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VENTING OF NONCONDENSIBLE GAS
FROM THE UPPER HEAD OF
A B&W REACTOR VESSEL USING
HOT LEG U-BEND VENT VALVES

INTRODUCTION

The Nuclear Regulatory Commission (NRC) re-
quires that Babcock & Wilcox (B&W) plant licensees
install remotely operated vents on the reactor vessel
head for the removal of noncondensible gases. | Non
condensible gases i the primary system following a
severe core damage accident might delay or retard
natural circulation and inhibit core cooling during
natural circulation.

Three B&W plants (Davis-Besse, Rancho Seco, and
Crystal River) have temporary exemptions to the reac-
tor vessel upper head vent requirement. These licensees
contend that gases in the reactor vessel head can be
discharged through the high point vent valves (HPVVs)
without losing natural circulation or substantially delay-
ing the time required to achieve natural circulation
conditions

This report provides confirmatory data regarding the
licensees’ proposals. The results may be utilized in the
NRC staff review of requests for a permanent exemp-
tion to the head vent requirement.

Thermal-hydraulic analyses were performed using
the RELAPS/MOD22 advanced reactor transient
analysis computer code. An existing RELAPS/MOD2
model of a lowered-loop plant was used to develop a
raised-loop model of a B&W plant. Hot leg U-bend

vent valves were added to both plant models. A vent
line connecting the reactor vessel upper head to the
Loop B steam generator inlet plenum was added to the
raised-loop model.

Two simulations were performed using the raised-
loop model, one with and one without a vent line con-
necting the reactor vessel upper head to the Loop B
steam generator inlet plenum. Both analyses inves-
tigated plant refill behavior with the vessel initially
filled to the vessel nozzles. The times required to refill
the primary coolant system were evaluated.

Noncondensible gas removal using the hot leg
U-bend vent valves was evaluated with the lowered-
loop model. With the exception of the reactor vessel
upper head, the primary system was liquid full. The
vessel upper head was filled with a noncondensible gas
(H2), and natural circulation existed prior to the start
of the calculation.

The following sections provide (a) background in-
formation regarding the installation of reactor vessel
uppe; head vent valves, (b) a description of the
RELAPS/MOD2 models used in the three calculations
and summaries of the initial and boundary conditions,
(¢) relevant parameter responses, and (d) summaries
of the conclusions derived from the analyses.
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connected to the tops of the hot legs to represent the
actual plant configuration,

Heat structures representing the fuel rods, steam
generator tube bundles, pressurizer heaters. and the
piping and component walls were included in both
models.

Secondary System

Figures 5 and 6 show the RELAPS/MOD2 models
of the A and B steam generator secondary systems.
Only the emergency feedwater sources and headers
were modeled for the feedwater sources. The main
feedwater system is normally valved out during the
period of transient recovery studied in this
investigation,

The steam generator models consisted of the
following:

e An annular downcomer,

* An adjustable onfice plate at the bottom of the
downcomer,

® The heat exchange region,

e The aspirator ports between the heat exchange
region and the downcomer,

e The steam outlet annulus,

* A junction connecting the emergency feedwater
header to the top of the heat exchange region,

¢ The man steam lines, and

A turbine bypass valve.

The main steam lines were modeled using three
volumes to represent each steam line. A single valve
on each line represented the turbine bypass valve, This
analysis did not require either the safety relief valves
or the turbine governor/stop valves.

Control Systems

Control systems were modeied to regulate primary
system pressure, beat removal, inventory, and steam
generator levels. This section briefly describes these
control systems.

Primary System Pressure Control

In the raised-loop calculations, the primary system
was initally depressurized to 6.9 MPa (1000 psia)
using the pressurizer PORV. The PORV then main-
tained the primary system near this pressure.

HPI operated continuously at its maximum flow rate
in the raised-loop calculations to simulate primary

system refill. HPI throttling was not modeled, although
typical operator procedures include requirements to
maintain the primary system pressure and temperature
within recommended limits. This was dore so that
operator procedures would not mask comparisons be-
tween the two raised-loop calculations. The total HPI
capacity was 0.031 m3/s (1.1 ft3/5) at a backpressure
of 0.17 MPa (25 psi).

In the lowered-loop calculation, the priinary system
pressure was to be reduced at a constant rate of
0.002 MPa/s (0.32 psi/s) using the pressurizer PORV
and heaters. The PORV opened when the pressure in
the pressunzer exceeded the desired pressure and the
subcooling in the hot legs was more than 55.6 K
(100°F). The PORV remained open until the subcool-
ing in the hot legs decreased to 14 K (25°F) or the
pressure decreased below the desired value. The PORV
open/close time was 2 s.

The pressurizer heaters assisted in pressure recovery
when the hot leg temperature became less than 14 K
(25 °F) subcooled or when the primary system pressure
was below the desired value. The heaters remained on
until the subcooling in the hot legs reached 55.6 K
(100°F). The heaters were turned off if the pressurizer
level decreased below 2.6 m (8.7 ft). The total heater
capacity was 1.68 MW,

In the lowered-loop calculation, HPI assisted in
recovery of subcooling in the hot and cold legs and
in recovery of pressurizer level. HPI was initiated when
the minimum subcooling in either loop was less than
27 8 K (S0°F) or the pressurizer level was less than
50%. The HPI remained on until the minimur sub-
cooling reached 55.6 K (100°F) and the level exceeded
S0% As in the raised-loop calculations, HPI flow was
not throttled. The total HPI capacity was 0.068 m3/s
(2.4 ftd/s) for atmospheric conditions.

Secondary System Pressure Control

The turbine bypass valves depressurized the second-
ary sysiem pressure to 1.05 MPa (150 psia) at the start
of the ra sed-loop calculatiors. The rapid depressuriza-
tion simalated operator actions performed to increase
the potential for natural circulation,

The turbine bypass valves depressurized the second-
ary system 0.001 MPa/s (0.16 psi/s) in the lowered-
loop calculation. This corresponded to approximately
0.015 K/s (0.028°F/s). A linear depressurization rate
was used, because the error in the rate of temperature
decrease was insignificant for this analysis.

Steam Generator Level Control!

Steam generator levels were maintained at 95%
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initial and Boundary Conditions

Table 1. Initial and boundary condi*ions for the raised loop calculations




Table 2. Initial and boundary conditions for the lowered-loop calculations

Parameter Value

Primary system

Power, MW 28.3
Hot leg temperature, K (°F) 554.0 ( 537.6)
Cold leg temperature, K (°F) 555.9 ( 541.0)
Pressure, MPa (psia) 16.8 (2432.8)
Mass flow rate, kg/s (Ibm/s) 239.5 ( 528.0) Loop A
222.3 ( 490.0) Loop B
Volume of hydrogen, m3 (ft3) 13.4 ( 472.0)
Mass of hydrogen, kg (Ibm) 87.4 ( 192.7)
Secondary system
Pressure, MPa (psia) 6.5 ( 945.0)
Temperature, K (°F) 554.3 ( 538.0)
5G operating level, m (in.) 6.9 ( 272.0)
LFW mass flow rate, kg/s (Ibm/s) 29.0 ( 65.0)
( 91.0)

EFW temperature, X (°F) 305.9




DISCUSSION OF ANALYSES

The following sections describe the results of the
raised-loop and lowered-loop analyses

Results of Raised-Loop Analysis

The refill calculations were initiated by opening the
pressurizer PORV. This depressurized the primary
system t0 6.9 MPa (1000 psia), thereby ensuring HPI
flow for primary system refill. The PORV opened
whenever the system pressure exceeded 6.9 MPa
(1000 psia; . The HPVVs were also opened at the start
of the calculations, and the steam generator secondary
systems were depressurized to 1.05 MPa (150 psia) by
opening the turbine bypass valves. The HPI system
operated at its maximum possible flow rate during the
calculation. The reactor coolant and charging pumps
were assumed to be inoperative 4

The refill analysis determined the effect of a RVHVL
on the rate of primary system refill. Consequently, the
HPI was not throttled to control the vessel downcomer
fluid temperature within typical recommended pres-
sure/temperature limits,

The analysis indicates it is possible to refill the
primary system using HPI to the point where natural
circulation can be established. The analysis also in-
dicates it is possible to vent the bulk of the hydrogen
trapped in the primary system through the HPVVs.
Table 3 summarizes the refill times for each calcula-
tion. The Loop B U-bend was filled on both sides
(bridged) 520 s carlier in the WORVHVL case than
in the WRVHVL case. The bridging of the Loop B
U-bend signified the final stage of primary system

refilling in each calculation. Bridging of the loop
U-bends is a necessary condition for establishing
natural circulation

The calculated noncondensiole mass inventory
responses are shown in Figure 7 for the WRVHVL and
WORVHVL cases. Approximately 85 and 90% of the
noncondensible inventory was removed by the HPVVs
in the WORVHVL and WRVHVL calculations,
respectively. The noncondensible removal rates were
similar during the first 3000 s of the calculations. Non-
condensible gas trapped in the reactor vessel upper
head in the WORVHVL calculation caused the dif-
ference in responses after 3000 s.

The pressurizer PORV was open for substantial
periods in both calculations and was the main pathway
by which liquid escaped from the primary system. The
pressurizer refilled during the first 400 s, which
removed the noncondensible gas that was originally in
the pressurizer. The noncondensible gas in the Loop A
hot leg was above the elevation . /here the pressurizer
surge line connected to the hot leg of Loop A. Conse-
quently, the noncondensible gas in the loops and reac-
tor vessel was removed from the primary system
through the HPVVs,

Figure 8 compares the collapsed liquid levels in the
vessel vpper head. The vessel upper head began re-
filling at 650 and 1457 s in the WRVHVL and
WORVHVL cases, respectively. In the WRVHVL
case, a significant amount of the steam/hydrogen buh-
ble was displaced from the upper head via the RVHVL
to Loop B. A period of rapid vapor condensation in
the WRVHVL calculaiion caused a relatively rapid

Table 3. Summary of raised-loop refilling times

Time With RVHVL Time Without RVHVL
Event (s) (s)

Calculation initiated, 0 0
PORV opened, HPVVs opened,
HPI started
Loop A filled to U-bend, 1920/2297 2210/2574

up side/down side
Loop B filled to U-bend, 3235/3464 2398/2943

up side/down side
End of calculation 3900 3300
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Figure 13 System pressures for the WRVHVL and WORVHVL cases

region proved to be the principal region dominating
pressure increases in both simulations. Pressure in-
creases occurred after a significant fraction of the steam
wis condensed out of the bubble mixture . Near the end
of the simulations, the pressures had reached maximum
values of 9.6 MPa (1390 psia) before turning over.

Figure 14 presents the calculated HPVV mass flow
rates for the WRVHVL and WORVHVL cases The
HPVVs are located at the top of the hot leg U-bends.
The mass flow rates increased when the U-bend regions
became two-phase. These transitions occurred in
Looy A 4t 2200 s and 2485 s and in Loop B at 3424 5
and 2951 s for the WRVHVL and WORVHVL
calculations. The RELAPS/MOD?2 critical flow prob-
lem briefly described in Section 3 caused the increased
Loop B HPVV flow rates and an attendant pressure
decrease at 3124 and 3661 s. These flow transitions
occurred afier Loop B was refilled and consequently
did not affect the results of the refill analyses. The
Loop A HPVV flows did not behave similarly, because
the HPVV modeling was changed prior to the transi-
tion from single-phace vapor flows to two-phase
conditions.

Results of
Lowered-Loop Analysis
Noncondensible gas removal from the upper head

of a reactor vessel following recovery of natural cir-
culation was analyzed using the results of a RELAPS/
MOD?2 calculation. The analysis simulated operation
of HPVVs and selected operating procedures. The
operating procedures used the HPI system, the pres-
surizer PORY . and the pressurizer heaters. The tur-
bine bypass valves controlled the secondary system
pressure. mergency feedwater controlled the steam
generator levels.

Figure 15 shows the HPVV flow rate responses. The
HPVVs are located at the top of the hot leg U-bends.
The rated flow through the HPVVs was 1 3 kg's
(3 Ibm/s) single-phase vapor at 15.65 MPa
(2270 psia). This correspends to 10% of the pres-
surizer PORV capacity. The initial flow rates were
higher than the rated flow, because the flow was liquid
instead of vapor.

The HPVV flow rates were generally less than
6.8 kg/s (15 Ibm/s). Errors in extrapolating water
properties from the upstream volume to the HPVV
junction caused the flow spikes before 1000 s. These
flow spikes did not affect the analysis, because non-
condensible gas was not removed during this period.
The HPVYV flow responses became smoother after the
U-bends became two-phase at 1000 s.

Figure 16 shows the hot leg U-bend void fraction
responses. Continued primary system depressurization
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Figure 16. Lowered-loop hot leg U-bend void fractions.

expanded the noncondensible bubble in the vessel up-
per head down to the vessel outlet, as shown in
Figure 17. Natural circulation moved part of the bub-
ble into the hot legs. which caused the rapid void frac-
tion ncreases at 1000, 1400 and 1620 s,

Figure 1¥ shows the hot leg U-bend mass flow rate
responses. The movement of the noncondensible bub-
ble from the reactor vessel to the U-bends caused the
flow increases at 1000, 1400 and 1620 s. The buoyancy
of the bubbie pushed the water in the hot legs up to
«he U-bendds. The bubble vose 10 the top Of the U-beads
and temporarily stopped natural circulauvon. Without
natural circulation, additional noncondensible gas could
not be removed from the vessel. The bubble in the top
of the U-bends was subsequently removed by the
HPVV. The deasity head in the steam generator tube
bundies and the removal of the U-bend bubbles caused
the resumption of natural circulation.

Figure 19 shows the desired primary system pressure
comtrol used in the RELAPS/MOD2 model and the
calculated primary system pressure response. The
primary system pressure decreased to 11.7 MPa
(1700 psia) by 1120 s, which was faster than the
desired rate. The pressurizer heaters were at full power
dauring s period. Nevertheless, they were not able
to overcome the pressure-reducing effects of the

opened HPVVs and the primary-to-secondary heat
transfer. The PORV was closed during this period and
consequently did not contribute to the primary system
depressurization.

The primary system pressure increased between
1120 and 1200 s. because primary-to-secondary heat
transfer was retarded by tne ncarl stagnant i0op con-
ditions. The taguant corditions caused the ~oola..
temperatures in the core and hot legs to increase. The
increasing temperatures subsequently caused colant
expansion and thereby repressurized the primary
system as the vapor regions were comy ssod.

The rate of primary system depressurization de-
creased at 14350 s as the bubble in the vessel vpper head
expended into the hot legs. This retarded natural cir-
culation, thereby reducing the primary-to-secondary
heat transfer rate from 70 to 35 MW. This reduction
in the rate of depressurization indicates the relative ef-
fects of HPVV flow and primary system cooldown on
the primary system depressurization rate.

The depressurization rate from 1450 to 1720 s was
essentially constant. The depressurization rate con-
tinued to be less than the initial rate, because the
primary system mass flow rates after 1100 s were less
than those durirg the first 1100 s. This resulted in
reduced rates of primary-to-secondary heat transfer.
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constant rate of 1% every 100 s. Given this removal rate,
59% of the noncondensible gas could be removed by
the time of low pressure injection initiation at 6900 s.

Figure 23 shows the noncondensible mass inventory
i the reactor vessel upper plenum, The mass increased
during the first 1000 s as the primary system depres-
surized and the gas expanded from the vessel upper
head into the upper plenum. The hot leg flow surge
at 1000 s caused the rapid decrease in bubble mass.
HPI began refilling the reactor vessel at 1760 s and
forced the noncondensible bubble back into the vessel
upper head. This effectively delaved further bubble ex-
pansion into the reactor vessel outlet until HPI was
isolated at 2115 5.

The opened PORV caused the bubble to resume ex-
pansion into the vessel upper plenumi. The calculation

was stopped before the bubble expanded back to the
vessel outlets. The rate of bubble expansion was ¢om-
parable to rates calculated during other periods of bu™-
ble expansion. This indicates that the input control rate
of depressurization appears to be adequate for non-
condensible gas removal.

Figure 24 shows the fuel rod cladding surface
temperatures at the six core axial elevations. The
temperature increases at 1000 s were the result of loop
stagnation. The acceierated temperature decreases from
1775 s to 2130 s were caused by HPI flow into the
reactor vessel. The maximum cladding surface terper-
ature was 570 K (568 °F) at 1150 s. This temperature
was 30 K (54 °F) below the saturation teraperature and
was less than the full-power operating temperature.
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Raised-Loop
Primary System Refill

Analyses of a raised 100p primary system refil

and without a RVHVL were pertormed

RELAPS/MOD2 calculaton was initiated from the

same intial conditions. The ~onditions simulated
plant 2 h after a severe core damage accident, accom
d by significant amounts of noncondensible gas

the pnmary system. The principal conclusions draws

from the raised-loop refill analyses are as follows

It was possible to refill the primary system using the
HPI system and bridge the tops of the steam generator
hot leg U-bends. The use of the RVHVL did not pre
vent the filling of | Oop B but delayed refili by approx
imately 520 s relative s the WORVHVI case. e
RVHVL was connected to the l0op without the
pressurizer to ensure conservative refill tmes. The
RVHVI

to the loop with the pressurizer. Connet the

Davis-Besse licensee intends to connect th
RVHVL to the loop wiihout the prossurizer lelay
the refilling of the primary loops relative to the time
’

required using the intended design, but the amount of

delay has not been quant:fied
'he HPV Vs eftectivel:

!'.z“:k‘-f in L prunary sysien

ented noncondensible gas

he meduiation of the pressurizer PORV in conjunc

tion with the HPVVs proved to be effective in main
'

taning the primary system pressure below the HPI

shutoff head

Refill of the up sides and down sides of the stear

generator hot leg U-bends 1s a necessary but not a sit
hicient condition ‘or begirning core decay heat remeval
Via natural circuletion. An ad»Guate differential pres
sure induced by density ;l.h’lglh\ between the vesse

and loops must exist to drive loop natural circulation

Both simulations demonstrated that if HPI is operates
LIS maximum rate, after loop refilling the net der
sity head provided by core decay heat will not be suf
ficient to drive loop natural ciiculation. If HP! is
isolated after the | ops are refled ¢ decay energy
will eventually heat up the primary svstem and thereby
establish density gradients sufficient to drive loop
natural circulation. Additional ar

Op operating strategies for throttiing HP1 1
ry of natural Cirg

i HPI flow rai

WnCcomet

maintain !

temperatures 'A"MZY‘.‘,H;' HPI below

prior to retuiing the 00ps would a

ent density gradient to maintair

oter system refil

Lowered-Loop
Noncondensible Gas Removal

T'he lowered 100D noncondensibie gas removal

RELAPS/MOD?2

model of the Oconee-| plant I'he nitial conditions

anatysis was pertormed using

simulated a plant 2 h afte: a severe core damage acci
dent, accompamed by sign:fican. amounts of non
condensible gas in the reactor vessel upper head. The
pnincipal conclustons drawn from the simulation of the

noncondensible gas removal analvsi. are as follov

\m«z-v\\r:mlu\ 20% ot the noncondensible inven
tory was removed during the last 1400 s of the calcula
ton. deve « percent was initially removed as the bub
ble expanaed to the vessel outlet. The other 13% was
removed at a relatively constant rate of 1 % per 100 s
I'he sequence of events leading to noncondensible gas
removal appears to be cyclic, indicating a high prob
ability of

additional gas removal at the same rate
Potentially, an estimated 59% of the total inventory
could be removed in 690 s (the estimated time re
quired to \k""lt'\\u!\/k' to the low pressure injecton

pump shutoff “cad)

Loop stagnation was predicted for neriods of approx
imately 100 s. In both cases, natural circulation was

established without assistance from the control svstems

he periods were brief enough that it is doubtful that

perator would respond before the plant

d iself. Nevertheless. the plant operator ¢cuk

recover natural circulation using HPIL. Isolation of the

HPV Vs is not recomn:ended, becavse the bubble at ihe
top of the hot leg U-ber: Is must be remioved 1 recover

natural circula«or

(1:ic pressunizer heaters could not maintain

desired primary system depressurization rate with the
HPVVs open, and there was a significant primary
' .
‘ rate. This response

4 . n ingd
perator as an indu

g U-bends. HPI was able t

I préssure, bput delayed th
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