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ABSTRACT

An improved model to determine the dynamic response of centrifugal pump.,
during blowdown transients was developed for the HELAP3 code. This model is de-
scribed, and results of calculations demonstrating the effect of pump modeling on
the primary system hydraulic response of a pressurized water reactor s_re shown,
The analysis indicates that pump behavior substantially influences the reactor flow rate
during an LOCA.
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A PUMP MODEL FOR L-OSS-QF-COOL-ANT ACCIDENT ANALYSIS

The primary coolant pumps in water-cooled reactors influence the thermal-hy-
draulic behavior of the primary system during a loss-of-eoolant accident (LOCA).
The pump in the broken loop affects the flow rate of the fluid which passes through
it and thus influences the system blowdown rate and the distribution of fluid flow to
the break discharge points. The pump (or pumps) in the unbroken loop affects the
circulation of fluid in the intact portion of the primary system (including the reactor
core) and can affect the thermal response of the core. —

An analytical description of the thermal-hydraulic behavior of a reactor system
during an LOCA should account for the influence of the primary pumps. The pump
model employed in the analysis should contain sufficient detail to predict the inter-
action between the pumps and the primary coolant. Recognizing this requirement.
Aerojet Nuclear Company has developed a new pump model for the RELAP3"! code.
RELAP3 is a computer code that calculates the behavior of water-cooled reactors
during blowdown conditions. A reactor system is modeled as a series of connected
fluid volumes which represent the various system components.

Since the pumps provide a unique source of momentum transfer, the fluid momen-
tum equation for the location of the primary system pumps must be represented in a spe-
cial manner.. The pump model consists of the relationships employed to describe
the behavior of the pump. The pump model wMcfa was employed formerly in RELAP3
was similar to the one used in the FLASH code '2J.

This paper describes the Aerojet Nuclear Company pump model and discusses
the impact of its use on LOCA analyses. The FLASH pump model previously used
is briefly described. The analysis performed to evaluate the aew pump model is also
presented.

DESCRIPTION OF RRVTSKD RETLAP3 Pl /MP MODEL

All primary system pumps used in pressurized water reactors are of the same
basic type. They are single stage„ shaft seal, vertical shaft centrifugal pumps driven
by electric ac induction motors. The hydraulic performance of a centrifugal pump,
characterized by head and torque, is determined by speed, volumetric flow, and fluid
density. During an LOCA, electric power is usually assumed to be lost to &ie pumps.
To describe the transient behavior of a pump adequately under these conditions the
rotational dynamics of the j>ump must be modeled. Change of rotational speed due
to an applied torque follows an angular momentum balance:

. * ! ? • * • «
Nomenclature is defined at the end of the paper.

The calculation of pump speed in the r«.ew RELAP3 pump model represents the
principal difference between the present; model and the FLASH model. Pump speed
behavior in the FLASH model was not calculated tJut was assumed a priori and sup-
plied to the code as an input parameter. In the present model; pump speed is calcu-
lated on the basis of Equation (1).

The applied torque represents the net torque from all sources. The principal
component of the applied torque is due to the hydraulic interaction between the fluid
and the pump impeller and is usually referred to as the "hydraulic torque". Hydrau-
lic torque, as well as pump head, can be obtained from the pump characteristic curves



usually referred to as "four quadrant" curves. These curves are constructed fay the
i'ju/np manufacturer on the basis of performance tests of the pump in a tost loco. A
typical set of four-quadrant curves for a centrifugal pump is shown in F'gure 1. As
seen in this figure, values of head and torque (as defined by lines of cou»u«il Imau
and torque) are uniquely determined by sets of values of volumetric flow and pump
speed. Thus, given a set of flow and speed conditions, the head and torque can be found
from the four-quadrant curves. - - —
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Two potential components of torque are not include© in this mods*. Kleotroms£-
netic effects in the drive motor have been considered in flow coastdowr. anaWsis^i;
however, these are not consiaered to be of sufficient significance to include in. an
LQCA calculation. The effects of mechanical damage that might occur as a. result
of excessive speed are also neglected.

Streeterl4] presents a simplified form for presenting pump performance char-
acteristics. By. using the affinity laws of centrifugal pumps, the data of Figure 1 can
be reduced to Figures 2 and 3« The arrangement of Figures 2 and 3 is substantially

H.O

a : J&L (Speed Ratio)

h = - § - (Head Ratio)

v = ~ (Flow Ratio)
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FIG. Z REDUCED FORM OF PUMP CHARACTERISTICS—HEAD CURVES.

easier to use as tabulated data in a computer computation than is that of Figure 1.
These curves ars based on single-phase fluid conditions, whoreas, during system
depressurization resulting from loss-of-coolant, the primary ecclant pumps encoun-
ter two-phase flow conditions. The four-quadrant curves can be used to estimate the
operating performance of the pump under two-phase conditions if pump efficiency is
assumed to be independent of fluid conditions. The validity of this assumption can
only be tested experimentally and, to date, such experiments have not been performed.
At present, the assumption is believed to be reasonable. During two-phase flow the
hydraulic torque is then proportional to fluid density and is related to the single-phase
torque as follows:

(2)
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In some cases, the torque due to frictional losses (bearing friction and windage)
in the rotating machinery may be an important consideration. The magnitude of this
torque component is related to the square of the pump speed:

I
V

tOlMl (3)

The net torque on the pump is determined by the summation of the hydraulic and
frictional torques:

-C (4)

In the present RELAP3 pump model, Equation (1) is employed to calculate the
rate of change of the pump speed at any given time. The single-phase hydraulic torque
in Equation (2) is determined from the pump characteristic curves. The value of hy-
draulic torque depends on the pump flow as well as its speed. This flow is determined
in the RELAP3 code by a calculation of the fluid momentum balance across the pump.

The pump head must be determined to perform the fluid momentum calculation
for the pump. The pressure difference across the pump, or the momentum contribu-
tion of the pump fluid, is related to the head as follows:

AP - p H . (5)

Pump head in single-phase flow is uniquely defined by the pump curves as a function
of pump speed and volumetric flow rate. Thus, the pump head in the RELAP3 model
is determined from the pump curves in the same manner as the single-phase hydrau-
lic torque.



The magnitude of pump head during two-phase flow is not well known. Classically,
cavitation has been considered to occur in centrifugal pumps whenever the fluid ap-
proaches saturation conditions. Cavitation results in a sharp, nearly discontinuous,
loss of pump performance. The cavitation view of two-phase performance probably
stems from most prior experience with centrifugal pump operation being at much
lower pressures than experienced in a pressurized water reactor system. The data [5,6]
that exist for high pressure centrifugal pump performance show that performance
in the normal operating rangefal does become degraded in the two-phase region but
not as rapidly, or to the extent, than would be ejected as a result of cavitation. Fur-
ther, the data of Reference 6 show that as fluid quality is increased a recovery of
performance occurs at the high quality condition. However, these data are not suf-
ficiently definitive to provide a basis for development of a complete cavitation mo-
del. Some tests to provide the required information have been planned. For example,
two-phase flow tests are to be performed with the l r l / 2 loop semiscale system pump
at Westinghouse Canada Limited. Results are expected to be obtained in the near future.
The two-phase behavior of the pump determined from these tests will be applicable
only to this particular pump. The test resultst however, are expected to provide an
indication of the type of behavior to be expected from other centrifugal pumps,

Mechanisms _which could lead to deviation of two-phase flow-head-speed pump
behavior from the corresponding single-phase behavior can ibs postulated. For ex-
ample, if sonic velocity is achieved at some location within the pump, the resultant
choked flow could lead to degradation of performance. Another possibility is an in-
crease in irreversible losses due to turbulent momentum exchange between thejtwo
fluid phases. These mechanisms are not taken into account in the current model»

Further, the appropriate density to apply to Equation (5) during two-phase flow
is not immediately apparent. Since the two-pease fluid mixture is compressible, its
density varies with pressure and, therefore, a density gradient develops across the
pump. The effect of selecting a given value of the density of the fluid in the pump was
investigated.

ANALYS IS PROC gDURE

An analysis of a typical large PWR was performed to determine the influence of
pump models on loss-of-coolant calculations. The basic RELAP3 model used for this
analysis was a 36-volume 46-junction representation of a typical four-loop plant de-
sign. The model is shown in Figv_re 4. The onset of the loss-of-coolant accident is
represented by the model as a 100% offset shear break of a primary coolant inlet
line halfway between the primary coolant pump and the reactor vessel. The three
unbroken coolant loops are lumped together to simulate the three parallel coolant
paths. Steam generators are modeled using five nodes for the active heat transfer
regions, and the core active fuel is modeled using th^ee nodes. The downeomer is
modeled with two nodes: the region above the thermal shield and the remainder of the
downcomer. A leakage path from the upper downcomer region into the upper head is
shown in the figure.

The flow through the lower downcomer region includes the bypass flow downward
through the flow skirt. The flow through toe bypass volume represents the flow through
the control rod guide tubes. Pump modeling was changed to accommodate the different
pump representations considered.

Taj The normal operating range is considered as tfcat of positive speed, positive flow
ttnd positive head.
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<CTTV;\.TARY nFWf.RTPTTOX OV .COMPUTER CODES USED

RELAP3, the basic code used for the analysis, represents the reactor system
as a set of selectively connected fluid volumes that describe the pleuums, piping,
reactor core, and heat exchangers. Fluid compressibility is considered in predicting
the course of the transient, Connections between volumes may be specified as a nor-
mal junction, a leak junction (break), or a fill water source. A normal Junction may
include a valve which can be opened or closed by a time or pressure signal. The LOCA
transient is calculated time-step by time-step. Current reactor conditions are used
to provide reactivity feedbacks.

The results obtained from the RELAP3 analyses reflect whatever inadequacies
may exist in any modeling component of the entire computer code. The results p re -
sented in this paper are shown for purposes of illustrating the effect of changes in
the pump model and are not intended to represent the absolute behavior of any par-
ticular reactor system.

KI5LAP3/MOD 062 incorporates a numerical scheme which provides an implicit
solution to the momentum and energy equations with an improvement in solution stabi-
lity and reduced calculation time. Pumps are represented as volumes instead of junc-
tions as in other code versions considered. Pump fluid properties are average proper-
ties in the pump volume.

In another version of the code the pump was represented as a junction instead
of a volume. Also, the following means of calculating the density of the fluid in the
pump were evaluated:

(1) density found from steam tables by using the enthalpy at the junction and the
average pressure between the upstream and downstream volumes

(2) density taken as the density in the pump suction volume regardless of flow
direction during the blowdown transient

(3) density taken as the linear average of the densities in the upstream and down-
stream volumes.

RESULTS QE ANALYSIS _

The validity of the pump dynamics expressions [Equations (1) and (4)] was a s -
sessed by performing a flow coastdown analysis. In this calculation, the pumps were
allowed to coast down without any outside influences such as system breaks. The r e -
sults of the analysis for a large four-loop PWR are shown in Figure 5. The flow coast-
down curve presented in the PSAR for the same plant is also shown. Excellent agree-
ment exists between the RELAP3 coastdown aad that given in the PSAR, which indicates
that the RELAP3 pump dynamics a re in accord with those of the vendor for siugle-
plmso flow.

Sine*;, at present, no definitive data exist for use fn evaluating the adequacy~oT'
the pump model during blowdown, comparative calculations were performed to assess
the effects of model components.

As mentioned previously, the principal uncertainty in the model is the treatment
of two-phase pump density. Comparative runs were made with the various modifica-
tions of the RELAP3 code described. The manner in which the pump density was cal-
culated was found to have little effect on the analysis. LOCA computations performed
with the different code versions yielded virtually identical results during the inter-
val from the initiation of blowdown to the time ECC from the accumulators begins to
influence the pumps. At this time, the models containing a junction representation
of the pump experience an instability caused by a discontinuity in fluid density at the
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pump junction. This particular instability i s sufficiently severe to cause termination
of the computation at the time the instability occurs.

The code version which contains the volume representation of the pump does
not encounter this difficulty. In this model the pump density is calculated as the aver-
age density of the pump volume. This calculatiou allows the pump density to vary in
a well-behaved manner as the ECC enters the pump and allows the computation to
proceed through the ECC injection phase of the accident. Modeling the pump as a vol-
ume is, therefore, necessary from the computational standpoint.

The impact of the treatment of the pimps is most clearly demonstrated by com-
paring the results of an LOCA analysis using the new pump model with those performed
using the old model. As previously noted, the speed of all pumps in the FLASH treat-
ment was supplied as input data, and flow coastdown behavior was generally assumed.
Figure 6 shows a comparison of the predicted speeds of the pumps in the broken and
unbroken loops which were calculated using the two models. Considerable differences
are readily seen. The effect of the differences in treatment of pump speed is a dif-
ference in flow through the pumps as shown in Figures 7 and 8.

As initially asserted, a change in hydraulic behavior can be transmitted through-
out the primary system and ultimately affect the flow in the reactor core. Figure 9
shows the fluid flow at the core inlet as calculated by the two different models. Be-
tween 0 and 5.5 seconds after rupture the integrated core inlet flow is 17% higher
for the FLASH pump model than the new RELAP3 model. From 5.5 seconds to 11
seconds after rupture the integrated core inlet flow is 15% lower for the FLASH pump
model than the new RELAP3 model.
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The results presented confirm that the manner in which the primary pumps are
modeled has substantial influence on the calculated core flow during an LOCA. The
pump model should consist of a physically realistic representation of the pump dy- i
namics and hydraulic behavior a?d it should contain enough detail to achieve reason- i
able accuracy. i

Two-phase pump performance" is an area which requires further investigation.
The evaluation of the accuracy of any particular model depends on tho performance
of adequate pump te«Uwhich simulate the conditions expected during an LOCA.

NOMENCLATURE

H
I
0)

AP
Q
P
T
t

Subscripts

h

f
_ R

Head
_Mpmentjjf inertia
Angular velocity
Pressure difference
Volumetric flow rate
Density
Torque
Time

Hydraulic
Single phase
Two-phase
Frictional
Rated
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