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ABSTRACT

Reactor coolant pump motor power and temperature measurements are used by
Babcock & Wilcox (B&W) plant owners to calculate void fraction for trending 1C(

conditions while the punips are running. This new measurement technology satisfies

NUREG-0737, Item I1. F.2, * licensees shall provide additional instrumenta
]

tion to supplement existing instrumentation in order to provide an unambiguous

easy-to-interpret indication of inadequate core cooling.”’ In tais repori, the Nuclea

Power Plant Instrument Evaluation (NPPIE) project compares system acruracy,

y, and limitations to measurement requirements using small-break test data
scale plant analytical studies. Small-break experimental data show that 1C(

on calculations are conservative compared ‘o gamma densitometer void
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SUMMARY

The United States nuclear industry is currently
in the process of implementing NUREG-0737, Sup-
plement No. |, Requirements for Emergency
Response Capability (Generic Letter No. 82-33).
The requirements in this document include in-
strumentation for determining inadequate core
cooling (1CC) in pressurized water reactors (PWRs)
while the pumps are running. In response to this
requirement, the reported detection system uses the
reactor coolant pump (RCP) motor current or
power measurements, system pressure, and pump
inlet temperature to calculate and indicate coolant
void fraction and inventory trends.

With these measurements, the void fraction
calculation is relatively easy to implement since it
uses existing plant measurement data (available in
the plant computer) as an innut for the analytical
model. In some cases, a power transducer or cur-
rent transducer signal has to be installed and/or
routed before all outputs can be measured at the
computer. Besides these measurements, this
analytical model also uses pump velumetric flow,
operating head, mechanical efficiency, electrical ef-
ficiency, and motor power factor; however, in most
designs these can be treated as constants for void
fractions less than 30%.

Loss-of-Fluid Test (LOFT) small-break ex-
perimental data show that void fraction calculations

using this system are conservatively high compared
to a gamma densitometer void fraction measure-
ment in the pipe just upstream of the pumps and
the average primary system void fraction. The Elcc-
tric Power Research Institute’s (EPRI) analytical
studies also skow that a measure of void fraction
at the pumps is expected to be conservatively high
re ative to the coolant inventory trend conditions
in the primarv system cf a commercial PWR.
Specifically, these studies show that the system
provides a void fraction measurement with a 10%
accuracy for void fractions less than 30%. Beyond
a 30% void fraction, variations in the pamp effi-
ciency and flow parameters exceed the validity limits
of the void fraction calculation aigorithm.

The plant operator obtains void fraction trend
data at a CRT terminal upon command with an
operating proceduie constraint that this informa-
tion only be used for backup. Nonsafety grade RCP
motor switchgear, and in some cases a nonsafety
grade containment building, dictate this constraint
on the ICC operating procedures.

This report concludes that the ICC trend in-
dicator for use with pumps running is easy to
implement and practical for the operator to use and
meets the intent of NUREG-0737, Supplement
No. 1.
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ASSESSMENT OF REACTOR COOLANT PUMP
INSTRUMENTATION IN SUPPORT OF
COOLANT INVENTORY TREND ANALYSIS

1. INTRODUCTION

The United States nuclear industry is currently
in the pioce.” of implementing NUREG-0737, Sup-
plement No. 1, Requirements for Emergency
Response Capability { Generic Letter No. 82-33).”l
The requirements in this document include instru-
mentation to determine inadequate core cooling
(1CC) in pressurized water reactors (PWRs) while
the pumps are running. These systems are required
to meet the instrumentation qualification ¢, °ria in
Regulatory Guide (RG) 1.97 Category 1.2 These
criteria are intended to be the same as the RG 1.89,3
Class 1E instrumentation qualification
requircmems.“ Since most utilities use RG 1.89,
Class 1E terminology, this report will use Class 1E
criteria to identify RG 1.97, Category 1 instrumen-
tation qualification criteria.

The detection system discussed below uses reac-
tor coolant pump (RCP) mctor current or power
measurements and pump inlet temperature to in-
dicate the primary coolant system void fraction and
inventory trends to meet the requirements of
NUREG-0737 Section [1.F.2, that states, **licensees
shall provide a description of additional instrumen-
tation or controls proposed for the plant to
supplement existing instrumentation in order to
provide an unambiguous, easy-to-interpret indica-
tion of inadequate core cooling.”” An unambiguous
ind.~ation of 1CC is defined in NUREG-0737 as an
indication of the existence of ICC caused by high
void fraction in the pumped flow as well as stagnant
boil-off but, does not erroneously indicate ICC, A
further measurement requirement is that the
instrumentation give advanced warning of the
approach of ICC. NUREG-0737 also requires that
the ICC measurement system instrumentation meet
the Category 1 design guidelines of RG 1.97 when
used as the primary loss-of-coolant accident
(LOCA) indicator.

After the TMI-2 incident, the NRC encouraged,
in NUREG-06235, a trip of the Primary Coolant
Pumps (RCPs) following reactor trip and indica-
tion of High Pressure Injection (HPI) actuation.

This was a conservative decision based on various
LOCA and plant specific variables. The NRC
“‘recognized the potential desirability of running the
reactor coolant pumps to provide *orced circulation
during small break LOCAs and. . .encouraged the
continued expleration by the industry of means by
which this could be accomplished.”5 Monitoring
pump motor curreat has been recognized as a
method of determining coolant system void frac-
tion that could allow delaying pump trip until the
system void frac.ion approaches a condition that
cculd cause core aamage if the pumps were turrad
off. Proof o1 the validity of the pump cui:ent
measurement method of monitoring coolant trend
was demonstrated at the Idako National Engineer-
ing Laboratory (INEL) Loss-of-Fluid Test (LOFT)
experiment. A RCP power measurement model
from which void fraction can be calculated was
developed and verified with small break data taken
while the RCPs were running (Experiment L3-6).

It shouid be noted that the LOFT measurement
system hardware described below was implemented
to verify the analytical model and does not repre-
sent the system prototype design required by the
utilities. The parts of the LOFT instrumentation
system and data analyses applicable to commercial
power plant designs are discussed in Section 5.3.

Rather than using the RCP current measurement,
as suggested by LOFT repnns6 for pump trip
criteria, many Babcock & Wilcox (B&W) plant
owners have elected to use the RCP current
measurement in calculating void fraction to satisfy
the requirements of NUREG-0737, Supplement |
that requests a measure of ICC inventory trends
while the RCPs are running (this requirement is
imposed regardless of the pump trip criteria). The
B&W plant designers made a study of void trending
measurement methods for their plant and recom-
mended the RCP motor power void fraction
calculation to the B&W plant owners. They also
offered a computer software package that some of
the plants purchased.
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small break test data verified that RCP motor
power or current is related to reactor coolant system
density. This relationship allows the operator to use
the motor power or current to monitor the RCS in-
veniory and institute a more selective pump trip
criteria. The operator display (J-plot) developed and
verified using LOFT test data in support of an alter-
nate pump trip criteria, monitored RCP motor
current or power versus cold leg temperature on a
CRT as shown in Figure 1.

Since pump motor power is proportioial to the
density of the fluid being pumped, the LOFT J-plot
display shows the relationship between coolant den-
sity and temperature at any time. The plot is
essentially a single value relationship for subcooled
conditions and multivalued for saturated two-phase
flow. The direction of display movement identifies
the increase or decrease of coolant trend void irac-
tion. This type of display is referred to as a J-piot
because of the characteristic shape when the pump
motor power is plotted versus cold leg temperature
for single-phase and two-phase traasients. The
display technique was verified with LOFT transient
-xperiment data in which the pumps were left run-
ning. The operator can determine the coolant in-
ventory trend at any time by observing the J-plot
and can trip the RCPs before the void fraction
becomes enough high to damage the core.

Use of the J-plot display to delay RCP trips
during a loss of coolant accident will:

1. Allow separation of overcooling transients
from LOCA events, e.g., pumps will not
be tripped during overcooling events

2. Provide measurement of loop voiding as a
trigger for RCP and high pressure safety
injection (HPSI) control

3. Allow the operator to leave the RCPs on
during LOCAs when HPSI can make up
the break flow

4. Minimize mass loss from the Reactor
Coolant System

5. Minimize radiation release to environment
6. Minimize operator action uncertainty.

This proposed LOFT J-plot pump trip criteria is
under investigation by EPRL7 Implementation of
the pump trip criteria requires a willingness on the
part of the utilities to rewrite operating procedures,
to requalify reactor operators, and to submit a
justification request to NRC licensing.
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Figure 1. Operator’s display (J-plot) with data from LOFT experiment.



2. SYSTEM HARDWARE REQUIREMENTS

The following section reviews the pertinent
system requirements for system Class 'E design.
Furthermore, the requirements for measurement,
plant and operator interface, and performance
qualification are reviewed and discussed.

3.1 Measurement Requirements

The pertinent functional measurement require-
ments for a pump ~ower void fraction measurement
system are paraphrased from NUREG-0737 and
RG 1.97 with some discussion. Accuracy and range
requirements are not specified. Studies’ 8 con-
ducted by EG&G Idaho Inc. defines the void frac-
tion range in which the pump power measurements
can accurately trend void fraction (see Section 6).

The functional requirements with comments are
listed below.

1. Environmental qualification of the system
should be done in accordance with
Regulatory Guide 1.89 and NUREG-0588.

rJ

A non-Class 1E display system (CRT) can
be used in conjunction with computer
signal processing providing that:

a. A 99% availability of the display
system exists

b. The system has postaccident riain-
tenance accessibility for nonredunuant
portions of the system

¢. There are diverse methods of monitor-
ing the parameters which include com-
pletely qualified display systems. This
allows use of a CRT display but
requires an adicating device for
operator backup information.

3. Class IE qualification applies from the sen-
sor and includes the isolation device when
the instrumentation channel signal is used
with a computer-based display, recording,
and/or diagnostic program. All of the
plants interviewed intend to measure the
pump power or current at the coolant
pump electrical switchgear with existing

transducers and cabiing or by installation of
new transducers and cabling, none of which
are qualified.

4. The iastrumentation should be energized
from station Class 1E power sources that
requires a backup power source such as an
auxiliary diesel power electric generator for
the primary coolant pump motors.

5. To the extent practical, the sensors should
directly measure the desired variables.
However, in this case pump power
indirectly measures void fraction at the
pump that in turn indirectly indicates the
void fraction in the reactor core region.

6. Inorder to meet seismic requirements, the
building housing the pump power void
fraction monitoring system instruments
must be seismically qualified. However, in
most of the plants the switchgear is not
housed in a seismically qualified building.
The Bellefonte Plant uses a seismic
qualified Auxiliary Building to house the
switch gear.

3.2 Plant and Operator Interface
Requirements

The following plants and operator interface
requirements are paraphrased from Appendix B of
NUREG-0737 and from RG 1.97.

1. Continuous real time indication should be
provided at all times. This may be on a
dial, CRT, or strip chart recorder in-
dicator. Most of the plants display coolant
trend on a computer CRT display terminal
along with various other plant parameters,
but only plan on displaying the informa-
tion upon request of the user. However,
some plants will additionally use a con-
tinuous indication on a dial and/or strip
chart recorder.

2. Recording of instrumentation readout in-
formation should be provided. Where
trend or transient information s essential
for operator information or action, the
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RCPs. But additional work remains to be done to
qualify the instrumentation to Class 1E criteria if
it is required.

if the void fraction calculation system input chan-
nels are not environmentally qualified to Class 1E
criteria, NUREG-0737, Supplement | clearly states
that the system cannot be used ‘‘to perform a
nocessary safety function.” In that case, the
res' Iting calculated void fraction trend information
can only be used as ‘*back-up’’ 1o other instrumen-
tation that the operator uses to monitor a LOCA.

3.4 Compliance Conclusions

The above review of requirements show that the
pump power measurement systems being implemented
are not a safety grade quality design. Some of the in-

herently obvious limitations of the generic design in
meeting the requireraents of a safety grade system are:

1. Unavailability of Class 1E switchgear and
transducer hardware

2. Computer terminal data trend indications
upon request do not meet the continuous
display requirements

3. The system does not “‘directly’’ measure
average coolant trend

4. Some buildings that house switchgear are
not seismically ¢ aalified.

It is outside the scop: of this report to evaluate
the consequence of these variations. However, it is
hoped that by stating these apparent arcas of non-
compliance, appropriate and/or necessary action
can be taken by others to resolve the issues.

4. VOID FRACTION CALCULATION ANALYTICAL MODEL

This section defines the analyticai model that
relates pump motor power measurements to local
density and void fraction at the pump inlet. A plant
computer software program vses this analytical
model to calculate void fractions for display of
primary coolant system trends. The analytical
model is based on simple centrifugal pump theory
with assumptions stated that are necessary for
extrapolation of the theory to two-phase flow.6.7.8
The following derivation defines the relationship
hetween pump motor power and the density of the
media being pumped in terms of pump and motor
characteristics. Then, by relating the pump equa-
tion to a reference power and density condition, all
pump and motor characteristic parameters that are
of a constant value cancel leaving the media
reference average density expressed in terms of
reference pump power, fluid density, and the
measured pump motor power. The calculation of
void fraction uses this average two-phase density
calculated from pump power, fluid density, and gas
density. The steam tables list the fluid and gas
density information as a function of measured
coolant temperature and pressure.

The shaft power required for a constant speed
centrifugal pump in single-phase flow and two-

phase bubbly (homogeneous distribution of small
bubbles) flow can be defined as

P - Qn_HP (1
P
where
P, = pump shaft power (W)
Q = volumetric flow rate (M3/5)
H = pump head (m)
P = average coolant density in the pump
impeller (kg/m3)
np = pump efficiency.

This equation is simplified by first normalizing
it to reference conditions

PP n QHOPp
s _ _pr 2
P n. Q H p

ST p e eTT

where the subscript “‘r”’ denotes a reference condition.




Generally, the pump volumetric flow rate and the
pump hecad change very little from single-phase to
small void fraction two-phase flow.2 Therefore,
assuming that

H, = H
and
Ql’=Q-

Equation (2) simplifies to

P n,. P
Ps = L E (3)
sr "p Pr

This equation relates pump shaft power to coolant
density. Pump motor power is related to shaft
power by

P,=nP @)

motor power

v
8
!

Ne motor efficiency.

Combining Equations (3) and (4) produces the rela-
tionship between pump motor power and coolant
density,

p_ Tpr e 'm o
pr "oy Mer pmr

Pump motor current is also directly proportional
to coolant density. The relationship between pump
motor current and power is

Py = IV Cos®

where

i

I root mean square current

\I

1]

roor mean square voltage

(S) phase angle.

For an induction motor running at constant speed,
the voltage is constant. Therefore,

fﬂ_Cose_!_ 6
P _~“To® I - )
mr r

The anelytical equations defining the coolant
density in single-phase and two-pha-. vuvuly flow
in terms of RCP motor power and current arc

o Mo Pm o
G Mo By P

and

s I Tpr e i !ﬂ. (8)
Pr Mo Mer o

Equations (7) and (8) can be further simplified by
assuming the pump efficiency at any time and fluid
condition is the same as that of the reference con-
dition, n, = Npre by reasoning that the mechanical
friction ?osscs and hydraulic losses at the pump
impeller are constant.

v

n

P_e_m 9
pr Mer Pmr

and

P n, Cos@ lm 26
p 7 Cose )

r er r mr

The parameters that remain in Equations (9)
and (10) are motor efficiency and motor power fac-
tor both of which can be obtained from pump
motor manufacture's specifications. Figure 2 shows
the characteristics of these parameters as a func-
tion of load for a typical utility primary coolant
pump. For void fractions less than 30%, the
homogeneous flow region where Equation (1) is
valid, the pump load changes from 10,000 to
6,000 hp. In this range, the variations in motor
efficiency and motor power factor are relatively
small and can be treated as constants. Therefore,
Equations (9) and (10) can further be simplified to

p
'p—= st (1)
T
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5. DESIGN CONFIGURATIONS

Existing design contigurations for the plants
surveyed are described below by first discussing
design specific “‘trade-offs’’ and then describing a
typical utility conceptual design. Since the qualifica-
tion experimental data comes from the LOFT reac-
tor facility, the LOFT experimental system design
will also be described for clarification of the data
source.,

5.1 Design Trade-Off
Considerations

The following paragraphs describe the design
considerations for a reactor coolant trending system
using coolant pumps power, coolant temperature,
and system pressure measurements. This informa-
tion is provided to help the reader better understand
the proposed system configurations and other
options to system design.

5.1.1 Power Measurements. System conceptual
design configurations are based on the void frac-
tion calculation analytical model input/output
measurement requirements. The analytical model
to calculate fluid density, Equations (7) and (8) in
Section 4, from which void fraction can be
calculated, Equations (14) and (15) in Section 4,
requires a measurement of motor power or current
as well as fluid temperature and system pressure.
It assumes that pump mechanicai efficiency, p np
motor electrical efficiency, electrical load power fac-
tor, and line voltage variations with pump load are
very small and can be treated as constants.

Either power or current transducers can be pur-
chased to monitor electrical power circuits,
Implementation of power transducers to directly
measure pump power eliminates the small errors
associated with assuming a constant motor voltage
and power factor when using current transducers.
However, in some cases it is more convenient to use
existing pump current circuits. The use of existing
current transducers over power transducers is
justified since:?

1. Off-normal line voltages that occur due to
bus transfers, pump starts or grid dis-
turbances are rarely severe and are for
short periods

2. The pump motor power factor changes
very little with load. B&W research? in-
dicates that for 0 to 40% void fractions,
the power factor will change as little as
0.5% (see Figure 2).

The small errors that can occur with the assump-
tion of constant line voltage and pump motor power
factor have been accepted by some plant owners.
The significance of accepting these errors is
addressed in Section 6.

5.1.2 Temperature Sensor Selection. The
temperature to be measured can be in the pump cold
or hot legs. They are essentially the same
temperature under LOCA cond’tions. An existing
thermocouple or RTD can be selected depending on
the safety grade desired and sensor availability.
Proper electrical isolation for existing temperature
channels must be provided. Most B&W plants have
a Class 1E temperature measurement for the safety
grade Saturation Meter temperature channel
available at the computer.

5.1.3 A Pressure Measurement. A pressure
measurement is required along with a temperature
input to determine fluid and steam density from the
steam tables. Void fraction calculations require use
of these densities. At saturation conditions, either
temperature or pressure can be used to find dens-
ity on the steam tables. Under single-phase condi-
tions, the fluid density is more sensitive to
temperature changes than pressure, but for best ac-
curacy in defining the single-phase density, both
should be used. In either case, a safety grade
measurement should be available from other in-
struments such as the Saturation Meter that uses
both measurements.

5.1.4 Number Coolant Pumps to be Monitored.
The number of primary coolant pumps running
during LOCA can theoretically vary from one to
four. The motor load at a particular pump will
change when one or more of the other pumps is put
on or taken off line due to changes in pump head.
The number of pumps ON must be considered in
calculating the signal processing algorithm constants
so that a correction factor for the analytical model
can be calculated for each possible combination.
Since B&W Plants have two loops with two pumps



in each loop there are five combinations of pump
operation to be considered: (a) four pumps ON, (b)
three pumps ON, (¢) two pumps ON in one loop,
(d) one pump ON in each loop, and (e) one pump
ON.

Some system designs provide an averag=s system
local void fraction that compensates for the number
of pumps running when the average void fraction
is calculated. Other plants simply display a local
void fraction for each loop or each pump.
Regardless of the design a multiple pump logic
needs to be considered to correct the initial power
conditions used in the analytical model for pump
motor load changes.

Another “‘number of pumps running’* effect that
has been considered as a potential source of error
is the interpretation of the average void fraction as
an indicator of reactor vessel void fraction wit. only
one loop operational. The magnitude of this affect
has been illustrated by simulating a small break for
one and two loop operation with the pumps ON;
both cases use a Bellefonte B&W Plant computer
code. Comparison of Figures 3 and 4 shows the dif-
ference between the two average coolant system

void fractions of single-loop versus two-loop pump
operation. It can be seen that for void fractions less
than 0 to 30% the indicated system coolant trends,
regardless of one- or two-loop operation, is always
less than the local pump calculated void fraction.

5.15 Operator Display. The operator displays can
be one or moi¢ of four configurations. At least one
utility displays void fraction using an analog strip
chart recorder. Most use the computer CRT ter-
minal and printer to display void fraction trend
information upon request by the user. CRT displays
will have digital and/or analog displays of
calculated void fraction and coolant trend. Trend
information will be provided by digital or analog
displays with 0.5 to 6.0 h of history.

Use of the void fraction indicators by the reac-
tor operators at the present time are limited to:

1. When at least one pump is running

2. Back up information for the safety grade
LOCA monitoring instrumentation

3. Coolant trending information only.
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A4-in. cold leg break LOCA with pumps running in both loops (borrowed with permission from EPRI).
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Figure 4.

Bellefonte Plant local pump void fraction and primary system void fraction computer simulation of a

4-in. cold leg break LOCA with pumps running in one of two loops (borrowed with permission from EPRI).

Most existir.g plant LOCA operating procedures
do not require a void fraction measurement while
the pumps are running. The need does not exist
since the puvmps are tripped off early in the LOCA
with initiation of the HPSI. A need only exists when
the pumps are restarted to provide additional
coolant to the reactor core under potentiai fuel
damage temperature conditions.

The CRT display can be a plot of pump power
or current versus coolant temperature (known at
LOFT as a J-plot). At the present time, most
utilities plan to display the calculated vowd fraction
versus time. It is our belief that they do not realize
the value of the additional information a CRT
J-plot trend display can provide or the cost of a
dedicated J-plot display does not justify the end use
(see Section 2).

516 Class 1E System Qualification. NUREG-0737,
Supplement 1, specifies that coolant inventory instru-
mentation must be qualified to Class 1E criteria per
RG 1.89. This specification presents a problem for the
pump motor power measurement sincc safety-grade
reactor coolant pump power and current monitors are
not required at the present to assure that plants are
maintained in a safe condition. The reactor coolant

11

pumps switchgear and sometimes the nonseismically
qualified turbine building that houses the switchgear
are not Class |E qualified (however, the Bellefonte
Plant houses the switchgear in the seismically qualified
auxiliary building).

Utilities surveyed have justified a deviation of the
pump power monitoring design from NUREG-0737
environmental qualification/Class 1E power source
since:

I. Reactor coolant pumps metor and their
associated electrical circuits currently are
powered from non-Class 1E sources and are
not environmentally qualified in accordance
with IEEE 323-1974

2. The reactor coolant inventory tracking system
1S ot a proiection system, but is a monitor-
ing system with reliable backup from the core
exit thermocouples and the subcooling margin

monitors

3. Upgrading cost in terms of financial expendi-
ture, downtime, and man/rem exposure
would be exorbitant.
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6. FUNCTIONAL PERFORMANCE CONSIDERATIONS

6.1 Data Quantification
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to address this question.’ These calculations were all

of the same four-inch cold leg break LOCA and were

made using three differeat pump two-phasc head

degradation correlations (LOFT!® CE/Creare!3:14
and Semiscale!’), two ndependent computer codes
(RELAP4!% and RELAPS!Y), and two different
PWR designs [Zion, an 1100 MW(e) Westinghouse
designed PWR and Bellefonte, a 1213 MW(e) B&W
designed PWR]. The key calculated parameters were
the local fluid void fraction at the pump inlet and the
global average primary system fluid void fraction. The
Bellefonte Plant calculation with all RCPs running

n both loops and only one loop is shown in Figures 3

and 4, respectively. In general, the primary

started to void earlier than the pump inlet, mainly

cause the pump inlet is in the cold leg. However,
fraction increased to 0.10,

at the pump inlet had equaled or

and remained higher until long

after the pumps would have been turned off (at void

fraction 0.15 to 0.20)

In summary. the pump inlet void fraction is ex
pecied to provide a conservative (high) indication
f the ave primary svstem void fraction dur

2" LOCA except for

transient This conclusion in

dependent of the PWR design, pump two-phase
ad degradation correlation, or computer code

e | n t} naly
usea M 1IC andivsis

6.3 Data Display

rpretation of the measurement data 1S con
trolled in part by how the data are displayed to the
There are four display methods being con

n commercial power plants; strip

recorder, CRT terminal digital display, CR'l
! plot. Human Factors

should be considered in design of a

meter coolant trend display 20

In design,
be taken to emphasize the trend
and indicate coolant trend history
I'he absolute value of the void fraction
» displayed with a definition on the limits

Also, a warning should be provided
consider the primary coolant system

nformation to be accurate

It 1s not clear that

idered for a nonsat

Figures 1 and 6). RCP power is display versus cold

leg temperature on a CRT (known as a !-plot). By

this method, a ciea dication of

reactor coolant
inventory trend can be observed with the bonus of
the display uniquely defining the type of LOCA

' ¢
taking place.® For example, if the

‘current condi
tions”’ indicator on the plot moves along the normal
phase pump power/temperature (PWR
n the direction of increasing power and ¢

ature, the plant is cooling dowr: and
is reflecting increasing water
current conditions”’ indi
mal, single-phase PWR/temp curve
of decreasing power and increasing
plant is heating up and pump power is ref

decreasing water density

I'he mos: interesting and
valuable indication occurs when the ‘‘current condi
tions”’ indicator moves downward off the normal
single-phase PWR/temp curve to show a relatively

large decrease in pump power coupled with a rela

tively small change in temperature

mambiguously indicates a deviation from

phase density and the onset of voiding at the pumps
The point moving further from the single-phase
PWR/temp curve indicates an increase in voiding
Operator interpretation capability is enhanced by
periodically being able to observe the plot change
along the single phase PWR/temp curve from reactor
startup to normal operating conditions. An indication
of void fraction can be included by placing an overlay
scale on the CRT to show discrete calcuiated values
of void fraction as a function of pump power versus

coolant temperature

Designing a display to discriminate against ihe
§% void fraction calculation noise generated by
pump power fluctuations, by clipping or filtering,
will cause a loss of the small void fraction trend
information. Conversely, by displaying part of or
all the void fraction noise the observer can have
trouble interpretin ro void fraction or more
importantly 5% void fraction. The best design will
probably display the zero void fraction noise since
it is present anyway when a void fraction
displaved. Also, the noise might have the advantage

{

of being able to validate data since

If present under normal operating condi

ons and of proper amplitude, the

rasurement system must be working

phase root-mean-square vaiue 18
}

ikely proportional to flow and

can be used to validate flow mete




or it cac qualify the single-phase flow
pump power measurement related to flow
and temperature.

6.4 Functional Performance
Conclusions

A quantitative evaluz:‘or of the local pump void
fraction calculation model input parameter
measurement errors show the uncertainty in the
calculation as less than 10% vcid fraction. The con-
trolling factor is shown to be the pump motor power
noise that cause. a 5% void fraction noise in the
calculation.

An average coolant system void fraction uncer-
tainty cannot be quantified in terms of the local
pump void fraction calculation. However,
simulated computer calculations of commercial
PWR LOCAs indicate that local pump void frac-
tion trend is the same as average coolant system void
fraction trend and 1s conservative. This is empha-
sized as only being the case when the local pump
void fraction is less than 30%.

Data display methods and interpretation are
discussed, but best design conclusions are left to the
reviewer of a specific plant design basec on operator
coolant trend indication requirements.

7. CONCLUSIONS

This report is based on information received from
the utilities on coolant inventory pump power/cur-
rent measurement instrumentation being installed
tu sxonitor primary coolant system inventory trends
with the primary coolant pumps running. A survey
has shown hat six B&W plant owners have
proposed to the NRC that primary coolant pump
motor power/current be used for this purpose.
These utilities plan to implement the system as a
nonsaiety grade measurement for backup informa-
tion only. The nonsafety grade design justification
is that current plant LOCA operating procedures
require that the pumps be shut off early and only
restarted under ICC conditions. When the pumps
are restarted, the system coolant inventory is likely
to be so low that the void fraction information will
not be meaningful. In this case, it will be too late
to change the system coolant inventory trend and
the operator will only be concerned about enough
coolant being circulated to cool the core.

The analytical model using pump motor
power/current and coolant temperature to calculate
local void fraction at the pump is theoretically well
founded and has been shown to be valid by LOFT
experimental data and EPRI analytical studies. The
model only applies to void fractions less than 30%
and has sufficient accuracy to measure local void frac-
tion at the pump to better than 10%. Extrapolating
the local pump void fraction calculation to indicate
void fraction trend in the reactor vessel has been
verified by simulated analytical studies to be indicative
and conservative within the constraints of the 30%
void fraction limit of the model.

Implementation of the void fraction calculation
is simple and relatively inexpensive. Existing plant
measurement data available at the plant computer
is used as an input for the analytical model to
calculate the void fraction. The exceptions are those
few plants where power transducers must be added
for plant specific design reasons.

Concerns exist in using the void fraction calcula-
tion for reactor vessel coolant trend analysis
applications because:

1. The calculation might be misused by try-
ing to obtain trending information for void
fractions greater than 30% since use of the
measurement will probably be limited to
restarting the pumps after being well into
ICC where large void fractions can be
expected

rJ

Zero void fraction will not be measured as
such since pump power noise will always
cause a void fraction calculation noise of
about + 5% that could be misinterpreted
as a coolant trend

3. The utilities will want to apply the system
to measuring void fraction in the coolant
system for pump trip criteria as proposed
in the EPRI study and they will not be able
to since the system is inherently nonsafety
grade and has been justified on the basis
that it will only be used for backup
information
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APPENDIX A
UTILITIES SURVEY DATA

A-1






DESIGN INFORMATION:

Motor Circuit Transducer:

Type Will install additional power transducer

Mndel Rochester type

interface NK

Type Signal Processing Computer and hardwired

Number Channels _ One per loop that :verages two pumps

Type of Display _Foxboro 2 pen strip chart recorder

Software Algorithm FPC design

Temp. Meas. Location Cold leg

Temp. Meas. P.C. Interface NK

Pump Trip Criteria None

Quaiification Category Non-Class lE

Schedule:

Design Completion Date Dec. 1984

Incorporation Date 1985 shutdown

Plant Startup Date COperational

A-4



PUMP POWER MEASUREMENT
UTILITY QUESTIONNAIRE

Date 3/14/84

Utility Toledo Edison Co. (Davis-Besse 1)

Address 303 Madison Ave.

Toledo, OH 43652

Contact Name Fred Miller/Frank Chen

Phone Number 419-259-5372

Use of Pump Power Meas. Backup ICC information for operator only.

Status of Design Completed.

Status of NRC Approval Completed.

Reports Available March 23, 1983 conceptual decign proposal letter to NRC

and Dec. 8, 1983 response letter.

A-S




DESIGN INFORMATION:

Motor Circuit Transducer:

Type Availatle Pump Motor Power Transducers

Model  NK

Interface Those available at the computer

Type Signal Processing Computer calcuiation

Number Channels One per pump

Type of Display CRT terminal and printout upon request

Software Algorithm _ B&W design

Temp. Meas. Location _ Hot leg

Temp. Meas. P.C. Interface Available Hot Leg circuit at computer

Pump Trip Criteria None :

Qualification Category Non-Class 1E

Schedule:

Design Completion Date _ Past

Incorporation Date Past

Plant Startup Date Operational

A-6



PUMP POWER MEASUREMENT
UTILITY QUESTIONNAIRE

Date 2/2/84

Utility GPU Nuclear Corp. (TMI-1)

Address _ New Jersey Office

Contact Name Jeff Mahn

Phone Number 201-299-2234

Use of Pump Power Meas.

restarted.

For operator backup information when pumps are

Status of Design Conceptual

Status of NRC Approval

In process of being submitted.

Reports Available Jan,

31, 1984 conceptual design proposal letter to

the NRC.
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DESIGN INFORMATION:

Metor Circuit Transducer:

Type Will be using existing current transducer

Model NK

Interface Meter output at main control boards.

Type Signal Processing Computer

Number Channels One per pump

Type of Display Computer CRT terminal & printout

Software Algorithm Own design

Temp. Meas. Location _ Cold leg

Temp. Meas. P.C. Interface At computer

Pump Trip Criteria  None

Qualification Category Non-Safety Grade

Schedule:

Design Completion Date 1984

Incorporation Date Fuel loading in 1985

Plant Startup Date Operational

A-10









PUMP POWER MEASUREMENT
UTILITY QUESTICNNAIRE

Date _ 3/14/84

Utility Sacramento Municipal Utility District

Address (Rancho Seco)

Contact Name NRC Program Manager, S:dney Minor

Phone Number 8-492-8352

Use of Pump Power Meas. No. 1 will use heated TC or AP.

Status of Design If they go with AP inventory measurement then will use

RCP power meas.

Status of NRC Approval Will submit proposal June 1984, and complete ICC

system inscallation in 1986.

Reports Available None

A-13






DESIGN INFORMATION:

Motor Circuit Transducer:

Type Have the option of using the current transducer used to

monitor pump performance.

Model  NK

Interface NK

Type Signal Processing _ All signals processed in the computer.

Number Channels _ ine for each of four loops.

Type of Display _ CRT display, might use "J" plot type

Software Algorithm _ A TVA design

Temp. Meas. Location RTD Class 1E or Non-Class 1E

Temp. Meas. P.C. Interface In computer

Pump Trip Criteria None

Qualification Category Non-Class lE

Schedule:

Design Completion Date May 1984

Incorporation Date 1985

Plant Startup Date 1986

A-2333
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