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METHOD FOR DETERMINING CORE
FLOW RATE AND WATER
TEMPERATURE/DENSITY IN BOILING
WATER REACTOR

FIELD OF THE INVENTION
This inventior generally relates to methods for measuring
the core mass flow ratc in a boiling water reactor (BWR). In
particuiar, the invention relates to methods for measuring the
core mass flow rale in a BWR plant that otilizes reactor
internai pumps for forced recirculation of the reactor core
coolant,

BACKGROUND OF THE INVENTION

The measured core flow is used in boiling water reactors
for several functions. These functions include input to the
reactor trip system for flow-based reactor trp functions,
feedback signals for recirculation Aow conirol, and inpats to
the plant process computer for plant performance caleula-
tions (i.e., minimum critical power ratic calculations). An
accurate estimate of core flow is required to support these
critical functions.

In prior art boiling water reactors, external recirculation
has been ulilized. Simply stated, fluid is withdrawn from the
reactor vessel. pumped to high pressures and then dis-
charged in the reactor vessel. Such discharge in the reactor
vessel eecurs through large jet pumps which include diffus-
ers. Thesc jei purnps entrain the bulk of water within the
downcomer region of the reactor and cause the forced
circulation. Heretofore, the presence of the external recir-
culation Ioops and the jet pumps has made possible rela-
tively accurate estimates of the total low occurring in the
reactor vessel.

More recent designs of boiling water reactors do not
cmploy external recirculation loops and jet pumps to foree
circulation within the reactor. Advanced hoiling water reac-
tors have been designed which include impeller pumps. In
one reactor design, an annular deck is placed around the
peripheral downcomer region. This annular deck has impel-
ler pumps pumping water downwardly through the periph-
ery of the reactor, c.g., ten pumps circumferentially distrib-
uted at 36° intervals. Core flow occurs by having the pumps
draw the downcomer fluid downwardly into a plenum below
the core. Thereafter. the fluid reverses direction and is forced
upwardly through the reactor core plate and then through the
core.

Many factors affect the relationship between core flow
and the differential pressure across the core plate. These
factors inciude core power, axial power shape. the buitdup of
debris in the core plate orifices, calibration accuracy and the
like. Therefore, trying to estimate core flow as a function of
the differential pressurc across the core plate is considerably
less accurate than methods utilized for measuring core flow
in conventional boiling water reactors having external recir-
culation loops and jet pumps.

An apparatus and process for the accurate core flow
measurement and calibration of core flow measurement in
an advanced boiling water reactor was disclosed in U.S. Pat.
No. 4,975,239. This process was applied to a reactor of the
type having internal forced circulation through the fuel core.
An anpular downcoming region establishes reactor coofant
flow downward in ¢he periphery of the reactor vessel and
then radially inward and finally upward into the core across
a core plate. A differential pressure sensor detecting the
pressure difference aaoss the core plate was utilized. This
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differential pressure sensor has its measurement enhanced
by input from local power tange monitors inserted in the
core. Both the sensed core plate pressure differential and the
reactor power are used to predict the core mass flow in the
reactor more accurately.

In accordance with the prior art teaching of U.S. Pat. No.
4,975,239, an aigorithm was developed for utilizing the core
plate pressure differential and the real-time readings from
the local power range monitor to accurately gauge overall
reactor coolant flow. To enswe accurate calibration, fwo
calibration standards were atilized at steady states of reactor
power output and coolant fiow. The first calibration standard
included the installation of thermocouples adjacent the reac-
tor core plate for measurement of the fluid enthalpy of the
coolant as it flows upwardly through the reactor core. The
determined enthalpy is utilized in an energy flow balance
gquation wherein the core fAow rate is solved for as an
unknown. The second calibration standard utilizes the
sensed pressure differential across the anaular pump deck of
the forced circulation pumps. The two standards are com-
bined in output utilizing a least squares averaging. and the
result is cormnbined to calibrate the disclosed algorithm.

In TI.5. Pat. No. 4975239, a simple it based on two
independent quadratic equations of core plate diflerential
pressure and filtered neutron flux was derived for caleulating
core flow in the advanced boiling water reactor The [it
cquation was determined from thermal hydraulic analysis
results. The uncertainty of the core flow calculated from this
fit was determined to be less than 5.2% of rated flow at ail
power levels. The effect of crud and debris buildup through-
out the cycle was taken into account when calculating the
core flow uncertainty.

The core fiow rate calculated from the measured core
plate differential pressure and the filtered peutron flux has
utility in the following contrel applications in a BWR having
reactor internal pumps: (1) calculation of flow-based thermal
power monitor control rod block and scram setpoints; (2)
reactor trip system. lowcore-flow scram: (3) selected control
rod ran-in logic in the recirculation flow control system:; and
(4) core flow feedback signal in the recirculation flow
control systero,

The algorithm made up of two independent quadratic
equations based on measured core plate differential pressure
and reactor power is as follows:

Mep (ath Apcs P +eApcp)d-ePHP K n

where F is the % of rated reactor power (filtered neutron
Aux); AP,., is the core plaie differential pressure in psi, and
K is a calibration constant for adjusting the fit magnitude to
account for crud and debris buildup. The coefficients were
determibed using core pressure drop data calcilaled by
thermal hydraulic analysis code with the proper advanced
boiling water reactor input dalabase deck.

Using a simple quadratic curve fit routine, a guadratic
formula for Mgy versus AP,'* can be determined for each
of four sets of data at 100%, 75%. 50% and 25% power {see
FIG. 3 for representative dataj. The core How results at 759%,
50% and 25% power were divided by the 100% power care
flow fit for that data. The same was done to the 100%. 50%
and 25% power dala using the 75% core flow fit. This was
done to determine the accuracy of a single curve
(determined af a given power) in predicting the M.z versus
AP,..""? curve at other powers. It was found thal the shape
of the M, versus AP..* quadratic calculated with the
753% power data is sufficient to be vsed at the other power
levels and provide curvefitting accuracy within +1% of
rated flow (for 8ows between 40% and 1209 of rated flow).
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The above method of determining the coefficient through
analysis using & thermal hydrauvlics computer program is
dome prior to plant startup. During plant startup, aclual plant
data will be collected and the coefficients can be recalibrated
based on the actual plant data to cnhance the core How
measurement accuracy.

The calibrafion factor K in Eg. (1) may be adjusted
throughout an operatng cycle if core flow calibration
sources reveal a significanl difference in the core flow
calculated using the core plate differential pressure.
However, since the buildup of crud throughout the cycle is
taken inio accouni in the uncertainty calculation, recaiibra-
tion to account for erud and debris buildup is not necessi-
tated by an increase in core flow uncertainty throughout the
operating cycle.

‘The coefficients in Eq. (1) are determined for a specific
reactor utifizing an claborate computer program for the
prediction of reactor core mass flow. As part of the constant
determination, it is required that Eq. (1) be calibrated. This
calibration must occur not only initially (using the claborate
computer-generated programs). but additionally after the
reactor goes into operation.

QOne of the major contributors to the lotal corc flow
measurement uncertainty is the unceriainty associated with
the reference core flow value used to calibrate the core flow
measurement system. For example. the reactor core mass
flow rate for a BWR with internal pumps can be determined
using measurements of the pump differential pressure (i.s..
the measured difference in the presswure on the discharge Aow

side of the reactor internal pumps and the pressure on the :

suction fAow side of the reactor infernal pumps) and mea-
surement of the individual reactor intemnal pump totational
speed. Paired pressure gauges sense the pressure differential
between a pump’s inlet and cutlet. For each recirculation
pump. a tachometer (or an alternalive speed measurcment
device) ts provided to measure the pump’s rotational speed.
Using these measurements and the density of the water
flowing through the reactor inlernal pumps. the volumetric
flow for each pump can be calculatcd based wpon the
vendor-supplied head/flow curves for cach pump. The total
volumetric core flow can then be determined by adding the
fiow of all the pumps. The total core mass flow rate is
obtained by multiplying the total volumetric Aow rate by the
reactor water density. In the pricr art, to determine reactor
water density temperature in the lower plenum region of the
reactor, tempearature measurement devices fe.g..
thermocouples) that are located either in a flow path of
reactor water that is inside the vessel or a flow path dis-
charped from the downcomer or the lower plenum regions of
the reactor vessel (e.g.. measurement of reactor vessel
battom drain line flow temperature) are used.

"T'he basic problem to be solved is to provide a method for
improving the accuracy of determining the reactor core flow
and the reactor water temperature and density values. The
main problem with the prior art was that standard tempera-
ture measurement devices used for BWR plants are not
highly accurate in determining the reactor water temperature
and density. As the pump differential pressure method for
calculation of the core mass How rate depends upon the
reactor water density, the accuracy of the core flow deter-
mined by this method {5 adversely impacted by the inaccu-
racy related to the reaclor water density value. In addition.
for BWR plants that measure the temperature of water
flowing from the vesscl, there is also a concern that addi-
tional inaccuracies may be introduced due to heat loss from
the fluid prior to reaching the temperaturc measurement
location and due to potential non-uniform thermal mixing of
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the fluid temperature being measured {(c.p.. if cooler water
preferentially exists near the location of the bottom drain
line, this flow can be cocler than the well-mixad reactor
water that flows throogh the reactor internat pumps). ‘Thus
there is a need for a method which solves this problem and
provides improved accuracy in determiring the core flow
rate and ihe reactor water temperature and density.

LS. Pat. No. 4,975239 discloscs using the pump differ-
ential pressure method to determine the core flow. However,
this prior art refercnce does not address the impertance of
accurately determining the reactor water density for this
method. The purnp differential pressure is measured by
standard differential pressure measurement instrumentation.
The pump rotational speed for cach pump is determined
using standard speed detection instrumentation. The vendor
of the pumps supplies standard volumetric flow ) versus
measured head H curves for a family of speed values n. To
determine the head value H. the pump deck differential
pressure AP, (s divided by the reactor water density p. The
volumelric flow Q for each pump can then be calculated
using the measured head H, measured speed n and pump
performance curves (Le., Q as a function of H and n curves).
The total volumetric flow Qris the sum of the volumetric
flow of all the pumps. A typical BWR plant with internal
pumps has either eight or ten pumps. Finally, to determine
the total core mass flow rate, the total volumetric flow Qg is
muitiplied by the reactor water density p. In accordance with
the prior art, the densily value js determined based upon the
use of standard femperaturc measwement devices such as
thermocouples. The relative accuracies that can be achicved
with this type of instrumentation are on the order of 2°-4°¢
C.. which results in a comresponding accuracy inipact on the
determination of core flow of approximatcly 1.2-2.4% of
rated corc flow. This has a significan! impact on the deter-
mination of the overall core flow measurement accuracy.
which is around 4-5% of rated core flow.

STUMMARY OF TIIE INVENTION

The concept of the present invention is to usc a cornbi-
nation of the prior art method for delermining the core flow
ratc from the pump differential pressure method cquations
and a heat balance equation for determining the temperature
and density of the reactor waler in the downecomer and lower
plenum region. The measured reactor water temperature is
used only as an initial estimale for this mew method. This
allows the first estimate of the core flow to be determined
based upon the reactor waler density that corresponds to this
temperaturc and the pump differential pressure and pump
rotational speed measurements, Then, with this initial core
How measurement value, and other available plant measure-
ments and assumed neminal values for lhe heal balance
cquation, revised values for the reactor watcr temperature
and density can be calculated. Using a standard numerical
method, such as the successive approximation lechnigue, a
meare accurale eslimate for the reactor water density can be
obtained. A more accurate value for the corc flow can be
determined by the pump differential pressure method core
flow equation using this more accurate densily esimate. The
iterative process is continued uptil tightly converged values
{or the calculated core fHow and calculated reactor water
lemperature and density are obtained. By this new approach.
the overall accuracy of the calculated reactor core How and
the reactor water temperature/density is improved as com-
pared to the prior art method.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a representative plot of the core flow in percent
versus the sguare root of the core plate differential pressure,
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discrete curves for the particular power rates being illus-
trated to show the changing resistances.

FIG. 2 s a schematic of a section of the reactor core
showing the locations of the instrumentation used to mea-
surc the core plate differential pressure and the neutron flux
in the core, which measurement data is used to estimate the
core mass fiow rate in accordance with a conventionat
technique.

FIG. 3is a schemalic of a reactor pressure vessel, with the
key flow paths relevant to the downcomerflower plenum
heat balance being indicated by arrows.

FIG. 4 is a flowchart showing the iterative process for
determining the core flow in accordance with the present
invention.

DETAILED DESCRIPTION OF THE
FREFERRED EMBODIMENT

Referring to FIG. 2, the core 14 of a boiling water reactor
comprises a multiplicity of 2x2 arrays of nuclcar fucl
assemblies 56. Fach amray of fuel bundle assemblics is
supported at the bottom by a corc platc 24. A group of
contrel rod goide twbes (mot shown) supports the fuel
bundles through the core plate. A pair of pressure pauges 52,
54 sense the pressure difference aeross the care plate, This
differential pressure measurement constitutcs an important
input {o the Alow rate determination, as explained in detail
hereinabove.,

Each group of fuel bundics 56 is monitored by local
power range monitors. Four such local power range moni-
tors are shown at 58, 60, 62 and 64 in siring 66. Schemati-
cally shown attached to stong 66 is a thermocouple 68,
Likewise, simnilar local power range menitor strings 76 and
72 monitor the performance of the core. These local power
range moniter strings include the local power range monitor
neatron sensors. A few of the local power range monitors
spaced around the core contain thermocouples 68 1o measurs
core inlet temperature. These thermocouples accurately
measure the temperature of the core coolant flowing
upwardly in the saturated flow ol the reactor coolant that
enables an energy balance to take place. This energy balance
requires accurate measurement of the upflowing coolant
enthalpy and is required for the development of the core flow
predicting algorithm disclosed in U.S. Pat. No. 4.975.230.

Tt is known in the prior arl (see. eg., U.S., Pat. No.
4.975.239) that the core flow rate can be determined from
the measured differential pressure across the core plate and
the filtered neutren flux {measurcd by conventional local
power range monitors). As part of this determination, the
core plate differential pressure and rcactor power values
must be correlated to roference core flow values, ie., the
core mass flow rate derived from the core plate differential
pressure must be catibrated. The differential pressure across
the ccre plale is measured using paircd pressure ganpes
arranged in conventional fashion. Based on the calibration,
an estimated core flow rate can be derived from the mea-
sured core plate differential pressure and reactor power.

In U.S. Pat. No. 4,975,239, the average of two indepen-
dent core flow estimates was used as the calibration refer-
ence: (1) core flow determined from pump deck differential
pressure measurements; and (2) core flow caleulated from a
steady-state heat balance of the vessel downeorer region. In
contrast. the present invention iteratively computes, rather
than averages, the pair of independent core flow estimates to
arrive at the core fiow rate calibration reference.

In parlicular, the invention uses a combination of the prior
art method for determining the core flow rate from the pump
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differential pressure method cquations and a heat balance
equation for determining the temperature and density of the
reactor water in the downcomer and lower plenum region.
The measured reactor water temperature is used only as an
initial estimate for this new method. This aliows the first
estimate of the core flow to be determined bascd upon the
reactor water density that corresponds to this lemperature
and the pomp differential pressure and pump rotational
speed measurements. Then, with this initial core flow mea-
surement value, and other available plant measurements and
assumed nominal values for the heal balance equalion.
revised values for the reactor water temperature and density
can be calculated. Using a standard numerical methoed, such
as the successive approximation technique. a mere accurate
estimate for the reactor water density can be obtained. A
more accurate value for the core flow can be determined by
the pump differcntial pressure method core flow equation
using this more accurate density estimate. The iteralive
process is continued until tightly converged values for the
calculated core fiow and calculated reactor water tcmpera-
ture and density are obtained.

The present invention provides a more accurate means for
determining the reactor water temperature and density—for
the purpose of calibrating the corc flow measurement
system—than can be achicved using convenfional reactor
walsr temperature measurement instrumentation. The samc
methodotogy and equations employed for determination of
the core How using Lhe conventional pump differential
pressure method is used for this invention. However, the key
differenee is that an additional heat balance equation is used
for final determination of the reactor water temperature and
density. 'The original pump differential pressure method for
core flow calculation can be viewed as one equation that is
to be used and the heal balance equation -as the other
equation to be used. The two key unknowns for these two
equations are the core mass flow rate and the reactor water
density., By using standard numerical iteration methods, a
converged solution for the two unknowns can be obtained.
The accuracy of the resulting converged solution does nol
depend on the accuracy of the standard reactor water tem-
perature measurement instrumentation. This new approach
improves the relative accuracy of the determination of
rcactor water temperature to approximately 0.3°-1° (.,
which results in a comresponding accuracy impact on the
core flow determination of approximately 0.3-0.6% of rated
core flow, The improved method has a much smaller impact
on the determination of the overall core flow measurement
accuracy, which is around 4% of rated core low. The other
advantage of this method [s that all the measurements
needed for the heat balance equation are available from
available plant measurcment instrumentation (i.e.. no new
measarement instrumentation [s required for this method).

The method in accordance with the invention employs the
basic pump differential pressure measurement method core
flow calculation equations as known in the prior art. Namely,
the pump differential pressure AP is determined based upon
the measured values from four differential pressure instru-
ments. A standard approach for delermining the pump deck
ditferential pressure APpy, from these four measured values
is to disregard the highest and lowest measured values and
use the average of the other two measured values. Using the
subscript j to denote the j-th reactor internal pump. where j
ranges from 1 to 10 for a BWR plant with 10 pumps, the
measured speed for pump j is denoted n,. Finally, the reactor
water density p is the remaining required valuc for the core
flow calculation. For this approach. the measured reactor
water temperature, obtained using existing plant
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insttumentation, is only used as an initial estimate for the
reactor watee density. In conrrast, in accordance with the
prior art method this density value was adopted as the final
value in calculating the core fow.

Now with the measured differential pressure AP, the
head H is determined by dividing the pump differential
pressure APppy, by the reactor water density value p (ie..
H=AP,/0}). The pump vendor supplies pump volumetric
flow Q; performance curves thal depend on the measured
pump head H and the measurcd pump spced n,. This
tunctional relationship can be represented as:

O=O{H, n) 2

where QH. n;) represents the supplied performance curves
for the j-th pump. The total volumetric flow Qg is obtained
by adding the volumetric flow of all pumps, ic.. if there are
1¢ reactor internal pumps, then:

10 3
o= g (%
=1
Finally. the total core mass core flow rate M .. is determined
by multiplying the total volumeiric flow rate by the reactor
water density p. L.e.,

M8y )

'The second main equation used in accordance with the
present invention is the result of simplifying the conserva-
tion of mass and energy equations for the down-comer and
lower plenum regions of the reactor, 'The derivation of the
key heat balance equation is as follows.

FIG. 3 is a simplified depiction of a 1eactor pressure
vessel (RPV) 10 of 2 BWR having a multiplicity of internal
pumps 12 for producing recirculating flow of coolant
through the reactor core 14, Feedwater is admiited into RPV
10 via a feedwater inlet 16 and a fcedwater sparger (not
shown). which is a ring-shaped pipc having suitable aper-
tures for circumferentially distributing the feedwater inside
the RPV. The feed-water from the sparger flows downwardly
through the downcomer annulus 18, which is an annular
region between RPY 10 and the core shroud 24. Core shroud
20 is a stainless steel cylinder surrounding the nuclear fucl
core 14. The core is made up of @ plusality of fuel bundle
assemblies (net shown). Each array of fuel bundle assem-
blies is supported at the top by a top guide 22 and at the
bottorn, by a core plate 24. The core top guide 22 provides
lateral support for the top of the fuel assernblics and main-
tains the correct fuel channel spacing to permit control rod
insertion.

The water flows through downcomer annulus 18 to the
core lower plenum 26. The water subsequently enters the
fuel assemblies. wherein a boiling boundary layer is estab-
lished. A mixture of water and steam enters core upper
plenum 28 under the shroud head 30. Vertical standpipes 32
alop shroud head 3¢ are in fluid communication with core
upper plepum 28. The steam-water mixture Aows through
standpipes 32 and enters stcam separators 3. which are of
the axjal-flow. centrifugal type. The separated liquid water
becomes @ downflow (called the “downcomer saturated
liquid How™) that mixes with feedwater in the mixing
plenum 36. This mixture then relurns to the core 14 via the
downcomer anmulus 18. The steam passes through steam
dryers (not shown) and cnters steam dome 38. The steam is
conducted from the RPV via steam outlet 40.

The BWR also includes a multiplicity of internal pumps
12 which provide the forced recirculation flow through the
core neccssary to attain the required power density. The
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internal pumps are circumnferentiaily distributed around the
core shroud 20. The water is puruped from the lower end of
the downcomer annulus 18 and foreed by the infernal pumps
into the lower plenum 26. Pressure sensing lines 48 and 5¢
provide for measurement of Lhe pump differential pressure

?rp 10 addition. water is extracted from the RPV via lines
42 and 44 and sent 1o the reaclor water cleanup system 46.
The cleaned-up water is then retorned to the RPV via the
feedwater line 16.

FIG. 1 also indicales the key flow paths relevant to the
downcomer/lower plenum heat balance, The *M" values are
mass flow rates, with subscripts being used to identify the
particular inlet or outlet flow being considered. The “h”
values, with corresponding subseripts, are enthalpy valoes
associated with cach flow. The remaining terms are associ-
ated with either a direct heat addition or heal Joss eflect.

The hasic idea of the heat balance method in accordance
with the invenlion is to use steady-state conservabon of
mass and energy eguations for the downcomer/lower ple-
num regien of the RPV to derive an equation for the core
flow {or alternatively, for the reactor water inlet enthalpy, if
core flow is known). The definitions of the relevant terms to
be considered arc as follows: My~ is the mass flow rate of
the saturated liquid flow from the separators to the dowan-
comer (in lbm/hr); h,. is the enthalpy of the saturated liguid
flow from the separators to the downcomer (in Btw/lbm); f,,
is the carryonder steam fraction (i.c., saturated vapor mass
flow rate relative {o saturated liquid flow rate); he is the
enthalpy of the saturated vapor flow (i.e.. carryunder Gow)
to the downcomer (in Btw/lbm); hy . is the saturated water
hcat of vaporization (in BtwIbm); hy=|hpt+fphps] is the
effective enthalpy of downcomer flow from the separators
and upper plenum; Mg, is the mass fow rate of the
feedwater flow to the reactor vessel (In lbm/hr); heg s the
cnthalpy of the subeooled lignid flow to the reactor vessel (in
Btulbm); M.y, i5 the mass flow ratc of the reactor water
cleanup (CTUW; return flow 1o the reactor vessel {in lbm/hr),
b -rrusq 18 the enthalpy of the subcooled CUW return flow to
the reactor vessel (in Btulbm); M., 15 the mass flow
rate of the CUUW suction flow from the reactor vessel (in
lbm/hr); heywon. is the epthalpy of the subcooled CUW
suction fow from the reactor vessel (in Btu/lbm);, My, . is
the mass flow rate of the reactor internal pump (RIP) purge
flow to the reactor vesscl (in Tbm/hr); hyy,p is the enthalpy of
the subcooled RTP purge flow to the reactor vessel {in
Btu/ibmy, Mgy is the mass flow rate of the CRI purge flow
to thereactor vessel (in Ibmvhr); hgp, Is the enthalpy of the
subcooled CRD purpe flow to the reactor vessel (in Blo/
1bmy}; M,.,. is the mass flow rate of the core infet flow (in
Tbmw/hr): by, is the enthalpy of the core inlet flow to lhe
reactor core region (in Bru/lbmy); Qp is the total encrgy added
to the downcomer/lower plenum region by the operating
RIPs (in watts}): R; is the thermal heat Inss from the
dewncomerflower plenum region of the vessel (in watts); v
is the thermal power that comesponds to gamma/neutron
hcat addition to the downcomer/lower plenum region when
the reactor is at rated power condition (in watts); Q_,. is the
fraction of rated core thermal power; and C, is a conversion
constant {nsed to convert watts to Btu/hr)=3.413 Btu/W-hr,

The conservation of mass equation for the downcomer/
lower plenum (ie.. total mass flow rate into this region
equals total mass flow rate out of this region) can be written
as follows:

&)

‘The censervation of encrgy equation for the downcomer/
lewer plenum (i.e.. lotal energy addition rate into this region

My L fou )M gt M opw o -MaretM =M couw, owtMor
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equals total encrgy loss rate out of this region) can be written
as follows:

CHQ o + Crldp + Mpp (hp + fovhe) — Mephpon + (6)
MCWM"‘CW‘U - MWP'&RIP + MCRD}!(-'RD =

CRe ~ M otmomlicuwane + Mol

The conservation of mass equation [Eq. (5)] can be rear-
ranged to obtain:
M.Dc‘(1+fcy}’MCuw.aur+MCF_MFw’_MCuw.m_MmP_MCRD (7)

By combining and rearranging the conservaiion of energy
equation |Eq. (6)} and noting that h =hg+hc., we obtain:

CiltRcon ~ Br = Bel+ Mpc(l + feubhe + Mpdeuhes +
M}’th-'ﬂ" + MCUN‘_'&J’CUI‘\",M ¢ M.EJ'PhRIP i MCRL)!ICRD =
Metrwodietiwow + Mo

Using Eq. (7). substituting the form for M1+ ;) on the
right-hand side of Eq. (8). and rearranging terms yields:

8

Coll oo * Q& Bl i Mpdfeohes | Meudfine - hel = &)
Mevmnltcvwie = Fiel + Meplbggr — el +
Meoprdhonn — firl = Motk Porwow - Al b MeelB, R
An expression for M. can be obtained from Eq. (7):
Mo M et + Map — Mew — Mot in — Mar — Mern {10}
e 1~ Feu)
The cxpression for My, £, can be written as:
fev (1
MD(fCU={1—_}F(T [ Metwae
Mop My Mc’uw,in Mar - Megpl

The value of £ is <<l (e.g.. =0.001). Since £, A1+ -)
=fry;y Mpe -y can be approximated, with negligibie error.
as:

ModeofeaAMorwautMor—MewM corm o Mpe-Mows] (12}

Using EHq. (8), substituting the form for MDg-; on the
right-hand side of Eq. {12). and rearranging terms, we get:

Cil@Reare + Qr — Rl + Mewdhew — fir — fouheg] + (13
Merminl hoeme — Bp = foofpel +
Mucelhrer — hr — forfirs] + Meoralficen — Ar — forieal =

Mewowl tewrioee = e — forfipe] + Meplh, — e fooles]

All terms in squarc brackets in Bg. (13) involying enthalpy .

are negative, o rearranging these terms to all be positive
when evaloated, we get:

CAYD e + Lo — By 1+ Myplfiy + Froeipe, — hp] + (14}
Meywod b + feuhps = Acuwo) =

Mewlkbp V forhes = bewl = Mamlfie = forfips — el —

Megpltie + foihre — hen] + Mool he + focfire Feovwia)

Anocther simplifying assumption is that for power range
operation (the only operating condition, in accordance with
the invention, for which the heat balance cquation is uscd),
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the CUW inlet and outlet flows arc equal. Thus, we define
a new term M pp =M opo =M e which is the steady-
state CUW system fiow during power operation. Then Eq.
{14) can be simplified to the following:
ClVCore = L = B+ Mo by + Foihirg — Bl
Ml br V fouhyn thi + Maeplfiy t fCUhF(;
Mepolhr +fcufire — bernl + Moradfiormon — Pormia]

Eq. (15) can be rearranged so that the only ferms involving
Mg and by are on the left-hand side:

{15)

k}ﬂf‘] -

Merhr + foiltre — Bl = Mewlhe + foultee — pw] +
Mttty + foufips = frart + Merplbr + feabips — berpl +

Mww{f‘lcautuw h{.‘Uh{hI s OB Y@eare - Qrl

(16)

The foregoing equation represents the basic downcomer!
lower plenum heat balance equation that can be rearranged
to calculate corc flow or core inlet enthalpy (assuming the
other terms arc known or measured).

'Yo simplify the form of this equation, we can define & new
guantity hy=[hg+{ - hgs], which is the effective enthalpy of
downcomer flow from the separators and upper plenum.
Then Eq. (13) can be rewritten as:

Moy Ay |=Myad Pyl M egpl iy hpap FM ool By hoant:

MeowlbevwoaBoown O R0 n—2r] (17

Thus the final equation for calculating core flow from the
heat balance equation becomes:

Mep=M e by Frear M apl i p M canl iy hern M eopw

Vecowow BovwinlTCTBL 1 or Qpli(hy di,) (18)

and the final equation for calculating core inlet flow enthalpy
from the heat balance equation becomes:

i A AM M M g R o Mol By WM b
[Zeerw o Beumwnt O R W ore—Cml¥Mer (193

Thus, the key heat halance equation used in the method of
the present invention can be used to determine the enthalpy
h,, of the core inlet flow in terms of the core mass fow rate
determined from the pump differential pressure method and
other plant terms that can be obtained from plant measore-
ments or by using nominal assumed values.

The most important terros in the heat balance equation can
be obtained from existing plant measurements. These terms
inciude the following: he hpp My B Mepws hopw i
herrwour Moo Berp, and Q... For example, the saturated
stcam properties. hy and hgz., are obtained by using the
mcasured vessel dome pressure and the ASME stcam tablc
properties for saturated steam at this pressure. The remain-
ing terras in the heat balance cquation, i.c., the carrvunder
steam fraction £, the heat loss R; from the reactor, and the
gamma/neutron heating fraction y. can be calculated using
assumed nominal values that apply for reactor power opera-
tion. The contribution of the assumed values to the accuracy
of determination of the core inlet enthalpy h,, , as compared
to the measured terms, is insignificant, Therefore, the accu-
racy of determination of b, is dominated by the impact of
the accuracy of the terms obtained from plant measurements.

hy and hg,; arec propertics of saturated stcam and only
depend on the saturation pressure for the liguid and vapor
entering the downcomer region from the upper area of the
reactor pressure vessel, This arca is called the dome arca of
the vessel and special pressure measurcment nozzles are
provided on the vessel {located to sense the pressure in this
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region). Associated wilh each measurement nozzle is an
instrument sensing line that is connected to cach nozzle and
Tun through the primary containment to a standard pressure-
sensing ransducer that is located In an instrument rack
outside the primary containment. This approach allows the
pressure transducer to be located in a low-radiation area that
can be accessed during plant operation. The pressure trans-
ducer is calibrated to provide a linear indication of the
corresponding presswre in the dome area of the vessel
Typical pressure transducers will provide a 4 to 20 mA
signal comesponding to the low and high pressure of the
calibrated pressure range (an examplc range might be 850
psig to 1050 psigh. The 4 fo 20 mA signal can be converted
to a voltage signal {e.g., 1 to 5 V,,. signal) that is then
converted to a correspending digital signal (e.g.. a 14-bit
represcatation of the continuous signal) using an analop-to-
digital convertzr. Then the dipital represenlation can be
transmitted by a multiplexing system to the main piant
process computer system. 'This computer system can read
the digital representations of the reactor dome pressure and
a computerized representation of the ASME Steam Table
Properties to determine the h, and by corresponding to the
measured dome pressure. There are generally redundant
neasurements of the reactor dome pressure (e.g., at least 3
or 4 similar measurements). The computer system can check
if all the redundant measurcroents are valid (e.g., are rea-
sonably close to each other). disrcgard any measurements
that are not considered valid and use the average of the
remaining meastrements as the best estimale of the vessel
dome pressure. Then this value will be used for determining
the steam propertics. hy and hp,,.

Mpw and hey are two other key plant measurcments tor
the heat balance equalions. For a typical plant there are two
final large piping runs through which feedwater flow travels
to be injected into the reactor vessel. One piping run is called
“Line A™ and the other “Line B”. During normal power
operation, approximately hall of the total feedwater flow
travels through each of the two lines. In each piping line,
there is a feedwater flow clement (e.g.. a venlurn type Aow
elemnent) and multiple measurements (e.g.. two is typical for
each line) of the temperature of the water flowing through
each tine, The teroperature measurement devices are placed
inside thermowells that arz {nstalied on the feedwater pip-
ing. Inside the thermowells, standard temperature measure-
ment devices are installed {e.g., thermocouples or resistance
temperature devices). Signal wiring is run from these
devices to comresponding signal conditicning equipment that
can provide a corresponding digital representation (e.g.. 14
bits) of the measured temperature. Then this digital repre-
sentation can he trapsmitted to the process computer system
by a multiplexing system and the corresponding measured
temperature determined. hyy, is determined using the aver-
age of all the valid temperature measuremnents from bhoth
feedwater lines {c.g., typically the average of four separate
readings). b, primarily depends on the measured tempera-
ture and is determined from the ASME Steam Table prop-
crties for compressed water using a typical expected pres-
sure value for the feedwater line at rated reactor operating
conditions. At lower core power and flow conditions, the
real pressure will be somewhal lower; but the assumption of
constant pressure for determining h,. causes an insignifi-
cant difference in the results of the heat balance cquation
because the compressed water enthalpy values primarily
depend on temperature. Mgy, is determined by adding the
sum of the feedwater flows through lines A and B. For each
line, the flow is determined by using the measured differ-
ential pressure of the flow element and the average tem-
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perature 1eading for that line. The average temperature
reading is calculated by the computer system based upon the
temperature measurement values already discussed. Then.
the density py,, of the water for that line can be determined
from this average line temperature and the ASME Steam
Table properties for compressed water. The pressure value
assumed can be the expected pressure for rated reactor
operating conditions (because the density primarily depends
on the measured temperature, not pressure). The differential
pressure reading from the flow element is obtained by
routing instrument lines from the high and low pressure
measurement ports on the flow clement to a standard dif-
ferential pressure transducer. The transducer output
(typically 4 io 20 m4) is a lincar representation of the
calibrated differential pressure range for that flow clement.
Associated signal condiioning and wansmission cquipment
as previously described aliow the digital representation (e.g..
14 bits) of this signal to be provided to the process computer
system. Then the feedwater fow for each ling can be
cateulated based upon the standard equation that applies for
compressed water flow through a fiow element:

[ JPHM J At
! Kre

where Ky and C are krown constants that depend only on
the flow element used; py,. is the density for this line
{determined from measured line lemperatures and the com-
pressed water properties); and AP, is the differential
pressure measured for the How element in that line. M, is
determined by adding the sum of the feedwater flowthrough
determined separately for lines A and B using Eq. (2().

Meuws Bevw.in 308 Begr o are determined in a similar
manner to that used to determine the feedwater loop
enthalpy and flow. M., is delermined using differential
pressure measurements from flow clements provided in the
CUW flow piping. The approach is basically the same as that
described for the feedwater loop flow calculation, cxeept a
standard valuc expecied for the density can be used for the
calculation. Because the contribution of this torm to the
overall heat balance eguation is much smaller than that of
the feedwater flow and enthalpy Lerms, this approximation
Tesults in an insjgnificant impact on the calculaled value of
hi hepwi,and hopy .., dre determined from temperature
measurements from standard temperature measurcment
devices ipstalled in thermowslls to measure the lemperature
of the water flow to and from the CUW system. A standard
cxpected pressure value can be used for these calculations
with insignificant impact on the calculiation of h,.

M-pn and h-py, are determined by an approach similar to
that used to determine M, and h .- A How element
is provided for measurement of the control rod drive (CRD)
purge flow. The handling of the differential pressure mea-
surement from the CRD purge flow element and the calcu-
lation of Mgp 15 porformed in the same way as the
calculation of M.,y hopgp s delermined from a tempera-
Lure measurement made by a standard ternperature measure-
ment device installed in a thermowell to measure the tem-
perature of the CRD purge water. A standard expecled
pressure value can be used for these calculations with
insignificani impact on the caleulation of h,,.

Q.o is the final term in the heal balance equation that is
determined from plant measurements. The plant neutron
monitoring system includes four separate divisional chan-
nels that caleulate the core average power by summing the
readings of individual local power range monitor {LPRM)
signals multiplied by an appropriate power weighting factor.

{20]
Feedwater Flow of One Line =
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The sum of all the weighted TPRM sigpals is then again
muitiplied by an appropriate overall weighting factor so that
the final resulting value, called the “average power tange
monitor"{ APRM) signal provides a confinnous representa-
tion of the core fission power level. The process computer
sysiem of a BWR plant provides all the required algorithms
and capabilities to determine the appropriate wcighting
factors for the LI'RM signals and the APRM signals. Also,
from the APRM, a simulated thermal power level signal is
formed by applying a first-order lag filter to the APRM
signal. The first-order lag is a simplified represeniation of
the nuelear fuel time constant. The resulting signal provides
a continuous indication of the thermal power level of the
reactor core. The simulated thermal power signals from all
four separate divisional channels are provided to the plant
[rocess computer system by a multiplexing interface. Q.
is calculated by taking thc avecrage of all the simulated
thermal power signals (2ach in units of % of rated power)
that are judged to be valid (Le., usually the average of four
signals) and dividing it by 100%. Thus if thc averape
simulated thermal power signal is 100% of rated power,
Q... 15 equal to unity.

The Temaining terms {or the heal balance equation are
determined by using reasonable approximations of the nomi-
nal valucs for the following terms: £p,. Mgp, hgp, R vand
Qg As an allernative, (), could also he determined by using
additional plant mcasurcments than those previously
described. Both approaches for delermining @, will he
deseribed. The typical means to determine the nominal value
of these terms will now be described.

fei- Is Tequired to be less than about (L0235 for all normal
power operating conditions {this is a design requirement on
the separator performance). [Detailed analytical evaluations
have shown that the actoal value may be around 0.001. For
the heat balance equation, the valuc of h,, is rather insen-
sitive to using any value in the range of 0.001 1o 0.0025.
Therefore, as a typical nominal value, the value for feu is
chosen to be (0.001 for all heat balance evaluations. I a
better nominal estimate is available for a particular plant,
that valuc can be used instead.

Mg,r is a very small flow rate compared to the others in
the numerator of the second term of the heat balance
equation. The purge flow to each reactor internal pump (RIP)
is adjusted by observing local instrumentation in the reactor
building. Once adjusied. this value will not vary signifi-
cantly during normal plant operation. Therefore, the speci-
fied design nominal value for the total RIP purge Qow rate
for the applicable plant should be used for the valuc of Mg;p.

hye is typically very close to the same value as h_g,,
This is because the sarae basic water supply source as used
for the CRD purge flow is used to supply RIP purge flow.
Therefore, the same value as determined for as h-gp, can be
used for the value of hg,,.. If a different water supply source
for the RIP purge flow is uscd for a particuiar plant, a more
appropriate nominal value should be used.

R, can be determined by performing heat fransfer caleu-
lations of the heat loss through the vessel wall to the
swirounding atrmosphere in the drywell. Such calculations
can he performed using commercially available heat transter
codes. The results for an example plant with a core thermal
power rating of 3926 MW (thermal power) yielded a value
of around 1.1 MW for the nominal value for R;.

Y can be determined by performing analytical calculations
of the energy deposited in the water in the downcomer
region of the vessel by gamma ray heating and neutron
heating. Such calculations can be performed using commer-
cially avatlable nuclear radiation analysis codes. The results
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for an example plani with a core thermal power rating of
3926 MW (thermal power) yiclded a valuc of around 0.551
MW for the nominal value for .

QJp can be determined by wsing the values of the teactor
water density and the individual pump fiows and the
expected total dyramic head of the pump at the measured
speed and flow value and the efficicncy of the pump at the
same conditions. All this data is avatlable from shop per-
formance testing of each RTE. Then ihe total power added by
this individual pump is equal to the total dynamic head
muitiplied by the flow rale and density then divided by the
pump efficiency. A further simplifying assumption that can
be used is to calculate the expected value at rated speed of
the RIP tor the energy added and then assume that this value
will vary in direet propertion to the ratio of the measured
RIP speed cubed to the rated RIP speed cubed. Becausc this
term is relatively small, such simplilying assumptions can
be used without significant impact on the accuracy of the
caleulation of h,,. The total value for Qp is determined by
adding the encrpy added of all manning RTPs.

An alternative approach for determiration of the energy
added by the RIPs is lo measure the electrical power
provided to each RIF moter (i.c.. standard type of electrical
measurement based upon measucemment of three-phase voli-
age and current provided to each RIP motor). The total
energy added hy each RIP is the motor input power multi-
phlied by ihe efficiency of the RIP motor (this data is also
available from shop data) at the mcasurcd RIF speed. The
total value for (), is determined by adding the energy added
of all running RIPS. Either this method or the ene described
in the previous paragraph can be used to determine a
rcasonable value for Q.

¥ one evaluates the relative imporlance of the accuracy in
calculation of the terms in the heat balance eguation, the
termos that are directly determined from plant measuremenis
play a much more significant role in the final accuracy of the
calculation of h,,. Therefore. the approaches and assump-
tions for determining f; Mg hgp R, 7 and Qp are
judged 10 be sufliciently accurate and valid for use in the
heat balance equation. For a given plant evaluation, other
approaches may also be defined for estimating these terms
with acceptable overall accuracy on the heat balance equa-
tion. The approaches defined here are a possible set of
reasonable approaches for estimating these terms.

‘Thus, in accordance with the mcthod of the present
invention., the core inlet enthalpy b, is determined using the
core mass flow rate calculated using the pump diffcrential
pressure method equation and the measured or assumed
values for the other terms in the heat balance equation,
Knowing h,, and the pressure in the lower plenum region of
the vessel {determined from plant pressure measurernents),
the ASME compressed steam table properties can be used to
determine the corresponding reactor water temperature T,
and density p.

Then, using this calculated value for p, 2 numerical
method such as successive approximation can be used {o
arrive at an improved estimate for the actual reactor water
density p. Herein we identify the n-th such estimate of the
density as p,. So p, comresponds to the initial estimate
obtained using the reactor waler temperature measurement
value. The second cstimate p, is obtained using the heat
halance cquation, as described hereinabove. Then a new
value for the core mass fiow rate car be obtained from the
pump differential pressure equations using the new density
value, and the heat balance equation is used again to obtain
a new valuc for the core inlet enthalpy and density. This
ilerative process, which is depicted in FIG. 4, is continued
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until the difference in the caleulated core flow and density
hetween successive approximations becomes very small
(e.g., <0.1% of the equivalent rated values). The resulting
converged values for cere mass fiow rate. and reactor water
temperature and density provide for mmuch improved accu-
racy in determination of these important reactor values.

Using the above-described method for obtaining more
accarate values for the core mass flow rate, a boiling water
nuclear reactor can be operated at a desired core mass flow
rate, The method of reactor operation in accordance with the
present invention compriscs the following steps: (a) before
startup. predicted values for core plale differential pressure
at a multipticity of core power/core mass Row rate points are
generated using conventional analytical computer codes
which model reactor operaticn; (b) coefiicients of a qua-
dratic relation for core mass flow rate between core power
and core plate differcntial pressure are then determined
based on the predicted values for core plale differential
pressure; (c} after startup, core platc diffcrential pressure,
pump differential pressure and core power are measurad at
each of a multiplicily of sampling times and reactor oper-
ating conditions; (d) then a final value for the core mass flow
ratc at cach sampling time Is determined; (&) the coefficients
of the quadratic relation arc then adjusted using the final
values for the corc mass flow rate: and (f) the reactor is
operatled at a core plate differential pressure and a core
power which, when inserted into the quadratic equalion with
adjusted cocfficients, give a core mass flow rate value
substantially equal to the desired core mass flow rate.

The foregoing preferred embodiment of the method of the
invention has been disclosed for the purpose of illusiration.
(rher variations and modifications will be apparent to
persons skilled in the art of nuclear reactor monitoring. All
such variations and modificalions are intended to be encom-
passed by the claims set forth hereinafter.

We claim:

1. A methed for estimating the core flow rate in a boiling
water Teactor having a multiplicity of internal pumps
between a core shroud and a reactor pressure vessel, com-
prising the steps of:

(a) determiring a value represeniing i reactor water

temperature inside the reactor;

(b) deriving an initial valuc for the reactor water densily
fram the determined value for reactor water ternpera-
lure;

{¢) measuring a pump differential pressure and a pump
speed for each internal pump;

{d} determining a pressire in a lower plenim region based
upon measurement of the reactor pressure vessel pres-
sure;

(&) using a purop differential pressure method to calculate
a value for a total core mass flow rate as a function of
the initial valug of the reactor water density and the
measured pump differential pressure and measured
pumyp speed for each internal pump;

(1) using a heal halance eguation to determine a value for
an enthalpy of a core inlet flow as a function of the total
core mass flow rate value calculated in step {e) and
measured or assumed values for other terms in said heat
balance equation;

(g) deriving an improved value for the reactor water
density from the value for core inlet flow enthalpy
determined in step (f). the measured value for the
pressure in the lower plenum region of the reactor
pressure vessel and compressed steam table properties:

{h) using said pump differential pressure method Lo cal-
culate an improved value for the total core mass flow
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rate as a function of the improved value of the reactor
water density derived in step {(g) and the measured
pump differsntial pressure and measured pump speed
for cach internal pump;

(1) vsing said heat balance equation to determine an
improved value for the core inlet flow enthalpy as a
function of the improved value for the total core mass
flow rate calculated in step (h) and said measured or
assumed values for sald other terms in said heat balance
equation;

(i) deriving a further improved value for the reactor watcr
density from the improved value for core infet flow
cothalpy determined in step (i), the previously deter-
mined value for the pressure in the lower plenum
region of the reactor pressure vessel and compressed
steam table propertics; and

(k) repeating steps (h), {I) and (j) until the difference in the
improved values for the core mass flow rate and ihe
reactor water density between successive approxima-
tions is less than a predetermined amount.

2. The method as defined in claim 1. further comprising

the steps of:

(I) measuring z differential pressure across a core plate of
the reactor al each of a mulliplicity of sampling times
and rcactor operating conditions:

{m) measuring a core power al each of said multiplicity of
sampling times and reaclor operating condilions;

{n) acquiring a final value for the core mass flow ratc at
each of said multiplicity of sampling times in accor-
dance with steps (h)—k); and

(o) using the final vafues for the core mass flow rate to
correlate core mass flow rate to the measurced values of
the core plate differential pressure and core power.

3. In a beiling water nuclear reactor. a process for

estimating corc flow ratc, cornprising the sieps of:

(a) measuring a differential pressure across a core plate of
the reactor at cach of a multiplicity of sampling times
and reactor operating conditions;

{b) measuring a core power at each of said multiplicity of
sampling times and reactor operaling conditions;

{c) determining a final value of a corc mass flow rate at
cach of said multiplicity of sampling times: and

{d) using the final valucs for the core mass flow rate to
correlate core mass flow rate to the measured values of
the core plate differential pressure and core power.

wherein each final value of the core mass flow rate is
acquired by an iterative process involving successive
approximations using a pump differential pressure
method to derive a core mass flow rate approximation
and a heat balance equation to derive a reactor water
density approximation in alternating sequence.

4. The method as defined in elaim 3, wherein step (c)

comprises the steps of:

{e) determining a pressure in a lower plenum region based
upon measurcrient of the reactor pressure vessel pres-
sure;

(f) deriving an initial valus for the reactor water density
from the determined vaiue for rcactor water tempera-
ture;

{p) measuring a pump differential pressure and a pump
speed lor each jnternal pump;

{h) measuring a pressure in a lower pleoum region of a
reactor pressure vessel;

(i) using a pump differential pressure methed to calculate
4 value for a tota] core mass flow rate as a function of
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the ipitial value of the reactor water density and the
measured pump differential pressure and measured
pump speed for each internal pump,

(i) using a heat balance equation to determine a value for
an enthalpy of a core inlet flow as a function of the total
core mass flow rate valuc calculated in step (1) and
measured or assumed values for other terms in said heat
halance equation;

(k) deriving an improved value for the reactor water
density from the value for core iniet fiow enthalpy
detcomined in step (§). the previously determined value
for the pressure in the lower plenum region of the
reactor pressure vessel and compressed steam table
properties;

(1) using said pump differential pressure method 1o cal- -

culate an improved value for the total core mass flow
ratc as a function of the improved value of the reactor
water density derived in step (k) and the measured
pump differential pressure and reasured pump speed
for each internal pump:

{m) using said heat balance egquation lo determine an
improved value for the core inlet flow enthalpy as a
function of the improved value for the total core mass
flow rate calculated in step (1) and said measured or
assamed values for said other terms in said heat balance
equation;

(n) deriving a further improved value for the reactor water
density from the improved value for core inlet flow
enthalpy determined in step (), a measured value for
a pressure in a lower plenum region of the reactor
pressure vessel and compressed steam table properties;
and

(o) repeating steps (i), () and (n) until the difference in
the improved values for the core mass flow rate and the
reactor water density between successive approxima-
tions is iess than a predetermined amount.

5. A method for operating a boiling water nuclear reactor

at a desired core mass flow rate, comprising the steps oft

{a) before startup, generate predicted values for core plate
differential pressure al a multipiicity of core power/core
mass flow rate points using analytical computer codes
which model reactor operation;

{b) determine coeflicients of a guadratic relation for core
mass flow rate between core power and core plate
differential pressure based on said predicted values for
core plate differential pressure;

(c) after startup. measure core plate differential pressure,
pump differential pressure and core power at each of a
multiplicity of sampling times;

{d} determining a final value of a corc mass flow ratc at
each of said multiplicity of sampling times;

(e) adjusting the coefficients of sald quadratic relation
using the final values for the core mass flow rate; and

() operating the reactor at a core plate differential pres-
sure and a core power which, when inserted into said
guadratic equation with adjusted cocfficicats, give a
core mass How rate valuc substantially equal to said
desired core mass flow rate,
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wherein each final value of the core mass flow ratc is
acquired by an iterative process involving successive
approximations using a pump differental pressure
method to derive a core mass flow rate approximation
and a heat balance equation to derive a reactor water
density approximaticn in alternating scquence.

6. The method as defined in claim 5, wherein step (d)

comprises the steps of:

(g) determining a value representing a reactor water

temperature inside the reactor;

(h) deriving an initial value for the reactor water density
from the determined value for reactor water tempera-
{ure;

(i) measuring a pump differential pressure and a pump
speed for each internal pump,

(j) determining a pressore in a lower plenum region based
upon measurement of the reaclor pressure vessel pres-
sure;

(k) using a pump differential pressure method to calculate
a valuc for a total core mass flow rale as a funclion of
the initial value of the reactor water density and the
measuted pump differential pressure and mcasured
pump speed for each internal pump;

(1) using a heat balance equation {o determine a value for
an enthalpy of a core inlet fiow as a function of the lotal
core mass flow rate value calculated in step (K} and
measured or assumed values for other terms in said heal
balanec equation;

{m) deriving an improved value for the reactor water
density from the value for core inlel flow enthalpy
determined in step (1), the previously determined value
for the pressure in the lower plenum region of the
reactor pressure vessel and compressed stcam table
properties;

{n) using said pump differential pressure method to cat-
culate an improved value for the total core mass flow
rate as a function of the improved value of the reactor
water density derived in step (m} and the measured
pump differential pressure and measured pump speed
for each internal pump;

(o) using said heat balance cquation to determine an
improved value for the core inlet flow enthalpy as a
function of the improved value for the total core mass
flow rate calculated in step {n) and said measured or
assumned valucs for said other terms in said heat balance
cquation:

{p} deriving a further improved value for the reactor water
density from the mproved value for core inlet flow
cnthalpy determined in step (o), a measured value for
a pressiure in a lower plepum region of the reactor
pressure vessel and compressed steam table properties;
and

{q) repeating steps (n). (o) and (p) until the difference in
the improved values for the core mass Aow rate and the
reactor water density between successive approxima-
tions is less than a predetermined amount.
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