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ABSTRACT

Performance characteristics of Loss-of-Fluid
Test (LOFT) reactor cooiant pumps under transient
two-phase flow conditions were obtained based on the
analysis of two large and small break loss-cf-coolant
experiments conducted at the LOFT facility. Emphasis
is placed on the evaluation of the transient two-phase
flow effects on the LOFT reactor coolant pump per—
formance during the first quadrant operation. The
measured pump characteristics are presented as func-
tions of pump void fraction which was determined
based on the measured density. The calculated pump
characteristics such as pump head, torque (or hydrau-
lic torque), and efficiency a«re also determined as
functions of pump void fractions. The importance of
accurate modeling of the reactor coolant pump per-
formance under two-phase conditions is addressed.
The analytical pump model, currently used in most
reactor analysis codes to predict transient two--phase
pump behavior, is assessed.

NOMENCLATURE

A = pump croas ssction area, mZ

H = head, m

h - homologous head ratio head/rated head,
dimensionless

I - pump motor current, A

Mp = two~phase head multiplier, dimensionless

Me = two-phase torque multiplier,
dimensionless

N = rotor speed, rad/s

P = pump motor power, W

Q = volumetric flow rate, m3/s

Rp = head ratio, dimensionless

T = pump torque, N-m

t = homologous torque ratio = torque/rated

torque, dimensionless

* Member, ASME
*% Affiliated with Austrian Research Center,
Seibersdorf.

v = homologous flow ratio £ volumetric
flow rate/rated volumetric flow rate,
dimensionless

w = pump fluid velocity, m/s

1 - void fraction, dimensionless

ay - homologous speed ratio = rotor speed/
rated rotor speed, dimensionless

ap = pump pressure-rise, Pa

n = pump efficiency

[ - average density measured by three-beam
gamma densitometer, kg/m

pE - liquid density, kg/m3

Pg - vapor density, kg/=m

’ = pump energy dissipated into fluid, W

Subscripts

o - initial single phase value

1¢ = aingle phase value

26 = fully degraded two-phase value

£ = saturated liquid condition

fr = friction

g = saturated vapor condition

hy - hydraulic

hl = hydraulic loss

m = pump motor

r = pump rated operating value

s - pump shaft

INTRODUCTION

The LOFT program conducted by EGSC Idaho, Inc.,
at the Idaho National Engineering Laboratory 'INEL),
is part of the overall reactor safety research pro-
gram sponsored by the U.S. Nuclear Regulatory Commis—
sion (NRC) to investigate the behavior of pressurized
water reactor (PWR) systems during a postulated ioss~—
of-coolant accident (LOCA}, and to provide data to
assess and improve the reactor safety analysis
computeyr codes used to predict PWR behaviocr.

The need to understand and predict the perform-
ance characteristics of reactor coolant pumps (RCPs)
in transient two-phase flow stems frow the necessity



to accurately pradict and analyze reactor thermal-
hydraulic behavior during a postulated LOGA.

During a PWR LOCA, the performance of the RCP
can influence the magnitude and direction of the core
flow that critically controls the core heat trans-
fer. In particular, one of the nuclear industry's
concerns, since the Three Mile Island accident, has
beer. the operation of RCPs during a small break LOCA.
The important issue is controlling the primary system
coolant mass inventory during 2 PWR small break
LOCA. The LOFT small break pumps-on and pumps~off
experiments showed that RCP operation during the
transient significantly influenced the primary system
coolant mass inventory. Therefore, a comprehensive
understanding of typical RCP behavior under transient
two-phsse flow conditions is rejquired before the
thermal~hydraulic behavior of a PWR small or large
break LOCA can be accurately analyzed.

The RCPs are generally modeled in the reactor
analysis codes, such as RELAP4, RELAPS, and TRAC,
with homologous relationshipas to derive the required
pump head and torque. The two-phase head and torque
degradation multipliers commonly used were based on
the data from testing a small Semiscale radial-flow
pump (1) which provides almost no head when the void
fraction ranges from 20 to 90X. A review of RELAP4
predictions for LOFT large break LOCA Experiments L2-2
and L2-3, and RELAP5 prediction for LOFT small break
LOCA Experiment L3-6 revealed that RELAP4 was unable
to predict the early core quenching which occurred in
L2-2 (2) and 1L2-3 (3), and RELAPS failed to predict
the core uncovery and fuel cladding temperature
excursion which occurred in L3-6 (4). The disparity
between the experiments and predictions can be
attributed to the erroneous two~phase characteriatics
that have been used in these codes, because the LOFT
pmp is the mixed-flow type of centrifugal pump and
kas different specific speed and design character—
istics from the Semiscale pump, which stiil develop a
‘significant head at the intermediate void fractions.

LOFT pump performance characteristics should be
obtained from the LOFT experimental data in order to
provide a more realistic prediction of the LOFT
experiments. This paper presents an analysis of
transient two-phase performance characteristics of
the LOFT reactur coolant pumps. Because the availa-
bility of experimental data on transient two-phase
pump performance, especially of the reactor type
mixed=flow pump is limited, results obtained from the
LOFT experiments are an important contribution to
understanding reactor coolant pump characteristics
under actual transient conditions.

REVIEW OF PREVIOUS WORK

A detailed review of literature on centrifugal
pump two-phase performance has been published by
P. W. Bunstadler (5) in 1976 and by D. G. Wilson (6)
in 1979. A number of pump test programs have been
carried out in the USA for improving and advancing
the light water reactor safety technology. These
included the General Electric (GE) Company high
specific speed pump (7), the INEL Semiscale Mod-1
pump (8) and FAST (Full Area Steady-state Test) loop
pump {9) Babcock and Wilcox (B & W) one-third scale
pump {(10) Combustion Engineering (CE) one-fifth scale
pump (11) and Creare one-twentieth scale pump (12)
test programs.

The GE pump data were limited to an inlet void
frastion of 20%, which have only limited application
under reactor blowdown conditions when the inlet void
fraction can easily exceed 20%. The Semiscale Mod-1l
pump was tested under steady-state, single~phase, and
two-phase, steam-water conditions. The limited two-
phase data were not adequate for defining the two-
phase characteristics in all quadrants and the
scatter in the data are too large to quantify the
two~phase pump performance characteristics. The FAST
loop pump was a mixed-flow pump with a specific speed
of 4200 (in the dimension of gpm, rpm and £t} which
was tested under steady-state, twoc-phase, nitrogen—-
water conditions, up to 352 pump inlet void fraction.
The data indicated that this pump degraded much less
than the Sewiscale pump. The B & W one-third scale
pump was tesied at a relatively low pressure and the
B & W pump showed similar degradation behavior to the
Semiscale pump. The applicability of these data to
reactor LOCA conditions is limited. The CE and
Creare pump test programs were sponsored by Electric
Power Research Institute (EPRI). The two pumps were
similarly scaled to one-fifth and one~twentieth of a
full scale CE reactor coolant pump. The CE test
results indicated that the loss of head at inter—
mediate void fractions is much less than for the
Semiscale pump, The Creare pump was tested under
two-phase air-water conditions at low prazssure and
under stesm-water conditions at high pressure. The
test data show that the head and torque degradation
characteristics are functions of void fraction and

flow rate.

LOFT FACILITY AND EQUIPMENT

1OFT Facility

The LOFT facility (13) is a 50-MW(t) experi-
mental pressurized water nuclear reactor designed to
simulate the major system and component respinses of
a commercial PWR during a hypothetical LOCA. It
consists basically of the reactor vessel with the
nuclear core, an operating loop with steam generator
and two pumps in parallel, and a so-called “broken
loop" that consists of hot and cold legs with pump
and steam generator simulators. The cold and hot
legs of the broken loop are connected via quick
opening valves to a blowdown tank. The schematic of
the LOFT facility is shown in Figure 1. The rezctor
coolant pump suctions are counected to the steax
generator outlet. The pumps discharge to the reactor
vessel is at the same elevation as the reactor vessel

cold leg inlet.

LOFT Reactor Coolant Pumps

The LOFT RCPs are canned rotor, centrifugal
pumps of the mixed-flow type. They are rated at a
head of 96 m (315 ft), a discherge flow rate of
0.315 m3/s (5000 gpm), and a rotational speed at
369 rad/s (3530 rpm). The dimensionless specific
speed is approximately 1.2192 (or 3300 in the dimen=-
sion of rpm gpm0+3 ££70-73), The rated cotal
torque is 1009 N-m (745 ft-1bg) and the rated
hydraulic torque is 500 N-m (369 fr~lbg). The
maximum overall efficiency is about %0%.

During two-phase steam-water operation, aux~-
iliary cooling lubrication water is injected into the
top bearing-cavity. This water supply cools the
motor, lubricates all bearings, and prevents steam
from forming inside the wmotor cavity while a two=
phase mixture exists in the pump volute during a
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blowdown two-phase operation., Detailed information
on LOFT reactor coolant pumps and instrumentation is
given in Reference 1l4.

DESCRIPTION OF SELECTED LOFT EXPERIMENTS FCR PUMP
PERFORMANCE ANALYSIS

Since 1976, over thirty experiments (large
breaks, small breaks, and anticipated transients with
and without scram) were conducted at the LOFT facil-
ity. None of these experiments was designed to
directly address reactor coolant pump performance
under transient two-phase conditions. Only in a few
of the completed LOFT experiments were the pumps
operated during the entire transient. Among these,
the L1-5 (15) and L3-6 (16) had a fluid density
measurement near the pumps inlet snd outlet for
determination of the void fraction at the pump. The
pump performance characteristics data {rom these
experiments are analyzed and reported in this paper.

Experiments conducted at the LOFT facility are
designed to inveatigate overall reactor system
response during postulated accident conditions.
Therefore, the data presented and analyzed in this
paper are limited, because they were obtained as part
of a complete integral system experiments and were
not directly addressed as an experiment objective.
However, these data are of high value becsuse they
represent pump performance characteristics under
realistic transient two-phase conditions.

Experiment L1-5 which simulated a double-ended
break in a cold leg, was the fifth in the nonnuclear
large LOCA experiment series. The nuclear core was
installed in the reactor vessel, but the nuclear
power was not generated during this experiment. One
of the major experiment objectives was to provide
data required to evaluate the adequacy and improve
the analytical methods cucrently used to predict the
LOCA response of LPWRs. Experiment L3-6 which simu~-
lated a 4~in. equivalent diameter cold leg break in a
commercial PWR, was the fifth in a nuclear small
break LOCA experiment series. The major experiment

objective was to determine the effect of reactor
coolant pump operation on plant response, and to
provide dats to analyze pump operation in transient
two-phase flow. The initial conditions for these two
experiments are summarized in Table 1. The detailed
experiment results were given in References 15 and
16, respectively.

MEASURED PUMP PERFORMANCE CHARACTERISTICS

The operating loop of the LOFT reactor plant has
two pumps in parallel. The individually measured
pump speed and pressure-rise of these pumps show only
slight differences. Since thes mass fiow rates and
densities are not measured for each individual pump
we assume equal distribution of the measured totsl
mass flow rate between the two pumps and equal
density in the pumps.

The normalized (to the values at zero void frac-
tion) pump characteristics data versus the puixp void

TABLE 1. INITIAL CONDITIONS FOR EXPERIMENTS L1=5 AND

L3-6
Parameters L1-5 L3-6
Power (MW) 0 50.0 = 1
Pressure (MPa) 15.55 * 0.20 14.70 * 0.14
Hot leg 555.0 2 5.1 577.1 * 1.8
temperature (K)
Cold leg 555.0 * 5.1 557.9 * 1.1
temperature (X)
PMass flow rate 176.1 % 4.4 4833.0 * 2.6
tkg/s)
Pump speed (rad/s) 118 t 1.2 340.0 = 1.2




fraction are shown for Experiments L1-5 and L3~6 in
Figures 2 through 7.2 The pump void fraction is
determined by

c = (of -0) / (of - °g) (1)

where p is the pump average fluid dansity, of

and pg are the saturated liquid and vapor densi-
ties. The pump average fluid deusity is obtained by
averaging the pump inlet and outlet densities which
were measurad respectivel; by two three~beam gamma
densitometers near the pump inlet and cutlet. Based
on available instrumentation, the saturated liquid
and vapor densities were determined from the measured
pressure near the pump. The pressure-rise across the
pumps are small compared with the system pressure;
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Fig, 3 Normalized pressure-rise across the pump

a. The LOFT data were collected at certain samples per
second during the experiment. The pump void fraction
calculated from the measured density has the same
points as the dengity. When the time parameters are
correlated, the resultant data are plotted against the
corresponding void fraction values as the point plots.
Each point in the figure represents the actual data
point, and alsc represents temporal variations in the
plotted parameters. The large symbols do not represent
time~averaged values. They are plotted to distinguish
the data from two different experiments.
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therefore, the variation of saturated liquid and wvapor
densities across the vumps are also smail and negligi-
ble. Void fraction is calculated assuming homogeneous
flow and equilibrium between the two phases. This
assumption is reasonable because the data taken during
the rapid subcooled blowdown and during emergency c<ool-
ant (accumulator) injection are not used to evaluate
the void frsction.
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Figure 2 shows how the pump fluid densities change
with respect to che pump void fraction. The pump fluid
density decreases linearly as the void fraction
increases. The measured densities obtained from two
different experiments closely match each other. The
pressure-rise ccross the pump is presented in Figure 3.
For Experiment L1-5, the pump pressure-rise decreases
gradually to approximately 802 of the single~phase
value around 13% void. Then, the pump pressure-rise
suddenly drops to 302 and recovers to about 50 to 60%
at about 20% void fraction. The pump pressure-rise
again drops to approximately 30% when void fraction is
greater than 45%. For Experiment L3-§, the pump
pressure-vise decreases from its single~phase value to
50% and suddenly drops to 25% at approximately 35%
void. Then, the pump pressure-rise continuously
decreases to 10Z at about 952 void. The reason for
the earlier pump pressure-rise degradation in
Experiment L1-5 is related to the lower initial pump
operation efficiency and transient system effects.

The measured pump speed is presented in Figure 4.
1t shows that the LOFT reactor coolant pump was opera-
ting at nearly constant speed throughout both tran-
sients. The pump speed oscillations observed in
Experiment L3-6 between 10 to 502 void are probably
due to measurement noise since the pump speed cannot
change that rapidly because of the large pump inertia
and the measured pressure-~rise and flow rate are not
indicating changes corresponding to the speed oscil-
lations. The measured pump pressure~rise is expressed

in homologous form as Ap' = Ap x Ng / Nz, s0 that the

“effects of small speed changes can be removed from the
analysis. Figure 5 shows the volumetric flow rate
through the pump. Generally, the volumetric flow rate
obtained from both experiments shows similar character-
istics except for the sudden drop in value occurring
at 132 void in L1-5 and 352 in L3-6, respectively.
These sudden decreases in flov rates correspond to the
drop in measured pump pressure-rise. The almost con-
stant flow rate maintained between 13 to 40% void, is
attributed to the recovery of pump pressure-rise (see
Figure 3). The measured power and current are shown
in Figures 6 and 7, respectively. The pump motor
power and current show similar characteristics during
the entire L3-6 transient, while they exhibit slightly
oscillatory behavior during the L1=-5 transisnt. It
can be also seen that the current degradation is less
than the power degradetion in L1-5.

Figures 2 and 5 indicate that the LOFT RCPs oper—
ated in the first quadrant positive speed and flow
condition (normal operation mode). The measured dacs
indicate that the RCPs incurred no damsge when sub~-
jected to a rapidly or slowly depressurizing two-phase
environment.

CALCULATED PUMP PERFORMANCE CHARACTERISTICS

The pump head (Figure 8) is computed from the
measured pressure~rice across the pump divided by the
pump average fluid density multiplied by the
gravitational acceleration:

H=d4p /0 g . (2)
The heads show a response similar to the measurzd
pressure-rises except that the heads start to recover
when the void fraction is greater than 502 in L1~5 and
752 in L3~6. The measured pressure-rise in L1-5 is
larger than that of L3~6 and the pump fluid densities
are about the same. The pump head recovery is noted
to cccur earlier in L1-5 than for of L3~6. The pump
head uncertainty may be larger at high void fractions
due to the division of two small fluctuating
quantities.
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The pump shaft torque (Figure 9) is computed frow

the measured pump motor power divided by the puwp speed
and multipiied by the pump motor efficiency:

T.-(?/N)xnn (32

where ng is the pump motor effir “ency obtained

from Reference 17 and is given as a function of pump
speed and voltage to pump frequency ratio. The pump
motor efficiency is about 682 for L1-5 and 74X for
L3-6. The pump shaft torque shows response similar
to the measured pump motor power (see Figure 6)
because the measured pump speed and voltage are oniy
slightly changed during the transients. The
hydraulic torque (Figure 10) is obtained from

Thy =apxQ/N , {&a)

The hydraulic torques show a response similar to that
of the measured pusp pressure-rises (Figure 3) except
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slightly larger degradations are observed because the
volumetric flow rates decrease as void fractions
increase before 752 in L1-5 and 85% in L3-6.

The calculated pump efficiency (hydraulic torque/
pump shaft torque) is shown in Figure 1l1l. It can be
seen that the pump efficiency is reduced substantially
as void fracticn increases. The LOFT RCPs were ini-
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Fig., 11 Pump shaft efficiency

tially operated at & lower flow rate in L1-5 and were
iess efficient than in L3-6; there¢fore, the pump per~
formance also degrades earlier. During the tuo-phulc
operltxon. 2 high percentage of the shaft power i»

lost in the pump impeller hydraulic loss, and frie~
tioa loases of disc, seals, and bearings. This ineffi-
ciency of the pump during two-phase operation should

be modeled ss heat or energy dissipated into the fluid
which may be a significant percentage of the reactor
decay power during the small break LOCA and cannot b=

ignored.

REACTOR COOLANT PUMP PERFORMANCE PREDICTIONS

Tha pump two-phase pe:sformance characteristics
pred1ctxon model, used in the current reactor anal-
ysis computer ccdes (e.g., RELAP4, RELAPS, and TRAC)
is based on an empirical rather than & mechauisCic
solution to the pumo flow equa:ions under two-phuse
conditions. These codes us: homologous relationships
to determine pump head and torque aC & given speed and
volumetric £low rate. When the puap operafes under
two-phase conditions, a two-phase nead and a torgue
multiplier obtained from puxp test data (ususlly
Semiscaie) are uged to adjust the calculated pump head
and torque as a function of void fraction. Two-sets
of head and torque homologous curves are generally
input in the code; onz for single-phase coudition and
the other for the difference between the single-phase
and fully degraded two-phase conditions (minimum
two-phase performance). The two-phase head and torgue
are calculated as foliows:

H (v, Sy a) = L (v, “N) -M () [hl0 (v, :“)
hz. (v, uN)] x H_ {5)

T (v, oy a) = :10 (v, “N) - Ca) [tl. (v, “N)

-t (v, °N)] x Tr . (6)

The pressure-rise across the pump, used in the
momentum equation, is obtained from Equation (5), and
the torque obtained from Equaticn (6) is used to com~
pute the pump inefficiency which is modeled as heat
dissipation into the fluid in the energy equation.
The torque is also used to calculate the change of
pump speed during the pump coastdown. The detailed
modeling of the RCPs in the reactor analysis code
RELAPS can be found in Reference 18.

To obtain a more representative momentum and
energy balance for calculating the transient phe-
nomena Jduring LOCEs, the pump two-phase performance
characteristics must be accurately predicted. There-
fore, pump two-phase degradation data in terms of head
and torque multipliers should be obtained from pump
test data from a similar pump. The LOFT pump two~
phase performance characteristics should be analyzed
and used for predicting the LOFT experiments.

Figurea 12 through 15 present the homologous
two-phase head compared vith the single-phase head
(19) for L1-5 and L3-6 Experiments, respectively.
In Experiment L1-5, in which the RCPs were initially
operating at an/v = 0.75, the head matches closely
with the single-phase head curve. As void fraction
increases, the volumetric flow rate decreases. However,
the pump speed remains almost constent; therefors,
aN/v will increase. The pump head degrades to
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about S0 of its single-phase head at ay/v » 1.0

(see Figure 12). The pump head indicates more degrada-
tion at 10 to 20% void than that at 20 to 50X, which
is attributed to the pump pressure-rise recovery
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Fig. 15 L3-6 two-phase head vs. single-phase head
(HAN)

after the initial drop, and ssaller fluid densicy.
.'This behavior is due to transient system effects on
iche pump performance. When ey/v > 1.0 (i.e.,

v/ay £ 1.0), increasing the void fraction

results in a decrease in flow rate and v/ay starts

to decrease (Figure 13). The head remains at about

50% of the single~phase value. When the void fraction
reaches about 75%, the volumetric flow rate increases
because more steam exists in the pump. The head starts
to recover and reaches the single-phase head at about
80% void. Beyond this void fractionm, the calculated
head exceeds its single-phase value, which may be due
{to the larger uncertainty in the measurement of pump
ipressure-rise at the highe~ void fractions. Figures 14
‘and 15 show similar pump performance characteristics
iin Experiment L3-6. Similar performance character-
'istics can also be cbtained for pump torques.

Generally, the pump two-phase performance
characterigtics depend on both void fraction and
homologous independent variables (either ay/v or
v/ay). Homologous independent variables should be
kept the same (namely, the two-phase head to single-
phase head ratio should be obtzined at the same flow
conditions) in order to compare the pump two-phase
performance with its single-phase performance. The
head ratio is defined as

R (@) = H (v, °N, o) .
h Bzv,u“,c-o)

The head ratios obtained in accordance with
Equation 7 for Experiments L1-5 and L3-6 are shown in
Figure 16. The results clearly indicate that the
minimum two~phase head (i.e., fully degraded head) is
about 25 to 30Z of its single-phase values. The loss
of head at intermediate void fractioms (13X to 602
for L1~5, and 35 to 80X for L3-€) is much less for
the LOFT pump than for the Semiscale pump that
develops almost no head in these void fraction
ranges. The LOFT pump two-phase head performance
characteristics obtained from L3-6 data show close
similarity with the CE/EPRI steady state pump test
results (11), while that from L1-5 data show dif-
ferent response. The critical void fraction in which
the pump performance suddenly degrades to the minimum
performance varies with the initial operating condi~
tions (i.e., punw initial operating efficiency).

(e}
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Similar results were also identified by the Creare
pump test results (12) that indicate that the initial
degradation of pump head performance is a function of
both void fraction and flow rate.

The differences between the howologous single-
phase and fully degraded two-phase heads is simply
equal to the homologous single-phase head if the fully
degraded two-phase head is zero. The head multiplier
can be related to the head ratio simply as:

'uh(u) e1-R) . (8)

The LOFT data indicate that Mp(a) varies with veid
fraction as well as puep initial operating conditioms;
however, the pump performance prediction model used in
the current reactor analysis codes incorrectly assumed
Mp(a) is only a function of the void fractionms.
Similar multipliers can also be developed in terms of
the actual fully degraded two-phase head.

The pump inefficiency is modeled as energy dis~-
sipation into the fluid, that is:

¢=(T -T )xN
1

hy
-T.N-Apxn [a p‘u.
+ (1-a) Pe vf] /p (9)

vwhere Ty = Tpy + Ty + TEr .

Th1 is the torque due to the hydraulic loas of the
pump impeller; Tf, is the torque due to friction
losses of pump disc, seals, and bearing.

In computer codes such as RELAFS, the pump
inefficiency modeling as energy dissipation is incom
plete because the hydraulic loss through the pump
impeller, which may be significant during two-phase
operation, is not accounted for in the computation.
The power losses due to various frictions are not
computed until the pump coastdown and also the irnput
requirement for shaft torque or impeller torque is
incorrectly referred to as hydrsulic torque.

Therefore, no hydraulic and friction losses are
accounted for, and either no heat is added into the

pump fluid for positive 4p or too much heat is sdded
into the fluid for negative 3p. The deficient
modeling of pump energy dissipation in RELAPS is
evident and was reported in Reference 20.

It is believed that the curreat pusp performance
prediction model used in the RELAPS code needs
improvements before pump characteristics can be well
predicted. No data for torque multiplier are pre-
sented in this paper because, despite correct multi-~
pliers, the energy dissipation into the fluid will not
be computed properly.

CONCLUSION

LOFT experiments have provided valuable informas-
tion about pump characteristics under transient two-
phase flow conditions even though the facility was
not designed to investigate pump performance in par-~
ticular but integral reactor system behavior. Based
on experimental pump performsnce data two-phase hsad
multipliers were developed to allow proper code simu~—
lation of experiments such as L3-6. The LOFT experi-
ments indicated that two-phase pusp head degradation
for the LOFT pumps is not as strong as degradation of
the Semiscale pumps. The LOFT pumps can provide pri-
mary coolant flow through the core even with signifi-
cant system void fractions. It is believed that this
property of the LOFT pumps is similar to the two-
phase characteristics that should be expected for
reactor coolant pumps in large commsercial power
plants. The data presented in this paper showed
significant influence of transient system effects on
pump performance in large break LO{As, which,
together with the pump data obtained during swall
break LOCA, should be useful for transient two-phase
model development. Because the pump two-phase flow
performance depends strongly on initial operating
conditions and transient flow rates, the pump per-
formance degradation characteristics in future models
should depend on single-phase operating efficiency
and be represanted as a function of void fraction and
flow rates. In most of today's codes, pump energy
dissipation models also need to be improved.
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