible steps should be taken (o prevent
botling with the vessel internals in place.
For exampie, both RHR systems could be
xept operable if the internals are " place

o Asdiscussed in Section 2.6, should botling
oceur for two hours or more, the addition of
borated water will keep the core covered
and cooled, however, the subseguent opera-
uon of the RHRS could cause an madvertent
precipitation of boric acid in the core and/or
RHR piping. Procedures for adding water to
the core during bailing should be consid-
ered. however, the prevention of the boric
acid precipitation also needs to be
addressed

NUREG/CR-5820



1f the steam generators cannot be used for
decay heat removal. the eventual bulk bothng of
the liquid in the core and subsequent injection of
Sorated water for core cooling will cause boric
acid 1o accumulate in the reactor vessel, A
methad 10 compute the buildup of bonc acid tol-
lowing an extended penod of boiling was devel-
oped where the time rate of change in bong acid
concentration in the reactor vessel can be
expressed as (see no: - clature for definition of
terms)

. W
5,’7(' = -, (1)

p‘-ﬂll.l

Solving Equation (1) given that the mitiel borg
ackl concentration in the vessel 1s C,,, the borc
acid concentration n the vessel at any time, 1. is

simply
Y
C(”=C|u *"""f""(‘ 12‘1

where the mixig volume, V., is taken ds the
volume of the lower plenum, core and upper ple-
num regions contaming liquid.

The steaming rate in the core establishes the
rate of accumulaton of boric acid in the vessel.
That ix. the rate at which borated water enters the
core {s equal to the core stearing or boil-oft raie
occurring from decay heat generaton. The accu-
mulated liquid at time, {, in the vessel in response
10 the core decay heal boiloff s defined as Wt in
Equation (2), and can also be expressed as

hy,

Wt = PJ Fitdt (3)
f
Figure 113 presents the boric acid concentra-
tion versus time following loss of the RHRS. The
RHRS was assumed to be fost one day following
shutdown while the mixing volume was based on
the liquid volume in lower plenum, core and

NUREG/CR-5820

storage tank, with a concentration of approsi-
mately 22,000 ppm.

It poiting is allowed t© persist for six hours of
more using the RWST as a source of injection,
anc ackd concentrations in excess of 6% could
result. In the event higher concentrate water s
used Tor core cooling, such as the much higher
boric acid content of the boiic acid storage tanks
(BAST, the rate of accumulation of boric acid
would be much more rapid than that illustrated in
Figure 113. The BASTs have water con-
centrations as much as [0 times that of the RWST,
and would theretore more rapidly increase the
boric acid content 1o the vessel. If the source of
injection is the RWST, Figure 113 shows that if
the RHRS is restored and decay heat removal 18
reestablished, the reduction i the RCS liguid
temperature 10 values below the precipitation
temperature wiil precipitate the boric acid i the
vesse! and piping of the shutdown cooling sys-
tem. Figure 113 also shows the precipitation tem-
perature versus the borie acid concentration
during the event and shows that if RCS tempera-
ture is reduced below 100°F (311 K) after about
six hours, precipitation could occur when the
source of injection water is a low concentrate
souree, such as that fon the RWST. In the event a
high concentrate source of water is used, such as
that of the BAST with concentrations of 22006
ppim and higher, precipitation conditions could be
achieved in lgss than two hours as noted in
Figure 114, Figure |14 shows that upon drainage
of the BAST. the ijection source is switched o
the RWST at about three hours. The lower boron
concentration ¢f the RWST results ma lower rate
of increase 10 boron concentration in the vessel
for the remamider of the event.

The results of these calculations indicate tha
following a los< of the RHRS, should boiling
the reactor vessel ¢ “ur < ver an extended period
of time, the reestablishment of the RHRS for
decay heat removal should not be attempted unt!
the boric acid concentration in the vessel is

= B o 2l s %
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I

:

2.6 Consequences of Borated upper plenum. only. Analyses were performed i
Wat m'on the UsIng two sources of injection; a low concentrate

3 -.f A S nied to source, such as the refueling water storage tank. |

Reactor Vessel (RWST) with 4 concentration of 2200 ppm and |

high Cconcentrate source, such as the bong acid :



reduced 10 levels below the precipitation temper-
ature corresponding to the desired operating tem-
perature of the shutdown cooling system.

These results further suggest that caution in
using a source of high concentrate boric acid for
core cooling should be exercised, because the
addition of a high concentrate source could imui-
ate a very early precipitation if botling cannot be
terminated. Also, should the injection water be
switched 1o a colder source, the addition of cold
water to the vessel after an extended boiling
period could reduce the vessel fluid temperature
and also cause an inadvertent precipaation,

Loss of RHRS Results

The buildup of boric acid following a loss of
the RHRS, when the reacior vessel internals have
been removed and the refuel pool above the ves-
sel has been flooded to normal refueling levels, is
not expected. While such concerns would be
applicable to those conditions where the refuel
pool is being filled with the vessel internals in
place, the potential for bone acid buildup and its
consequences suggest that operation at reduced
refuel pool levels should not be sustained for long
periods of time without conuingency or emer-
gency procedures 1o address a loss of the RHRS,
More importantly, in view of the poiential conse
quences, procedures and ewmdance should be put
in place that emphasize the prevention or guick
termination of boiling

NUREG/CR 5520
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Figure 28. Primary system pressure for Case 3.
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Figure 33. Hear transfer coefficients in the second volume of the steam generator primary tubes for Case 3
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3. ALTERNATE METHODOLOGY

This section presents @ briet description of the
alternate methods developed 10 assess the conse
quences of & loss of an RHRS even in PWRs
Section 3.1 describes the mode! while section 3.2
presents the results of the maodel predictions 1o 4
PWR.

3.1 Model Description

Appendix A presents a description of the alter-
nate methodology based on the work of Refer-
ence 3, which was used 10 perform the
preliminary assessments of the consequences of
loss of the RHRS, In this model. given in Fig-
ure Al of Appendix A, a mass and energy bal-
anice 1s perforined on the primary system that is
represented with two cegions; o lower higuid
repion that can be either sube~oled or saturated
(region 1), and an upper regior cotaining a non
condensible gas (regic 2 .. oncondensible
pus consists of air that iy treated as an ideal gas. In
the development of this model, steam produced
by boiling s assumed 10 act 4s & piston to com-
press the upper air tegion. The justification for
this piston nodel-—as opposed to a model that
assumes tnal stecm mixes with the upper air
region——is provided in Section A-2 of Appen-
dix A entitled. “Comparisons of the Methodol-
ogy to Experimental Data.”

The methodology cansists of a computation of
the mass, enesgy, and pressure for die sicam-uair-
liquid fluid composition in the RCS with the
overall depressunzation rote given |

where My and M3, V,oand Vi, are the masses and
volumes in the lower and upper regions respec-
tvely. The nomenclature section should be oon-
sulted for the remaining defimtion of the terms i
Fyuation (4)

The rate of heat transfer from the primary
steam 1o the secondary system, represented as Q)
in Enquation (4), can be calculated from

} § zn"bl
Q, = UALT, - R (8)
whete
O i6)
A
f\,,lmJ)

d o & s 5ot
. v ", . Ik AN

Thus, once the air volume in the RCS has been
compressed 10 @ value less than thal of the steam
generator aciive tube volume, primary stear con-
densation is computed using Equation (5). The
heat rate between the primary wir and secondary
system, Qo was caleulated v a ssmilar manner
except hy s replaced by the constant coefficient
of 5.0 B/ -"F (088 Wim? 'C) and 2o 18
ceplaced by the quaniity (L-Z cona).

[ & & R
h,lw.- Su‘h‘+Ql Fhi—"|.;‘..."‘
et v iw
-‘%P - - e 7 .
av, o, . 1 /
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3.2 PWR System Response
Using t*'e Steam
Generators as an Alternate
Means of Decay Heat
Removal

Toupply the preceding methodalogy 1o 4 PWR,
the generic Combustion Engineering 2700
MWt Class plant was used with the natial
conditions described in Table |

It is noted that use of the decay heat w1 24 hours
is considered an upper it Mid-loop operation
would nof be expected 10 be initated any carlies
thiets 4% hours following shutdown. Furthermuore,
as previously discussed, the peak RCS pressure
achieved following a loss of the RHRS is rela
tively insensitive to the decay heat power level,
Decay power aftects the timing of the peak RCS
pressure while the lower docuy heat power levels
deluy the imtiation of boiling and hence simpiy
delay the time the peak pressure 1s achieved.

A i aquisite for the success of heat remoy i
through the stean generators is that a secondary
venl path be ppened 10 mamtam the secondary
nresaare newr 14.7 psia (0,101 MPa) onee second-
ary boiling occurs. The implication of this
assumpnion is that there is o need for o vent path (o
maintain 4 low secondary pressure and tempers:
ture shoald boiling mitiate. Also, after the imtia
tion of boiling auxiliary feedwater was also
assumed to be added 1o the secondary side at the
secondary boiling rate 1o prevent exposure of the
steam generator tubes and loss of the heat sink.

Figures 115 and 116 present the results of the
anglyses using the RELAPS/MODS model dis-
cussed in Section 2. Figure 115 presents the
RCS liquid temperature and total pressuce, and
secondary liquid temperature and pressure. Fig-
ure 115 shows that once the alr volume, shown in
Figure 116, has been sutficiently compressed to
allow steam 1o enter the primary steam generator
tubes, the secondary higand begins heating up al
about 2000 seconds Tollowing o foss of the
RHRS. The secondary ligaid temperature reaches
saturation at about 3000 seconds (see Fig-

143

Orher Methods

ure 1160, and remains o sqtoiation while the sec-
ondary pressure 1s maintained it atmospheric
conditions due 10 the open secondary venl paths
Withaul this secondary veni path, onve the sec
ondary ligutd reached saturanon, the sevondary
fempersiure would continue 10 ing i se as botling
would then begin to pressunize the secondary
side. Fagure 116 shows that when boiling of the
RCS Higuid begins at about 1700 seconds. the
mereasing steam volame corpresses the alr vol
ume anti) sufficient condensing surface s avals
able 1o gllow condensation 1o hegin in the steam
pencratr active tubes. Onoe approvimetely 4 Mt
(1.2 m) of steam generaton pritnary tube length is
eaposed for condensation, the primary pressore
stubilizes @ about 45 pa (031 MPa).

A comparison of the RCS pressure response for
the HBR -2 plant using this allemate method and
the RELAPS/MOD3 code 1s given i Figure 117
The clos~ agrecment between Lo methods vro-
vides an alternate check of the RELAPS/MODA
results.

The Reterence 3 study also investigated the
impact of changes in primary condensation heat
transfor cocfticient m the sigam generalor active
tube region, The result of this study are shown in
Figure 158 ond show that the primary peak pres.
sure s also insensitive o candensation coeffi
clents in the range of 150 to 1000 Bio/hrf12-2F
.4 10 176.1 Wim K, This insenstlivity is due
1 the fact that the bulk of the RCS pressurization
15 aitnbutable 1o the need to compress the air 1o a
valume less than that of the steam generstor active
tube region. The additong! changes in air volume
i the entranoe 1o the active steam generatorn tube
region o accommaodate changes in condeénsation
coeficient have a small impact on RCS pressure

1t is importani 1o note that the resulis of these
analyses are amited to mid-loop opertion with
RTS Lgpuid levels nicar and below the centerline
elevation of the bot leg. As noted in Reference 4,
under these conditions the indtiation of boiling in
the RCS is not expecied 1o canse the swell of hig-
wid and twa-phase flad o the sicam generato, s
active tube regions that could then block the
establishment of w condensing surface. This
imphies that if the loss of the RHRS occurs with

NUREG/CR-S820
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Other Methods

liguid tevels sbove the top elevation of the hot
leg. the swell of hiquid into the sicam generuton
with atr trapped above could impede the two-
phase flow in this region causing RCS pressures
to mcrease well above that caleulated herein for
the lower inttial water leve! With the swell of iy
uidd inta the steam generators, the condensation of
pure steam with the vondensate ¢xiting counter
current 1o the steam is no longer apphicable. In

this condition, the Tiguid-air content in the steam
generators could ipede the establishment of
twi-phase natural circulation causing pressures 1o
increase well above the 40 10 45 paia (0.2K to
031 MPa) pressure range compited for mid-loop
operation described i this section, As noted in
Section 2, the RELAPS/MODS saulvsis with
higher inttdal hgaid levels resulted in peak
pressure - of approximately 98 psia (0.66 MPa,
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As pant of the evaivanen of plant response o a
loss of RHRS event, experimental test data
regarding the heat transter charactenstiys of o
steatn- @it mixture inoan invened LUaube were
reviewed. These data include the information
contiined n Refetences S through 8 and include
the Tollowing

o EPRI single tube test duta investigating con
densation of steam in the presence of air in
an invened Uaube *

o PKL data simulating the loss of RHR {ol-
lowing mid-loap operation with a noncody
densible gas above the RCS liguid level!

o  Semiscale natural circulation 1ests when
noncondensible gases are injected into the
primary system.’

¢ The Kraftwerk Union (KWL expeniments!
investigation of condensation in an mverted
Uube durng the injection of noncondens-
ible gases at the entrance 10 a Ustube steam
generator ™

The EPRI and PKL tests were based on lov-
pressure conditions. Pressures wear atmospheric
conditions were used for the EPRI esis while
pressures of 960 psia (062 MPa) were achicsed

4. REVIEW OF TEST DATA

during the PKL wests, The KWL tests were per-
formed al pressures near TOOC paia (6.89 MPa)
under refluy bothing condinons, The importance
ol these data is that they all support the pision
midel characterization of the RCS fluid follow
ing the witiation of boiling i a system containihg
art of other noncondensible gases. That iy, once
bodling inituies the Slearm acts 1o cotmpress the s
into the high points of the system, Thise data also
demonstrated that ence the nongondensible gas is
votnperessed sufficiently o allow & condensing
surface 1o develop m the sicam generator tubes,
the steam generatorn would contain two regions’
(i) an active region or @ small region at the
entrance of the steam generator tubes that con.
tained pure steam and where the vondensation
occurted, and (b) a passive region in the remain-
der of the steam generaioy that contained the non-
condensible gas and where no condensation took
place. In all cases, an active region devetoped
which contained the bulk of the condensation and
also controlled the peak pressure achieved during
the tests. Bused on these test data, the piston
madel developed as part of the altertate methods
of Reference § was chosen o characterize RCS
el behavior tallowing a loss of the RHR ),

As noted 0 Section 1, the RELAPS/MODA
results of the roflux boiling cases also displayed
this piston steam-noacondensible gas behavior,
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5. CONCLUSIONS

Analyses of the consequences of the loss of the
RHRS foi PWRs with U-tube and onge -through
steam generator designs has been completed using
the RELAPS/MODA code, The analyses of the
loss of the RHRS event included the following.

¢ Use ol a steam generator o mitigate the
vonsequences o 4 loss of the RHRS follow
ing mid-loop operation {or plants atilizing
U-tube ar once-through steam generators
designs

¢ Consequences of failure of a hat leg nozzle
dam during reflux boiling following mid-
loop operation

e Conseguences of a fatlure of all of the tem-
porary thimhle seals during ref'ux botling
from mid-loop operation

¢ Consequences of loss of the RHRS (rom
mid-Joop operation with an S line open to
the containment

o Consequences of a Joss of the RHRS during
refilling of the refueling pool cavity and the
reactor vessel internals in place

e Conseguences of long-term horated water
addition 1o the vessel 1ollowing a loss of
RHRS during boiling in the RCS and when
the steam generators are unavailable tor
decay heat removal.

Based on RELAPS/MOD3 analyses of the
above events, the following conclusions are
made:

®  Inthe event there are no ROS temporary
boundaries in use and the RCS is closed. the
steam generators could be used as an alter-
nate means of heat removal in the event the
RHRS fails during reduced inventory
conditions.

¢ Peuk RCS pressute is insensitive 10 the time
of loss of RHRS baser « nthe results from the
U-tabe steam generalor analyses for one and
seven days after siuidown. Resulting peak

NUREG/CR- 5820

RCS pressures near the design limit of the
nozzle dams suggest that @ better under
standing of nozele dam and all other tempo-
rary RCS boundzry fadlures is needed before
the steam gencrators can be used succoss.
fully as an alternate means of decay heat
removal, Peak pressures for plants with
once through designs were caloulated 1o be
i the range S01060 psin (0 34 w0.4] MPa),

For p ants with U-tube steatn generator
designs, peak RCS pressures are sensitive to
the initial RCS wmer level where levels
ibove the top elevation of the hot leg result
In_ pressutes  approaching 985 psia
(.66 MPa), well above the design condi-
tions tor temporary boundanes in the ROS
during refueling operations.

While peak pressures can approach the
design pressure of the nozzle dams duning
reflux hauling, the resulting os¢illstory RCS
pressure behavior could mitiate eventual
loss of nozzle dam ntegrity. The pressure
forces on the nozzle dams may be insuff)

cient to cause immediate failure, however,
the possible accumulated movement of the
dams subjected 1o an oscillatory pressure
may, with time, result in failure. Peak pres.
sure glone therefore may be msufficient 1o
Judge success of steam generator reflux
bailing to mitigate the consequences of the
loss af the PHKS.

The consequences of 4 hot leg nozzle dam
failure with o steam generator manway
removed shows there is fittle time 1o imtiate
the irjection of water into the RCS to keep
the care caoled. With the RHRS lost one
day foellowing shutdown, Core uncovery
ensues withie 18§ minutes following failure
of the nozzle dam while uncovery oceurs
within one hour of nozzle dam failure if the
RHRS is hast seven davs afier shutdown,

Following a loss of the RHRS at one day
following shimdowa, a bounding analysis of
the failure of w.! of the emporary thimhle
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seals resulted in core uncovery i approxi-
mately 15 minutes following apeniag of the
break. This result was based on &n arbi-
tearily assumed failure pressure of 35 psia
0 %4 MPa), which was achieved about
1.3 hours following loss of the RHRS.

The loss of the RHRS at one day with an
open 81 line 1o the containment resulted in
core uncovery in about oue hour. Fluid
expultsion inte the vontainment occurred at
about 30 to 45 minutes following minaton
of the event.

The analysis of the foss of the RHRS with the
reactor vessel internals i place suggest ihat,
Without ftervention of recovery. a partial
uncovery of the cofe may occur for those
Westinghouse -designed plants where the
upper support plate flow holes have been
sealed. With the vessel internals in place, the
restricted flow through the apper support
plate inhibits commurcation of the refuel-
ing pool cavity water sath the vessel upper
plenum and core regions, which could result
in the Tong-term uncovery ol the top of the
core in the event boiling vecurs, While only
the top portion of the care is uncovered very
late in the event, the potential for core uncoy-
ery strongly supports the need for procedures
and alternate strategies 1o prevent boiling
under these circumstances.

Analyses of the Joss of the RHRS with the
reactor vessel internals in place for those
Westinghouse plants with the restricied flow
through the upper support plate also demon-
strated that the refueling pool cavity water
temperature is nol a good idication of the
femperature in the core. Recause the vessel
coolant cannot readily circulate with the
pool water above, pou: cavily wales lemper-
ature should not be used 1o infer time to
boiling in the vessel.

Should boiling in the RCS occur, the addi-
tion of borated water into the reactor vessel

Conclusions

0 prevent core uncovery could vesult in the
precipitation of the boric acd m the RHRS
lines preventing s further use tor decay
heat removal. Precipitaion tollowing the
restaration of the RHRS after four or more
hours of hoailing could aceur when the
refueling water storage tank is used as o
source of conting, while precipitation as
carly as two howurs into the event could ocour
if a hagh comeentrated source of water is
used such as the bore acid stotage tank,

From the analyses presented in this ceport, it s
importanl o pote that becavse the system
response to o loss of RHRS evey and the ava'’
abality of equipmient 1o deal vath the many conse-
guences are highly plant depended, analyses
should be conducted on a plant-specific basis to
propetly esaluate the etfectiveness of the pro-
posed strategie. and construgl procedures to
effectively dedl wiuh o loss of RHRS event, The
analyses contained in this report should therelore
he uscd only as guidance 10 identity those areas
where further, more detailed, plam-specific anal-
yses are needed to guantify the magmiude and
timing of the key behaviors atfecting a loss of the
RHRS event.

Based on the analyses of the loss of RHRS
events, the conseguences of such an accident sug-
gest that the use of the steam generators as an
alternate means of decay heat removal, from mad-
loop operation, may not be assured when tempo-
rary RCS boundaries are installed. In the unhikely
event batling eccurs, the addition of borated
watter to the RCS can casily preciude the short-
lerm potential for core uncovery, however the
injection of borated water for extended periods of
bothing presents @ mechanism that could compro-
mise decay heat removal and core coolability dur-
ing the long term. More amportantly, these
analyses strongly suggest that specific procedures
and strytegies, in addition 1o careful antention 10
1 mstrumentation necded 1o monitor the acci-
dent progression. are needed 1o successfully deal
with the range ol potential conseguences
associated with a loss of the RHRS event,
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Appendix A

An Aliernate Methodology for Performing
Loss of the RHRS Analyses

A-1. DESCRIPTION

This Appendix presenis o desoniption of the
alternute methodotogy . -d w perf mm the prelim-
inary assessments of ihe consaguer ces of g loss of
the RHRS and 1o also eheel none of the
RELAPS/MOD results, To assess RCS and sec-
ondary behavior following o losof the RHRS, the
methods of Reference 3 were smployed. 1n this
model, Gie primary system is fep, ssented with two
regions; a lower higuid region that can be either
subcosled of saturated {region 1), and an upper
region contuining a noncondensible gus (tegion 2)
The noncondensible gus consists of air, which 1
treated oy an adeal gas. In the develuapment of this

model. steam produced by bodmg s sssumed
act g o piston 1o comipress the upper air region
Phe justificaton for this prston model, a8 opposed
10 @ aniode] Tt asvurnes Ehe steurm i sves with th
upper aif region. is provided in Secnon A2

Figure A-1 depicts the primaury systeém with
subcooled higuid bBelow an upper air region 1o
simulate moa-loop condiions. The methodology
consists of @ computaion of the mass; engrgy, and
pressure wor the steant-ant bguid flad compos)
tons in the RCS. To denve the time rate of change
af pressure for the RCS with a steam-aie-tiguid
composition, the two-region model depucted
Figure A-2 1w used

REeactor coplant Systen

G >

Stean GCenerator

Region a: Alr T

Heat Transfer

Region 1: Steam/Liguid

BEegion 1, Stean

Cors Pecay .
Heat |

) ~Syaten Boll-oll
o e W andfor o~ |
. Flashing > |
|
i ..‘ﬁ i

o o N

O

Régionh 1, Tvo~ghazge

| RS ———————————_ T A

F‘_ﬂﬂf. AL Reactor coalant sysian twosregion model

=
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For the lower region contuining liguid or o
steam-liguid mixtyre, from centinuity Cen the
nomenclatuee for definition of terms)

L3
5w
et

(A3

The energy equation for this lower region | is

ﬁ N i*d“t*@l”’

- Using the definition of specific volume where

1,9,
’ o (A-2)

(A1)

S.Gen. S.Gen
Coid Sides Hot Sides
R. V. Hesd
beelold Legs annee HOt LGS
Joper Plenum }
Ann V
Core
[ Lower Plenum

L—_—JL——-—...___.

Cold Side of RCS
Figure A-2. Primary systeni representation for determuning the Hiquid distribution i the RCS.

Hot Side of RCS

Vo= ath P (A3

and teking the derivative of Equation (A-3), the
time rate of change in yolume of region 1 1s

Ly wy i o s
P Bl ki, dr ‘T%

(A-3)

The specitic enthalpy of region | can be
expressed as

Uy = Mh - :'im"j {A-6)

From the derivative of Equation (A-6) and from
Equadon (A-2), the time rite of change of the
region | enthalpy can be expressed s

Dt el i e - ek T el T s e T e s T T e

L e



I'.l + %‘I%) (A7)

Exquations (A-%) and (A-7) define the time rate of
change of volume and enthalpy for the lower
tegon |

For the upper region 2 contuming the sir, the con
Unuity equation is

~I
dy - N iA8
JIM' oW (AN

UER |

The energy equation for the ir 18 given by

A )

Ay, = S - 122

‘h‘}} d;-il“n("?" + (',: jf’ df (A*))
-

The imternal enetgy for an ideal gas cah be written

Y 4

s
Uy = MyCyly = }Mz“'l: (A-10)
where for an ideal gas
PY; = MRT, (A1)
&‘ ] . i
h| _}‘ L (E“‘h’ + Q.) m‘_t =
k=1 k=
4 i" -

T

Appendin A

Tuking the dervanive of the Eguation (A« 10) aid
using Equaton (A-9), the time rate of change o
wir temperature m region 2 hecomes

My, Ly dP A2
ol gl dl
2 = ilt 7 < di L w

From the detivative the Equation A<11 Cor an
idoal gax, the time rate of change in volume

becomaes
Ly, « 3 Yty | - df
dt'1 T M, @ T T, MGRT,
{A 1D
From the definition «f total volume
Vi= V4 ¥, (A 14)

The derivanive of the totial volame, which is
constunt, is therefore

d L dy
Al Pl (A-35)

Using Equations (A-S), (A-7) (A 12), (A13),
and (A-15), the time rate of change n pressure for
the RCS can be expressed as

A

¥, Su1“
b=

ricet

£)

LYy L MM,
(C7T, M

Y R e (4)

A-5
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Appendix A

It thas dertvation, the chunges i mass defined
by Eguations (A=) and (A-%) are zoro because
there 1s 1o flow of MTuid o of ol of regions |
and 2. Likewise, the encrgy convection terms
defined as wyhy for the lower region, and w1,
for the upper air region, and which appeat
thropghout the above farmulation, also have a
gero vialue. These terms wre imcluded in ke
¢ rivaton fot completeness,

Once boiling begins, the RCS steamt disiih
tiim in the twosphase region (s computed dsing 4
drifi-Nux formulition where the steam telonse
rale 15 computed ased on the voud fraction ur the
two: phase surface. The core veud distribution
wlso power shape dependent and ix based on the
methods described in Reference 3. Althoagh not
perunent ta the caloulations presented in this
Appendix, this level swell modelimg apptoach
was reguired Tor those scenanios where core
uncovery was culeulated to ogeur. Onee (he
masses, energies, and pressure are determined
fram the methods deseribed above, the Higud
mass is distribuied between the hot and cold sides
of the RUS. us depicted in Figure A2, by hydro
statically balunciog the lguid level on the cold
side with the steam-biquid misiure on the hot side
of the system, A variable area versus height geo
metric model of the Yot and cold sides of the RCS
s used 1o determine the Tinal bguid and 1w
phase mixture heights in the RCS,

As the lower liguid region heats up fotlowing 4
loss of the RHRS, the expunding Tguid reygwon
slowly compresses the upper atr regian, Upon
bowding, the steam turther compresses the i unul
the volume of the air = decressed (o thin neves-
sary for steam 10 enter the primary tubes of die
steam generators. A condensation height s then
compuated with the condensation coetthicient on
the primiary side of the stean generator based on
Nusselt faliiog filin theory

The secondary sides of the steam generators
were modeled with i lower Liquid region, contain-
ing either subcooled or smurated hquid, and an
upper steam region that could be saurated o
superheated. The fuld levels on the shell and tube
sides of the secondary are also balanced hydro

NUREG/CR-5%20

At

statically for the purpose of determining the
proper distribution of hguid and teeo-phase n o
rviener sinlar 1o that used i compating the piri
wiary fluid distribution discussed above. A v
able area contral volumg desctiption s also used
fo the secondary sides of the stedm genetatars
Heat transfer frou both the primary steam amd
primary air 1o the secondary was also included
The secondury salery relief and wmospheric
durnp valves nre idso modelod with provistons for
alaer addding ausiliney feedwater to the secondary.
An approach simitis 1o that for the pnmary syy-
tem described shove, withoul the air component.
Wi e 10 compute the change im nikss, snergy,
and pressure on the steun generator secondary

sl

A-2. COMPARISONS OF THE
METHODOLOGY TO
EXPERIMENTAL DATA

Eaperimental data on the condensation of
stéam in g siegle mverted Uaube, surrounded
with & euoling water jacket, are presented in Red-
erence S The test apparatus is shown in Fig-
e A The test section consists of o badler,
riser, Usbend, and the dewnside portion of the
tabe. Coolant 15 injected into the cooling jacket 1o
simulaie the secondary system. The boiler is par-
tally filied with liguid and contains heating ele-
ments w produce stean: fo1 ihe riser portion of the
Ul-qube. Te establish the initial conditians tor vach
Lest, the system was evacuated and alr injected
T e st section Trom @ reservoir connected 1o
the 1o af the boller. Ongce the desired air conten
wits achieved, the injection of air wirs Werminated
and the sl was then initiated . Power wis sup-
phed to the boitler and the produchion of steam
pressurized the system until the air was com-
pressed sufficiontly 1o allow steam (o enter the
hottom of the Ustube. Figures A-4 and A-S pres-
et the comparison ot the results using the above
two-region methodology with Test 214 and dem-
onsrates the ability of the madel (o adequately
prechict the test results. Note tint the rise in seq-
ondary outlel temperature, marking the onset of
prmary stoam condmsation, occurted when the
wir volume was compressed 1o a vadoe Jess than
that af the volume of the U-tabe region. Although
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}

Pyrex Tube

the calculated results show the primary sicam
condensation and secondary heatup to mitiate
carlier than ihe data, the data and calovlated
response suggest that the steam acts as a pivion,
compressing the air into the upper porion of the
test section and provides a basis for the methodol-

e

ogy described above. Alsa nole

Appendin A

that the oscilla

tions 10 secondary outlel temperature depicted in
Frgute A-S, result from the cyelical buddig and

Clearing of Liguid in the tiser
condedsaing tube, but are of no sl

- partion of the

prnficance to thy

prediction of the primary pressare for this test.
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Figure A-3. Schematic of test appifratus
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