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and the Reference PWR with RELAP5/MODL (Cycle 1)

C.P. Fineman%®, Mitsugu Tanaka and Kanji Tasaka
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{Received May 30 , 1983)

The response of LSTF and the reference PWR to a variety of loss-—
of-feedwater (LOFW) transients was analyzed with the RELAP5/MOD1,

Cycle 1, computer program. The transients analyzed included main feed-
water loss only (base case), complete loss-of-feedwater (main and auxi-
liary), main feedwater loss plus turbine bypass valve failure and main
feedwater loss plus primary coolant pump trip at reactor scram. These
calculations were the first attempt to analyze the response of LSTF to
an operational tranmsient and, therefore, are not a final assessment of
the system's capability to represent the PWR response.

Comparison of the results showed that LSTF has the capability to
simulate the basic PWR response to the base case LOFW, but with the
assumption of an additional failure, fhere were differencesg in the
response of LSTF and the PWR to the transient. Problem areas identified
included the limitation of the core power and primary flow rate to
14% of the respective full-scale value, initial steam generator secondary
mass and the method of jet condenser operation. Further study and
analysis of the problem areas are recommended in order to find ways to

improve the LSTF response relative to the PWR.

Keywords: ROSA-IV, LSTF, PWR, Loss-of-Feedwater, Operational Transient,

RELAPS, Computer Analysis, Comparative Evaluation.
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1. INTRODUCTION

The Japan Atomic Energy Research Institute has initiated the Rig
of Safety Assessment, Number 4 (ROSA-IV) program to study the thermal-
hydraulics and plant parameters which affect the behavior of a pressur-
iied water reactor (PWR) during a small break loss-of-coolant accident
(SBLOCA) or an operational transient. The ROSA-IV program was initi-
ated in response tc the accident at Three Mile Island (IMI) which showed
the need for more detailed study of these types of accidents and tran-
sients. The ROSA-IV program wi%l]operate two test facilities. The Two-
1

Phase Flow Test Facility (TPTF) will be used to obtain fundamental two-

phase data from separate effects tests in PWR components -- core, hori-
zontal pipe and steam generator. The Large Scale Test Facility (LSTF){Z]
will be used to conduct system and integral effects tests. Computer
analyges of LSTF used to help in designing the facility and in planning
the test matrix are described in this report.

- As mentioned above, one of the areas to be investigated with LSTF
is PWR behavior during an operational transient. Previous analyses of
LSTF and the'reference PWR, however, were directed toward the SBLOCA[3’4’5].
Therefore, there was an interest in analyzing the response of LSTF
and the reference PWR to an operational transient to evaluate the capa-
bility of LSTF to simulate the PWR response. This eﬁaluation was par-—
ticularly impecrtant because LSTF will not be able to simulate full-
scaled core power and flow. BRecause of these limitations, at steédystate
LSTF will (1) operate at the maximum core power available, 10 MW (14%
of full-scaled core power), (2) maintain the primary loop temperature
distribution of the PWR in LSTF by using an initial flow rate which is
14% of full-scaled flow and (3) increase the steam generator secondary
pressure to limit steadystate heat transfer to 10 MW. With these dif-
ferences in initial conditions, method of operation and system capability
there was the potential that the LSTF and PWR response to an operational
transient would be significantly different. To make an initial evalua-
tion of LSTF, the responses of LSTF and the reference PWR to a variety
of loss-of-feedwater (LOFW) transients were analyzed with the RELAPS/MOD1[6]
Cycle 1, "computer program. The results of these initial analyses are
described in this report. These analyses are not a final assessment of

the capability of LSTF to represent the PWR response to an cperational

transient, but should be viewed as a starting point for further study
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and analysis.

Section 2 of this report briefly describes the objectives and design
philosophy of LSTF. Section 3 describes the analysis models used to
perform the calculations, the results of the analyses are contained in

Section 4 and Section 5 presents the main conclusions of the study.
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2. OBJECTIVES AND DESIGN PHILOSOPHY OF ROSA~IV LSTF

2.1 0Objectives

The purpose of tests to be performed at LSTF is to provide test E
data from a large-scale test facility on the transient performance

of PWRs under small break loss—of-coolant accident and transient condi—

tions and to study the effectiveness of emergency safeguard systems and pro-
cedures under such conditions. The tests will also provide experimental :
data on two-phase fluid flow in PWRs. Specifically, LSTF will be used to: E

(1) Study the effectiveness of the ECCS under SBLOCA and ope;ational

transient conditions. Both standard and potential, alternate

ECCS will be evaluated.:

(2) Study the effectiveness of secondary side cocling via the steam
generators under SBLOCA and operational transient conditions.

{3) FExamine the nature of forced and natural circulation cooling in
PWRs in various flow regimes and cooling modes and in transition
from one flow regime or mode of cooling to ancther,

(4) Examine the effect of break size and location on system behavior.

(5) Study the effects of non-condensible gases on system behavior
during a SBLOCA or operational transient.

(6) Investigate alternate system designs and/or procedures which 1

. are being considered to improve system performance during a .
SBLOCA and/or operational transient.
{7} Provide test data with which teo develop/verify the SBLOCA analyt-

ical model to be developed in connection with the ROSA-IV

Program. |
2.2 Design Philosophy

LSTF is an experimental test facility designed to model the full i
height primary system of a PWR. LSTF will use two equal volume loops ;
to represent the four loops of the referense PUWR. Therefore each loop
in LSTF represents two loops of the PWR. The reference PWR for LSTF fﬂ
is a 1100 MWe (3423 MWt) PWR with 50,952 fuel pins arranged in 17 »x 17
square lattices. The overall scale factor for LSTF is 1/48. LSTF is ok

scaled as follows:
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a. Tlevations are preserved, i.e., the scaling ratio is 1/1.
Preserving corréct elevations is important in LSTF, since gravity
strongly influences PWR long-term transient behavior, for instance,
natural circulation.

4. Volumes are scaled by the facility scale factor of 1/48.

c. TFiow Areas in the pressure vessel and steam generators are scaled

by the facility scale factors of 1/48 and 1/24, respectively.
But the flow area of the primary locp, i.e., the hot-leg and
cold-leg, was determined‘to maintain both volume scaling and
the Strouhal number so that flow regime transition could be
simulated.

d. Core Power is scaled by the facility scale factor of 1/48 s0
that the power input per unit volume in the core region is the
same as for the reference PUR. Note, for full power operation,
the scaled power of the core would be 71 MW. However, heater
rod power supply is limited to 10 MW. Henbe, proper core power
scaling can only be attained for a simulated core power starting
at about 14% of full power.

e. TFuel Assembly dimensions, i.e,, fuel rod diameter, pitch and

length, guide thimble diameter, pitch and length, and the ratio
of the number of fuel rods to the number of guide thimbles, are
the same as for the 17 x 17 fuel assembly of the reference PWR
in order to preserve the heat rransfer characteristics of the
core. The total number of rods is scaled by the facility scale
factor and is 1064 heated and 104 unheated rods.

£. Design Pressures for the LSTF fluid systems will be at least

the same as those for their counterparts in the reference PWR.

g. Fluid Flow APs of major components, €.g.. pumps, pressure vessel

and steam generators will Le the same as in the reference PWR.

h. TFlow Capacities for LSTF systems are scaled by the power scale

factor (1/342) to preserve the enthalpy distribution.
The major characteristics of LSTF are shown in Tables 2.1 -and 2.2,
a flow diagram is shown in Fig. 2.1 and a plan view of the primary

loop is shown in Fig. 2.2.
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Table 2.1 Major Characteristics of Large Scale Test Facility (LSTF)

as of January 1983.

COMPONENT PWR LSTF SCALE

PRESSURE VESSEL

VESSEL INSIDE DIAMETER {mm) 4394 640 1/6.87

VESSEL THICKNESS (mam ) 220 61 1/3.61

CORE BARREL OUTSIDE DIAMETER {rmm) 3874 534 1/7.25

DOWNCOMER LENGTH (mm) 6147 6658 1/0.923

DOWNCOMER GAP (mm} 260 53 1/4.91

DOWNCOMER FLOW AREA (m?) 3.38 0.0977 1/34.6

LOWER PLENUM FLUID VOLUME (m3) 29.6 0.617 1/48

UPPER PLENUM FLUID VOLUME (m3) 28.4 0.490 1/58.0

(NOT INCLUDE UPPER HEAD VOLUME)

UPPER HEAD FLUID VOLUME (m3) 24.6 0.513 1/48
FUEL (HEATER ROD) ASSEMBLY

NUMBER OF BUNDLES 193 24

ROD ARRAY 17 x 17 7 x 7

ROD HEATED LENGTH (mm) 3660 3660 1/1

ROD PITCH (mm} 12.6 12.6 1/1

FUEL ROD OUTSIDE DIAMETER {rm) 9.5 9.5 1/1

THIMBLE TUBE DIAMETER (mm) 12.24 12.24 1/1

INSTRUMENT TUBE DIAMETER (ram) 12.24 12.24 1/1

NUMBER OF HEATER RODS 50952 1064 1/47.9

NUMBER OF NON-HEATING RODS 4825 104 1/46.4

CORE FLOW AREA (m2) 4.7s 0.120 1/39.6

(WITHOUT SPACER LOCATION)

CORE FLOW AREA (m?) 3.70

{WITH SPACER LOCATICN)

CORE FLUID VOLUME (m3) 17.5 0.440 1/39.8
PRIMARY LOC_)P (SAME 2 LOCPS)

HOT LEG INSIDE DIAMETER (mm}) 736.6 207

HOT LEG LENGTH {mm) 6993 3687 L//D

CROSSOVER LEG SIMULATED

INSIDE DIAMETER {mm) 787.4 168

LENGTH (mm) 8346 9547

COLD LEG INSIDE DIAMETER {tem) 698.5 207

COLD LEG LENGTH (ram) 7207 3438
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Table 2.1 (CONTINUED)
COMPONENT PWR LSTF SCALE
PERSSURIZER
' VYESSEL INSIDE DIAMETER (o} 2126 600 1/3.54
VESSEL HEIGHT (rm) 15500 4200 1/3.69
TOTAL VOLUME (m3) 51 1.1 1/48
FLUID VOLUME (m3) 3l 0.65 1/48
ACCUMULATOR {COLD AND HOT)
VESSEL INSIDE DIAMETR {mm) 3500 950 1/3.68
VESSEL HEIGHT (rm) 5280 6600 1/0.80
TOTAL VOLUME (m3) 38.2 4.8 1/7.96
LIQUID VOLUME (m3) 26.9 3.38 1/7.96
RHR HEAT EXCHANGER
NUMBER OF TUBES/1PASS 568 24 1/23.7
TOTAL U TUBE LENGTH (mm) 8600 8600 1/1
TUBE OUTSIDE DIAMETER {rom) 19.0 19.0
TUBE INSIDE DIAMETER (mm) 16.6 15.8
TUBE WALL THICKNESS (mm) 1.2 1.6
TUBE PITCH (mm) 28.5 28.5 1/1
TUBE ARRAY A A
HEAT TRANSFER AREA (m?) 590 25 1/23.6
(OUTER SURFACE)
STEAM GENERATOR (SAME 2 S.G s)
NUMBER OF TUBES 3382 141 1/24
TUBE LENGTH (AVERAGE) (m) 20.24 19.71 1/1.03
TUBE OUTSIDE DIAMETER (mm) 22.2 25.4
TUBE INSIDE DIAMETER (mm) 19.6 19.6 1/1
TUBE WALL THICKNESS (mm} 1.3 2.9
HEAT TRANSFER AREA (m?) 4780 221.6 1/21.6
(OUTER SURFACE OF TUBE)
INLET PLENUM VOLUME (m3} 4.18 0.174 1/24
OUTLET PLENUM VOLUME (m3) 4.18 0.174 1/24
PRIMARY SIDE VOLUME () 30.14 1.214 1/24.8
SECONDARY SIDE VOLUME (m3) 163.12 6.89 1/24
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Tabkle 2.2 Elevation of Each Position.

POSITION PWR LSTF SCALE
BOTTOM OF HEATER BUNDLE {mm} 0 0
' TOP OF HEATER BUNDLE (rum) 3660 3660 1/1
TOP OF DOWNCOMER (mm} 4889 5399 1/0.906
BOTTOM OF DOWNCOMER {run} -1259 -1259 1/1
CENTER OF COLD LEG (mm) 5238 5503 1/0.952
TOP OF COLD LEG INSIDE DIAMETER {mm) 5588 5606 1/0.997
CENTER OF LOOP SEAL LOWER .END {mm) 2095 1786 1/1.17
BOTTOM OF LOOP SEAL LOWER END {rm) 1703 1703 1/1
CENTER OF HOT LEG (mm}) 5238 5503 1/0.952
TCOP OF HOT LEG INSIDE DIAMETER (mm) 5606 5606 1/1
BOTTOM OF UPPER CORE PLATE {mm) 3968 3968 1/1
TOP OF LOWER CORE PLATE {rm) 109
BOTTOM OF TUBE SHEET OF STEAM
GENERATCR {mm) 7414 7642 1/0.970
PLENUM LOWER END OF STEAM _
GENERATOR (mm} 5819 5819 1/1
TOP QF TUBES OF STEAM GENERATOR {mm) 18584 18584 1/1
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3. RELAP5 MODEL DESCRIPTIONS

The RELAPS models used to make the calculations for LSTF and the
reference PWR are described in Sections 3.1 and 3.2, respectively.

The trip and contreol logic for the systems is described in Sectien 3, 3.
3.1 LSTF RELAPS5 Mcdel

The RELAP5/MOD1, Cycle 1, model used to represent the LSTF system
is shown in Figure 3.1. The model included 190 volumes and.198 junc-—
tions. Heat transfer from vessel structures and in the core and steam
generators was modeled using 66 heat structures. Steam generator
secondary systems, including the jet condenser, were medeled in detail.
Since LSTF will have two symmetric lcops, both loops in the model are
the same except for the location of the pressurizer and the break (if
needed).

The RELAPS control system capability was used to model the control
gystem for the LSTF jet condenser spray and the primary mean temperature
control logic for the turbine bypass valve. This is described in detail
in Section 3.3,

The initial conditiens for the transient c¢alculations were obtained
from RELAPS steady-~state calculations. As will be discussed in
more detail in Section 4, two sets of initial conditions were used for
some of the LSTIF calculations. The main difference between the initial
conditions was the amount of mass in the steam generator {SG) secondary,
but this also caused some differences in the other initial conditions
as well. The initial conditions for LSTFl, in Table 3.1, were developed
based on maintaining the same initial steam generator downcomer level
as in the PWR calculations,(approximately 44%y. However, because
of the smaller core power in LSTF and differences in the steam generator
secondary void distribution the secondary mass needed to get a downcomer
level of 447 in the LSTF model was preater than that obtained by scaling
the secondary mass of the PWR broken locp steam generator by 2/48 (each
LSTF steam generator represents two steam generators in the reference
plant). This difference was about 520 kg (2150 kg/SG in LSTF1 versus
1630 kg/SG scaled from the PWR) and it became particularly significant
in the analysis of the LOFW transient with auxiliary feedwarer (aux. FW)

failure. The initial conditions for LSTF2, in Table 3.1, were develcped
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based on maintaining approximately the same secondary mass in the LSTF
model as would be obtained by scaling the PWR secondary mass by 2/48, as
discussed above. The mass used was approximately 1655 kg/SG in LSTF2
versus the scaled mass of 1630 kg/SG.  The resulting steam generator
downcomer level was about 127 versus the normal level of 44%Z. There
were small differences in the initial temperatures and pressures between
the LSTF calculations and between the LSTF calculations and the PWR
model, but these did not affect the transient calculations. There

were larger differences in the initial primary flow rate, core power

and secondary mass for the three models, and these differences did

affect the transient calculations as discussed in Section 4.
3.2 PWR RELAPS5 Model

The nodalization diagram for the RELAPS5/MODL, Cycie 1, model used
to represent the reference PWR is shewn in Figure 3.2. The model included
185 volumes and 192 junctions. Heat transfer in the system was modeled
using 72 heat structures. Detailed modeling of the steam generator
secondary systéms was included up to the turbine throttle and turbine
bypass valves. The intact loop represents three loops and the broken
loop one loop in the PWR.

To facilitate comparison of the calculated results to those obtained
with the LSTF model, as much as possible, the same modeling approach
was applied in setting up the PWR model as the LSTF medel. Differences
in the models cccur where a lack of detailed information was faced
when modeling the PWR or where the design of the systems is clearly
different, as is the case in the secondary systems downstream of the
steam generator outlets. In general, however, the description of the
LSTTF model, above, applies to the PWR model as well,

The initial conditions for the PWR transient calculations were
obtained from a RELAPS steady-state calculation. The initial conditions

are listed in Tbale 3.1 for comparisen to the LSTF data.
3.3 Trip and Control Logic
The trip logic used in the LSTF and PWR calculations to control

the steam generators and the plant protection systems (core trip and

emergency core cocling system (ECCS)) was based on the trip logic of
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the reference piant. These trips are desctibed in Table 3.2.

The turbine bypasé valve (TBV) control logic based on the primary
mean temperature was modeled in both the PWR and the LSTF calculations.
This logic is designed to use the TBV to maintain a primary mean

temperature of 564.9 K after scram by opening oT closing the valve
depending on whether the mean temperature is above or below this
setpoint., The same control system was applied to both systems in the
caleculations.

The modeling of the TBV 1s dlscussed in detail because of the
effect it can have on the calculated results The full open flow
area of the TBV in the LSTF models was 1/48 the full open flow area
of the TBV in the PWR model. The actual TBV flow area used at a
particular time step, however, was directly proportional to the
difference between the primary mean temperature and the TBV setpoint
(564.9 K plus a delay of 2.78 K before the TBV opens). This was
the basis of the control system used to set the TBV flow area in
both the LSTF and PWR runs. The primary mean temperature was cal-
culated based on the hot and cold leg temperatures near the vessel
nozzles. There was some delay, therefore, equal to the transport time
of the fluid from the steam generator outlet to the vessel nozzles
before changes in steam generator heat transfer affected the primary
mean temperature. Because of the method of jet condenser operation
discussed below, the TBV flow rate will also be affected by the pres-—
sure difference across the TBV. 1In general, the pressure difference
across the TBV will be less in the LSTF runs than in the PWR runs,
where the condenser was modeled as an atmospheric boundary condition.

In the LSTF model, a control system was set up to control the jet
condenser spray. In LSTF, the control system will be used to adjust
the spray flow rate in order to maintain the jet condenser pressure
at its initial value ‘(about 7.07 MPa) during most experiments.

In the calculations where auxiliary feedwater was assumed
to be available, the flow rate was controlied to maintain the normal
operating level of 44% in the steam generator upper downcemer. This
was accomplished by ecycling the flow on and off once the downcomer
tevel had recovered to the normal level after the start of the LOFW

transient.



JAERI-M 83—088

Table 3.1 LSTF and PWR Initial Conditions

LSTF1 LSTF2 PWR
System Pressure (MPa) 15.59 15.59 15.60
Cold Leg Temperature _
Intact Loop (K) 562.31 562.18 562.20
Broken Loop (XK) 562.28 562.14 562.22
Hot Leg Temperature ‘

Intact Loop (K) . 598. 24 598.15 598,22
Broken Loop (XK) 598.24 568,15 598.22
Dot feronp oo Te 35.93(2] 35,9702 36,0212

Core Flow Rate (kg/s) 48.4O[b1 48.37[b] 16516.
Core Power (MW) l0.0[b] l0.0[b] 3423,
Steam Generator Secondary
Intact Loop
Pressure (MPa) 7.12l¢! 7.241¢] 5.71
Mass (kg) 2151.4 1658.9 117043.
Downcomer Level (%) 44.5 11.9 44,8
Broken Loop
Pressure (MPa) 7.12[C] 7.14[C] 5.71
Mass (kg) 2148.7 1652.0 39068.
Downcomer Level (%) 44 .4 - 11.8 45.0

[a] Based on intact loop data.

[b] Both the initial flow rate and core power are 14% of the
full-scaled values based on a system scale factor of 1/48,

[¢] The initial SG secondary pressure is higher in LSTF than

in the PWR to reduce the steady-state heat transfer to

10 MW.
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Trip Logic

SCrafl.

the PWR one.

Action Setpoint
b bl

@O PWR scram, SG throttle p < 12.27 MPall, P > 16.44 wpatl! or

valve closes, turbine bypass SG Downcomer level < 25 %[C]-

valve © [a]

pens

@) Trip coolant pump and P o< 12.27 MPa[b} or P < 4.235 MPa[d1

initiate HPI and safety

injection
(3 LSTF core power trip[e1 Scram signal + 7.1 s
@ Aux. FW begins On loss of main Fw[f]
(5 Main steam isolation valve P < 4.235 MPa[d]

closes
® Steam generator relief valve

open 8.03 MPa[d
clese 7.72 MPa[d]
[a] If the primary, mean temperature is above 564.9 K (plus a 2.78 K delay),
the turbine bypass valve opens, otherwise it is closed.
[t] Pressurizer pressure
[c] Collépsed liquid level in upper SG downcomer less than 25% of full-
scale,

[d] Steam generator secondary steam dome pressure
[e] The PWR core power decreases to 14% power level in 7.1 s after

The LSTF steady state power level corresponds to 14% of

In the calculations using initial conditions LSTF2

in Table 3.1 (5G secondary mass scaled from the PWR calculation),

the core power in the LSTF was tripped at approximately 20 s

based on the PWR calculations.

in Section 4.

As a simplifying assumption, an

from the reference PWR,

The Teason for this is discussed

d until more information is cbtained

no delay in aux., ¥W initiation was assumed.

- —14-
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4. Analyses of Calculated Results

The matrix for the LOFW analyses completed as part of this study
is shown in Table 4.1. 1In Table 4.1, LSTF1l refers to the LSTF model
with the correct steam generator downcomer level, but the larger than
scaled secondary mass, and LSTF2 refers to the LSTF mecdel with the
correctly scaled mass, but low downcomer level. This matrix was developed
based on the initial calculations for LOFW-A (the base case analysis)
and TOFW-B with the LSTFl and PWR models. The analysis of LOFW-B with
these models indicated the time to steam generator dryout was signifi-
cantly different because of the larger than scaled secondary mass in
the LSTFL model. This showed the meed for an analysis with an LSTF
model using the corrvectly scaled secondary mass (LSTFZ) for the LOFW-B
transient and also LOFW-A, to determine the effect of secondary mass
on the base case. Because of the importance of the turbine bypass
valve in controlling the LOFW-A transient, an analysis of a LOFW with
turbine bypass valve failure (LOFW-C) was made., Also in analyzing
LOFW-A, differences in the results for LSTF and the PWR were found
which were due to differences in the primary flow rate. GSince
the pump capacity in LSTF will not be sufficient to match the PWR flow
rate, calculations were completed where the pumps were tripped on reactor
scram (LOFW-D). Reactor scram was chosen for the pump trip so that
scram would occur because of a low steam generater downcomer level
as in the other calculations. An earlier pump trip would probably
have caused a scram on high primary pressure or low primary flow.

The analyses of LOFW-A to LOFW-D are discussed in Sections 4.1

to 4.4, respectively.
4,1 Analysis of LOFW-A

LOFW-A was the base case LOFW analysis. 1In this analysis, the
main feedwater to all steam generators was assumed to be lost at the
beginning of the calculaticn and all other systems, including the aux.
FW System, were assumed to operate as designed. This LOEW transient
was analyzed with LSTFLl (large SG secondary mass), LSTF2 (scaled 3G
secondary mass) and the PWR model,

The response of the steam generator secondary pressure in the

three calculations to the LOFW-A transient is shown in Figure 4.1.
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In the PWR calculation, seram occurred at l4.2 s on a low 8G level
and the secondary pressure rapidly increased as fhe turbine throttle
valve closed. As the core power decreased, the aux. FW was able to
cool the secondary and the pressure began.to decrease. At approximately
1050 s, the level in the steam generator downcomer recovered to the
normal operating level of 447% and the aux. FW began to cycle on and
off to maintain that level. With the aux. FW cycling, the pressure
~in the secondary began to increase. As the secondary pressure incréased,
the primary mean temperature also increased (see Figure 4.2) until,
at 1330 s, the turbine bypass valve (see Figure 4.3) setpoint was ex-
ceeded and the valve opened. ' The turbine bypass valve remained open
for the remainder of the calculation, controlling the secondary pressure
and the primary mean temperature through a secondary feed and bleed -
feed through the aux. FW and bleed through the turbine bypass valve.

The response of LSTF1 and LSTFZ2 to LOFW-A was basically the same
except for the timing of events because of differences in the time
of PWR scram and the initial secondary mass. Scram cccurred at 16l s
in LSTF1 because of a low steam generator level and at 14.2 s in LSTF2
because of trip dnput. The reascn for this difference is discussed
below. At the time of core scram, the secondary pressure in both LSTF
calculations did not increase rapidly as in the PWR calculation. This
was because the turbine bypass valve remainded open longer than in
the PWR calculation (see Figure 4.3) because of the slower cocldown
rate of the primary fluid as seen in Figure 4.2. This was due to the
smaller than scaled flow rate in LSTF. With the smaller than scaled
primary flow rate, the hot leg fluid temperature did not decrease as
rapidly as in the PWR once the core scrammed. Since the fluid cocled
at a slower rate, the primary mean temperature decreased at a slower
rate and the TBV remained open longer. As the primary mean temperature
dropped due to the core power decay, the TBV closed and the secondary
pressure in both LSTF calculations decreased as a result of the aux. FW
cooling the secondary. At 710 s in LSTF1l and 850 s in LSTF2, the downcomer
level recovered to normal - (44%) and the aux. FW began to cycle. As
in the PWR calculation, the secondary pressures began to increase until,
at 850 s in LSTF1 and 1150 s in LSTF2, the primary mean temperature
had increased to the turbine bypass valve setpoint and the valve opened
(see Figures 4.2 and 4.3). The TBV +hen controlled the secondary pres-
sure to maintain the primary mean temperature through a secondary feed

and bleed.




JAERI-M 83-088

The final secondary pressure in the two LSTF calculations was
lower than in the PWR case. This was also due to the smaller than
scaled flow in LSTF. At a given core power the smaller flow in the
1LSTF calculations resulted in a largér core temperature difference.
Therefore, since the final primary mean temperature was the same in
all the calculations (see-Figure 4.2), the hot and cold leg fluid tem-
pératures in LSTF1 and LSTF2 were higher and lower than the correspond-
ing temperatures in the PWR. In order to get a lower cold leg tem-
perature in the LSTF runs, the secondary pressure had to be lower than
in the PWR analysis.

Table 4.2 compares the calculated sequence of eﬁents for the three
analyses of LOFW-A. This table summarizes the differences in the timing
of events as calculated by the three models. The estimated secondary
mass balance shéwn in Table 4.3 is helpful in understanding these differences
between the calculations.

In the case of the PWR and LSTF1l, PWR scram was calculated to
occur because of a low steam generator downcomer level. This occurred
at 14.2 s in the PWR calculation and at 161.0 s in the calculation
for LSTF1l (see Table 4.2). Table 4.3 indicates the mass lost from
the steam generators prior to PWR scram was about the same in the LSTF1
and PWR analyses, although it took longer for this to occﬁr in LSTF1.
There were two reascns for this. First, with the core power in LSTFL
limited to 10 MW (14% of full-scaled power), it took longer to boil
off the mass. The second reason was the aux. FW flow rate used in
the LSTF1 analysis; This flow rate was 2/48 of the aux. FW flow in
one PWR steam generator and it was not adjusted for the smaller core
power in LSTF. The aux. FW flow in LSTFl was therefore, about 42%
of the steady-state main FW flow rate. This compares to an aux. FW
flow Tate in the PWR analysis which was 6% of the steady-state main
FW flow. Thus, before scram more mass was added to the steam generator
per unit of core power in the LSTF1 caleulation. than in the PWR calcula-
tion and this increased the time required to reach the SG level scram
getpeint. |

In LSTF2, the PWR scram was set to occur at 14.2 s by trip input.
The normal steam generator level in the PWR is 44% and scram occurs
on a low level of 25%, a difference of 19%. 1In 1L8TF2, with the SG
mass scaled from the PWR caleulation, the initial level in the steam

generator downcomer was about 12% because of differences in the
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secondary void distribution due to the smaller core power. Since this
level was lower than the trip setpoint for scram, the simplest approach
was to input in LSTF2 the time of PWR scram based on the analysis with
the PWR model. If an initial steam generator mass similarlto that in
LSTF? is to actually be used in the LSTF facility, then some care must
be taken in selecting.the seram trip logic.

The differences between the calculations in the time the SG level
recovered to normal and the aux. FW began to cycle, shown in Table
4.2, were due to differences in the secondary mass at scram {see Table
4.3). Since all the analyses had about the same secondary mass at
the time the SG level recoﬁered, the time to level recovery increased
with decreasing secondary mass at scram because it took longer to refill
the steam generator. Even though the LSTF1 and PWR analyses lost about
the same mass prior tec scram, LSTF1 had a larger mass inventory at
scram because of a larger, initial secondary mass. LSTFL also had
a larger mass inventory at scram than 1,8TF2 because, although LSTF2
lost less mass prior to scram, the difference in initial inventories
more than compensated for it. Finally, LSTFZ had a larger secondary
mass at seram than the PWR because less mass was lost prior to scram
due to the smaller than full-scaled core power.

The calculated primary pressure response to LOFW-A for the PWR,
LSTFl and LSTF2 is shown in Figure 4.4. The same basic response is
seen in all three analyses although the timing is different for the same
reasons as discussed above. At scram, the primary pressure decreased
in all three calculations. In the PWR analysis, howeﬁer, the initial
decrease was more rapid and larger than in either of the LSTF runs.
This difference in the initial pressure response was due to flow rate
differences between the PWR and LSTF. With the smaller than full scale
flow in LSTF1 and LSTF2, the hot leg fluid temperature did not decrease
as rapidly at scram in ﬁhese calculations as in the PWR analysis. Since
the fluid cooled at a slower rate, the fluid specific volume decreased
more slowly than in the PWR run and, therefore, the system pressure
decreased at a slower rate. 1In response to the secondary pressure,
the primary pressure increased in the PWR wun before turning over.

All the primary pressures decreased until the normal steam generator
level was recovered, when they began to increase in response to the
increase in the secondary pressures, The primary pressures plateaued

in all the analyses when the TBVs opened te maintain the primary mean
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temperature.

The calculations were ended when the system response in each of
them had stabilized. Although there were differences in the final
'primary and secondary pressures between the PWR and LSTF calculations,
the calculations showed both LSTF and the PWR reached a hot standby

condition which was maintained by a secondary feed and bleed.

4.2 Analysis of LOFW-B

In LOFW-B, a loss of both the main and auxiliary feedwater systems
was assumed. This transient was analyzed with the same three models
as LOFW-A: LSTF1l (large SG secondary mass), LSTFZ (scaled SG secondary
mass) and the PWR model.

Table 4.4 compares the calculated sequence of events for the three
analyses. In the LSTFl and PWR calculations, scram occurred because
of a low steam generator level signal, The time of the scram.signal
was different (79 s versus 11 s) because with the smaller than scaled
core power in LSTF it tock longer to boil off the mass in the LSTFL
calculation than in the PWR run. The time of PWR scram in LSTF2 was
set by trip input to be the same as in the PWR calculation for the
reasons discussed in the analysis of LOFW-A.

The time of steam generator dryout differred in the three analyses
and reflected the difference in steam generator mass inventory at scram
as shown in the estimated mass balance in Table 4.5. The mass inven-
tories at scram differred from each other for the same reasons as in
the LOFW-A analysis. The more mass left in the steam generators at
scram, the longer it took to dryout. This was due not only to the
greater mass inventory, but also to the core power decay. That is,
any additional mass to be boiled off, relative to the mass in the PWR
calculation, would have been boiled off at a lower core power which
would have added to the time required for dryout to occur. A secend
factor was the greater energy addition to the primary £luid by the PWR
pumps when compared to the LSTF pumps. The greater energy addition in
the PWR calculation would also lead to an earlier SG dryout.

The steam generator secondary pressures for LSTFl, LSTF2 and the
PWR are shown in Figures 4.5 and 4.6. In the PWR calculation, the pres-
sure increased at scram as the throttle valve was closed. The pressure

plateaued at about 7.8 MPa when the turbine bypass valve opened because
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the primary mean temperature exceeded the setpoint (see Figures 4.7 and
4.8). When the steam generators dried out at about 1500 s, the PWR
pressure decreased rapidly to the setpoint for main steam isolation
valve (MSIV) closure, 4.235 MPa, bhecause there was nc more liquid te
heat to steam.

The secondary pressure response in LSTFl and LSTF2 was essentially
the same except for the timing of events (due to differences in the
time for scram and initial mass inventory). The oscillations in the
secondary pressures for these calculations were due to the turbine
bypass valve opening and ciosing (see Figure 4.7). The turbine bypass
valve opened and closed in the LSTF analyses, but not in the PWR analysis,
because of the smaller than scaled primary flow in LSTF. The smaller
flow in the LSTF runs slowed the response of the primary mean temperature
(which was the variable input to the TBV control system) to changes
in the turbine bypass valve flow area, so that the primary mean tempera-
ture tended to over— and undershoot the setpoint for the TBV. (see Figure
4.8). This over- and undershoot in the primary mean temperature caused
the secondary pressure to oscillate as it was fed back into the TBV
control system., In the PWR calculation, however, the correct primary
flow rate enabled the turbine bypass valve to maintain the primary
mean temperature constant. With a constant primary mean temperature,
ne pressure oscillations were calculated in the PWR run.

It was also noted the LSTF analyses of LOFW—A.did not calculate
significant osé¢illations in the secondary pressure and the primary
mean temperature, even though the smaller than scaled primary flow
was also modeled in those runs. Since the same control system for
the turbine bypass valﬁe was used in both transients, this difference
was attributed to the method of jet condenser operation modeled in
the two transients. In general, the LSTF jet condenser pressure 1is
to be held constant at the initial pressure throughout an experiment.
This initial pressure has been about 7.07 MPa. This method of jet
condenser operation was modeled in the LSTF analyses of LOFW-A., In
the analyses of LOFW-B with LSTFl and 1LSTF?, however, the jet condenser
pressure was reduced to about 3.0 MPa at reactor scram inm order to
calculate the rapid secondary pressure decrease when the steam generator
dried out. This could not have been done if the jet condenser pressure
had been held constant at 7.07 MPa throughout the calculation. The

differential pressure across the turbine bypass valve was, therefore,
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about 4.0 MPa larger in the LOFW-B calculations than in those for LOFW-A.
The larger pressure difference gave larger TBV flow rates for a given
TBV flow area and, thus, greater energy removal in LOFW-B when compared
to LOFW-A. In the LOFW-B calculations, this caused the primary mean
temperature to undershoot the TBV setpoint and, as this was fed back

to the TBV éontrol system, oscillations in the primary mean temperature
and the secondary pressure were calculated. The smaller pressure dif-
ference in the LOFW-A calculations thus prevented significant oscilla-
tions from occurring in the LOFW-A runs even though the smaller than
scaled flow was inherent in both tramnsients.

The secondary pressure in the LSTF calculations decreased rapidly
at the time of steam generator dryvout until the MSIV closed. The time
of dryout was different (2783 s in LSTFl and 2066 s in LSTF2) relative
to each other and the PWR calculation for the reasons discussed above.
The secondary pressures in LSTFl at about 3700 s, dand in LSTF2 at 3200 s
(intact locp) and 4200 s (broken loop) increased rapidly (see Figures
4.5 and 4.6). This was due to the rapid vaporization of 2 small amount
of liquid trapped in the SG after it was isolated when the MSIV closed.
In both LSTFl and LSTF2 this liquid was in the separator and upper down-
comer volumes.

In the three calculaticns, the primary pressure response was Ccon-
trolled by the turbine bypass valve operation after scram occurred.

This is shown in Figure 4.9 which compares the calculated primary pres-
gsures for the LOFW-B runs., The difference in the pressure decrease

at scram between the PWR run and the LSTF runs was a result of the
smaller than scaled flow rate in LSTF as discussed in the amnalysis

of LOFW-A. The pressure plateaued in the PWR run cnce the turbine

bypass valve opened at 80 s while the oscillations in the pressure

in the LSTF analyses were due to the TBV opening and closing as discussed
above, 1In all the calculations, once the steam generators dried out,

the primary pressure increased to the PORV setpoint (16.20 MPa) because
the secondary heat sink was lost. The PORV cycled for the remainder

of the transient in all the calculations.
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High pressure injection (HP1) was initiated and the primary coolant
pumps tripped[a] in all the analyses when the secondary pressure decreased
to the setpoint for MSIV closure. The primary energy removal mechanism,
once SG dry out had occurred, thus became primary feed and bleed —
feed through the HPI system and bleed through the PORV as it cycled.

As shown in the comparison of the primary mean temperature (Figure 4.8),
however, the energy balance was not sufficient to prevent the primary
fluid from heating up. With the earlier steam generator dry out in the
PWR analysis, the mean temperature increased to a higher temperature

than in the LSTF runs. In all tﬁe calculations, however, the fluid
remained subcooled and no voiding was calculated to occur. The maximum
hot leg temperature reached in the PWR analysis was approximately 611 K,
which was about 11 K subccoled at the PORV setpoint. The maximum hot

leg temperatures in LSTFL and LSTFZ were 598 K-and 605 ¥, respectively.
The heatup rate of the primary fluid in the LSTF analyseé was slightly
greater fhan that calculated in the PWR run. One possible reason for
this was the use of heat structures to model the heat transfer capability
of the pressure vessel wall in the PWR analysis but not in the LST¥ runs.
These heat structures were calculated to be a heat sink after SG dryout
in the PWR run. Thus, these heat structures provided an additicnal

heat sink in the PWR run not found in the LSTF runs, and therefore the
primary fluid heated up at a slower rate.

The calculations were ended at 6000 s because the end of the input
core power table was reached. The primary fluid in all the analyses
was subcooled at this time and no veiding in the primary system had

occuryed.

[a] TFor these calculaticns, an input table of pump speed versus time
was used to model the pump coastdown. In the PWR analysis the pump
speed was assumed to go LO Zero 200 s after the pump was tripped.
In the LSTF analyses, the pump speed was held constant until the
pump speed intersected the pump coastdown curve of the PWR (66 s
after trip). The LSTF pumps then followed the same coastdown curve

as the PWR.
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4,3 Analysis of LOFW-C

The transient analyzed as LOFW-C was the same as LOFW-A except
the turbine bypass valve was assumed to fail. This transient was analyzed
with only two models, LSTFl and the PWR. Table 4.6 shows the calculated
sequence of events. '

At scram, the throttle valves were closed in both calculations
and the pressures increased rapidly. The secondary pressures for the
two analyses are shown in Figure 4.10. The time of scram was different
for the reasons discussed in the LOFW-A analysis. In the LSTF calcula-
tions for LOFW-A and LOFW-B the secondary pressure did not increase
at scram because tﬁe turbine bypass valve opened and removed.energy
from the secondary as discussed before. In LOFW-C the TBV was not avail-
able and since this prevented energy removal from the secondary, the
pressure increased. With the initial, higher secondary pressure in
1STF1l, the pressure increased’ to the steam generator relief valve set-
point at about 300 s, before the aux. FW began to cool the secondary.
The calculated PWR secondary response to this transient was the same
as that for LOFW-A, at scram the pressuré increased as the throttle
valve was closed before turning over because of aux. FW cooling the
secondary.

At about 590 s in LSTF1l and approximately 1070 s in the PWR cal-
culation, the normal steam generator level was recovered and the aux. FW
began to cycle on and off to maintain that level. The difference in
the timing of this event was because of mass inventory differences at
scram as in LOFW-A. With the aux. FW cycling, the secondary pressure
increased in both runs until the steam generator relief valve setpoint
(8.03 MPa) was reached. The relief valve then cycled for the remainder
of the calculation as it alone was sufficient to remove the core decay
heat.

Since the secondary pressure in both calculations was maintained
at the same value by the relief valve, the final average primary tem-=
perature for LSTF1 and the PWR were different (see Figure 4.11) because
of the smaller than scaled flow rate in LSTFl. With the same secondary
pressure, the temperature at the bottom of the core in the two runs was
the same (see Figure 4.12), but with the smaller flow rate in LSTF1,
the core temperature difference was larger and therefore LSTF1 had

a higher mean temperature.
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The primary pressure in both calculations decreased at scram (see
Figure 4.13) with the pressure decrease in the PWR run being larger
and more rapid than in LSTFl for the same reason as hefore. 1In addition,
the pressure in LSTF1l did not decrease as far as in the other transients
discussed. With the secondary pressure increasing at scram in LOFW-C
(whereas it was constant in LOFW-A and LOFW-B), the pressure at which
the primary and secondary came intc equilibrium was higher in this
transient than the others. After scram, the primary pressure in both
calculations, in general, increased and decreased with the secondary
pressure. One exception to this was the pressure increase at 250 s
in LSTFl, which was caused by the primary to secondary heat transfer
dropping below the energy input by the core (see Figure 4. 14). The
pressure turned over when the relief valves in the secondary opened at
300 s,

Once the secondary pressure increased to the SG relief valve setpoint,
the primary pressure in LSTFl remained relatively constant for the
remainder of the transient. The PWR calculation, however, indicated
the pressure would oscillate as the relief valve cycled and, overall,
the pressure had a downward trend. The oscillations in the pressure
were caused by oscillations in the primary mean temperature (see Figure
4.11) as the relief valve cycled and their effect on the pressurizer
level (Figure 4.15). The oscillations were larger in the PWR analysis
than in LSTFl because of larger heat removal from the primary system
as the relief valve cycled (see Figure 4.16). Possible reasons for
this difference are the differences in primary flow rate and the thicker
steam generator tubes planned for use in LSTF (see Table 2.1). The
downward trend in the PWR pressure, as it oscillated, is thought to be
due to condensation in the pressurizer as the level oscillated (as
discussed above). 1In general, a rising pressurizer level, as seen
in Figure 4.15, results in a primary pressure increase, however, in
this case the pressure decreased. This, taken together with the fact
that the primary mean temperature was constant, indicated that the
level increase and pressure decrease were due to condensation in the
pressurizer. The condensation was caused by subcooled liquid which
entered the pressurizer as it emptied and refilled during the tran-
sient and replaced the saturated liquid initially in the pressurizer.

Tt is interesting to note that the pressurizer liquid in the LSTF1

calculation had significantly less subcooling at the end of the run
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than the pressurizer liquid in the PWR calculation because of the smaller
changes in pressurizer level during the transient. The smaller amount
of subcooling in the LSTF1 pressurizer fluid indicates there was less
potential for condensation in the pressurizer to cause a pressure decrease
in the LSTF run than in the PWR run. Even if oscillations similar
to those in the PWR analysis after 1300 s had been calculated by LSTFI,
the pressure decrease in LSTFl would probably have been less than in
the PWR because of the smaller subcooling.

The calculations were ended when they indicated the system response
had stabilized. The primary systems in both calculations were essen-—
tially in a hot-standby condition and were ccoled by a secondary feed

and bleed - feed through the aux. FW and bleed through the relief valve.
4.4 Analysis of LOFW-D

The LOFW-D transient was the same as LOFW-A except the pumps were
tripped at PWR scram to study the influence of primary flow rate on
the system response. -This transient was analyzed with. the LSTFl and
PWR models. The calculated sequence of events is shown in Table 4.7.

The secondary pressure response as calculated by LSTFl and the
PWR model were significantly different. Figure 4.17 shows the secondary
pressures calculated by the LSTFl and the PWR models. The secondary
pressure response calculated by LSTFl was basically the same as in
LOFW-A, although the final secondary pressure was lower in LOFW-D than
in LOFW-A. The final secondary pressure was lower because, with the
pumps tripped, the smaller primary flow rate resulted in a larger core
temperature difference. In order to maintain the primary mean tempera-
ture at the TBV setpoint, a lower cold leg temperaure was required
and therefore, the secondary pressure was lower.

In the PWR analysis, the secondary pressure increased at scram
as the steam generator throttle valve was closed hut, turned cver more
rapidly than in LOFW-A because, with the smaller primary flow rate
in LOFW-D, heat transfer to the secondary was less. The smaller primary
flow rate in LOFW-D also resulted in a higher primary mean temperature
so that at 160 s and 275 s the turbine bypass valve opened (see Figure
4,18) and the secondary pressure decreased. After 400 s, the pressure
decreased as the secondary was cooled by the aux. FW. At 1140 s, the

steam generator level had recovered to normal and the aux. FW began
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to cycle to maintain it at that level. The pressure then increased
until, at 1650 s, the primary mean temperature exceeded the turbine
bypass valve setpoint (see Figure 4.19) and the TBV opened decreasing
the secondary pressure. The affect of the TBV opening was more pronounced
in the PWR calculation of LOFW-D, compared to LOFW-A, because the smaller
primary flow rate with the pumps tripped increased the response time
for:.the control system of the TBV. The affect of the smaller primary
flow rate was less in the LSTF1l run because of the smaller pressure
difference across the TBV with the jet condenser pressure held constant
at its initial value.

Because of the differences in the secondary response in the LSTFl
and the PWR calculations, the primary pressure response was also differ-
ent. The primary pressure-essentially followed the secondary pressure
during the transient as seen in Figure 4.20. The pressure increase
in LSTF between 300 and 400 s was due to the heat fransfer to the secondary
dropping below the energy input by the core. At 1820 s in the FWR
calculation, the primary pressure decreased to the ECCS trip point and
HPI injection began. The injection rate was sufficient to ccol the
fluid (see the primary mean temperature in Figure 4.19) but the system
pressure increased because the pressurizer level rose (Figure 4.21)
(due to HPI injection) and compressed the vapor space.

The jet condenser pressure in the LSTFl run was maintained by
the pressure control system at its initial value throughout the calculation
as will be the usual mode of operation in LSTF. This affected the
results of LSTFL, however, between_BOO-and 800 s. Figure 4.18 shows
the TBV flow rate for the two calculations and indicates the TBV flow
was negative between 300 and 380 s and was zero between 420 s and about
780 s. This was due to the calculated S5G pressure dropping below the
jet condenser pressure so there was negative flow between 300 and 380 s
and the check valves in the steam line closed between 420 and 780 s.
As a result, although the turbine bypass valve was open, it was not
available for energy removal from the system. This affected the secondary
pressure response in LSTFl and, therefore, the primary pressure and
primary mean temperature response as well. Had the TBV been able
to perform in LSTF1l as designed, the calculated response would probably
have been closer to that obtained with the PWR model.

The calculations were ended after the ECCS trip occurred in the
PWR run and it was clear the LSTFl calculation would not calculate
this trip.
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Table 4.1 Loss—of-Feedwater Calculation Matrix

LOFW
Mode A B C D
LSTF1 X X X X
LSTF2
PWR X X X X

LOFW-A: LOFW with aux. FW available (Base Case)

LOFW-B: LOFW with aux. FW failure

LOFW~C: LOFW with aux. FW but turbine bypass
valve failure.

LOFW-D: LOFW with aux. FW but pump trip on

reactor scram

All other systems worked as designed in the above

calculations.

Table 4.2 Calculated Sequence of Events — LOFW-A

Event I;EE—Lél
PWR LSTF1 LSTF2
1. Aux. FW Began ' 0.0 0.0 0.0
2. Scram (PWR) 14.2  161.0 14,208
3. LSTF Power Trip - 168.2 21.3
4. SG Level Recovered to

Normal /Aux. FW Began to Cycle = 1050.0  710.0 850.0
5. Turbine Bypass Valve
Opened Second Time 1333.0 850.0 1150.0

[a] PWR scram was set to occur at the same time as in the PWR

calculation by trip input.
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Table 4.3 Estimated Secondary Mass — LOFW-A
Initial SG Mass Lost SG Mass at 56 Mass when
SG Mass | Prior to Scram al Scram{b] Aux. FW ?e%an
Model to Cycle “
LSTF1 2150 254.7 1895 2536
LSTF2 1655 22.5 1632 2608
1/24 PUWR 1630 261.4 1369 2586

[a]
[b}
fe]

O I T

Estimated from (Inicial flow-Aux. FW flow) * Time to Scram

Estimated from Initial SG Mass - SG Mass Lost Prior to Scram

Estimated from 5C Mass at Scram + (Aux. FW flow X
(B - Z of Table 4.2))

Table 4.4

Event

Scram {PWR)

LSTF Power Trip

SG Dryout

HPI Came On

PORV Began to Cycle

PWR

10.95
1566.7
1566.7
1725.0

[a]

PWR scraa set by trip input.

Time (s)

LSTF1

78.94

86.06
2783.0
2783.0
2875.0

Calculated Sequence of Events - LOFW-B

LSTFZ

11.008]

18.1
2066.0
2066.0
2200.0

Estimated Secondary Mass Balance - LOFW-B

Table 4.5

Initial |SG Mass Lost 5G Mass
Model SG Mass |Prior to Scram[a] at Scram
LSTF1 2150 217 1933
LSTF2 1655 30 1625
1/24 PWR 1630 315 1415
{fal Estimated from Initial flow x time te scram

[b]

Scram

Estimated from Initial

Mags - Mass Lost Prior to
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Table 4.6 Calculated Sequence of Events - LOFW-C

Time (s)
Erent PWR  LSTFL
1. Aux. FW on 0.0 0.0
2. Scram (PWR) | 15.55 158.4
3. LSTF Power Trip . - 165.5
4. 8G Level Recovered to

Normal/Aux. FW Began to Cycle 1070.0 590.0
5. SG Relief Valve Began '

to Cycle ' 1314.0  720.0'8)

[a] The relief valve cycled once at about 300 s before
the secondary pressure turned over cue to aux. FW

flow.

Table 4.7 Calculated Sequence of Events - LOFW-D

Time (s)
Event

PWR  LSTFL

1. Aux. FW on 0.0 0.0
2. Scram (PWR) 15.5 158.4
3. Primary Pump Trip 15.5 158.4
4., LSTF Power Trip — 165.6
5. B5G Level Recovered to

Normal/Aux. FW Began to Cycle  1140.0 720.0
6. Turbine Bypass Valve Opened

Second.Time 1648.0 [a]

Ta] In the LSTFl calculaticn, the turbine bypass valve
opened at the time of PWR scram (158.4 s) and

remained open for the remainder of the calculatioen.

[T
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5. CONCLUSIONS

In this section the main conclusions drawn from the study are
presented, In Sections 5.1 to 5.4 the conclusions for each LOFW tran-
sient are presented and in Section 5.5 some general conclusions and

recommendations are given.
5.1 Conclusions for LOFW-A

The calculations for LOFW-A with LSTFl, LSTF2 and the PWR model
showed that LSTF has the capability to simulate the basic response of
the PWR to the base case transient. All the runs indicated the primary
system would reach heot standby and would be cocled by a secondary feed
and bleed through the aux. FW and turbine bypass valve. Differences
in core power, SG secondary mass and primary flow rate, however, affected
the timing of events in the calculations as well as the details of
the system response such as the calculated pressure and temperature,

The main effect of using a smaller secondary mass in LSTF2 compared
to LSTFl was to shift the timing of events closer to the PWR calculatien,
although they were still not in agreement because of core power differ—
ences. The calculations with LSTF2, the model with the initial low
SG downcomer level, indicated some thought must be given to determining

the scram setpoint if this approach is to be actually used in LSTF.

5.2 Conclusions for LOFW-B

One of the most important items to be calculated in LOFW-B was the
time to steam generator dryout. In the three calculations completed
for this transient, the time to S5G dryout was different due to differences
in the amount of mass left in the steam generators at scram. The calcu-
lated order of SG dryout was the PWR model, LSTF2 and LSTFl. Differences
in the amount of mass remaining in the steam generators at scram for
LSTF1l compared to LSTFZ and the PWR model were due to differences in
initial mass inventory and in core power for LSTF2 compared to the PWR
model. The use of the scaled secondary mass in LSTF2 resulted in an
earliier dryout time when compared to LSTF1l but it was still later than
in the PWR run because of core power differences. Another factor which

affected the time of SG dryout was the greater pump energy input to the
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primary fluid in the PWR calculation relative to the LSTF runs because
of the smaller pumps in LSTF.

With the earlier steam generator dryout time in the PWR calculation,
the primary fluid heated to a higher temperature than in the LSTF runs;
At the-end of the PWR calculation the subcocling in the hot leg
was about 11 K versus 16 K and 23 K in the LSTF runs. This indicates
the importance of calculating the dryout time accurately since the amount
of subcooling indicates how much mere energy can be input to the fluid
before voiding begins. In addition, the LSTF runs had a slightly higher
heatyp rate than the PWR analysis because heat structures were used to
represent the pressure vessel wall in the PWR run but not the LSTF runs.
These heat structures acted as an additional heat sink in the PWR analysis
and, therefore, the fluid heated up at a slower rate. The effect of
these additional heat structures indicates the importance of modeling
the system metal mass accurately in order to represent the system heat
sources and sinks. It also indicates the possible influence of system
heat losses on the calculated results for both LSTF and the PWR since
these have not been included in either medel.

In order to simulate the pressure decrease in the steam generators
at dryout, the jet condenser pressure in the LSTF runs was reduced at
PWR scram to 3.0 MPa. This introduced oscillations into the calcula-
tions not seen in the PWR run or the LSTF base case calculations. The
time of scram was chosen to reduce the jet condenser pressure because
this was a known trip point. Scram occurred early in the calculations,
however, compared to the time of dryout. It is recommended, therefore,
that alternative trip points for reducing the jet condenser pressure
be investigated which would occur later in the transient and thus delay
the introduction of oscillations into the LSTF analyses. Other possi-
bilities for eliminating the cscillations include: (1) adding some
resistance to the TBV line to compensate for the larger pressure difference
across the TBV with the reduced jet condenser pressure, (2) not reducing
the jet condenser pressure and developing alternative methods for monitor-
ing SG secondary mass inventery to determine the time of dryout and there-
fore the time for MSIV closure, HPI initiation and PCP trip or
(3) adjusting the control system in LSTF to compensate for the slower
response of the primary mean temperature.

As in the analyses of LOFW-A, differences in core power and primary
flow rate affected the time of scram and the details of the system

response between the calculations for LSTF and the PWR.

—44-
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5.3 Conclusions for LOFW-C

‘Owverall, the assumption of turbine bypass valve failure had a
greater affect on the LSTFl calculation than on the PWR run because
of the higher initial secondary pressure., With the turbine bypass
valve assumed to fail in LOFW-C, energy removal was through the sécondary
relief valves in both the PWR and LSTF1 analyses. With the initial, -
higher secondary pressure in LSTFl, the relief valve cycled once shortly
after scram whereas, in the PWR-analysis, the secondary pressure turned
over after scram without challenging the relief ﬁalﬁe early in the
transient. The higﬁer, initial secondary pressure and the assumption
of TBV failure aiso resulted in a smaller o&erall change in the primary
pressure in LSTF1 during_LOFW_C when compared to the PWR run and the
LSTF1 calculations for LOFW-A or LOFW-B. The main affect of the TBYV
failure on the PWR run was to.cause small oseillations in the primary
system,-as the relief.valve cycled, which resulted in the primary pressure
decreasing slowly due to condensation in the pressurizer.

Differences in core power and flow rate between LSTFl and the
PWR model also affected the time of scram and the primary mean tempera-
ture calculated'by the models. Differences in the initial SG mass

affected the timing of the calculated sequence of events.

5.4 Conclusions for LOFW-D

In the analysis of LOFW-D, the assumption of primary pump trip
at scram affected the PWR results more than those calculated with LSTF1.
This was probably because of the greater difference between the pumped
and natural circulation flow rates in the PWR calculation than in the
LSTFl run. In the PWR calculation, the natural circulation flow rate
was approximétely 5% of the pumped flow rate compared to 30% in the
LSTF1 run. :

The response of LSTFl to LOFW-D was basically the same as in LOFW-A. i
The PWR response was different, however, with the smaller primary flow
rate affecting the primary mean temperature and the response time of
the TBV control system and thus the turbine bypass valve operation. This,
in turn, influenced the primary pressure response.

Because of the above difference, the pressure in the PWR run was

calculated to drop below the ECCS setpoint and HPI injection initiated.
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This was not calculated to occur in the LSTFl analysis of LOFW-D.

The LSTFl calculation for LOFW-D also indicated careful considera-
tion must be given to the method of jet condenser operation, e.g., when
to reduce the jet condenser pressure. The jet condenser pressure was
not reduced for the calculation of this transient. However, analysis
of the results indicated the steam line check valves closed for several
hundred seconds during the transient, because the SG pressure dropped
betow the jet condenser pressure. This prevented the TBV from removing
energy from the system even though it was open. Also, a reduced jet
condenser pressure would also have been a more accurate representation
of the PWR boundary condition in this transient and the LSTF1l model
would probably have calculated more accurately the secondary pressure
transient of the PWR run (based on the oscillations calculated with
the LSTF1 model in the LOFW-B analysis when the jet condenser pressure

was reduced).
5.5 General Conclusions and Recommendations

Based on the results of the loss-of-feedwater transients analyzecd
in this report, LSTF has the capability to simulate the basic PWR response
to a simple loss-—of-feedwater as in LOFW-A, the base case analysis.

Therefore, the LSTF data are useful for_the assessment of the code.

When a second system was assumed to fail, however, the analyses showed
that the LSTF response and the PWR response could be considerably different.
One factor that affected the response of LSTF in several of the
transients was the difference in primary flow rates between the systems.

It is recommended, therefore, that if funds becomne available in the
future, serious consideration be giﬁen to upgrading the LSTF pumps
to be capable of maintaining the full-scaled PWR flow rate.
As would be expected, the calculations of LOFW-B showed the time
to steam generator dryout was an important event to represent accurately
both analytically and experimentally. Although an attempt was made
in this study to calculate the time of this event more accurately by
using a scaled secondary mass in the LSTFZ run, there was still some
delay in the time of SG dryout cver the PWR run. Further analysis
of this problem is recommended. |
fecause of the effect of the additional heat structures modeled in
the PWR run on the fluid heatup rate after SG dryout in LOFW-B, it is
recommended that more detailed modeling of the system metal mass in LSTF
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and the PWR be made. In addition, it is recommended that an evaluaticn
of system heat losses in both LSTF and the PWR be made and model changes
made to includé these heat lcsses where appropriate.

The analyses also showed that it is not always clear, a priori,
in which transients the LSTF response would better represent the PWR
response 1f the jet condenser pressure wére reduced, LOFW-B was one
traﬁsient where it quickly became clear a reduced jet condenser pressure
was needed in LSTF. In LOFW-D, only a careful analysis of the LSTF1
calculated results with the jet condenser pressure held constant indi-
cated the calculated response might have been improved by reducing
the jet condénser pressure. It is recommended that a calculation using
LSTF1 with a reduced jet cohdenser pressure be made in the future to
check and see if this is true. '

Careful consideration must be given in determining trip points
in LSTFiif there is not a corresponding PWR trip or if other factors
influence this decision. This was illustrated in the analyses by the
problems encountered in determining the scram setpoint in the LSTF2
model, when the scaled secondary mass was used, and by the oscillations
which were calculated in the LSTF runs for LOFW-B when the jet condenser
pressure was reduced. Investigation of alternatives to the choices
made in completing these calculations could resultlin an improved cal-
culation for LSTF when compared to the PWR.

In general, the calculations in this report represent a first
attempt to compare the calculated response for LSTF and the FWR £o a LOFW.
A few of the problems encountered in making the calculatiéms have been
addressed although none have been completely answered. This report,
therefore, should not be viewed as a final statement of the capability
of LSTF to simulate the PWR response to a LOFW, but rather as a point
of reference frem which to begin further study and analysis. As this
study and analysis gives better choices for trip setpoints, control
systems and methods of operation, the calculated response of LSTF, rela-

tive to the PWR, shculd improve.
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Appendix: LSTF HPI Pump FLow Rate Sensitivity Study

The high pressure injection (HPI) pumpé in LSTF will have a maxdimum
flow rate capability greater than the full-scaled flow rate of the
HPT pumps in the PWR. To study the effect of using the LSTF pumps
at full capacity on LO¥FW-B, a calculation was run with LSTFl where
the pressure vs. flow tables of the time dependent junctions represent-
ing the HPI pumps were changed to reflect the full capacity of the
LSTF pumps. This model was designated LSTF1-A.

The system response calculated by LSTF1-A was the same as LSTF1
out to the time of steam generator dryout. The only difference after
this time was that, with the higher HPI flow rate in LSTF1-A, sufficient
ECCS was injected into the system to cool the primary £luid. This
is shbwn in Figure A.l which compares the PWR, LSTFl and LSTFl-A primary
mean temperatures., The mean temperature in the PWR and LSTFl increased
after SG dryout because the ECCS flow at the PORV septoint was not
sufficient to cool the fluid. The primary mean temperature in LSTF1-A,
however, decreased.

Based on these results, some means of controlling the pressure
vs. flow curve of the LSTF HPI pumps is needed in order to simulate

the PWR response.
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Fig. A.l Primary Mean Temperature for LOFW-B: PWR, LSTFl and LSTF1-A




