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(57) Abstract: This invention relates to the monitoring and diagnosing of nuclear power plants for its thermal performance using the
NCV Method. Its applicability comprises any nuclear reactor such as used for research, gas-cooled and liquid metal cooled systems,
fast neutron systems, and the like; all producing a useful output. Its greatest applicability lies with conventional Pressurized Water
Reactor (PWR) and Boiling Water Reactor (BWR) nuclear power plants generating an electric power. Its teachings of treating fission
as an inertial process, a phenomena which is self-contained following incident neutron capture, allows the determination of an absolute
neutron flux. This process is best treated by Second Law principles producing a total fission exergy. This invention also applies to the
design of a fusion thermal system regards the de termination of its Second Law viability and absolute plasma flux.
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METHOD AND APPARATUS FOR THERMAL PERFORMANCE
MONITORING OF A NUCLEAR POWER PLANT USING THE NCV METHOD

TECHNICAL FIELD

10061} This mavention relates to the montoring and diagnosing of nuclear power plants
resulting in a set of verified thermal performance parameters using a NCV Method. This
Method is based on Nucleonics and plant data (N} and descriptive Calorimetrics {(C}, which
form a system of equations, the accuracy of their resoived unknowns established using a set of

Verification procedures (V).

BACKGROUND ART

10062} Nuclear engineering methods have evolved since the 1940s o a discipline 1o
which ceriain nuclear parameters are computed with a greater accuracy than may be duwectly
measured. HExamples comprise: conversion of a Amass to Aenergy (AE = cz,f_“_\m}; Mev/Fission
values by fissile nuclide; antincutrino creation given B radiation after neutron decay; cross
section Doppler broadening given temperature affects; neutron diffusion theory inchuding
diffusion length; affects on neutron flux of conirol rod movement; nuclear generated decay heat
after shutdown; etc. These parameters, having high accuracy, are computed by the nuclear
engineer using established art. However, an area in which nuclear engineering 1s weak is
detfermination of an absoluie neutron flux present in large power reactors. There are three
reasons for this weakness.

1663} The first reason is that the nuclear engineer only cares about a change in flux;
e.g., an exponeniial increase is an obvicus concern regards prompt criticality. To oblain a
desired thermal load, the hght waler reaclor operator simply moves a control rod, thereby
changing flox and fission rate. A second reasop for not emphasizing absolute flux is the
difficulty i direct measurement. Typical reactor operations will see many orders of magnitade
change in neutron flux from startup to full power. Flux in a power reactor will exceed 16" in(;,—
em™sec”. The long-time practice is to employ fission chambers placed at the reactor’s
boundary, which are 1ofluenced by the local (leakage) neutron flux. Such chambers measure
ionized radiation produced by fission. Periodically, given the consumption of fissile material,
they are replaced. These instruments produce a relative measurement, whose signal requires
normalization to an assumed average flux as a function of burn-up. A third reason hes with the
fundamental neutron diffusion theory, Diffusion theory describes the shape of the {lux, it does
not solve for its magnitude. Given finite dimensions, the radial or axial shape 15 resolved based

on boundary conditions. In the axial direction of a finite cylinder of fissile material, a symmetric

RECTIFIED SHEET (RULE 91)
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cosine shape is assumed. For a PWR and BWR, there is no known art which does not assume
a symmetric, theoretical, frigonometric function {¢.g., cosine) axially centered.

684} Aunother area 1ovolviog a lack of discipline, indeed a classic lack, is the
measurement of fhid flow in large pipes. A PWR circulates water in its primary flow loop
(circulating water through the reactor, liberating its energy flow in a “Steam Generator”, 8G}.
A sccondary PWR loop circulates water through a conventional Regenerative Rankine cyele
{the “Turbine Cycle”, TC), A BWR circulates water through the reactor and then divectly to the
conventional Regenerative Raokine cycle. The typical nuclear power plant employs coolant
pipes, which, for a 600 MWe unit and above, are greater than 30 inches (76.20 cm) in diameter,
Flows in a PWR or BWR Reactor Vessel typically exceed 100 mullion lbm/hr (12599.79
kg/secy. The most commonly used flow nstraments are non-invasive, such as ultrasonic,
Ultrasonic measured flows, and indeed any measurement from a non-~direct instrument, must
be normalized as they are relative indications. For those pipes which are small enough [say less
than 18 inches (45.72 cm) in diameter], flow nozzles specified by the American Society of
Mechanical Engineers (ASMUE) have been employed. Of course, mass flows are deduced frow
thermodynamics balances based on assumed muclear thermal power, ete. System errors using
such assumptions have been stated to this inventor as between £3 to £5%. At least one vendor
of ultrasonic flow measurements gquoted £0.35% error regards RV flow. However, without an
established nexus between flux and flow with vertfication, no cited accuracy has meaning,
1665] There is no mounitoring system, incloding any analytical diagnostic method,
associated with a nuclear power plant which addresses the whole system in a comprehensive
manner - that is nexus, for example, between caleunlable nuclear parameters and Turbine Cycele
feedwater tlow, and with proot of results, There 1s no system which relates absolute neutron
flux to reactor coolant flow, to water flow through the Turbine Cycle, o gross elecirical
generation ... and provides demonstrable accuracy. Such a monitoring system and its supporting
method of diagnoses is needed for the NSSS.

[006] The 1dea of results verification associated with thermal performance montloring
of power plants, although ts new wheun applied {o nuclear power plants, i 13 not new to fossi
power plants. This iventor has been granted a number of patents related to understanding
fossil-fired systems and associated verification teachings. Although none of these patents relate
to nuciear power, one of their teachings has been modified for this invention., The important
relevant teachings are found: 1o US Patent 7,328,132 1ssued Feb. 5, 2008; in US Patent
7,809,526 1ssued Oct. 5, 2010; and 1o US Patent 6,714,877 ssued Mar, 30, 2004 (hereinafter
‘132, *526 and *877). “132 and ‘526 contain the same relevant section entitied “Correction of
Choice Operating Parameters and System Benchmarking” starting on Col. 44 in ‘132, and
starting on Col. 42 1n *526. ‘877 teaches the determination of correction factors associated with
fossil-fired power plants applied to measured gaseous effluents and other parameters associated

with fossil combustion. This same technology appears in several related non-US patents:
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Canadian 2,541,197 & 2,754,63%; Huropean 1,835,228 (GB, DE, IE, CH); and Australian
2006-201,203. In addition to thesc patents, another invention, important to this invention,
describes how to synchronize data onginating from differcot sources, each source having a
different time reference. This synchronizing invention is deseribed in US Patent 6,810,358
tssued Oct. 26, 2004 (hereinafter “358), Once application of technology taught in “132, *526,
‘877 and ‘358 resulied in winning ASME’s prestigious Prime Mover’s Award.

1067} It must be emphasized thai the inventor’s prior technologies o “132, ‘526 & ‘877
, and the teachings herein, do not employ “statistically-based” methods as applied
thermodynarotcally. Statistically-based methods as defined herewn comprise: neural networks;
artificial intelligence; fussy logic; pattern recogmition; data interrogation; application of
corrective functions {c¢.g., manufacturers curves); and other such technigues, Simply stated,
statistically-based methods would claum to benefit the thermodynamic undersianding of any
systern through signal manipulation. It is believed that statistically-based techniques have had
a flash-in-the-pan repetition in the power industry and presently see little use. Whether
presently used or not, the reason for failure of these methods when applied to complex thermal
systems includes: assumptions of linearity regards system variables; the lack of computational
closure regards the First & Secound Laws as applied to the system; and the lack of vertfication.
108} Regards assumptions of linearity, note that an 800 MWe power plant monitors
>40,000 signals. Some signals are quite minor in importance, some are very important. Given
massive data streams - coupled with thermal systerns those thermodynamic propertics of water
comprise subcooled, saturated, superheated and (possibly) supercritical regions, all non-linear,
involving pressure, iemperature or quality, and flow measurements, with material heat losses,
eic. - the idea of accurately forming variance-covariance matrixes required for many of the
statistically-based methods is simply not rational. Resolution of coctficients comprising
variance~covariance matrixes for power plaots has nowhere been propagaie

1009} The idea of correcting deviations from design conditions using manufacturer’s
curves refies on the system being tested near the assumed design conditions. Power plants are
simply too complex to assume otherwise. For example, turbine vendors do not specify the
tolerance range acceplable for picce-wise corrections when using their curves, Such use invokes
a variance-covariance matrix used for tolerances, bul are never provided. Critical to
statistically-based methods s that measurement disiribntions are mulitivariate normal.
Corrections based on manufacturer’s curves are hardly statistically normal.

1016} Many organizations employ statistically-based methods claiming to improve the
accuracy of computed system-wide results {(e.g., system thermal efficiency). Statistically-based
techoiques inchude those offered by: NeuCo of Boston, MA a subsidiary of General Electric
Company; ScienTech LLC of Idaho Falls, I3 a subsidiary of Curtiss-Wright Corporation;
STEAG Energy Services GmbH of Essen, Germany a subsidiary STEAG GmbH; the VISTA

program believed to be owned by the Electric Power Research Institute of Palo Alto, CA,
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marketed by Black & Vetch of Kansas City; General Physics Corporation of Columbia, MD a
subsidiary of GF Strategies Corporation; and similar offerings.

(LERY Regards the lack of salisfying the laws of thermodynamics, sunply stated, i
statistically-bases technigues could adjust multiple parameters consistent with the laws of
thermodynamics, then why don’t they simply make First and/or Second Law balances? None
are known to do so. If said adjusiments could be applied to a single parameter, it would be
meoncetvable thal such a parameter would be so chosen, and adjusted 1o just the correct maunner
to then satisfy the Laws for a complex system (all other parameters assumed absolutely
constant}; and, further, to then serve for positive verification, On the other hand, if a number
of parameters are addressed there 1s no method - other than thermodynamically based - which
would then achieve closure of a systern-wide balance.

1612} Noknown statistically-based technigue employs any means by which results can
be verified. Verification means satisfyving the laws of thermodynamics assuming a system-wide
boundary by comparing computed parameters with the known. It means choosing a computed
parameter, which 18 derived directly from thermodynamic balances, and is then verified
{compared) lo an accuraiely measured, or accuralely known standard. Forexample, *132 & *516
teach verificaiion fossil-fired {echuoiques. Oue of these wvolves the combustion path’s waler
balance as based on conservation of stoichiometrics. A “known” soot blowing flow (Le., steam
flow used to clean heat transfer surfaces) should be back-calculated and comparable to the
directly metered. It one cannot verify such a waler balance, then one does oot understand a
hydrogen balance, nor an oxygen balance, etc. required for First Law balances. Thus the
computation of fossil Steam Generator efficiency, using such flawed data, becomes Indicrous.
1013} There are two keys aspects to 132, “526 and °855 technologies. First, a set of
operating variables is chosen, which can be altered to known standards; a difterence (the
operating variable less ifs standard} is driven to zero, Al —~ 0.0. A fossil example is use of the
L,y parameter descriptive of an unique coal’s chemistry. This 1s achieved for the set of operating
variables by adjusting another set of chosen variables {(a secondary set, A,,} whose absolute
accuracy 18 quesiionable, bul given adjustments, drives the sel of operating variables to
resolution. A may be an effluent concentration of CO; which affects computed coal chemistry.
Adiustments are made via correction factors to the concentration uniil the computed value and
its reference {L,,) are matched. Second, afier resolution of Ak, verification of system-wide,
thermodynamic understanding 1s made without use of statistically-based techoiques. Hitherto,
no such technique has been applied to a nuclear power system.

14} An unportant application of the Second Law used for monitoring thermal
systems 1S the use of Fuel Consumption Indices (FCIs). Reterences for FCH technology can be
found in US Patent 6,799,146 1ssued Sep. 28, 2004, starting Col. S (hereinafier “146). Another
reference 1s F.D. Lang, “Fuel Consumption Index for Proper Moniutoring of Power Plants -
Revised”, ASME Conference, LJPGC 2002-26097, June 24-26, 2002, However, no reference,
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nor any patent issued to this inventor, teaches FCI technology applied to nuclear power plants.
Established art teaches the tollowing for a fossil system (terms defined below). Note that new

art for treatment of ouclear fission is required.

Gy = Poen ™ Lk (1BA)
where Y L, as taught for fossil-fired systems, is defined as:
Sho= (L0 - TR/ aQ, — | P — | [mdel (2BA)

The total cxergy flow supplicd (Gpy) for a tossil-fired system comprises exergy flows for
combustion air, in-leakages, shafl powers supplied {(puraps), and a fossil fuel’s exergy flow. The
fossil fuel’s exergy flow requires great computational complexity. The nuclear system brings
its own unigue complexities, ‘146 assumed pump shaft power 1s taken as the fluid’s increased
energy flow, mAh; this, less an exergy flow mAg, results in a [Ty pAs] loss, NSS Systent’s
purmps are unusually large, requiring additional detail. After determining Gpy and ) I, Fuel
Consumption Indices (FCI) are formed by stimply dividing Eq.(1BA) through by Gy, and then

multiplying by 1000 for numerical convenient:

1000 = FClpper T 2 FCH pook {(4BA)

where FUls are then self defined, converting Prypy units to electrical output Py with losses:
FClppwer = 1000 R P + Lvteen T Liiec) VO (SBA)

FCOIf geuxe 1000 1 /Gy {6BA)

Egs.(1BA) & (4BA) state: 1} Gy, exergy flow is “destroyed” by generating only useful power
and trreversible losses; and 2) if any FCI decreases, the operator 1s assured that commensurate
mcreases are herently identified, Eq.(4BA) will always sum to 1000, I FClg,, ., decreases,
one or more identified FUE | terms must increase (and thus are located within the NSSS).
[15] A long-standing issue in the commercial nuclear power industry is so-cailed
“NVT Damage”. It has been observed that a neutron flux will disrupt molecular structures,
meluding building materials, caused by neutron scatlering phenomenon. Such damage s
dependent on the mtensity and magnitude (N} of the flux, and the velocity Menergy”)
distribution of the flux (V}, and the time of srradiation (T). To monttor NVT Damage, material
sampies (stecl and the like} are placed in capsules called “coupons” and placed throughout the
Reactor Vessel for later retrieval and analyses. Although the disiribution of neutron flux maybe
snderstood. Such distribution tells nothiong of its magniiude, whose uncertainty 1s high. What
is needed s an wethod of determining the absolute magnitude of the average flux, by which a
distribution as a function of “energy” and time may be determined; this information being

useful for maintenance predictions and end-of-Reactor Vessel-life predictions.
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[016] What is needed for improving the thermodynamic understanding of nuclear
power plants, comprising its thermal cfficiency and cffectivencss, is a nexus, an analytical
model, between neutronics and system thermodynamucs, with embedded veritication. Also
needed is to employ Second Law FClanalyses which is highly amenable for rapid identification

of problem areas within the system.

DISCLOSURE OF INVENTION

[0617] This invention relates to any nuclear system producing a useful output (e.g., a
steam flow exiting the system and/or an electric power}. This invention especially relates to
targe, commercial PWRs and BWRs, producing a shaft energy flow leading to the production
of electricity. The 1ovention comprises the computation of power derived direcily from the
fission process based on a thermal neutron flux and computed neutronic parameters. Thermal
power is independently developed from thermodynamic balances, mass and energy flow
balances associated with the Turbine Cyele’s (TC) working fluid, and the like, Such balances,
using Fust and/or Second Laws of thermodynamucs, as delailed m the SPECIFICATION, 18
termed its Calorimetric Model. This disclosure teaches how the exergy flow from fission and
the commensurate encrgy flow to the TC can be: 1} intrinsically related and 2} verified in real-
time ... thus establishing nexus between nucleonics & plant data, and calorimetrics. Nucleonics
& plant data (N} and calorimetrics (C) form a sysiern of equations, their resolved unknowns
confirmed using a set of verification procedures (V). This is the “NCV Method”. When on-line,
the NCV Method produces a set of verified thermal performance parameters which are used by
the operator for improved monitoring,

1918] Teroporal data over a typical fuel cycle 1s required from fuel management
computations comprising number densities and cross sections of {issile isotopes as a function
of energy and burn-up. Static data required comprises: mechanical design of fuel pins, fuel
assernblies and structural components; Mev/Fission data; core volumes of the fucl, structurc and
coolant {moderator); and number densities at start-up {(a virgin reactor core), Mote that
recoverable Mev/Fission data is well known. Measurements in real-time are required on the
coolant-side for determining thermal energy flow to the Twrbine Cyele (TC). Such data
comprises: pressures, temperatures or qualities and indicated mass flows; gross electrical
generation; and other routine TC data,

(819} With such temporal and static data, with calorimetrics, a matrix solution is
solved which resolves declared unknowns comprising: NSSS useful output (¢.g., electrical
generation); average thermal neutron flux; TC condenser energy flow rejection; and Reactor
Vessel coolant mass flow. As discussed, there are fow parameters associated with a nuclear
power plant which can be measured with high accuracy. Tmportant parameters such as primary

fluid mass flows, neutron flux and the Used Energy End Point (UEEP) associated with the low
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pressure turbine exhaust are examples of parameters which cannot be directly accessed without
system solution. A critical exception of a parameter which is known with high accuracy is the
measured electric power. NCV {akes electric power as a declared unknown. The NCV’s matrix
solution, having solved the computed electric power, then compares this value to the divectly
measured, driving Ak~ 0.0. Although this direct cornparison of electric power s prima facie
verification, having great import, other verifications involve comparing the computed with the
measured, trending over time. For example, after benchmark testing of the Turbine Cycle,
demonstrating that the indicated feedwater flow is consistent {perhaps not accurate )}, a computed
feedwater flow (based on reactor flow) must then frack changes with the indicated. Similar
trackings comprise: computed flux versus the Fission Chamber signal; computed Reactor
Vessel flow with the plant indicated; etc. also trends in the computed antineutrino as a portion
of total Mev/Fission; condenser rejection versus changes in condenser pressure; ofc,

19826} This invention teaches to usc siatistical methods, not to divectly affoct
thermodynamic compuiations vor any measured value, but rather to sumply delerroine
correction factors applied to user selected parameters which in turn produce computational
closures {Ax, = 0.0, L.e., resolution of a declared unknown}. For example, computed electric
power is obviously affected by NSSS energy balances. When applying the Second Law o
resolve individual NSS Systems, neutron flux is the driving guantity. Neutron {lux is
responsible for fission, fission produces the recoverable and unrecoverable exergies {(e.g.,
fission fragments, radiation and antineuirinos), Although antineutrinos (and possibly neutrinos)
will Jose their exergies only after passing through a hght-year thuckuess of lead, if excluded, the
Second Law’s irreversible losses would carry error and certainly given virgin fission (i.e., an
un-irradiated fuel), The Mev/Fission contribution assigned to the antineutrino {or neutrine},
must appear both as a portion of the total exergy supplied and as an trreversible loss. As taught
using the NUV Method, antineuirino {or neuirino} terms appear both as a portion of exergy
supplied, and as an trreversible loss. Without such treatment of irreversible losses, neutron flux
wiil be in error. Upon resolution, such an antineutrino (or neutrino} loss as a computed output,
must lic within an established range. When computed within the established range, it serves,

m part, the set of Verification Procedures.

BRIEF DESCRIPTION OF DRAWINGS

1921} FIG.1 15 arepresentation of a PWR. Inclhuded in FIG. 1 19 a representation of the
data acquisition system as required to tmplement the NUV Method.
322} FI(.2 13 a representation of a BWR. Included in FHG.2 18 a representation of the
data acquisition system as required to implement the NCV Method.
1023} FIG .3 ts a representation of the Pseudo Fuel Pin Model used to couple the axial

neutron flux to the exergy flow delivered to the coolant using an average fuel pin and its
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average conlant flow.

1024} FIG 4 1s a block diagram of the NCV Method showing the flow of computer
togic, 1ocluding the two principal computer programs employed by NCOV: NUKE-EFF and
NUKE-MAX.

[025] FIG.S 1s based directly on computations associated with the Pseudo Fuel Pin
Model consisting of: an Clausen Function profile associated with a normalized, axial, neutron
flux profile; results of an axial cxergy rise through the core based on a cosine-based flux profile;

and resulis of an axial exergy rise based on the Clausen Function profile,

BEST MODE FOR CARRYING OUT THE INVENTION

1026} To assure an appropriate leaching, the NOV Method and its associated apparatus
are divided by the following sub-sections. The first two present Definitions of Terms and
Typical Units of Measure, and the Meaning of Terms (such as “Choice Operating Parameters”™
and “System Effect Parameters™). The remaining sub-sections, representing the bulk of the
teachings, arc divided into: NSSS Thermal Powers and Efficiencies; Neutronics Data; Fuel
Consumption Indices; Pseudo Fuel Pin Model; and Resolution of Unkonowns and Optimuzation,
This BEST MODE section s then followed by the important INDUSTRIAL APPLICABILITY
section containing sub-~sections oft The Calculational Engine and Hts Data Processing; Clarity

of Terms; Final Enablement; and Detailed Description of the Drawings.

Definitions of Terms and Typical Units of Measure
6271 Npclear Terms:

B, = Nuclear pseado-buckling used in the PFP Model; crm™.

Uy = Correction factor to the indicated Fission Chamber’s flux, per Eq.(62); unitless.
(,, = Limitation constant on the neutrino 1oss, vy (8, per Eq.(35); unitless.
Cys = Uncertainty in the neutron migration length, +AM~, per Eq.(43); om.
Cyax = Pefined by TABLE 2 and related teachings regards conversion from @y 10 O
e.g., the cosine function Cya ¢ oo, the Clausen Fanction Uy .o, €tc.; unitless,

C

» = Limitation variance on the computed Qyyy(t) per Eq.(13); unitless.
k = Neuatron multiplication coefficient; unitiess,
kg = Boltzmann’s constant; 4.787407x 107" MeV/'R (2.659671x107 MeV/°K).
kypp = Neutron multiplication (reactivity) coefficient; unitless.
Mep;,, = Number of fuel pins heating the core’s coolant; unttless.
Mrp;, = Number of total fuel pin cells available for coolant flow within the core; unitless,
- . . . U . . 5
M = Thermal neutron migration area (M ¢ is the diffusion length plus vFermi Age); om”
N; = Number density of isotope j; (number of j)/(bam-cm).
1 Btw/hr (kl/sec) .

Gy = Total antineutrino & neutrino exergy flow (alse Qnpyiess
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Crye = Recoverable exergy flow from fissile materials; Btu/hr (kl/sec) .
Vg = Volume of nuclear fuel consistent with macroscopic cross sections; ey,
Z{Treo = Inertial Conversion Factor, defined by Eq.(5); unutless.
VMX = Exergies from fissile isotope §, see TABLE 1 for XXX; Mev/Fission.

wxxil) = Avg. fission exergy release, per fissile isotope, a function of time; Mev/Fission.

¥ = Summation of terms,
(1) = Macroscopic fission cross section for fissile sotope 3 e
:E = Mean age of thermal neutrous given a fission spectrum, the Fermi Age; e’
@y- = Thermal neutron flux at Fission Chamber; lnn—cm'z—%;ec'E

Dy = Max, theoretical thermal neutron flux given an assumed profile; nowcm’znsec'l‘
By = Average thermal neutron Hox satisfying NCV calorimetries; 1nO-(:m"?"—sec"]

Wiy = Oy vipyv (t), irreversible loss term per Bq.(12) & discussion; MeV-cm -sec

[828] System Terms:
Cp,y = Ratio of a CII pump fow () to final Feedwater tlow; mass ratio.
Cegw = Correction factor to the indicated FW mass flow, used in Eq.(65); unitless. -
Cry = Correction appiied indicated RV coolant mass flow, used m Eq.{66); unitless, ~-
FCY, = FClor the K™ {(irreversible) process; untiless,
PO pyee = FCI for the power production process; unitles
={h - hpept — Tres — Spep), sSpecific exergy (also termed “available energy”},
this definition is applicable for mertial processes; Btw/lbm {kl’kg) .
Gy = Total exergy flow supplied to a NSSS; Btw/hr (kl/sec) .
hpes = Reference enthalpy for exergy: f(Ppop x=0.0); Bin/lbrn (ki/kg) .
L= ,Erreverszbthty of process k; Btu/hr (ki/sec)
Lije = Generator electrical losses, variable f(Pgen) KWe.
Lpeen, = Generator mechanical losses, fixed f(Pgenh kWe.
m = Mass How of fhuid; Ibm/hr (kg/sec)
mAg = Exergy flow; Btu/hr (ki/sec) .
mAh = Energy flow; Btu/hr (ki/sec) .
MC,,, = Dilution Factor for COP A, used in Eq.(67); unitless.
Prwp.ag — Lredit energy flow from Auxiliary Turbine delivered to FW pump, Btwhr (kl/sec)
Popn = Shaft power delivered to the electric generator; Btu/hr (kl/sec) .
P = Motive power delivered to individual pump k (u1=RV, TC or CB); Bw/hr (kl/sec)
Py = Reference absolute pressure for exergy: Ppor =/ (Treshs Iof-in™ (Pa).
Py = Gross measured electric power at the generator terminals; kWe,
Ogrp; = Buoergy flow rejected at the TCs Condenser; Btw/hr (kl/sec) .
Qry = Net exergy flow from the Reactor Vessel, including vessel loss; Btw/hr (kl/sec) .
QOgg = Net energy flow delivered to SG from the RV for a PWR; Btw/hr (kl/sec)
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{Jrc = Net energy flow delivered to the TC inchuding pump power; Biuw/hr (kl/sec) .
Qrv.Loss = RY vessel insulation & miscellaneous losses, given a Ty sink; Btu/hr (kJ/sec) .
Qs6.L0ss = S0 vessel tnsulation & miscellancous losses, given a Ty stnks Biwhr (kl/secy .
Qe o = 1C mise. insulation losses (turbine casing, FW heaters, etc.); Btu/hr (kl/sec) .

ry = Outside radius of the fuel pellet, for the PFP Model; cm.
r = Outside radius of the core, the assumed location of fission chambers (rp); cm.

Sper = Reference entropy for exergy: f{(Pgrop x=0.0); Brw/R-tbm (kKI/K-kg).

Tres = Refl temperature for exergy analyses, defined by Bq.(5); °F or °R (°C or °K).

x = Steam quality; mass fraction.
y = Axial distance from the active core’s entrance (PFP’s fluid entrance); cm.
£ = Halt-height of the active core; cm.
7 = Axial distance from the core’s {and PFP’s} centerline; cm.
£ = Second Law effectiveness; unitless.
n = First Law efficiency; unitless.
Ay, = Choice Operating Parameter; local units.

Ady = Difference between System Effects Parameter, k, and its ref. value; local units.

(629} Subscripts and Abbreviations:
CD = TC’s Condensate System, typically between the Condenser and Deaerator.
CDP = Pump in the Turbime Cycle’s Condensate System.
CN = Turbine Cycle’s Condenser,
CIP = Circnlating pomp associated with a BWR, typically contained within the RV,
FCE = Fuel Consumption Index.
FWP = Feedwater pump.
NFM = Nuycicar Fuel Management.
NBSS or NSS System = Nuclear Steam Supply System (coroprising a RV with its TC).
PFP = Pseudo Fuel Pin Model.
RV = Reactor Vessel, referring to a boundary condition encompassing primary pumps.
RVP = Reactor Vessel pump.
TC = Turbine Cycle.

SG o= A PWRs Steam Generator.

The following subscripts are associated with fluid enthalpy or exergy [e.z., By = lnlet enthalpy

to RV}
CNI = Condenser tube-side wnlet.
FW = Final feedwater, FiGs. 1 & 2 start of tem 878,
RCI = Reactor coolant fluid inlet to core, FIG.1 ltem 1858 or FIG.2 Item 2585,
RV = Reactor Vessel inlet nozzle, F1G.1 end of ftem 154 or FIG.2 end of ftem 254,
RVl = Reactor Vessel outlet nozzle, FIG.1 start of ltem 158 or FIG.2 start of Itom 256,
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SCI = Steam Generator TC-side coolant fluid inlet to tube bank, FIG.1 ftem 152,
STU = Steam Generator TC-side coolant fluid cutlet, FIG. 1 siart of tem 168,
SVI = Steam Generator reactor-side inlet nozzle, FIG. 1 end of em 156,
SV = Steam Generator reactor-side outlet nozzle, FIG.1 start of Item 153,
TH = Inlet io TC Throttle Valve, FIGs. 1 & 2 Item 588,
The tollowing subscripts relate to differences between guantities {(€.g., Altpeg = by - hpy):
RVQ[=] RVU - RV}
SYQ =] SVl - SVU
TCY [=]STU - 5CI
TCQ =] TH - FW

Meaning of Terms

{036} The words “Operating Parameters”, as taken within the general scope and spirit
of the present invention, mean comunon data obtained from a nuclear power plant and its design
parameters apphicable for s thermodynamic understanding, Operating Parameters are used by
both the Nuclear Model (using principally oft-line data) and the Calorimetric Model (using both
analytical descriptions of the system and on-line data). “Off-Line Operating Parameters”
typically comprise specifications and physical data, while “On-Line Operating Paramcters”
typically comprise measured thermodynamic states of the working fluids, Detailed descriptions
of both Off- and On-Line Operating Parameters are provided in The Calculational Engine and
Its Data Processing” section.

1031} “System Ettect Parameters” (SEP) are selected Operating Parameters (on- or off-
fine) which directly 1mpact the Calorivoeiric Model, provided Reference SEPs are knowable
with high accuracy or its value is established by experience as being highly consistent and
reliable. The difference between the SEP and the value of'its Reference SEP, 1s denoted as Aj,.
For example, if the computed eleciric power is declared a SEP, uls Reference SEP 15 the
measured electric power (Pj7) resulting in Popy pep. Both indirectly determined neunironic data,
and directly measured quantities, maybe chosen. In addition to electric power, SEPs comprise
the computed mass flows of the RV and TC, compared to the plant indicated.

1932} The words “Choice Operating Parameters” (COP, A} as taken within the
gener3al scope and spirit of the present imvention, are defined as meaning any sub-set of
Operaling Pararoeters (oo~ or off-line) which only indirectly 1mpact the Calorimetric Model.
This disclosure assumes that COPs have errors, their absolute accuracies are (at least
superficially) unknowable; said errors are correctable. COPs are selected by the user of the
NCV Method from an available set. For example, the computed power is verified following

“Veritication Procedures” (see below ) such that [Axy —~ 0.0} 1s achieved by varying aset of A,
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N5SS Thermal Powers and Efficiencies
1033} It 1s an important assumption that the fission phenomenon is taken as an inertial

process, Such a process is defined as self-contained, given an event release atter incident
neutron capture. The event release (fission) is only properly treated using the Second Law
concept of exergy. Exergy’s thermodynamic reference temperature is based on the neutron
flux’s lowest exergy conumensurate with exiracting the event release. Enthalpic processes,
Akinetic and Apotential evergies have no meaniog for an wertial process. Essentially the entive
evenl release is available for power production (its Aexergy). Only a small portion is
irreversibly lost: RV convection loss treated by a Carnot engine, and antineutrino and minor
neutron losses. Evidentiary support of the mertial ireatment s the fact that total exergies trom
fission are observed o be dependent only on the number of emitted neutrons, vot on incident
“energies” nor atomic mass per se (sec Sher and James references, cited below). Alse, recall
that the definition of an clectron volt is a relative clectronic charge (Aexergy) acquired given
an induced 1.0 volt acceleration of that particle; these are incremental concepts. The same
Mev/release would be observed ju farthest space and in the deepest ocean.

1834} This invention teaches first to make a Second Law balance about the entire
NSSS. This includes a balance about the Secondary Containment boundary comprising the
Reactor Vessel (RV) for a PWR & BWR, and a Steam Generator (SG) and pressurizer for a
PWR. Note, the total exergy flow supplied by fission is presented on the lefi-hand side of Eg.{1}
plus exergy gamns from pumps; Us right-side contains useful ovipul plus ureversible losses,
Antineutrino {and possibly neutrino) losses are defined by Qq gy per Eq.(3F). Convection losses
from the RV to the environment stemming principally from gamma and beta radiation, Qg e
is applicable for Carnot conversion; Q py 18 not. Both of these are system irreversible losses
which appear in Hq.(1). The exergy flow added by a Reactor Vessel purnp k 18 given as (Pryy,
- Mipy. AZpy.i ) which combines the losses associated with delivering motive power to the fhid
{termed “mechanical”, Ppy  ~ Mgy Ahgy ), with routine traditional loss (“thermodynamic”,
Mgy Frer ASpyvoy) given imperfect pumping. For the RV, the aggregate pump flow is my,y,
where its pump Aexergy is weighted by individual flows resulting in Aggyp: thus the total loss
Y Povi — MpyBeryp. In like manner, exergy flows added by TC pumps is given as: [ Prey, -
MewAZpwp — LMrpAgeppl. Condensate flows my, are resolved using methods best suited to
the specific system, its flow measurements, etc. Typically Deacrator flows and condensate
flows are assumed a fraction of final feedwater flow: mpy, Cp . For Eq{2ZND-2), feedwater flow
is replaced with the unknown mgy via Eq.4).

1335} Dy is thermal flux, the driving function of the inertial process. In Eq.(1}: Y14
indicates summation of temporal fissile isotopes; and E[:uj is the macroscopic fission cross
section of isotope (1) consistent with the fuel’s volume Vg, . Therecoverable and unrecoverable
exergy term, @ppdig al&p vgecy + vpnugdl 18 computed either as the quantity

Dl Ze(DVpo (D], or the individual terms are computed. Trreversible loss terms comprise:
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Vi ryith pump losses, vessel Carnot losses, | [mdgle per Eq.(33) and Condenser rejection,

Cy @ryg Yy n Vrpey T venu = EPrvact X P

= PGEN + Poeniross T Oy P [Tp (0 Vipy O]+ {1 - To/Teonp Qges t j [mdglsg

ERR NS ERR N _ NS o
P Prvy - MpvASeve T Lok — MrwASrwe T Prweam mFWz’.,(-"[—KjAgCDP-j
- Tred TryQrvitoss T~ Tret TewdOsgr0ss T 11— Tret Prodlrcrons (1

Cv @ryy Lpmra lBe Vrecs vl = Paen — (0 - T/Tow) Qgey
+ gy 188svo — Aryp — (Ahgyo/BhpeplAgre + (AR - Agdpwp - X0psb8coml}
= C& i Lop (0 Viry (0] + { Qs pasd/ MbrepAgper + (AR -~ Agpyp
-3¢

pi28coe T Paentos T~ Tred TRy Qrv poss
{1~ Tret/ TewdQsaoss T~ Tret Tred ¢ Loss (ZND-2)

In Eq.(2ND-2) and elsewhere, the following definttions apply:

Ope = Cv P 2imra [Ep Gpees T venod 7 LPrva T 2Prex (3A)

Orec = Oy Py ng‘- 412 VR (3
Qrve 7 Cv oy § 2504 1By riey + vl - [Ep (D v (0]

- - T/ TRy Rv-Loss GG

Qavg = Mgy Aligyg (3

Qrav = Oy Dy [25 (U‘»’Lm ()] (3F)

Cp: = 5.4668556x107 Btu-sec-MeV -l (1.602177x107™ J-MeV™)
Cy = Cp Vg Btu—‘,~;<;‘,c~l‘*\,4@‘v"E—hi‘"lmcm3 (J-MeV-cm’)
Cp(ty = Cy Tty Btu-sec-Me Ve (-MeVo-em®)
Cyp = 34121416 Btu KW he! ; ifassociated energy or exergy flow uses Btu-hr’

= 100 kIkW sec if associated energy or exergy flow uses kl-sec™.

1836} An important consideration for PWR analyses is a First Law balance about the
Steam Generator (8G). Fora BWR: Alpey = ~Ahgyg Quiupes = 0.0 and mpy = myy, before
bleed-off. Eq.{(4B) appears throughout as establishing mg. an unknown (its reverse would apply

to Mgy Hf declared an unknowny}.

MpyAhgyg = Mewhhrer+ Qseos (44}
Mgy = {(MpyAhgyn -~ Qggpess Altpey (4B}
1371 Although Eq.{2N[D-2}) 1s a foundation formulation, and can produce additional

equations (to dertve a PFP Model, to describe an isolated RV, ete.), but to deseribe completely
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independent equations with four unknowns an unique foundation is required as found in a First
Law balance of the NSSS, The bascs of this disclosure s that the fission and fusion phenomena
are wmertial processes. Barring veutrinos and anbineutrinos, thetr evenl releases are entirely
available for power production, uniquely divorced from a referenced energy level. As stated
above, event releases from inertial processes cannot be directly assoctated with enthalpic
mechanics. Assigning a f d{vP} work to/from an inertial process has no meaning. This said,
ditficulties encountered with using First Law concepts still must be addressed. To employ the
First Law about the NASS, used fo add a mussing equation, and to maintain consistency of a
computed, absolute thermal flux, conversion of the inertial fission exergy is required. I thermal
flux can be “assigned” a temperature via iis kinetic energy using Bolizmann’s teachings, it can
also be associated with thermodynamic properties having temperature dependency. This
dependency s found in the very defintiion of exergy, its reference temperature, The dead state
for water is the triple point [32.018 °F (0.010 °C); i.e., for assigning: he = s¢= (.0), whereas
exergy’s conventional reference s the lowest temperature seen by the thermal system (its sink}.
Countering the conventional, the lowest temperature seen by a nuclear system is associated with
its average, useful, subatomic particles - the particles’ lowest exergy commensurale with
extracting that exergy. This suggests a defined X term, a function of Ty be applied to all
recoverable neutronic terms appearing in First Law relationships. Z(Ty ;) allows conversion of
inertial exergy (o a Aenergy; it 1s defined by Eq.(5) as the “Inertial Conversion Factor”. Ty pis
defined through tlerative procedures given consistent thermodynamic properties of the fluid and
exergy’'s definition: g = f(P,h, T e Typically, B(Tg. s is resolved by balancing the right- and
feft-sides of Eq.{15T-6) by varying Ty, rapid convergence can be expected. Assumptions
associated with Z(Ty¢) include that: 1} Z(Ty o is only defined for the mertial process per se,
the reactor core; 2) BE{Tg o) apphies only to recoverable releases; and 3) Ty,p, once determined,

must be applied consisiently to all applicable NCV Method formulations.

E{Trep = (hpyy - Bpepd 7 8rvid Tretd - Brod Tret!] {5

1638} A Fust Law expression for the complete NSSS comprises the following,

incorporating STy} Feedwater flow 1s replaced with Reactor Vessel flow via Eq.(4B).

a W o 3 i A AR ' N
Cy @y Ej:1,4 {E“F-j Vreeql E(Trep + MgyAhpyp + mpwdhews — Propoane + Em()D-jAhCDP-j

= Poen T Papntoss T Orer T Qrvitoss T Osgtoss T Q1010 (6}

~ v T TE(T. ) - -
Cy @ry Liera e veeed B(Trep) — Poan — Ora
+ Mgy {Ahgyp + (Ahgyg/ Ay Alpyp + 3 Co Ao )i

= {Q56-Losd Ahre{ARpap + L0 ARenp ) + Prwp.ane T Pasnctos
e -4 N SN IS
' QRV-LOSS f QSG-LOSS : QTC—L@SS uf)—["@)

SUBSTITUTE SHEET (RULE 26)
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The iterative computations resolving Z( Ty}, using Eq.(18T-6) when describing a 1270 MWe
PWR produced: E(Typ ) = 1.93593 at Ty = 49.2477 °F (9.58206 “C). This temperature
produces an average exergy 1o the thermal flux o 0.02436 eV, determined using Bollzmann’s
relationship: Cyg kg Trer This value certainly confirms the exergy of a common thermal
neutron, and the understanding of an inertial fission process.

{039} In summary, the above method maybe used for mmproving a performance
monitoring of an operating NSS System, said Sysiern baving a Reactor Vessel comprising a
core containing fissile material in the presence of a neutron flux resulting in {ission which heats
a coolant flowing through the Reactor Vessel, the method comprising the steps oft a) obtaining
thermodynamic states of the coolant at the core’s entrance and exit, resuiting in a set of enthalpy
and exergy values; b) oblaiming a Fust Law description of the operaling NSS System
comprising a correctable core energy flow, the First Law description being capable of
determining a flow rate of the coolant flowing through the Reactor Vessel, resulting in a First
Law Model of the NSS System; ¢} defermining an Inertial Conversion Factor based on the set
of enthalpy and exergy values aund the First Law Model, resulting in an accurate Furst Law
Model of the NSS System; and d) using the accurate First Law Model to determine the flow rate
of the coolant flowing through the Reactor Vessel and thereby improving the performance
monitoring of an operating NSS System by observing temporal trends m the flow rate of the
coolant and/or in the absolute neutron flux.

1646 A First Law balance is also made about apn isolated Turbine Cycle forming a
third equation. Except for mypy, & Qppp all quantities in Eq.{7) are known with high accuracy;
they are based on direct measurements and/or based on common treatment of TC equipment.

For example: common treatment assumes the Qpp is principally composed of 0.2% loss

-Loss
fromo furbine casings; a 1% FW heater shell loss/heater; the doiving temperature of vessel losses

is the outer annulus temperature; eic., detailed below.

mpwAhreo = Poen + Papnioss T Qres T Qrectoss ~ Mrwllpwe + Prwp.aw ~ 2MepAhepp

(7)
- Papn — Qe T My (Abgyg/ Shpe(Ahpeg + Alipyp + 3 Cpidbepp.)
= Papneioss T Qretos T Prwpaue T (R0 Losy/ DlpeAlipeg
+ Abgyp T Y.Cp ARepp. ) (TC-7)

The shaft energy flow delivered to the electrical generator, P ppy. 2 Reference SEP, 1s based
on direct measurement at the generator terminals (Pyyp), accounting for routine electrical and
mechanical losses. Note that Pyjp is considered to be measured with high accuracy (kWe gross

output}. Generator losses, f{Pgen) 1n kW1, are determined using established art.

Papnrer = Cor (Pur + Dvieen T Litect) (8}
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[041] In Eqs. (ZND-2}, (18T-6) & (TC-7}, the convective loss terms Qgpvy oo & Qo
Loss are determined based on the thermal load of the air filtration and conditioning system of the
Secondary Contamment. Qpgy ts the Condenser’s heat rejection to the terfiary systern. The
NSSS thermodynamic boundary is considered the outline of the working fluid o the
condenser’s shell, thus Qpg; is lost to the environment. Ty & Ty are surface temperatures
of the RV & 5G (if used), consistent with total Secondary Containment losses and noting that
the entering colder fluid 1s routed {o the outer anoulus of the RV & 5G vessels. For the typieal
PWR and BWR a fission seutron is absorbed, on average, as a thermal neutron (= (.025 eV},
The thermal region of flux is typically considered from $.010 to 100 V. Throughout these
teachings it is understood that integrations comprising flux, macroscopic cross sections, etc. are
a function of incremental exergy, expanded via Eqs.(21)-(26).
1042} Evaluations of Qrpe_p o, and pump energy terros requires a detatled understanding
of the Turbwe Cycle as outlined in the following histing of terms; these quantities are
constdered summations and/or weighted averages of either environmental energies orequivalent
net shaft powers.
Qregess = T Heat exchanger losses to environment {¢.g., FW heaters,
turbine and MR vessel casings)

+ Piping insulation losses

+ Letdown energy flow from the TC

- Makeup energy flow o the TC

- RV (and SG) changes in potential energy relative to the TC s throtile valve

+ Generator casing heat loss the environment.

- Generator coolant heat loss to the working fluid. )

It is important that Ty of Bq.(ZND-2) in association with Qpej o be evaluated consistently.
The Preferred Embodiment is to “mux” the energy flows of Eq.{9) to thus determine an
equilibrium state and thus an average Ty consistent with Qre oo BQ.{10) comprise shaft
powers or equivalence of shaft powers, all expressed by a generic Al plre, incorporated
into the Ahgywp and/or Y Cp ABcpp, terms.
Yim ARy plpe =+ Total pump shaft energy flow delivered to the working fluid

- Working fluid energy flow when used to power an auxiliary

turbine-driven pump
- Mechanical linkage loss assoctaied with stearn-driven pumps
- Portion of working thud energy flow used for a main turbine-driven pump.
(10)

j843] Traditional treatruent would assame the unrecoverable term, vy (8, used in

Egs.(2ND-2) cancels with vpuy(t) found in its total fission termy they carry the same meaning,
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Such cancellation would appear simple mathematics; however, by option, the recoverable and
unrecoverable exergies maybe carried within the matrix solution as a single term, vpqp(t), and
i{'so chosen there is no direct cancellation. Further, and of more imoportaoce, this 1s wrong given
use of the NCV Model. Note that the solution to the NCV Method (or any such methed) runs
through a matrix solution which is dependent on its augmented matrix. An angmented matrix
contains a defining column of constants associated with each independent equation. Constants
psed in NCV Method equations are all loss terms, by design, both conventional and neutnino
and antineutrine. Thus, consider the following points. Figst, if taken as a constant, vy gy, can be
assigned any value - taken from TABLE 1, or another source, or zero - thus biasing a computed
Py, Second, any set of declared unknowns, say @y, Py & mpy, upon resolution will be
counsisiently apportioned by matrix solution dependent on thermodynamic losses. Their resulls
will be biased if losses are biased. And third, loss terms appear im both First and Second Law
treatments, both Laws must be conserved and must be consistent regards application of losses.
Eq.(2ND-2) leads directly to Eq.(18T-6) via Eq.{3). The [@yy vipy ()] product found in
Egs.(2ND-2) & (PFP-34), by user option, is carried either a counstant or a COP. Therefore

Eq.(ZND-2} and the PFP Model maybe modified with the following substitution:

Cy @y 26 (1) vigy (0] = CplD) Yigy(D) (i
where: “EIL}’\V (t) = (DTH :!’_',-LRV (t} (E.Z}
and 1 Wy pylt) 1s used as a COP, its assigned limitations include:

(10~ CpdBry®) < [Weav(D/Tiry] < (1.0+C o 0y() (13)

Note that if defined as a COP, W, q{1) has infrinsic off-sets. For example an erroneously high
flux will drive a back-calculated vy gy (1) lower and the reverse. Thus verification means that
aresolved W g Al), etther as a COP or an assumed constant produces the same average flux as
the left side of Eq.{ZND-2).

044} Once the above equations and the PFP are solved the following set of First Law
thermal efficiencies are determined; they are a portion of the set of veritied thermal
pertormance parareters. 1jgq and fpe are efficiencies for the SG and TC, their product produces
NSSS efficiency. Note that efficiencies may be converted to the commonly used heat rate term:
if desiring “Btw/kW-hr” then use the ratio {3412.1416/Efficiency], or if “kI/kW-hr” then use
the ratio {3600.00/Efficiency}. The use of Q'gy 1s the total RV energy flow and thus ngy 18

unity. As discussed, it 1s not possible {o describe a First Law efficiency for an inertial process.

Asys = {Cur Por/ Q'ry] (14A}
= [mgyAhgye /Q'gy] ImpwAhpeg/(mpyAhgylt {Chg Pur/(MpwAbyegh] (148)
Hrv sG Yo {14Ch



10

15

a3
L4

WO 2023/049141 PCT/US2022/044184
19

[845] The corner stone of the NCV Method is verification. Egs.(2ND-2), (15T-6) &
(TC-7) could well be solved for the unknowns $pyy, Qppy & mgy. These equations, barring
mairix Rank consideralions, could provide three equations and three unknowns. Noie, which
is common art, when a matrix’s Rank is equal to the number of equations the equations are said
to be independent. However, consider that the nuclear power plant offers no parameter, but
with two clear exceptions, having a priori high reliability and high accuracy which might serve
verification. The thermodynamic state of a fluid, although typically hughly accurate, offers
nothing for verification without its concomitant mass flow. All commercial NSSS mass flows
employ very large pipes; the reactor coolant, TC feedwater and the condenser’s tertiary sysiem
use pipes with two fool diameters and above. Such flows are commonly measured with
ultrasonic instruments, but these require normalization to an established and reliable reference.
The two exceptions are certain neutronics and measured electric power. Although neutronics
typically have high accuracy, they are dependent on a known burn-up and thus introduces
uncertainty, Measured electrical power, Py, 1s the sole N3SS parameter which has high
reliability and high accuracy at any ime; Papnper, via Bq.(B) follows directly from FPyp. His
for this reason that Py, as used i Eqs (ZND-2), (18T-6) & (TC-7) is declared an unknown
requiring an additional equation. OUnce solved by matrix Pgey 18 then driven ©© Py per via
Eq.(61) using multidimensional minimization analysis.

1946] Consistency between the shaft power input to the electric generator, Pgpy, and
the directly measured generation at the terminals, Py (leading 10 Papypep). has obvious
import. Per BEq.(8), if Ly, and Ly, are known with high accuracy, then the Reference SEP
shaft power will well serve Verification. However, questionable losses must be resolved such
that the computed shaft power has the expected high reliability and high accuracy, Mechanical
tosses, Ly are constant and well established 1 the mdustry. Lg,. although linear with
Porne can be suspect given guestionable vendor records, generator upgrades, and the like.
However, after an operating history is established, the difference between an inferred Py (in
kWt units) versus a directly measured Py (in kWe) knowing Ly, will allow determination
of Lpee given Popy dependency.

1047} In summary Egs. (ZND-2) & (15T-6) have declared unknowns Dy, Poog Qpey
and myy, and Eq.{TC-7} has unknowns Py, Qpey and mgy,. Thus four unknowns given three
fundamental equations. There arc additional equations which might appear {o the skilled,
however o assure the matrix Rank s not compromised, a completely independent equation 18
required. This is established employing an average fuel pin, a Pseudo Fuel Pin (PFP), whose
average axial neutron flux, @yq, is the same flux satistying Eqs.(2ND-2) & (15T-6), but whose
axial flux profile is not symmetric (but skewed). It is this compleie system which allows the
determination of the set of vertfied thermal performance parameiers. Verification, in pari,
mieans establishing nexus between thermal flux and nseful output. Once nexus is established,

a data basc then intrinsically exists {¢.g., thermal neutron flux, RV coolant flow and Condenser
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heat rejection} from which the set of verified thermal performance parameters is consistently
determined. The set of verified thermal performance paramcters comprise iraditional
calorimetric data such as lurbine and purnp efficiencies, feedwater beater Termunal Terperature
Differences and Drrain Cooler Approach temperatures and similar treatments. However, the
Calorimetric Model's preferred data for monttoring NSSS components are Fuel Consumption
Indices (FCIs}). The FCI concept 1s well established for fossil systems but its applicability for
a nuclear systems requires novelly regards Gpy and rreversibility,

48] In summary a method is presenied for improving a thermodynamic monitoring
of a NSSS, the method comprising the steps of: I} before on-line operation: a} acquiring a
Nuclear Model of the NSSS, b} acquiring a Calorimetric Model of the NSSS, ¢} acquiring a set
of Vertfication Procedures for the NSSS, d) using the Nuclear Model, the Calorimetric Model,
and the set of Verification Procedures to create a thermodynamic description of the NSSS,
resulting in a NCV Method, and e} acquiring a computer progranumed with the NCV Method;
1T} while operating on-line: a) using the compuler programmed with the NCV Method (o
monitor the NSSS, producing on-line cowputations comprising a set of verilied thermal
performance parameters, b} improving the thermodynamic monitoring of the NSSS by
reviewing the set of verified thermal performance parameters for temporal trends and making

changes to NSSS operations based on those temporal trends.

Neutronics Daia

18491 As will be seen, resolved calorimetrics and thus FCls associated with a NSSS
power plant are dependent on base neutronics and Nuclear Fuel Management (NFM) forming
the Nuclear Model. Such data are important to the NCV Method as 1t provides a temporal bases
whose selected and computed paramelers are more accurate than can be divectly measured. I
is this data which serves the Calorimetric Model. Said data comprise: burn-up as a function of
time; the rate of By &Pty depletion, and Hpy & o buiid-up; the indicated thermal flux
{used for trending); and physical dimensions of the core, fuel pins and fuel assemblies.

1056} The most counsisient recoverable exergy per fission values are those presenied
i the TABLE 1. Note that decay quantities are, of course, time dependent; listed are infinite
decay times after trradiation, Column F5 is [F1-F2+F3+F4] Column F7 is the total prompt
recoverable including non-fission contributions, F5 plus F6. Columm F12 is the total delayed
recoverable, the surn of F9, F10 & F1i, Column F13 is the total recoverable, F7 plas Fi2.
Column F15 1s the total release, F13 plus the neutrino FR and antineutrino F14. Note that the
Literature employs the word “energy” regards all energies per fission, etc. In the context of this
disclosure, “exergy” is correct regards the fission cvent; t.¢., its total exergy release, associated
losses (Qppy), ote. However, “energy” 15 apphicable for the Carnot conversion of Qryfoss
regards gamma and beta heating of the coolanl. References, listed in order of umportance,

include: R. Sher, “Fission-Energy Release for 16 Fissioning Nuclides”, NP-1771 Rescarch
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Project 1074-1, Stanford University, prepared for Electric Power Research Institute, Palo Alto,

CA, March 1991; M.F. James, “Encrgy Released in Fission”, Journal of Nuclear Energy, vol.

23, pp. 517-36, 1969; R.C. Ball, et al,, “Prompt Neutrino Results from Fermu Lab”, American

Institute of Physics Conf. Proceedings 98, 262 (1983), placed on the internet at
hitps://doi.org/10.1063/1.2947548; S. Li, “Beta Decay Heat Following = U, 27U and “Pu
Neutron Fission”, PhD Dissertation, U, of Massachusetts, 1997; and T.K. Lane, “Delayed

4

Fission Garoma Characteristics of U, “"Uand ™ Pu”, Applied Nuclear Technologies, Sandia

National Laboratory.

TABLE 1A:
MeV/Fission, Prompt (3 <t <2 se¢)

MNon- Provopt
Product | Incident | Prompt | Prompt | Prompt | Fission | Recoverable
K.E. Neatron | Neutron | Gamma | Total Capture VPRCH
Isotope Fi F2 F3 F4 Fa Fé F7
Pyl 1esa2 | 003 479 6.88 | 180.76 |  8.80 189.56
Py 16957 | 300 5.51 626 | 17824 | 11.10 189.34
ey | 17578 | 0.03 5.90 7.87 | 18952 | 11.50 201.02
“py | 17536 | 003 5.99 7.83 | 189.15 | 1210 201.25
TABLE 18:
MeV/Fission, Delayed (Zsec <t < 16° sec} and Total Recoverable
Delayed Delayed Delayed Total Recoverable
jnO, Vpnp | Gamma, Vpgy | Beta, vpgyy | Delayed Vepe(E
Isotope o F16 Fi1 F12 F13
Py 0.01 6.33 6.50 12.84 202.40
Py 0.02 8.02 8.25 16.29 205.63
Hpy 0.00 5.17 531 10.48 211.50
py 0.01 6.40 6.58 12.99 214.24
i
i
i
i
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TABLE 1C:

MeV/Fission, Prompt and Delayed Neutrine and Total Release

Neutrino Antineutrine Total
VPN Vot Exergy
Isotope FR F14 Fi5
5 0.68 8.07 211.15
Wy 0.86 10.22 216.71
iy .56 6.58 218.64
Hlpy 0.69 8.16 223.09
— ¢ E .
By = [ Oeyde/ E -8 (1)
T, (1) = X,‘ Ir L Dt,e) N (1) o {e) de / DY) {22}
Vpee (0 = e as(0 VReeas T Bpas(D Veeeas T Sl Vegcag
 Tpa{0 vrecal / 560 (24)

Voo (0= $8e35(0 Veruas T vonuastO] + Ze (D Fposs T Vovuas(]
+ Bpaolt) [Venuae T Vonuae®] + e () Venuar  Vonua (D1 260

(25)

Veor (8 2 Vgee (0 Vg (O (26)

1951} The temporal sum of recoverable exergies, vype (0 withio Eq.(24), is a function

L4

of <7

U depletion, oy capture or fast fisston, and Pu buildup, producing refercoce values,
Vapelt) plus vog{t) is the total fission exergy produced including incident neutron and non-
fission capture (as caused by the originating fission event), defined as vy{t). NFM data nwust
share consistency with Egs.(21)-(26}. Nomenclature comprises the following fissile isotopes,
j=1lto4 35=> 235U; 3g = 238‘;}; 39 => 235}?11; and 41 => “H Py, In addition to these common
fission isotopes, there is, of course, .y {given fertile 232’1’?1). The mntegration limits of Eqs.{21}
& (22) are chosen commensurate with the fissile isotope or as typically established by NFM:
for thermal fission, S = 0.01 ¢V, E = 100 ¢V; for *°U, $ = 1.0 MeV, E = 5 MeV. Number
denstties as a function of time, N; (1), are deterived by NFM for cach fissile isotope (j) over
the NSSS burn-up cycle. These refinements are used in Nuclear Model.

{0652} TABLE 1 suggests both neutrino and antineutrino exergies are produced from
fission, columns F8 & F14. The startup of a virgin core with a well msulated Reactor Vessel
{say equivalent to ~0.00 MeV/Fission) - thus with no delayed antineutrino production, and

withoud shafl inpui, has no identifiable wreversible loss - and thus violates the Second Law. If
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the traditional prompt vy = 0.0 then, at time zero, Eq.(3F) yields: vy (0) = v g {0} = 0.0,
and thus I, = 0.0, There 1s no non-passive process which operates without an irreversible loss,
Given this, it 18 proposed that neatrino production occurs given prompt proton decay (producing
a neutron, positron and neutrino) associated with the formation of fission fragments. The
positron is annthilated with an atomic beta, producing a portion of the observed prompt gamma
radiation. Note that no known experiment has measured a single fission event at a time scale
required for proot. The literature geoerally supports this postulate, Work at CERN i 1977
{Ball} reported “These [experiments] showed that there was an unexpected source of neutrinos
which apparently came from the decay of short lived particles”. Since the late 2010s, based on
precise theoretical predictions, the measured antineutrino flux from a group of commercial
reactors operating over years, seeing virgin fuel to bigh burn-~ups, was reported (Fallot) as being
2393?&1) These

. . 1 1 . . . . i 1
experimenters were examinng the { o~ H, + B + Avotineutrino] reaction and not { H; -~ o

low by 7.8%. This was identified with ~7U fission products (but not

+ 7 + Neutrino], as it would have being masked by delayed antincutrinos. Such treatment
means the traditional assumption of fission fragments {e.g., "7 2 and 8781‘) is in error by an
atomic number. However, the traditional literature also supports the total exergies liberated
from fission listed in column F15 {considering that FO s dependent on a core’s unique siryctural
elements), and thus the totals of TABLE 1 are conserved. For the Preferred Embodiment of this
mvention, prompt neutrinos are assumed to be 7.8% of the traditional antineutrine exergy after
infinite irradiation, v'pyg(e0), thus maintaining traditional totals, It could be argued that the
traditional totals are in error, that prompt neutrino exergy is in properiion (o observed prompt
gamma radiation. Resolution can only be determuned afler applying this disclosure over a

number of operational years, noting that v py and Y, g maybe declared COPs.

Vo0 7 Vet Voot (27)
Ve = 0.078 v g oo (28A)
V(B = 0.922 Vg () (28B)

As a practical matter, the NCV Method is concerned with monutoring a system at steady state.
Typical data averaging is based on 15 minute runoing averages. However, given extension of
the PFP Model, and its reactor dynamic capabilities, neufrino/antineuntrino considerations
become important; factional seconds become important. The delay times associated with
TABLE 1 quantities are typically less than 2 minutes (the half-life of the first of six energy
groups of the noportant delayed neutrons is 53 seconds, the second al 22 seconds, the thurd+
<6 seconds). However, expansion of such time dependencies is well known art and amenable
for PFP dynamic modeling. References include: R.C. Ball, et al,, {cited above); and M. Fallot,
“Getting to the Bottom of an Antineutrine Anomaly”, Physics, 10, 66, 6/19/2017, published

by Avperican Physical Society,
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Fuel Consumption Indices

[853] This invention teaches, afler solving counsistent calorimetrics for the Reactor
Vessel, the PWR Steam Generator if used, and componentis in the Turbine Cycle, 1s to then
perform analyses for “locating a set of thermal degradations” in the NSS8S. By locating the set
of thermal degradations is meant providing information to the operator as to where in the
system degradations are occurring. Fuel Consumption Indices identify component degradations
and the power process, When a nou-power FCI (an trreversible loss) increases, the neuiron flux
and thus the fission rate must increase {0 mainlain generation, or generation will decrease;
thermal efficiency and effectiveness will decrcase in either case. For example, the operator
might observe higher rreversible losses commensurate with reduced electrical output; with
koowledge of where in the systern the higher losses are located. Or the operator yoight observe
higher trreversible losses in one or more components with off-setting decreases in others, but
perhaps with constant FClp,,,.. Specifically, the NSSS operator - for the first time - has a nexus
between neutronics, component losses and eloctrical generation ... provided Gy and } I are
uniguely defined.
1954} Gy 18 the total exergy polential from fisston plus motive shafl power mputs;
from which only thexmodynaroic wreversibilities and power output resulis, Eq.(31A) presents
fission’s total exergy potential, (Jpiq as 1s defined by the first term of Eq.(3A). Note that shaft
mput quantities {pumps)} are carried with Gpg as an accounting convenience given the large
powers associated with RV s purnps, thus affecting spy. With this accounting exception, an
umportant quality of Gyg as used for inertial processes is that it only represents an exergy which

is “available” for useful output. Adding heat to an inertial process will only increase irreversible

losses.
O = Qrs + XPrvat EPrcx (314}
= Paen Lk (318B)
Gpe of Eq.(31A) and Y I, of Eq.{33) are then used to define FCI's for the nuclear system:
1000 = Fllp e T 2 FCOH ek (32}

Gy comprises, principally, the obvious recoverable and the unrecoverable exergies
{(antineutrino and possibly neutrine) liberated from fission, per TABLE 1, Flowing from Gy,
FCIs are fundamentally a unitless measure of the fission rate, us exergy flow, assigne

thermodynamically to those individoal components or processes responsible for the
consumption of fissile material. It quantifies the exergy and power consumption of all
components and processes relative {o the total fission rate; by far the predonunate term is the
fission’s recoverable energy, Qppe of BEq.(3B). For example, if the Turbine Cycle’s Moisture
Separator Reheater (MSR) component’s FCI, increases from 200 10 210 (i.¢., higherirreversible
iosses), which is just offset by an decrease of 10 points in FClp, . with no other changes, the

operator has absolule assurance that a 5% higher portion of the fission exergy is being
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consumed to overcome higher MSR losses, at the expense of useful power production ... thus
recent changes to the MSR have had an adverse affect on the system,

1055} For the nuclear system, the rrreversibility term used to define FCUIp o in
Eq.(32}, 1s given by Eq.(33). Fission induced irreversibilities are divided in two parts. One
poriton is the conventional heat flow at the RV boundary and a loss {o the environment via
Carnot conversion. It is transmitted through either the exchange of kinetic molecular activity
and/or electromagnetic wave propagation; this coroprises fission’s gamma and bela radiation
absorbed by the coolant. This loss 1s “a conventional thermodynamic loss”, in Eq.{33), the
Y0 - TrodTQros term. The second portion of nuclear losses are those exergies,
originating from the mertial process, which cannot produce a Carnot conversion, this includes
the antineutrino {and possible neutrino). Such exergics are fundamentally described by
dimensionless Aentropy: A8’ = j"é?Q/(CE kg T). In sumimary, these losses are expressed as an
encompassing (nerrpese €M, Antineutrinos and neutrinos are clearly ideal losses as their
exergies are lost to our solar system. Irreversibility for the nuclear system 1s therefore defined
by the following which mcludes a generic unrecoverable term (antineutrino, neuirine and

possible neutron leakage), Qnpuposs

Yl =200 - Tred ToQuross ~ Oneviross T AP~y Agy — | [mdgl, {33}

whete: | [mdgly, = 0.9 for the fission process {discussed below), thas for the Reactor Vessel:

- s 3 -~ e i ) o - A
Ry = (1.8~ Tred TryDQavross T Quetinoss ¥ LPrva — MrvAgayve (34}
where: Qupiipos 18 defined by Eq.(3F);
and if v, g is used as a COP, its assigned limitations include:

venu £ VirvlD) € Cg Vot (35)

The upper lunit of Eq.(35} is reasonably defined by the user consistent with the inertial process;
a best mode practice suggests: Cy, = 2.0, Direct benefit of this approach comprises:
1y Eqs.(34) & (35) aliows additional terms incorporated into Egs.(2ZND-2) and
(PFP-54), as COPs, based on the declared unknowns such that the matrix
solution is not sparse, while an accurate absolule flux is computed.
2} 1t is consistent with the use of [Vrpc(t) + vy {t)] regards Gy of
Egs.(2ND-2), (3A), ele.
3} The values of v g {(t) and/or Yy gy if taken as COPs, as limited by Egs.(13)
and {35), assist verification of Py and other system parameters.
4} If the understanding of neutrino and antineutrine is correct, and if
virvit) = Vu(t) is observed, then the affects of additional (unrecognized)

neutring or antineutrino production will become apparent; e.g, = U capture

RECTIFIED SHEET (RULE 91)
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and subsequent beta decay.

1956] The Secound Law demands for all non-passive processes that: Y I > 0.0. The
first and second terms on the right-side of Eq.(33) represent the maximum exergy flow to the
environment given Carnot conversion, and a loss of the unrecoverable exergy associated with
an inertial process, The third term represents losses due shaft inputs, Traditionally, the [ [rdgl,
term represents any non-passive process having exergy oxchange. For example, viable
feedwater heaters in a TC, or the SG, must produce a negative exergy balance, | [mdg],, thus
an jucrease w irveversibility per Eq.(33); e, a viable heal fransfer from shell to tube fora FW
heater (for a SG, viable heat transfer from tobe to shell}. As defined herein, this term carries
both the traditional definition applicable to physical components, but alse any non-shaft exergy
addilion to the nuclear systern, However, relative lo a fisston core volume per se, i imdgl, has
no obvious application.

1087} However, in support of the nuclear importance, uniqueness and teachings of
Eq.(33), consider [[mdgl, and Quuqp.e in combination as applied to the fusion process
eruploying a magnetic confinement of its plasma, such as the popular Tokamak wagoetic
confinement. If using magnetic confinement, descriptions of the fusion process must jnclude
an “exergy equivalence of the magnetic confinement”, termed | dGye, which has the same
meaning as j{mdg}k. The numerical value of the exergy equivalence of the magnetic
confinement is taken as the gross clectrical power delivered to the magnetic system less
conventional thermodynamic losses comprising electrical resistance and magnetic ficld leakage,
Inductance i adding exergy lo the 1neriial process, 1s not such a loss. However, for a ywaguoetic
confinement the exergy equivalence is always positive thas reducing ¥ 1. This may well thwart
the Second Law and thus the viability of a given fusion design. For example, the exergy yield
from a D-T reaction 1s 17.6 MeV/Fusion, its neulring exergy is approximaiely 5 MeV/Fusion.
Although a proportionally large Onpr s 0plies a large influence on a computed plasta tlux,
However, an even larger influcnce stems from a positive | dG,y from magnetic confinement.
When assuming statistical thermodynamics for the pure and isolated process, pump losses are
not considered, thus for the fusion process per se, a farge [ dGye will drive Y1, — 0.0, reducing

Eq.(33) to:

I3
i

JdG e < 2000 - Tro/ToQ ross T CntiLoss (36}

Eq.(36) states that for fusion viability, thal 1s conserving the Second Law, exergy {or ils
equivalent} supplied from magnetic confinement must be less than the sum of the Carnot
}. This

conversion loss found at the boundary (based on Q@ ; ...} and neutrino 10sses (Qrpiifoss
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principle applies to any inertial process, fission or fusion. Eq.(36) may be achieved by
increasing Q. but at the obvious expense of system viability. A primary goal of [dGy- <
Onelpess would appear both desirable and practicable for the design of fusion systems if
producing useful output greater than burning paperwork. If this is not achieved through use of
low magnetic power, using superconductors, then the fusion system will not function given a
computed 3 T < 0.0, In support of Eq.(36), note that: a sun’s fusion process is only viable in
the presence of cold gravity; a fusion bomb i3 initiated via extreme pressure (not temperature);
and the collision of two suns must result in extinction of their fusion fires which is another form
of adding an exergy equivalence to the nertial process. Further, the forcing function of any
nuclear mertial process s flux (either neutron or plasma ); a coruputed value. For any nuclear
systers to be understood, requiring a fhux solution, and thus correctly monitored, the Qg s
term has huge import if the process’ forcing function is to be computed. For fusion, ignoring
Quiitposs and/or [ dGye, is to miss understanding of the inertial process. The neutrine is God’s
imprimaiuy on the Second Law.

[0658] In summary, a method is developed for gualifying a nuclear fusion process
comprising a magnetic confinement of its plasma, the process having a conventional
thermodynamic loss and a neutrine loss, the method comprising the steps of: a) formulating a
sei of Second Law terms comprising an exergy equivalence of the magnetic confinement
resulting in an exergy gain, and a summation of the conventional thermodynamic loss and the
neutrino loss resulting a summation of losses; b} using the exergy gain and the summation of
losses to create a test in which the exergy gain is less than the summation of losses, resulting
i a positive test of s Second Law viability; ¢} gualifving the nuclear fusion process by
applying the positive test of its Second Law viablity.

1859] Second Law “cfficiencies”, termed effectivenesses foliows below; they arc a
portion of the set of verified thermal performance parameters. &gy, &g and epe are

effectivenesses for the RV, SG and TC, thewr product produces NSSS eftectiveness.

o,
i
:l
-

et

ésvs = {Cip Pur /Ol

= [mpyAggvo /Oml ImpwAgreo AmpvAgevol] [Cim Pur/(mpwlgreg M (37B)
= Ery £sG Eye (37C)
Pseude Fuel Pin Model
10606} To complete the solution matrix, an additional equation is required, atforded

with the PFP Model. This Model couples neutron flux and the buckiing parameter with an axial
exergy low. The PFP 1s a single fuel pin having the same fuel pellet radius {7y}, clad OD, cell
piich, height of the active core (27}, enrichment and burn-up, as the core’s average. Although
the PFP Model is theoretical, its computed average thermal neutron flux, @y, 15 the real, actual

flux satistymg Egs.(2ND-2) & (1ST-6) and thus the solulion matrix. The pin’s axial neutronic
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buckling is the core’s theoretical buckling at crniticality. The PFP Model assumes:
= the PFP is “positioned” at the core’s radius associated with is

mean area, at tpe/v'2;

B the core’s radial flux profile is flat at rﬁ;/"\/ﬂ’zﬁ thus: J; (2.4048 /Ry = 1.0;
= the PFP’s radial flux profile within the fuel pin s constant, 0®(r)/or = 0.0;
= the PI'P’s axial flux profile used for solution matrix 1s a Clausen

Function of Order Two, a skewed trigonometric fimction;

® steady state 1s assumed, given Calculational lteration time > fluid
fransport time.

= the average thermal flux @y used in Eqs.(2ND-2) & (15T-6) defines the
PFP’s average flux as developed for the Clausen Function; and

= the PFP Cammot RV loss 15: {1 - Tr/TpypQpv Lo Mrpy, 88 only affecting

fluid in the vessel’s outer annulus, a loss of (gryy — Srerh

It 15 obvious that enhanced sophistication could be applied to any of these assumptions.
However, such enhanced sophisticalion canunot affect the base councepl: emploving a skewed
flux profile with partial axial solution of the exergy rise, thus adding a viable fourth equation.
This is clearly preferred over conventional convection heat transfer correlations. Such
correlations are: empirical; based on temperature profiles (ot Aenergy per se); fit experunental
data withoul neutronics; and are void of Second Law concepts.

061} Neutron diffusion theory traditionally assumes a symmetric cosine for its axial
solution. For the PFP Model, the Clausen Function is assigned this roll in conjunction with

pscudo-buckling, B;.
0.0 =V O(rz) + BL D(r,2) (41)

Eq.(41) when classically solved for a finite cylinder, a @y, Jp (2.4048 /R"Y cos (/27
relationship is had. Theoretical boundaries at the core’s radius R and axial at +2are assumed
locations for zero flux. Refer to FIGs. 3 & 5. Well known to one skilled, the underlymg bases
of Eq.(41} leads to a definition of buckling given a large reactor which is slightly supercritical,

(Kgpp - 1.0Y(B; M3), where My is the neutron roigration length or its equivalence. The Bessel

Jy function {or the Modified Bessel /; for the solid pin) is unity given the pin’s assigned

placement and PFP assumptions. B2 is defined traditionally:
p ¥ E Y

Bl = (= /QZ'F (42)
where: Z'= 7+ My

and 1f By 1s used as a COP, ifs assigned limitations mclude:
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EZ < ?/"B ¢ < E(Z + A./lir + {:M ) (43)

Eq.(43) is a check on the reasonableness of a computed By when chosen as a COP; this serves
as a most sensitive verification vehicle. Oy 18 a +AMy uncertainty on migration length as
determined by judgement, experimental data and/or a computed COP. For the typical light
water reactor a reasonable value of Cyyis 1.5 cm,

1062} The hydraulic annulus for flow surrounding the PFP is the core’s total area less
fuel pin and structural areas, divided by the nsumber of pin celis available for coolant flow,
Mepy,. The number of pins producing power is Mpp,,. A given an axial Az (or Ay) slice of the
pin will sce a Aexergy increase associated with a scaled, axial potential based on the
recoverable: [y Ta(t) vapelth]. In summary, the fuel pins’ Az slice from (n-1} to {n) will
produce an exergy gatn in the fluid per shice per pin of g o4 18 Treevia Eq.(5). And of course,

GpFiux = Quoong &t anty Az position within the core.

Gprius = Crara g Z =14 {Ey-j VRECH ] § - Ouax.co [eos (Bpz,)]Az {44)
Gnoond = My Mppin K2, — 2000) (45}
Qlgy = ), PN L I En:l,N [Q0-20a] = MrlEryvy — Bre) (46}

J'ry represents the totals of Hgs.(44) & (45) where ggoy is taken at the core’s entrance after
vessel Qpy. e Integration of BEgs.(44) &(45) 1s taken from the core’s entrance (RCH), not to
its outlet (RVU) but to some distance less [measured from its centerline (2} or enirance (v}l
J Cpmrg {Y =14 [y vgpey + V'INE_I-j)]} " Quax.coleos (Bpzildz
-Z
M 3 .
= ( (mgy Mpp ) g(y) - greddy + | Cpnrg =) 14 g vl £ @uiaxcoleos (Bpaildz
G -Z 4
1063} Sinee solution to Hq.(41) describes the shape of the flux, which is independent

of power, for all symmetric trigonometry functions the ©y.x . value will always be found

near the centerline, at z = 0.0 {y = Z). Any symmetric trigonometry function about {z) will
always produce an essentially uvniform exergy gain about the core’s centerline. Thus an
Eq.(2ND-2}-Hke formulation 1s sivoply repeated. For non~boiling reactors, changes in spectfic
volume, viscosity, fluid velocity, etc. are simply not sufficient to effect significant asymmetry.
In developing a fourth equation, although the partial imntegration of a symmetric Eq.(47} is
useful for parametric studies, to maxunize computational independence, integration of an

asyrametric function is the Preferred Embodiment. Such a function, f(¥), should satisfy: 4

F{¥)y=0.0at ¥ =ba, b=0,1,2,...; 11) integrates to unity from zero to w; 11} is periodic and odd

over any 2bm; iv) () is skewed; and v} ideally, has a non-unity peak. This is the Clausen
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Function of Order Two, CL(YW).
664} C1,{W) 1s defined by an infinite summation, reduced using a polynomial fit with

coefticients B, where ¥ is a function of both axial position and Bp, all shifted by M.

CL{®) = ¥ sin K ¥y = ¥ B [Py™ {48)
k=1 m=1

where: W(y) = (y + My) By

Thomas Clausen developed his function in 1832, it is wel known to mathematicians. There are
a number of schemes for computing CL(WY) {e.g., using Chebyshev coefticients and others). lis
direct inlegration is apparently allusive. The fitting polynomial, normalized to exactly unity
area, satisfies all functionalities. For use with the NCV Method, W(y) is off-set accounting for
the buckling phenomena assuming zero flux at the profile’s boundaries: Wy, =My} = 0.0, and
al: Wiyy =24+ M7} = 2(Z + Mp)Bp = x, Reter to FIG. 5. MNote that the Clausen’s peak is non-
unity, defined by Ol {(w/3).

j[65] The Clausen when applied to the PFP results in Eq.{49), following Eq.{47)}. In

Eq.(49} the limits mnclude: {y; = 0), and a (v} which is chosen for asymmeitry.

Y 7
f Comrt 4 & 14 Lopg (Ve ‘V'I"Nl_i-j)}} Dygaxcr 2 B [PO]™ d¥
vl =l
y v 7
{ : N e 2§ : 71 ey ]
= | {mpy/Mep ) gry(y) ~ greddy + f Cgrrid ¥ B vy § Oopaxcr b Bl PO aw
:v’l .‘YIl m::i . e
(49)

1366} The peak thux, Dy and $yaxer, 88 with any such function must be

substituted for the average thermal flux, a declared Hq.(UND-2) & (158T-6) unknown. The
average flux, @y, s determined by obtaining the average integration over the entire length of

the PFP. .
+7,

Oy = Oygaxco /[H2 — 21} | cos(z3p) dz (50)
Vi

— Do [(2mIL0 + My/Z)] sin [(W2)1 + My/Z)] (51)

) 7 7
= { Dy ancl 122 - 0011 /By ¥ B [W(y)] ™m (52)

m=1 vi

7 v2

= Oypaxeer [+ MEYZ)] Y By PO im (53)

=] yi
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Eq.(52) s (2/Bp) factor reflects the mtegration of a f sin ['P(v}] function, and the unique method
of evaluating ¥(y), that 1s when employing the classic By of Hq.(42).

1967} When converting the cosine axial peak By« ¢ 10 the average, the literature
repetitiously assumes: Dyax.c0 = (0/2) By This is not correct. As taught here is to evaluate
the average thermal flux associated only with the aclive core; t.e., its production of thermal
power. Thus, @y must be evaluated as the average of the integration about the z-axis given the
chopped cosine from -Z to +Z {not £2). For the common PWR, Eq.(51) becomes significant,
Given a 12 foot (3.6576 meter) active core with My taken as 6.6 em, Eq.(51) vields Cyax
~1.518 {vs. the traditional w/2); see TABLE 2. Thus 1if ignoring Eg.(31), the compuied flux
would be high by 3.5%. For the methods taught, this error would catastrophically bias computed
electrical power, reactor coolant flow, etc. It explains, in part, why the industry believes errors
n NSSS understanding range from 3 to 5%. Clausen’s Cyaxor, 15 computed in the same
manner as Cyay oo Results of the average mtegration of Eq.(49) [1.e., Bq.(53}], were taken
from y =0 to 27, Note that Egs.{51} & (53) produce a “PFP Kernel” herein defined as the teroy:
H2/m)1 + My/Z)]. This term appears in all trigonometrically-based profiles, comprising a
transiation from Oy, 10 Gy

1968] In summary the method exampled by Eqs.(51) & (53) applies {o any system
using a neutron or plasma flux provided its profile assumes a theoretical leakage at its physical
boundaries (described by M7}, and is derived from an integratable function. TABLE Z presents
relationships between Py, and Gy they are based on the PFP Kernel where My = 6.6 ¢,
and 27 = 144 inches (365.76 cm).

TABLE 2:
Summary of Cyay
Flux Profile Craiax = Purax /P
Cosine, no leakage (M, = 0.0} w2 = 1.57079633
Cosine with icakage Eq.{51) => 1.51835422
Clausen, no leakage (M7 = 0.0) | Hq.(53) => 1.76589749
(Clausen with leakage Eq.{53) => 1.70603654
[069] As applied to the NCV Method’s PFP integration of Eq.{49) 15 made from the

core’s entrance to the point that asymmetry is most pronounced, designated as v, v is herein
detine as the “Differential Transfer Length” or DTL; 1.e., the distance when “transitioning”
from symmetry to asymmetry. For the PWR, the DTL is typicaily chosen at the Clausen’s peak.
For the BWR without re-circulation, asymmetry is considerably simpler, typically defined at
the point DNB 1s reached. However, if the BWR employs re-circulation flow, then PWR

methods may well apply. The location of the BTL is chosen to maximize asymmetry between
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the exergy profile versus one conventionally produced. The DTL is dependent on the reactor
type and operational characteristics, but once chosen should be held constant for integration and
subsequent mairix solution. Finally, the governing equation stemuning from Eq.{49) when
integrated to the DTL point and substituting for Cya . results in an unique equation (i.e.,

with distinct cocfficients) versus Egs.(ZND-2) or (157-6) ... the matrix Rank is not diminished.

. 7
where: Dy =Cyary B0 Cyaxer 2 B PO | (55}
m=] vl
Di=lgrv(¥) - grall Mepin {36)
{474 For BWR analysis, it has been found that a Clausen Function, if taken in mirror

image, matches the actual flux profile remarkably well given changes in void fraction in the
upper half of the core. The same techniques developed are applied, provided a “n-Shifled
Clausen” s employed. The xn-Shifted Clausen means s profile, and integrations, are shifled

as follows i TABLE 3 given the Clausen Function is both pertodic and odd:

TABLE 3:

Clausen Core Integration Boundaries

Standard a-Shifted

Wy, = 01 = (y; + Mp)Bp | Wy, =01= [(y; - 22 - My)|Bp

Ply, =¥Vl =(+MpBp | Wy, =¥]= (¥ 22 Mp|Bp

1071} After matrix resolution, the resolved ®py and mypy may then be used in a
conventional analytics for separate study. In separate study, post-matrix, the DTL may be
changed to the centerling for the PWR, v = Z. Thus, post~-matrix, the PFP Model allows the
following findings as a function of time: the axial position in the core where h, = hp(i.e. liquid
saturation is being approached); and the axial position in the core where b, = hy (i, an
approach to DNB for the BWR).

1972} The development of the DTL suggests temporal parameters such as 9y/0t, 6y/dy,
and J{Age,/2 Yot which have importance for reactor conirol and safety. These quantities are
termed “PFP  Reactor Safety Paramelers”. The chaunge n reaclivity, based on full axial
miegration using Eqgs.(47), (49} or similar, is umportant {o dynamic study. A temperature
coctlicient, oy, is routinely determined from commissioning tests and/or from PFP Reactor

Satety Parameters, The multiplication coefficient, k, 1s provided from fission chamber data
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and/or on-line NFM. A reactivity feedback coefficient, dp/dt, follows where: p = (k - 1.0Yk

b = (1/kppp)” AT/ (57)
dp/dt = —ap AT/AL {58}

dp/dt and the PFP Reactor Sately Parameters serve the operator has guideposts, normalized to
system calorimetrics, of unusual behavior. For example, given a xenon trausient, and k{t} < 1.0,
a change i dp/dt with an mcreasing DTL serves to warn of latent reactivity such that pulling
control rods might not be advised. Also, use of Eq.{58) and associated axial modeling, could
well use unsteady-state data, data say al 1 second infervals, to provide Eq.{38) enhanced
sensitivity. Such computations are conducted, by option, in paraliel with routine monitoring,
with time intervals in seconds. They employ any of the techniques presented {i.¢., full or partial

micgrations).

Hesolution of Unknowns and Optimization
16873} As presented, the four foundation equations, Egs.(ZND-2), (18T-6), (TC-73 &

{PFP-54), arc the best mode set of Calorimetric equations to be used for accurate monttoring

of a nuclear power plant. These equations have declared unknowns: @ry, Pope Urpy and gy,
As described these equations are embedded with Choice Operating Parameters (COP, A )
which are: 1) used for Verification as constrained by recognized limits; 2} allow neutrino &
antineutrino sensitivity studies; and 3} act as a vehicle for fine-tuning the NCV Maodel. COPs
are first assigned assumed values withio applied Hmulations. Examples of limitations comprise:
Egs.{13), (35) & {43) and Cyy ., Cpy and Cyy, (defined below). The selection of COPs is chosen

by the user; the Preferred Embodiment tncludes the following:

Ay =Bp Square root of the pseudo buckling used in Eq.(PI'P-54); em’
As = Xgy Steam quality leaving the RV, used for vendor matching; mass fraction.
Ay = Xpy Steam quality entering the TC’s throttle valve; mass fraction.

Ay=vipy  Neutrino & antincutrino losses via Egs.(ZND-2) & (PFP-54); MeV/Fission.
As=Npey Enthalpy at core’s entrance, used for debug and fine-tuming; Btw/tbm (kl/kg)
Ae=Wipy 1faCOP, then used in Eqs.(ZND-2) &/or (PFP-54); MoV-cm ™ -sec™

Ay = Qpyvapee RY environmental loss, used for debug and fine-tuning: Btwhr (kJ/sec).

Ao = Qgares SO environmental loss, for debug and fine-tuning; Btu/hr (kl/sec).

Ay = Qregees Non-Condenser TC energy loss, used for debug & fine-tuning; Btu/hr {(l/sec)

Obviously any A will attect s specific equation, However, all declared anknowns will be

affected by any A, as dutifully apportioned from the matrix solution. By design, all equations

RECTIFIED SHEET (RULE 91)
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employ only loss terms as constants i the augmented matrix. The above list of A is not
encompassing, one skilied in the art can add, or subiract, based on unique designs and/or
operating conditions. Selecting a set of COPs must depend on cormmon understanding of a
nuclear power plant and associated relationships between the neutronics, physical equipment
and mstrumentation viability.

1974} To correct errors in COPs one of two methods may be emploved: 1} apply

judgement based ou a nuclear engineer’s experience with a parlicular signal {(e.g., plot sigoals

vs. time, compare multiple signal readings, talk to plant operators, ete.); or 2} use the preferred
methods as taught herein. Regards the viability of the NCV Method, the initial values of
neutronic loss terms vy py & Wi gy, if selected as COPs, should be biased.

1875} COP correction factors are determined through successive Caleulational
lterations comprising multidimensional minimization and matrix analyses. Multidimensional
minimization analysis minimizes an Objective Function in which a set of System Effect
Paramcters (SEPs) are driven to cstablished values, termed “Reference SEPs”, by varying the
set of COPs, The set of SEPs and thewr Refercuce SEPs, and the set of COPs are user selected.
The key SEP 1s shaft generator power, Py present in Eqs.(ND-2), (18T-6) & (TC-7). Other
SEPs mciude: thermal flux, $yy; the outlet core’s specific exergy, gpyyy; the macroscopic
fission cross section, Xe(t); and the principal NSSS mass flows, mpy and mygy. A summary of
the SEPs, with reference values and user noies follows, The Preforred Embodiment 45 o use
only Algpn, at least untl the system is well understood. The system operator must use Alpy
and/or Aky, with great caution. Principal flows are commonly selected by operators. However,
if used, their reference signals must have an established consistency over the load range (c.g.,

elecirical generation) of mnderest.

Argen ™ (Paen — Popneres) / Poenree See Eq.(8) and discussion. (61}
Abpyy = (Pry - Cox Pped M {Cpp 5 o) Cyyy 1s based on nitial FC tests. (62}
Mgy = (Ervu ~ 8rvUREF) | BRVIREF Use in Bq.(15T-6) via Bq.(5). (63)
Ahpes = (Sp — Zeper)/ Tpper Per NFM via Hqs.(22) & (23). {64)
Ahpw = (0pyy — Cpw Mewopee / (Cyw Mpovppp) For debug or on-line w/caution. (65)

Ay = gy~ Cavipyper / (CrvMpypery  For debug or on-line w/caution. {66)

Examples of Reference SEPs include Popnppr, Crix@re etc. Again, the list of 5EPs is not
encompassing, one skilied in the art can add, or subiract, based on designs and operating
conditions; this is especially true if, over time, a given signal has developed unquestioned
consistency and rehiability. The Reference gpyyper 18 included for benchmarking agamst
vendor data.

1876} The NCV Method uses multidimensional minimization analysis which drives

an Objective Function, F{¥), to a miniroum value (ideally zere), by optimizing SEPs. Although
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COP values (A} do not appear in the Objective Function - by design - they directly impact
SEPs through the Calorimetric Model, Afier iterations between the matrix solution and
minimization analysis, the preferred SEP, turbine shaft power and generation, 1s driven towards
its Reference SEP and thus the computed parameters of Oy, Qgpyp gy and Py are: 1)
internally consistent, and 2} form the nexus between neutronics and calorimetrics.

8771 The Preferred Embodiment of NCV’s Verification Procedures is multi-
dimensional mynimization analyses as hased on the Simulated Annealing mwethod by Golte, ef
al. Gofte’s Sunulated Annealing 1s a global optimization method, driven by Monte Carlo trails,
as it distinguishes between different local optima. Starting from an mitial point, the algorithm
takes a step and the Objective Function is evaluated, including the matrix solution of
Eqe.(ZND-2), (18T-6), (TC-Ty & (PFP-34) When mmnumuzing the Objective Function, any
downhill step is accepted and the process repeats from this new point. An uphill step may be
accepted. Thus, it can escape from local optima. This uphill decision is made by the Metropolis
criteria. As the optimization process proceeds, the length of the steps decline and the algorithm
closes in on a global optimom. Since the algorithro makes very fow assumptions regarding the
Objective Funetion, it 1s quite robust with respect to non-linear problems as associated with
Eq.(PFP-54) when optimizing on buckling. The reference is: W.L. Gofie, G.D. Ferrier and 1.
Rogers, “Global Optimuzation of Statistical Functions with Simulated Annealing”, J. of
Econometrics, Vol.60, No. 1/2, pp.65-100, Jan./Feb, 1994,

{878} The foliowing ts the Objective Function as found to work best with Simulated
Annealing. The Bessel Function of the First Kind, Order Zero has shown {o have an inirinsic
advantage for rapid convergence in conjunction with the Annealing’s global optimum

procedures,

— - > A MC, m - " N[C, m S AN ]\ACAm
F(E) =3 wex dK - [aBhaaol ™ = WBhe 01 = el Ahgy)]
- U@(-/-”-\AF(:SHMCM - Ui)(‘&}”FW”MLAm - [T A T 3 {67)

In BEq.{67), MC,, 15 termed a Dilution Factor, here assigned individually by COPs resulting in
greater, or less, sensitivity. Dilution Factors are established during commissioning tests of the
NCV Method, adjusted from unity, In Eq.(67) the symbol } . ¢ indicates a summation on the
index k, where k variables are contained in the set K defined as the elements of A. For
example, assume the user has chosen the following for a PWR:

A s to be oplimized to minimize the error it Ahgpy & Alp . Ky = 25

Ay is 1o be optimized to minimize the error in Adgey, Ko = 1

Aq 1s to be optimized to mininuze the error in Akgpy, K= L
Therefore: & = (A, Ay, Aoh K= {A By Aghs X = (x, X, X3 )i X, = Ay, 0y = Ay, %3 = Ag; and,

it ts assumed during commisstoning that: MC,, = 0.72, MU, = 1.20 & MC o = 1.00. The



10

20

30

WO 2023/049141 PCT/US2022/044184
36

above reduces to:

R , e MO e MCas
Fy ={2 [Jglhaul ™~ [l M

41 (Mol + - pA(Ahge M (68)

Upon optimization, COP correction factors, O, for a given A, are determined simply as: C,
= ["Sn,i_k/!/\k

performing these computations, ERR-NUKE, are correction factors,

meg 0T the k™ iteration. Note that the only output from the computer program

INDUSTRIAL APPLICABILITY

[879] The above BEST MODE describes how one skilled can embody its teachings
when creating a viable NCV Method. Thus section describes its industrial applicability, that s,
how to physically enable the NCV Method at a nuclear power plant. In this context, enablement
means: how to configure its computer; how {o process plant data; how to configured ils
foundation equations for pre-commissioning; how to configured its foundation equations for
routine operations; and, most moportaotly, presents specific recommendations as to what the
plant operator needs to monitor; 1.e., to absorb NCV cutput information and to act upon that
mformation. Enablement is presented in four sections: The Calculational Engine and Its [Data
Processing, Clarity of Terms, a summary Final Enablement, and Detailed Description of the

Drrawings which adds detail as to a typical insiallation including use of the PFP Model,

The Calculational Engine and Its Data Processing

1086} The initial cnablement of this invention involves three important aspects of
NSSS on-line monttoring: 1) how data is coliccted; 2} how it 1s presented for analyses, that is
reducing and averaging technigues eruployed; and 3) the nature of the mouitoring computer. All
power plants process instrumentation signals using a variety of signal reduction devices, FiG.
{ & 2 Item 468. These devices depend on: the nature of the signal (analog, digital, pneumatic,
on/oft switches, potentiometers, etc.); the physical location of nstruments; and the physical
tocation of the signal reducing devices {e.g., cable runs, local environment, securily, efc.}. Once
processed by the signal reduction devices, the wformation becomes data which carries a time-
stamp (i.e., the time the signal was acquired). At issue is how to synchronize such data,
originating from different sources, each source possibly having a different time-stamp {(and
typically does). It daia is not synchronized, the user 1s guaranieed to violate continuity. The
Preferred Embodiment 1s to use the teachings of ‘358 which produces a set of synchronized data
having the same time stamp. The second problem is how the set of synchronized data 1s reduced
and averaged before it is presented for analyses. Reduction comprises units conversion, pressure
gage and head corrections, and the like. The NCV Method, through 1ts NUKE-EFF program
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provides options of using running averages of data over 5, 15, 20, 25 and 30 minutes. The data
acquisition process, using the set of synchronized data, forms 1 minute averages of cach data
point, relying on, say, 1 signal input each 10 seconds (or faster for certain RV data), averaging
this data over a minute, and then forming a running average (over, say, 15 minutes). These
times are user selected. This means each update processes the following 15 minutes of data
{c.g., from 10:00 to 10:15, then 10:01 to 10:16, etc.}. The choice of running averages is left to
the plant engineer knowing the fhuid transport times through the NSSS, Typically a unit of fhad
passes from the TC s throttle valve o its final feedwater connection in 12 to 20 minutes (given
long transport times in the condenser hot well and feedwater heat drain sections). From final
feedwater to RY {or SG inlet) requires 1 to 3 minutes. If the operator chooses a smaller fime for
averaging than the fluid transport time, he/she nisks aliasing data. The PFP Model, when
optioned, runs its reactor dynamics in parallel with the synchronized.

081} The third aspect of power plant on-line monitoring is the nature and function of
the computer (FIG. | & 2, ltemn 428) having a processing and memory means to implement the
NCV Method. The Preferred Embodiment 1s to commit a dedicated, single-use computer to
NCV tasks. This coroputer is termed a “Calculational Engine”. The Calculational Engine can
be more easily safeguarded from foreign mischief. lts inputs and outputs, by design, are under
the control of plant engineers (.., in FIG.1 & 2, Items 418 & 438). Also, by design, the
Calculational Engine will not be exposed to any non-NCV Method computer program, or (o
miernel communication, or to any nou-plant information.

1082} To summarize, the NCV Method comprises three parts: a “Nuclear Model”; a
“Calonimetric Model” and a “set of Verification Procedures”. The Nuclear Model results from
acquiring a set of “Off-Line Operating Parameters”. The set of Gff-Line Operating Parameters
comprise: geomelric buckling; static equipment data {¢.g., throttle valve design pressure drop,
Fniec Lerece: VEndor Turbine K, and sivotlar data); equivalent data contained 1o TABLE 1 as
appropriate; neutron migration area; macroscopic cross sections; physical dimensions of the
core; fuel pin and fuel assembly dimensions; nuclear fuel design parameters; the imitations for
Egs.{13}, (35) & (43) as appropriate; off-line PFP Model data comprising an exergy profile as
a function of axial position; and suvnular such data. Much of the aforementioned data may be
obtamned from Nuclear Fuel Management (NFM) computations which s the Preferred
Embodiment; and/or it may be obtained from common references, vendor specitfications, vendor
records, plant historical records, laboratory research, eic,

1083} The Calorimetric Model resolts from acquiting a set of eguations comprising
nuclear and thermodynarmic lermos and a set of Ou-Line Operaling Parameters comprising input
to the set of equations. The set of equations comprising nuclear and thermodynamic terms,
analytically describes the nuclear power plant using both First and Second Laws of
thermodynamics with the objective of a thermodynamic solution of the nuclear power plant

comprising a set of thermal performance paramelers. The set of On-Line Operating Parameters
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comprises: determining thermodynamic states (input/outputs) associated with the RV, 8G (f
apphicable), TC, MSR and major equipment; measuring electric power; measuring pump motive
powers (Pryy & Preoy); conlirming the rehiability and consistency of a Reference SEP it used;
acquiring ndicated mass flows mcluding mgy, mpw and mep if available; determining
indicating drain flows from the MSK; measuring the inlet pressure to the LF Turbine; and
similar such data. On-Line Operating Parameters involving neutronics could result from on-line
NFM computations embedded in the Calorimetric Model, which is the Preferred Embodiment.
Whether NFM computations are part of the Calorimetric Model or not is dependent on the
nature of the plant, its stability and load demands.

1084} The set of Verification Procedures results from acquiring a set of plant SEPs
with a set of corresponding Reference SEPs resulting in a set of patred SEPs, and a method of
mimnimizing differences between the paired SEPs. The sets of plant SEPs and Reference SEPs
is presented in Egs.(61) thru (66) with associated teachings. The Preferred Embodiment of the
method of mintmizing differences, as taught, employs multidimensional minimization analysis
based on Simulaied Anoeabing; this is summarized through its Objective Function, Eq.(68), and

associated discussion.

Clarity of Terms

1985] In the conlext of describing this wnvention, the words “acquuring” and “using”

mean the same. The word “acquirtng” 1s sometumes used for readability. They both mean: to
take, hold, deploy or iastall as a means of accomplishing something, achieving something or
acquiring the benefit from something; the “something” is the NCV Method or its equivalence.
Also, these words do not imply ownership of any thing nor {o any degree concerning the NCV
Method.

[686] As used herein, if used, the root words “obtain”, “determine” and “establish”,
and theirrelated derivatives {c.g., “obtaining”, “determining” and “establishing™} are ali defined
as laking a certain action. The certain action encompasses (o directly measure, to calculate by
hand, to calculate using a programmed compulier, lo authorize calculations using a programmed
computer at a facility controlled by the authorizer, to make an assumption, to make an estimate,
and/or to gather from a database.

1087} As used herein, the words “monitoring” or “monitored” are meant to encompass
both on-line monitoring (i1.e., processing system data in essentially real time) and off-line
monitoring (1.e., compulations wvolving stalic daia). A “Calcolational lteration”  or
“monitoring cycle” is meant to be one execution of the processes described in FIG4
comprising: acquiring data, the matrix solution, minimization analysis, etc.

1888} As used herein, the words “Secondary Containment” refers to a vessel used to
reducceradiation release to the environment. Inside a PWR’s Secondary Containment comprises

the Reactor Vessel (RV), the Steam Generator(s) (SG), coolant pamp(s), the pressurizer and
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miscellaneous safety equipment. Inside a BWR’s Secondary Containment comprises the RV,
coolant pump(s), and miscellaneous safety cquipment. The Secondary Containment defines the
physical boundary for all major equipment other thao the Turbine Cycle. Within the RV s
equipment comprises the nuclear core (or “core™), control rods and supporting structure and
nmiscellaneous core safety systems. The typical core comprises hundreds of fucl assemblies.
Each fuel assembly comprises: fuel pins positioned axially by a number of “grid spacers”; flow
nozzles are positioned at the top and botiom, the boltom supporting fuel pin’s weighi; hollow
tubes and/or spaces are designed for control rod insertion; and axial structures which
mechanically connect the flow nozzles. For the typical PWR & BWR cach fuel pin comprises
enriched uranium, as UQ,, placed in a metal tube (termed a fuel pin'’s “clad”), see FIG.3.
1989} As used herein, the words “Turbine Cycle” (TC) is defined as both the physical
and thermodynamic boundary of a Regenerative Rankine Cycle. Specifically a typical Turbine
Cycle encompasses all hardware between the inlet pipe connected o the TC’s throttle valve,
the electrical generator {(its output terminals), and the contractual end of the fecdwater pipe
downsiream from the TC’s highest pressure feedwater heater,

{390} Asnsed herein, the word “indicated” when used in the context of data originating
from the thermal system is heretn defined as the system’s actual and uncorrected signals from
a physical process {(e.g., pressure, temperature or quality, mass flow, volumetric flow, density,
and the like} whose accuracy or inaccuracy is not assumed. As examples, a system’s “indicated
mass flows” or s “indicated Reactor Vessel coolant flow” or its “indicated Turbine Cyele
feedwater flow” denotes system measurements the accuracy of which is unknown (they are “as-
is”, with no judgement applied). Such indicated measurements are said to be either correctable
or not. If not correctable it may be that their corresponding computed value, iracks the indicated
value over time. For example, in the case indicated RV coolant How, when used as a SEP, i
may be shown that NCV computed flow tracks the indicated.

091} As used herein, the words “programmed computer” or “operating the
programmed computer” or “using a computer” are defined as an action encompassing ctther to
divectly operate a programimed computer, to cause the operation of a programumed computer,
or to authorize the operation of a programmed computer at a faciity controlled by the
authorizer.

1892} As used herein, the words “calorimetric” and the “laws of thermodynamics”
mean the same in context. The “laws of thermodynamics” as used herein consist of the First and
Second Laws of thermodynarics. The words “thermodynaroie formulation” mean the process
of forming a set of equations including supporting logic which allows mathematical description
of the nuciear power plant. For a fission power plant the thermodynamic formulation comprises,
as an cxample, the following four cquations: Eqs.(ZND-2), (158T-6), (TC-7) & (PFP-54) which
employ two First and Secoud Law applications each. For a fusion system, a thermodynamic

formulation comprises Eq.(36) which is a statement of the Second Law principle that for any

RECTIFIED SHEET (RULE 91)
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non-passive process: 3 § > 0.0, Eq.(36) must be satisfied to conserve this principle.
1093} As used herein, the meaning of the word “quantifying” in the context of
“quantifving the operation of a nuclear power plant” is taken in the usual dictionary sense,
meaning “to determine or express the quaniity of...”; for example, at a minimum what s beiog
“guantified” is a “complete understanding of the nuclear power plant” and/or “improving
operations of the nuclear power plant” and/or “the ability to understand the nuclear power plant
with improved confidence given use of vertfied resulis”.

[994] Teachings leading to Eqs.(47) & (49}, and then Hq.(PFP-34), present new
thermodynaroie descriptions of neutronic and coolant exergy flows and, given their partial
vertical integration necessitaled to achieve asymmetry, leads to equations which mmprove the
NCV Model given its addition. This allows power to be declared an unknown, thereby not
reducing the mairix’s Rank relative to the number of independent equations. Eq.(5}), given iis
Inertial Conversion Factor, demonsirates how First and Second Law formuilations can be
parallieled without compromising the computation of an absolute thermal flux. Thas using the
Inertial Conversion Factor, statements about “nuclear energy”, “energy distribution of flux”,
and such usage found m popular hterature may now be undersiood to mean, correctly, “nuclear
exergy”, “exergy distribuiion of flux”, and so-forth.

j395] Fusion involving “H, ’H (D}, H {1y, SHS, "Be and other isotopes whose fusion
produces neutrinos and other radiation. This invention teaches that an irreversible loss
associated with nuclear mertial processes, in particular nentrino and/or antineutrino production
- whether fission or fusion - must be properly accounted per Hq.{33}. Eq.{33) 1s a statemeunt of
the Second Law principle, } I, > 0.0. This statement allows judgement of the viability of a
thermal system to operate. When neutrino and antineutrino exergies are properly accounled, the
Second Law 1s conserved, allowing a non-frivolous absolute flux.

1096} A common practice with reactor design is {0 separate gamma heating of the
reactor coolant from excrgy liberated within the fuel pin (principally, exergy associated with
dispersion of fission products within the fuel). The fraction of such heating relative to TABLE
’s Fi3 release, is typically taken as 2.6%. One reason for such separation is to compute the fuel
pin’s centerline temperature with additional accuracy {producing a lower temperature}. Given
the objectives of the NCV Method, internal pin temperatures are not an ummediate objective.
Of course, the source of gamima heating 1s apportioned from the recoverable release, completely
accounted by: [Sryi{Tre) - Srol Trapt ) However, the PFP Model is ideal for fuel pin studies,
after system solution, given the average thermal flux (thus fission rate) and coolant mass flow
would have been fully verified.

1097} Although the present invention has been described in cousiderable detail with
regard to certain Preferred Embodiments thereof, other embodiments within the scope and spirit
of the present invention are possible without departing from the general industrial apphcability

of the invention. For cxample, the descriptions of this invention assume that a nuclear reactor’s
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coolant 15 hight water, however the general procedures of this invention may be apphied to any
type of fluid. Examples of other tluids are: mixtures of water and organic fluids, organic fluids,
Hiquid metals, and so forth. The descriptions of this nveniion assume that the ouclear fuel 18
enriched uraniom, formed as U, however, the general procedures of this invention applied
to any fissile material including thorium, and breeder configurations. Teachings on exergy flow
from fission has placed emphasis on the thermal neutron spectrum. Note that Eg.(5) is
apphicable for a breeder or fast reactor given the neutron flux required for P8 capture 1
generated by thermal fission. The general theme and scope of the appended CLAIMS are not

Hmited to the descriptions of the Preferred Embodiment disclosed herein.

Final Enablement

1698} The enablement of this mvention is principally accomplished through both
implementation of the Calculational Engine and data processing desecribe above, and, as a
separate task, manipulation of COPs and associated SEPs during pre-commissioning. Pre-
commissioning techniques are summmarized below, The Preferred Embodiments of this mnvention
have been described in considerable detail for purposes of describing the various modes of this
mvention, they are not intended to limit the invention. Indeed, the varicus modes establish
guideposts, structures, for one skilled in the art o msiall, o mmplement, to manipulate this
mvention, and fo use this foveotion 1o every way and lo every exient possible, limled only by
the appended CLAIMS. This stated, the foliowing paragraphs also present the best mode, its
Preferred Embodiment, for post-commissioning operations.

099} The teachings have develop four equations descriptive of the nuclear power
plant, Studies have revealed that these equations offer the best mode for monitoring the most
common of nuclear power planis, PWRs & BWRs. However, given the complexity and
variations of nuclear power plant design, for example a breeder, the treatment of neutronics
must correspond. In ke manner, this disclosure and Patent 146 teaches the Sccond Law
treatments of a variety of cquipment.

1166} Key to both pre- and post-commussioning is the manipulation of governing
equations. These equations are summarized below, but stylized for readabiity. The constants
Ajir By,
Eq.(2ND-2}, whose coetficients are designated A, Eq.(15T-6) as By, Eq.{TC-7} as C; and

tE

ete. represent coefficients to the declared unknowns. Nomenclature s referenced to

Eq.{(PEP) as D;;. The important flux terms, Oy & Wy py, are noted, for clarity, with coefficient
{unctionalitics. The augmented matrix comprises conventional loss terms, Ly, Note that Ly =
0.0. As an unique design feature of the NCV Method, L;; and my,y, coetficients all carry unique
values, At the user’s option, COPs might include: A} = Bp, Ay = vV gy {l), Ag = Wipy, and/or
[V gpe(t) + v gy ()] replaced with a constant vpgp. COPs involving purely thermal parameters,

applicable for all equations, include A,, Ay, As, Ag, Ay and Ay,
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AV gecD) TV gy (O] Do+ Ay P + Ay Qpey + Agmpy =L+ AWy (ND-27)

By [V gec (0] ppy + Ay Py + B3 Qpgy + Bamgy =Ly (181-6")
5 @DYBa)Y gec{D) Y 1pv (O] Oy + Byopy = (20¢/Bpiy gy (PFP-34)

It is the obvious intent of the above arranged equations, given use of Ay, Ay, Ag and Voo (not

shown} to tax the matrix solution. However, after a pre-commissioning phase, involving

sensitivity studies and benchmarking, the system of equations will achieve, for the common
10 nuclear power plant, a robust nexus between neutronics and calorimetrics.

1161 The following s best mode practice for pre-commissioning, as with any large

computer system, 1s to step through the sunplest of exercises, ending with the best mode for

post-commissioning. The following Steps are the best mode for pre-commissioning:

la) Using Egs. (ZND-23, (1S8T-6), (TC-7) & (PFP-54) elect no COPs and set all A to

mw

L4

constants when establishing the Nuclear Model; set all temporal data
associated with the Nuclear Model to constant inputs. This step will produce
from the solution matrix: Pgpy, Ory, Orpy and mpy. I all are reasonable,
mcorporate variable {or antomated) Nuclear Model and Calorimetric Model
data; repeat test runs; proceed to Step H upon success.

20 by I Qgpy and/or the computed myy, (and/or mpy) are unreasonable, a simple method
for debug 1s to temporally use A, Ag and Ag 1n order to discover which sub-
system, RV, SG or TC, is the most sensitive for correcting. Basically one is
replacing a unknown fault with a sub-system loss. Repeat these sub-Steps,

until reasonable answers are ogbtained.

W
—
-

Use the equations from Step 1, but now adding A optimuzing Algey adjust MC 4
to improve compuier execution times and (o establish sensitivities. Finally,
adjust Cyy of Eq.{43) fo reduce search fimes. Caution: the buckling 1s
extremely seunsitive, U BEq.(43) 1s exceeded all mputs need to be reviewed,
Iy Use the equations from Step 1, but set Ay to the value found in Step H; add Ay,
30 optiniizing on Akgen: adjust MC 4, to improve computer execution times;
reasonable limits per Eq.(35) must be established. If vgge 18 questioned,
uncertainites most itkely are associated with Non-Fission Capture (TABLE 1,
Col. ¥6). Benchmarking should begin with virgin fuel data.
IV}  Repeat the above process, proceeding with more complexity by adding thermal
5 {COPs to establish additional sensitivitics and benchmarks. It 1s also important
to add a mix of wrreversible loss terms, thus using A4 versus a constant. The

end objective is to use A} & A, optimizing Algpg with resolved MC,
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values. Optimizing on Operating Parameters other than Py, must proceed
with great caution, as taught. If the plant operator has established a long
history of counsistently wonitoring feedwater flow over the load range, and i
matches the computed (perhaps with a constant off-set) then cousideration of
5 using Alpy can be made; this will speed convergence. Note, the NCV
Method allows for corrections to the indicated TC and RV mass tlows.

A\ An ioportaot final pre-commmssioning step 15 to evaluate all rreversible loss terms;
i.e.,conventional vessel and radiation losses. The matrix solution seis all such
terms as constants in the augmented matrix (COPs are varied apart from the

10 matrix solution). In addition to vessel losses, a design review of the resolved
A, parameters 1S required. Questions must arise as {o the appropriateness of
Vo and v values of TABLE 1. Given the NCV approach, given its
treatment of the iertial process, the lack of direct flux measurement and
without direct neulrino measurements, Step V must rely on engineering

15 judgement. By NCV desigo, irreversible losses will impact the compuiled
bucklmg, Ay, thus Bq.(43) has great maport.

(162} The above Steps are designed for enablement before post-commissioning. To

enable the NCV Method in achieving the best mode post-commissioning, computer instaliation,

data management and pre~conurusstontng all have obvious umport. The following Steps VI &
28 VII, as routine practice, is the best mode for on-line application of the NCV Method.

VI}  Select Egs.(ZND-2}), (18T-6), (TC-7) & {P¥FP-54), addmg the resolved Ay & A,
values as constants, It is good practice {o optimized Ag by minimizing the
errot in Adgpy, and then coraparing to changes in TC s FCIs,

VIE}  Atevery completed cycle of the Calculational Engine, the NCV Method proceeds

25 with its set of Verification Procedures. These Procedures produces a “set of
veritied thermal performance parameters” which must be examined for both
absolule valoes and their trends over tine. The NSSS operator will becowme
satisfied through successtul Verification Procedures, that the system 1s well
understood. Thus changes in the set of verified thermal performance

30 parameters, as believable results, become entically important for improved
operations of the nuclear power plant. They simply allow the operator, for the
first time, to make informed decistons having an established record of
verification {e.g., Ahgpy = 0.0).

1103} A sampling of the set of verified thermal performance parameters, comprise the

a3
L4

following list, noting that both SEPs and their associated Reference SEPs are presented with
suggested observations, The parameters desceribed 1o Egs.(14) & (37) are a portion of the set of
verified thermal performance parameters. The user of the NCV Method is advised to plot the

set of verified thermal performance parameters over time, reviewing the set of verified thermal
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performance parameters for temporal trends and making changes to NSSS operations based on
those termporal trends. Examples are obvious to any skilled NSSS operator; for example if
FCIp e decreases, the operator will observe higher losses within the NOSSS, located by
reviewing all non-power FCIs sach as FCI o vsrs FO eenim FOY geerwis, €ic. The important

parameters, for the best induustrial applimode embodiment, are marked with *.

* Fllpgwe @8 a function of time;
* FClgy as a function of time;
FClg; as a function of time;
FC, oo for the TC as a function of time (MSR, HP and LP turbine,
FW heaters (FWH ), ete
* Papn and Popnerpr ust match as a function of time;
Ngys as a function of time,
fire as a function of ime,
* £gvq as a function of time,
* &re as a function of time,
@y and [Ty @pel as a function of time, tracking with constant
off-set over load changes;
* Mgy and {Cpw Mpyw.perp] a5 a function of time, tracking over each other;
* mpy and {Cypy mMpy.pep] as a function of time, tracking over each other; a scaled
Papn and Qg as a function of time, will track cach other with variable off-set;
* compare computed vbuckling if using as a COP, Ay, to limnitations imposed
by Eq.(43); and

* Vi gy a8 a function of time will yield a stightly changing slope with burn-up.

The operator must be conscience that the NCV Method will always produce counsistent
absolutes: the absolute flux and the power generated will always be consisient with computed
reactor coolant flow, the resultant feedwater flow, etc. Thus if power agrees with the measured
given Verification, and the computed feedwater flow trends downward, then recent operational
changes have improved thermal effectiveness; refer to the Turbine Cyele FCIs. I the operator
observes the FCI for a main reaclor coolant purnp increase, and its sister pump FCIs are
constant, then he/she knows with certainty that a problem exists with the pump. This requires
action to protect the safety of the unit. If the PWR operator observes the thermal efficiency of
the Turbine Cycle has decreased, with constant generation given an increase in the computed
and verified feedwater tlow (however the indicated feedwater flow is constant given, say, signal
delays); then he/she will realize the nuclear core will soon respond. Such response might well
present itself as an FCly increase, the computed A, exceeding its Eq.{35) limits, A exceeding

its Eq.(43) linuts, a secondary DTL computation moving higher in the core; then action must
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be taken: first, understand the trauma and second, act to protect the core (run-back power, study
the DTL, etc.). Such examples are endless given a complex NSS System. Again, the above plots

provide mechanisms for successful and more accurate montoring given Veritfication.

Detailed Description of the Drawings

(164} The descriptions and implied teachings presented in the following sections are
constdered examples of the principles of the juovention and are not intended fo limit the
mvention. Rather, said descriptions and umplied teachings establish guideposts, a structure, for
one skilled in the art to imnstall, to implement, to manipulate, and to use the mvention in every
way and (o every extent possible, limited only by the CLAIMS herem.

1105] FIG. 1 1s submitied as a generic representation of a PWR, Included within FIG. 1
is a represeniation of the data acquisition systew requirved for the NCV Method, Hems 406
through 466, The Reactor Vessel (RV) 106 conlains the nuclear core 194, and the steam
separator 102 if used. For a PWR control rods enter the core from the fop of 184, thru 108 and
182, Coolant flow enters via pipe 154, flows down the outer annulus of the RV 1585, then
flowing upwards through core, through the separator, exiting to pipe 1588. The pressurizer is
ftem 128 used for volume conirol. Pipe 158 enters the Steam Generator (5G) 148, flowing
through a tube-in-shell heat exchanger 151, Note that two SG designs are commonly employved:
the U-tube design producing a saturated working fhud exiting via pipe 168 {as shown), or a
straight-thru design which produces a superheated working fluid at 168. After heating the
working fluid, the RV coolant is returned 153 to the main coolant pump 136 and to the RV via
pipe 154,

1106} FIG.1 and FIG.2 contain the same representations of the Turbine Cyele (TCH,
presented generically by Hems 568 through 596, The presented TC 1s greatly stylized, typically
a nuclear TC 13: 1) more complex than the reactor per se; and 2} more complex than a typical
fossit~fired system (e.g., the use of additional turbine extractions and thus feedwater heaters,
the use of a Moisture Scparator Reheater (MSR) between the High Pressure (HP) and Low
Pressure (LP) turbines, ete.), Working fluid tlow enters the throttle valve 586 and then the
turbine 510 via 505, The nuclear turbine typically comprises a HP and many double-flow LP
turbines. The generator 1s Item 518, whose gross output, Py, 1s measured at terminals 517, its
shaft power, symbolically designated 519, 1s Py The LP turbine cxhausts via 520 to the
Condenser 535, Exiractions are generically described by 838 & 325, heating numerous HP
feedwater heaters 560, and numerous LP heaters 548, The condensate flow 548, to a FW pump
{or puraps) 550, being returned to the 5G via 878, The shell-side drains of the feedwaler
heaters, 384 & 594 flow to the condensate sysiemn or are pumped forward with MSR dratns.
1167} FIG.1 and FIG.2 contain the same representations of the apparatus of this
mvention showing a computer receiving acquired system dala, sach as Oup-Line Uperating

Parameters, from a data acquisition system and producing output reports via a programmed

RECTIFIED SHEET (RULE 91)
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computer. Specifically the represented power plant in FIG.1 and in FIG.2 is instrumented such
that On-Line Operating Parameters (458 and 468) are coliccted in a data acquisition device 480,
Within the dala acquisition device 408 said data 1s typically converted o engineering uoiis,
averaged and/or archived, resulling in a set of acquired system data 418, Examples of said daia
acquisition device 400 comprise a data acquisttion system, a Distribuled Conirol System, an
analog signal to digttal signal conversion device, a2 poeumatic signal to digital sigoal conversion
device, an apxiliary computer collecting data, or an electronic device with data collection and/or
conversion features. After processing, the data acqusition device 468 transfers the set of
acquired system data 418 to a programmed computer 428, termed a “Caleulational Engine”,
with a processing means and a memory means. The processing vehicle for transfer of the set
of acquired sysiemn data 410 may be either by wire or by wireless fransmission. The
Calculational Engine 420, operates with a set of prograromed procedures descripiive of the
NCV Method of this invention, comprising, at Jeast, complele neutronic and thermodynamic
balances of the Reactor Vessel (RV) and 1ts components, and a thermodynamic balance of the
Turbine Cycle (TC); it 1s generally diagramed in FIG. 4. Specifically the set of programmed
procedures using the NCV Methed, determines a neutron thermal flux, an electrical generation,
a RV coolani mass flow {and thus a TC feedwater mass tlow), and a heat rejection at the
condenser. As tanght in the SPECIFICATION, these unknowns are contained in the chosen set
of equations and solved by mairix solution {see 658 in FIG.4}. The computer 428, operating
with the programmed procedures descriptive of this invention, also may determine any one or
all of the following as taught herew: First Law thermal efficiencies of the system and the
Turbine Cycle; Second Law thermal effectivenesses of the system and the Turbine Cycles
nuclear bucking; neutrine and/or antineutrino radiation; Fuel Consumption Indices; and other
neutronic and calorimetric data. The energy flow to the working fluid derives from TC
mstrumnentation signals, and the feedwater mass flow and the heal rejection at the condenser,
Said signals are transmitted {o the data acquisition device 488 for processing. The determination
of the steam enthalpy and exergy from pressure and temperature or quality data, and

etermination of feedwater enthalpy and exergy from pressure and temperature data may occur
within 408 or may occur within the Calculational Engine 426, Note that all specific exergy
values are deternuned as: g = f (P.h, Ty tn compliance with Hg.(5}. The Calculational Engine
428 contains in its memory device a set of Off-Line Uperating Parameters. Compuier output
ltem 438, produced from 426, comprises any portion of information presented in this disclosure,
processed and distributed via 448. Output 430 may be made available to the sysiem operator,
engineer and/or regulatory authorities as paper reports printed on a printer, or may be made
available i electronic or visual forms via 448 or using the Calculational Engine 428, or its
clone. In sunmmary, this invention teaches to operate and/or use the Caleulational Engine 426
to obtain a compicte understanding of a nuclear power plant and {o provide information 448 as

to how to improve the nuclear power plant,
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(168} FIG.2 1s submitted as a generic representation of a BWR. The Reactor Vessel
(RV) 286 contains the nuclear core 284, and the steam separator 282, For a BWR, control rods
enter the core from the bottom of 204, Coolant flow enters via pipe 254, flows down the outer
anntulus of the RV 285, then flows upwards through core, through the separator 282, exiting to
pipe 256, Pipe 256 enters the TC at 588, Afler passing through the TC, the working fluid 1s
returned to the RV via vems 578, 236 & 254,

1109] FIG.3 and FIG. S illustrate an imporiant portion of this nvention, that is, the
Pseudo Fuel Pin Model (PFP). As described, the PFP thermodyonamically models an average
fuel pin. In FIG. 3 ifs radial cross section 1s listed as 358 to 398, and axially 328; vo scale is
used. The pin is composed of axially stacked fuel pellets 396, typically consisting of enriched
UG, with an outside radius (v} at 380, The stacked fuel pellets are placed in a tube, termed
“cladding” or “clad” which is typically a zirconium or stainless steel alloy with an 1D at 378,
0D at 360. The average hydraulic arca bearing coolant flowing axially, is an annulus with an
1D at 366, OD at 352. The arca of the annuius 350 is established by taking the total area of the
core, less the fuel pin area given its OD at 368, less the core’s structural area, resuliing in 356
The PFP’s height 1s the active core’s height, from its entrance 342 fo exit 346, given by 27.
1116} FIG.3 also clarifies the nomenclature used in Pseudo Fuel Pin Model’s
neutronics treatment. The (2} axial origination 334 1s used for cosine infegration and positive
gpwards from the centerline 328 to 346, negative from 328 to 342, The (y) axwal origination 332
1s used for Clausen Funclion wntegration and posilive upwards from 342 {o the top of the core
346. In summary, the core’s entrance 342 18 at: z =7 and y = 0.0, while the centerline 328 s
at: z=0.0andy= 2. The cutlet 346 is at: z=+7 and y = 27. The average thermal neutron flux
cosine profile is symmetric about 328, Flux buckling effects are noted by the distance 321, zero
flux 1s assumed at 343 and 347, Further, as taught, the Differential Transit Length (DTL) s item
331 [the Clausen Function’s peak, for a typical 144 inch (365.76 em) core, at: y = 47.134
mches (119.72 cm}}, a distance 338 from the core’ entrance.

131§ F1G .4 15 a block diagram of the computer program NUKE-EFF, the principal
program used to implement the NCV Method. The NUKE-EFF program and its supporting sub-
prograrus represent the processing means and a memory means described as tom 428, the
Calculational Engine in F1G.1 and FIG.2. The computer 428 1s prograromed with procedures
following the NCV Method of thus wovention. Withio FIG.4 llem 606 starts the program. ftem
618 initializes working variables and seis constants such as energy and exergy conversions,
nuclear constants, and the like, ltem 626, although not part of the NUKE-EFF program per se,
represents a general data initialization step conducted by the user, and a necessary work task
which mvolves setting Off-Line Operating Parameters, SEPs, COPs and miscellaneous inputs
required by the NCV Method given the uniqueness of the particular power plant. This resulis
i the Nuclear Model Ttem 620, 6248 also represents establishing NFM Method data including

fuel pin stimulations which detfine burn-up characteristics {i.e., Megawatt-Days per Metric-
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Tonne-Uranium (metal), MWD/MTU, data collection and organization, and routine sct-ups of
all computer programs,

(112} FIG.47s on-line data is Item 638, that 15 data acquired and collected 1n real time,
Ou-line data includes OUn-Line Operating Parameters, COPs from input or the previous
monitoring cycle, updates of reference SEPs, and the like. 638 typically processes over 200
signals from the NSSS. Item 638 also includes signal conversions as required [e.g., prossures
from gage to absolute, temperatures from °F to “R (°C to °K), and the like]. Item 648 as a
portion of the NUKE-EFF computer progrant: organizes inputs from 618, 628 and 634; prepares
myput for the NUKE-MAX computer subroutine which preforms the matrix solution of the best
mode sel of equations; checks return values; and muscellaneous compuiations. The acquiring
of the aforementioned on-line data, the use of selected equations and COPs {e.g., using the best
mode set of equations); the matrix solution, resulis in the Calorimetric Model, The work of
NUKE-EFF 648 includes the important siep of determining corrections factors {o the chosen
COPs, as Item 660. Hem 640 also includes Fuel Consumption Index (FCI) computations
associated with the NSSS and its equipment including the nuclear core and the TC and s
equipment, FCI computations include all components and processes assoctated with a NSAS
as expressed by Bgs.(31), (32) & (33). Examples of FCls comprise FClqp, FClp e Pl
{(TC’s Condenser), FClyy, FClpw.pyrys (feedwater heater #3), FChp (HP turbine), FCL p (1P
turbine}, and the like. Item 654 15 the computer program NUKE-MAX which employs rouiime
mairix routines which solve NCV’s four equations having four unknowns. These unknowns
include the average neutron thermal flux, electric power, the TC Condenser’s heat rejection and
RV coolant mass flow. ltem 670, contained in NUKE-EFF, determines whether convergence
criteria have been met, if not, the process returns for another Calculational leration which
meludes the matrix solution. H converged, the process proceeds to preparing reports of resulis,
ftem 688, Fondamentally, 688 reports comprise the set of verified thermal performance
paramelers whereby an understanding of the system, and 1mprovements o the system, maybe
bad. Said reports detail a NSS8 mass and energy balance, distribution of FCls, First Law
efficiencies, Second Law effectivenesses, and important verification results. Hem 689 also
disiributes reports to system operators, engineers and regulatory authorities according to their
needs and desires. Reports may take any form: paper, electronic, computer display, computer
graphics and the like. ltem 694 is to etther quit, or return to ltem 688 for another monitoring
cycle. Typically when on-line, and at steady state, the NCV Method is exercised at a user
selected time period, At, per lems 468 & 428 of FIG.1 and FIG.2. However, given the
sensitivity of the reactivity feedback coetficient of Eq.(51), NUKE-EFF provides a “Reactor
Dynamics” option where long data averaging is bypassed {(i.e., from the typical 15 minute
running averages), to 1 second or less as processed as straight data pass-thru. When the Reactor
Dynamics option is invoked, NUKE-EFF continues with parallel processing ifs routine

computations, using its standard running averages of data.
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(113} FI1G.5 1s a detailed plot produced by PFP Model computations simulating a 1270
MWe PWR’s reactor core. A cosine generated exergy rise produces a classic “sine-squared”
shape; 118 Age/2 15 found at v = 72 jnches (182.80 cm); Agp /2 at y = R0.5536 inches
{204.606 cm). The Clausen Function, the Preferred Embodiment for the PFP, was produced
from Eq.(49). Its peak was found at 47.134 inch (119.72 cm) for an 144.0 inch (365.76 cm)
active core. Its peak’s position from the core’s entrance (FIG.3 Item 338) s independent of
neutron flux and reactor type. The Clausen’s peak is greater than unily, see TABLE 2 for peak
flux corrections. Note that the Clausen Function, as formulated for the PFP Model, produces
a zero fhux at: y = - M (FIG.3 Hem 343), and at: y = 24 + M 1 (FIG.3 ltem 347); {or the PWR
studied given My = 6.6 cm (2.5984 inch); the distance 321 in FIG.3. The DTL 1s taken from the
core’s entrance, 336 in FIG.3. Half the core’s exergy rise, Agp,/2, was found at y = 80.5536

mches (204,606 cm) for the Clausen Function.
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CLAIMS
What 1s claimed 1s:
L. A method for improving a thermodynamic montoring of a NSSS, the method
comprising the steps oft
before on-line operation:
acquiring a Nuclear Model of the NSSS,
acquiring a Calorimetric Model of the NSSS,
acquiring a set of Verification Procedures for the NSSK,
using the Nuclear Model, the Calorimetric Model, and the set of Vertfication
Procedures o create a thermodynamic description of the NSKS, resulting in a NCV Method,
and
acquiring a computer programmed with the NCV Method;
while operating on-line:
using the computer programumed with the NCV Method to monttor the NSSS,
producing on-line computations comprising a set of verified thermal performance parameters,
and
unproving the thermodynamic monitoring of the NSSS by reviewing the set of
verified thermal performance parameters for temporal {rends and making changes to NSSS
operations based on those temporal trends.
2. A method for quantifying operations of a nuclear power plani comprising a
fissile fuel and producing a useful outpul, the method comprising the steps oft
before on-line operation:
acquiring a set of Off-Line Uperating Parameters resulting in a Nuclear
Model of the nuclear power plant,
acquiring a set of equations comprising nuclear and thermodynamic terms and a
sei of Un-Line Operating Parameters comprising input to the set of equations resulling in a
Calorimetric Model of the nuclear power plant,
acquiring a set of plant SEPs with a set of corresponding Reference SEPs
resulting in a set of paired SEPs, and a method of minimizing differences between the paired

SEPs resulting in a set of Verification Procedures of the nuclear power plant, and
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acquiring a computer programmed with the Nuclear Model, the Calorimetric

Model and the set of Verification Procedures resulting in a programmed computer;
while operating on-hne:

using the programmed computer to acquire the set of On-Line Operaling
Parameters,

using the programmed cowmputer to process the Calorimetric Model’s
equations based on the Nuclear Model and the set of Oun-Line Operating Parameters resulling in
a thermodynamic solution of the nuclear power plant comprising thermal performance
parameters,

using the programmed computer to verity the thermodynamic solution of the
nuclear power pland based on the sel of Venification Procedures resulting in a set of verified
thermal performance parameters, and

using the set of verified thermal performance parameters (o instigate
operational changes to the nuclear power plant which improve its thermal performance and
thereby quantify its operations.

3. The method of claim 2 wherern using the programmed computer to verify the
thermodynamic solution of the nuclear power plant based on the set of Vertfication Procedures
resulting in the set of verified thermal performance parameters, includes:

using the programmed computer to verify the thermodynamic solution of the
nuclear power plant based on the set of Verification Procedures resulting in the set of verified
thermal performance parameters which includes Fuel Consumption Indices.

4. The method of claim 2 wherein using the programumed compuier to verify the
thermodynamic solution of the nuclear power plant based on the set of Verification Procedures
resulting in the set of verified thermal performance parameters, includes:

using the programmed computer to verify the thermodynamic solution of the
nuclear power plant based on the set of Verification Procedures resulting in the set of verified
thermal performance parameters which includes Reactor Vessel coolant mass flow.
5. The method of claim 2 wherein using the programmed computer to verify the
thermodynamic solution of the nuclear power plant based on the set of Verification Procedures

resulting in the set of verified thermal performance parameters, includes:
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using the programmed computer to venify the thermodynamic solution of the
nuclear power plant based on the set of Vernification Procedures resulting in the set of verified
thermal performance parameters which includes Turbine Cycle feedwater mass flow.

6. The method of claim 2 whereimn using the programmed computer to verify the
thermodynamic solution of the nuclear power plaut based on the set of Verification Procedures
resulting 1o the set of veritied thermal perforrance parameters, includes:

ustng the programmed computer to verify the thermodynamic solution of the
nuclear power plant based on the set of Verification Procedures resulting in the set of verified
thermal performance parameters which includes a set of NS5S thermal efficiencies.

7. The method of claim 2 wherein using the progranumed computer to verify the
thermodynarote solution of the nuclear power plant based on the set of Verification Procedures
resulting in the set of verified thermal performance parameters, includes:

using the programmed computer to verify the thermodynamic solution of the
nuclear power plant based on the set of Verification Procedures resulting in the set of verified
thermal performance parameters which includes a set of NSSS thermal effectivenesses.

&, The method of claim 2 wherern acquiring a set of equations comprising nuclear
and thermodynamic terms and a set of On-Line Operating Parameters comprising input {o the
set of equations resulting 1o a Calorimetric Model of the nuclear power plant, includes:

acquiring a set of equations comprising Second Law of thermodynamic
principles comprising nuclear and thermodynamic terms and a set of On-Line Operating
Parameters comprising inpul to the set of equatious resuliing in a Calorimetric Model of the
naclear power plant.

8. The method of claim 2 wherein acquiring the set of Off-Line Operating
Parameters resulling in the Nuciear Model of the nuclear power plant, includes:

acquiring the set of Off-Line Operaling Parameters which includes a PFP Kernel
resulting in a Nuclear Model of the nuclear power plant,

16, Aw apparatus for assisting the operation of a NSS System comprising a fissde
fuel, a Reactor Vessel and a Turbine (Cycle for a production of an electric power, the apparatus
comprising:

a data acquisition device to collect data from the NSS System including a selection of
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Operating Parameters and neutronics data producing a set of acquired system data;

a computer with a processing means;

a sei of instructions for configuring the processing means (o determine a set of verified
thermal performance parameters based on thermodynamic formulations of the NSS System
comprising a neutron flux and the eleciric power, and to recetve as input the set of acquired
system data, resulting in a programmed computer;

means by which the programmed computer receives as input the set of acquired
system data;

the programmed computer producing the set of verified thermal performance
parameters; and

means for reporting the set of verified thermal performance parameters to assist in the
operation of the nuclear power plaot,

B The apparatus of claim 10 wherein the a set of instructions for configuring the
processing means to deternine a set of verified thermal performance parameters based on
thermodynamic formulations includes a MNuclear Model, a Calorimetric Model and a
Verification Procedures.

12, The apparatus of claim 10 wherein the programmed computer producing the
set of verified thermal performance parameters includes a set of Fuel Consumption Indices.

13.  The apparatus of claim 10 wherein the programmed computer producing the
set of verified thermal performance parameters includes a set of thermal efficiencies.

14, The apparatus of claim 10 wherein the programmed computer producing the
set of verified thermal performance parameters inchudes a set of thermal effectivenesses.

15, The apparatus of claim 10 wherein the programmed computer producing the
set of verified thermal performance parameters includes the Reactor Vessel coolant fluid flow.

16, The apparatus of claim 10 wherein the programmed computer producing the
set of verified thermal performance parameters includes the Turbine Cyele feedwater flow.

17 The apparatus of clain 10 wherein the set of insiructions for configuring the
processing means to determine the set of verified thermal performance parameters based on

thermodynamic formulations includes thermodynamic formulations based on the Second Law
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of thermodynamics.

I8, The apparatus of claim 10 wherein the set of instructions for configuring the
processing means to deternine the set of verified thermal performance parameters based on
thermodynamic formulations includes thermodynamic formulations based on exergy analysis.

19, A method for qualifyiog a vuclear fusion process coruprising a magoelic
coufinement of ifs plasma, the process having a cooveuntional thermodynamic loss and a
seutrino loss, the method comprising the steps of:

formulating a set of Second Law terms comprising an exergy cquivalence of the
magnetic confinement resulting in an exergy gain, and a sunumation of the conventional
thermodynamic loss and the neutrino loss resuiting a summation of losses;

using the exergy gain and the summation of losses {o create a test 1y which the exergy

gain is less than the summation of losses, resulting in a positive test of its Second Law viability;

and
qualifying the nuclear fusion process by applying the positive test of its Second Law
viability.

28, The method of Claim 19 wherein formulating the set of Second Law terms
comprising the exergy equivalence of the maguoetic confinement, includes:

formulating the set of Second Law terms comprising the exergy equivalence of a
Tokamak magnetic confinement.

21 The method of Claim 19 wherein formulating the set of Second Law terms
comprising the exergy equivalence of the magnetic confinement, includes:

formulating the sel of Second Law terms comprising the exergy equivalence of a
superconducting magunetic confinement.

22. A method for guantifying a NVT damage to materials used in construction of a
nuclear power plant, the nuclear plower plant having a core containing a fissile material and is
neutron moderator, producing a neutron flux, said flux being described by a theoretical profile
normalized to a defined peak, whose operational dala s being processed by a NCV Method, the
method comprising the steps of!

obiaining a set of physical dimensions of the actual core without neutron leakage;

obiaining a nuclear migration length associated with the fissile material and its neutron
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moderator;

obtaming an average integration of the theoretical profile based on the set of physical
dimensions and the nuclear migration length, resulting in a flux ratic of the defined peak to the
average neuniron flux;

using the flux ratio and the theoretical profile with the NCV Method to determine an
absolute magnitude of the average neutron flux, resulting 1o a set of ime-dependent NVT data;
and

guantifying the NVT damage by using the time-dependent NVT data for maintenance
and end-of-Reactor Vessel-life predictions,

23. A method for improving a performance monitoring of an operating N3S System,
said System baving a Reactor Vessel comprising a core contaiung fissile material m the
presence of a neutron flux resulting in fission which heats a coolant flowing through the Reactor
Vessel, the method comprising the steps oft

obtaining thermodynamic states of the coolant at the core’s entrance and exit, resulting
i a set of enthalpy and exergy values;

obtaiming a First Law description of the operating NSS System comprising a correctable
core energy flow, the First Law description being capable of determining a flow rate of the
coolant flowing through the Reactor Vessel, resulting in a First Law Model of the NSS System;

determining an Inertial Conversion Factor based on the set of enthalpy and exergy
values and the First Law Model, resulting in an accurate First Law Model of the NSS System;
and

using the accurate First Law Model to determine the flow rate of the coolant flowing
through the Reactor Vessel and thereby improving the performance monitoring of an operating
NSS System by observing temporal trends in the flow rate of the coolant.

24, A method for improving a performance monttoring of an operating NSS System,
said System having a Reactor Vessel comprising a core contaming fissile material in the
presence of a neatron flux resuliing 1o fission which heats a coolant flowing through the Reaclor
Vessel, the method comprising the steps of:

obiaining thermodynamic states of the coolant at the core’s enirance and exit, resulting

i a set of enthalpy and exergy values;
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obtaming a First Law description of the operating NS8S System comprising a correctable
core energy tlow, the First Law description being capable of determining an absolute neutron
flux, resuiting in a First Law Model of the NSS System;

determining an Incrtial Conversion Factor based on the set of enthalpy and exergy

5 values and the Furst Law Model, resulting in an accurate First Law Model of the NSS Systemy
and
using the accurate First Law Mode] to determine the absohite neutron flux and thereby
improving the performance monitoring of an operating NSS System by observing temporal
trenids in the absolute neutron flux.
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