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ABSTRACT

An advanced plant protection system for the Loss-of-Fluid Test (LOFT) reactor plant is described and 
evaluated. The system, based on a Kalman filter estimator, is capable of providing on-line estimates of 
such critical variables as fuel and cladding temperature, departure from nucleate boiling ratio, and max­
imum linear heat generation rate. The Kalman filter equations are presented, as is a description of the 
LOFT plant dynamic model inherent in the filter. Simulation results demonstrate the performance of the 
advanced system.
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outside surface area of fuel cladding (ft^)

cross-sectional flow area of core (ft^)

external condenser tube fin area (ft^/ft)
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departure from nucleate boiling ratio

nonlinear model state function vector
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fraction of total reactor power deposited to core coolant
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condenser tube fin heat transfer parameter defined by Equation (121)
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hfg heat of vaporization (Btu/lbm)
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HSp pressurizer cycling heater setpoint (psia)

jjj Sieder-Tate heat transfer factor defined by Equation (117)

J units conversion factor (ft^-psia/Btu)

k subcooled liquid thermal conductivity (Btu/ft-hr-°F)

ka thermal conductivity of air (Btu/ft-hr-°F)

kc thermal conductivity of fuel cladding (MW/ft-°F)

kCore thermal conductivity of water in core (Btu/ft-hr-°F)
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AN ADVANCED DIGITAL PWR PLANT 
PROTECTION SYSTEM BASED ON 
OPTIMAL ESTIMATION THEORY

INTRODUCTION

The accident at Three Mile Island has restimulated interest in the protection and control of nuclear 
power plants. An active area of research is the application of optimal estimation and control theories to the 
development of protection and control strategies for these plants. To date, the research and implementa­
tion indicate that on-line, digital, optimal estimation and prediction of plant variables and unmeasured 
parameters, coupled with optimal control algorithms, offer increased plant safety and efficiency over 
current, conventional controls.

Under a project sponsored by the Department of Energy, the preliminary design of an advanced plant 
protection system has been developed for the Loss-of-Fluid Test (LOFT) reactor plant, a 50-MW(t) test 
facility used to analyze both operational transients and loss-of-coolant accidents in pressurized water reac­
tors (shown schematically in Figure 1). The advanced plant protection system developed for LOFT incor­
porates a Kalman filter estimator to provide optimal estimates of unmeasurable variables, such as clad 
temperature and DNBR (departure from nucleate boiling ratio), which are critical to overall plant integ­
rity. This advanced protection system is described and evaluated in this report.

Need for an advanced plant protection system is discussed, and the equations involved in the Kalman 
filter estimator are presented. An important aspect of the Kalman filter design is that it be provided with a 
relatively low-order, accurate model of the dynamics of the system to which it is applied; such a model of 
the LOFT plant is described, as is the correlation used in the DNBR calculation. Finally, using several sets 
of simulated transient data, the performance of the advanced plant protection system is evaluated.

1
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THE ADVANCED PLANT PROTECTION SYSTEM

Many variables crucial to the protection of nuclear power plants cannot be measured directly. For exam­
ple, the primary purpose of a pressurized water reactor protection system is to prevent the melting of the 
nuclear fuel and its cladding under accident conditions. Unfortunately, the harsh environment of the 
nuclear core precludes direct, reliable measurement of the fuel and cladding temperatures with present 
instrumentation. Protection system performance must, therefore, rely on measurement of other variables 
external to the reactor core. A typical protection system may use neutron flux measurements in the shield 
tank surrounding the reactor; the temperature, pressure, and flow rate of the coolant in the primary loop; 
control rod position; and steam flow and steam generator water level in the secondary coolant loop. Con­
tinuous comparison of these measurement values to pre-established setpoints is used to determine the need 
for plant shutdown.

Because of these measurement constraints, an extensive simulation study is required as part of the pro­
tection system design to verify that the available measurements and associated trip setpoints are adequate 
to maintain the integrity of the plant. The simulation study involves developing a detailed mathematical 
model of the entire power plant, including the proposed protection system, programming the model on a 
computer, hypothesizing a set of accidents believed credible for the given plant design, and simulating the 
plant response under these accident conditions. The simulation results are then analyzed to determine 
whether or not the limiting values of any plant variable have been exceeded. If they have, the protection 
system design is modified and the accidents are resimulated. This process is repeated until a satisfactory, 
although probably not optimum, protection system design evolves. The entire process must then be 
repeated to account for potential changes in, or uncertainty in the knowledge of, plant parameter values, 
until some compromise in design is reached. Complex as this procedure is, it is further complicated by the 
fact that it is usually not possible, or even desirable, to simulate the full spectrum of credible accidents with 
a single computer code.

In practice, then, protection system design becomes an iterative process involving a set of postulated 
accidents the completeness of which depends on the skill and experience of the analyst, many mathematical 
plant models and computer codes, and a number of specialists from a variety of disciplines, including reac­
tor physics, thermal-hydraulics, instrumentation, and system analysis. This very complicated process is not 
only expensive but abounding with opportunities for serious errors and misunderstandings directly affect­
ing reactor safety. Clearly, some improvement in reactor protection system design methods is desirable.

The methods of optimal estimation theory offer a promising new approach to plant protection system 
design. The advanced plant protection system (PPS), shown in Figure 2, is conceptually quite straight­
forward. A Kalman filter is used to generate estimates of the current plant state vector, x, based on a set of 
available noisy, diverse measurements, y. The state vector would include such variables as fuel and clad­
ding temperature, and the values of related variables, such as DNBR (departure from nucleate boiling 
ratio) and LHGR (linear heat generation rate), can be readily obtained from the estimated state values. The 
state estimates and values of DNBR and LHGR are then directly compared with limiting setpoints, and 
appropriate control action is initiated to avoid violating these limits.

This approach offers a number of advantages over current methods. System modeling efforts will con­
centrate on the development of a suitable model for the estimator, which will lead to a more efficient and 
organized modeling effort and make model limitations and assumptions more clearly visible. Protective 
action will be based on a direct comparison of an optimal estimate of a critical variable with its limiting 
value, not on auxiliary variables whose limits were determined by a complicated analysis involving a 
myriad of simplifying, often conflicting, assumptions. Changing plant parameter values can be estimated 
on-line, and the effects of these changes can immediately be accounted for in the estimator.

Measurement diversity, an important element in protection system reliability, is inherent in the advanced 
system. Reactor plant safety will be independent of an analyst’s ability to postulate a complete set of 
potential reactor accidents. Finally, as seen in Figure 2, it would be relatively simple to add an optimal

3



Outputs State
estimates, x

Control 
Inputs, uInputs, u

Scram?

Optimal
controller

Plant
protection
system

Kalman
filter

LOFT plant

Setpoints

INEL-J-1138

Figure 2. Advanced LOFT plant protection system.



state feedback controller to this system since estimates of the full plant state vector are available. The 
generated optimal control, u°, could either be used as suggested control information for the plant operator 
or it could be used in a closed-loop fashion to provide a complete computer-based advanced plant 
protection and control system.
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KALMAN FILTER ESTIMATOR

As seen in Figure 2, the Kalman filter uses a model of the LOFT plant dynamics to generate optimal 
estimates of the plant states. It is essentially a least-squares estimator minimizing the error between the 
actual plant state and the state estimate. No effort is made here to derive the Kalman filter equations; 
several excellent textsl>2>3 provide such derivations. Instead, the equations are presented with a brief 
description of what each one does.

We assume the plant dynamics can be modeled as a linear, time-varying, discrete system of the form3

x(k+l) - <t>(k+l,k)x(k) + 0(k)if(k) + w(k) (1)

where x(k) is the plant state vector at time k, u(k) a deterministic control input, and w(k) a zero-mean, 
white disturbance vector. Also, <l>(k + l,k) is the state transition matrix from k to k + l, and 0(k) is the 
input system matrix. Although it is possible to derive a nonlinear form of the Kalman filter (extended 
Kalman filter), the faster time propagation of the linear formulation dictates the use of the linear Kalman 
filter in the advanced plant protection system. Also, the discrete filter is used instead of a continuous filter 
since it is anticipated that the advanced system will be implemented on a digital, rather than analog, 
computer.

Similarly, a model of the plant measurements is required. This must be a linear model of the form

y(k) = C( k)x(k) + D(k)u(k) + v(k) (2)

where v(k) is a zero-mean, white measurement noise, uncorrelated with the process noise w(k); and C(k) 
and D(k) are the required measurement system matrices. Plant model statistics required by the Kalman 
filter include the covariance of the two white noise processes w(k) and v(k), the initial estimate of the state 
vector x(O), and the variance of the estimate of x(O).

The basic information flow in the discrete Kalman filter is shown in Figure 3. At time k, a plant 
measurement y(k) is taken and used to update the current estimate of the plant state using

x(k|k) = x(k|k-l) + K(k) [y(k) - C(k)x(klk-1) - D(k)u(k)j (3)

where x(k|k-l) is the state estimate at k, based on measurements up to time k-1. The matrix K(k) is the 
Kalman gain, which simply weights the difference between the actual measurement y(k) and the filter 
estimate of y(k). K(k) is calculated using

K(k) = P(k|k-l)CT(k) [C(k)P(k|k-l)CT(k) + Rlk']"1 (4)

where R(k) is the covariance matrix of the measurement noise and P(k|k-1) is the covariance of the error in 
the estimate of the state prior to the measurement. The error covariance is updated using

P(k!k) = [I - K(k)C(k)] P(k|k-1). (5)

Prior to taking the next measurement at time k +1, both the state estimate and estimate error covariance 
are propagated ahead in time using the state dynamics equations

xfk+Ijk) = <i>(k+l,k)x(k I k) + e(k)u(k) (6)

a. All variables and other nomenclature are defined in the NOMENCLATURE section immediately following the CONTENTS.
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and

P(k+l|k) = $(k+l,k)P(k|k)<jT(k+l,k)+Q(k) (7)

where Q(k) is the covariance matrix for the process noise vector w(k).

Equations (3) through (7) are processed once for each measurement. In the advanced PPS, these equa­
tions are solved using routines from Reference 4. These optimal estimation routines, developed at the 
Idaho National Engineering Laboratory, incorporate the factorization methods of Bierman^ in perform­
ing the estimate updates defined by Equations (3), (4), and (5).



LOFT PLANT MODEL

The primary effort in Kalman filter design is the development of the linear, discrete plant dynamics 
description in the form of Equations (1) and (2). Unfortunately, the dynamics of a nuclear reactor and its 
supporting subsystems are highly nonlinear, and direct derivation of the model required by the Kalman 
filter is difficult. Thus, it is convenient to first derive a nonlinear plant model, numerically linearize it 
about some operating point, and then discretize the resulting linear model.

In this section, such a nonlinear model of the LOFT plant is described. The model consists of twenty- 
three first-order differential equations with all major subsystems of both the primary and secondary sides 
of the plant represented. Also described are the linearization and discretization processes involved in get­
ting the model in the form of Equations (1) and (2).

Nonlinear LOFT Model

The model derived here is based on a model developed in Reference 6, to which you are referred for 
specific simulation parameters and for details of the model validation using LOFT test data. The plant 
model is divided into eight subsystems (see Figure 1):

1. Reactor Kinetics

2. Core Thermal

3. Primary Loop

4. Pressurizer

5. Steam Generator

6. Air-Cooled Condenser

7. Condensate Receiver

8. Feedwater.

The modeling of each of these subsystems is now discussed in detail.

Reactor Kinetics. The reactor kinetics simulate the power generation within the nuclear fuel. The stan­
dard time-dependent point kinetics,^ based on neutron conservation, are used:

dP
dt 7 C(P - DP + 2 A,y.}

1 i = l 1
(8)

and

ar = fip - Vi- 1 = ^ N <9)

where N is the number of delayed neutron groups simulated. For the LOFT model, an algebraic approx­
imation to Equation (8) was made® by setting it equal to zero and solving for P, the core power level

9



N
Z Vi

i = 1 1P = —-------- . (10)
1 - p

This approximation implies that the power equation has much faster dynamics than the precursor equa­
tions. Two delayed neutron groups were used yielding two state equations:

dt f!P- Vi (11)

and

d'i'2

dt f2P- V2 (12)

Equations (10) through (12) constitute the reactor kinetics model yielding two state variables, and 
^2- The net reactivity, p, is made up of several components. First, reactivity due to control rod motion is 
input to the model upon scram initiation or can be input as a ramp function to simulate a slow rod 
withdrawal. Rod worth upon scram is based on rod calibration data and is calculated using the curve fit

prod

0, (t - ts)<td

a[t - (ts + td)]3, te>(t - ts)>td. 

a(te - td)3, (t - t5)>te

(13)

Reactivity due to fuel temperature, average core coolant density, and coolant boron concentration varia­
tions is calculated using constant coefficient multipliers

pf af(Tf ~ Tf0)

pm am^pm ~ pmo^

and

pb “b^ave ” 3aveo^

(14)

(15)

(16)

making the total net reactivity for use in Equation (10)

0 = prod + °f + + °b- (17)

The generation of decay heat in the core is calculated using the curve in Figure 4 (Reference 9). Constant 
decay power (6.73% of the initial power level) is assumed as long as a plant scram does not occur. Follow­
ing a scram, this decay heat fraction is reduced according to Figure 4. The decay heat summed with the 
power computed in Equation (10) yields the total core power Pj.

10
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Figure 4. ANS decay heat curve.

Core Thermal. The core thermal model accounts for transfer of heat generated within the fuel, through 
the fuel, the gas gap, and the cladding, to the core coolant. A single fuel node and a single cladding node 
separated by a variable width gas gap constitute the model shown in Figure 5. Performing a heat balance 
on the reactor fuel yields the state equation

dt (McJf ^PT + Ufc (Tc " Tf^ (18)

and a similar heat balance on the fuel cladding leads to

dt TTiycV Ufc[(Tf - V -
(19)

11
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(Note: The gap size is overexaggerated for clarity of notation.) 

Figures. Core thermal model.

These two equations make up the core thermal model.

The overall heat transfer coefficient, Ufc, is made up of the conductance of the fuel, gap, and clad 
metal:

(ir) + (f-) + (f-)
Kf q Kci

which individually are

Kf (1^) kf(Tf)

(20)
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and

(22)

where

(23)

and

K'cl (24)

The temperature-dependent conductivities, kf, kg, and kc, are obtained by curve fitting data from 
Reference 10. The (Af/lf) factor in Equation (21) is selected to yield a correct average fuel temperature at 
steady state. Finally, expansion of the fuel and cladding is modeled, hence the various radii are given by

where the expansion factors are calculated using relations from Reference 10.

The heat transferred to the core coolant, QCp, is defined in the primary loop model description below.

Primary Loop. The primary loop model covers the transport of the heat generated within the core into 
the loop. The loop is divided into five nodes, as shown in Figure 6. A heat balance on each of the nodes 
yields the following state equations:

(25)

(26)

and

(27)

CF

core (28)

dT
(29)
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Ulsgi = * 1oop ,T 
dt V., 'hot

T \ _ surge (T _ T ) 
sgi; v., surge sgi7 (30)

1
ImcT)P sg ^sg " ^sgout^ (31)

and

dT in -^(T - T. ).V sgo in (32)

Note that in the nodes without heat addition or removal, perfect fluid mixing is assumed. Note also that 
constant volumetric flow in the loop is assumed and that structural heating is ignored.

The heat flows to and from the core coolant are given by

^cp - Ucp<Tc ~ ^ave^

W ' fdhc PT fl

and

Q - o V c (T - T ).core Kcore core pcore ' out in'

(33)

(34)

(35)

The heat transfer coefficient, UCp, combines the fuel cladding conductance and the convective coefficient 
of the flowing coolant:

3600 1 (36)

^clad^clad

The convective coefficient, hcia(j, is found using the Dittus-Boelter correlation, * ^ or

0.023k (Re)*"*‘8 (Pr)^'^core' 'core' 'core
clad (37)

eqcor

and the clad conductance from the centerline to the outer surface is

2lTNrodLrod

cl

MTc>
(38)
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where

rc<1+^>-c
(39)

The clad surface area is given by

A ^7rroc^rod^rod
clad 12

and the equivalent core diameter is

4A Lrj core rod^.
eqc°r '

The core outlet temperature is by definition

T =: ? T — Tout ave in

(40)

(41)

(42)

Finally, the properties of the subcooled primary loop coolant, i.e., density, conductivity, specific heat, and 
viscosity, are all modeled as being temperature dependent, using data from Reference 12.

Similarly, for the core bypass, the heat flows are defined by

Qdhbp = fdhbp PT

and

Qh FL_Vn (Tl■‘bp Mbp bp loop pbp v bpo

where

TJ

2 T,. I4bpo bpa in

and for the steam generator:

n = u . (T* - T )wsg pn ' tsg sga'

(43)

(44)

(45)

(46)

and

^sgout

where

psgVloopcpsg ^Tsgo " ^sgi^ (47)

T = 2T — T sgo sga sgi* (48)
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The primary side heat transfer coefficient, Uprj, is described in the section covering the steam generator 
model.

The vessel outlet temperature T^ot used in Equation (30), is a flow-weighted average of the core and 
core bypass outlet temperatures:

t _ pout^ " ^bp^out + pbpo^bp^bpo ,jnx
'hot = + Pk ‘ (49)out bp' bpo bp

The flow and temperature due to pressurizer surge, Vsurge and Tsurge, are described with the pressurizer 
model.

Pressurizer. The pressurizer, which maintains pressure within the primary loop, is shown schematically 
in Figure 7. For this model, the steam and liquid in the pressurizer are assumed to be in a homogeneous, 
saturated mixture; and applying mass and energy balances to the mixture results in the following two 
equations:

Wrv

spray

Volume, 7p 
Fluid mass, M

Steam Enthalpy, hp 
Specific volume, V| 
Quality, Xp

Water

surge

Hot leg

+

INEL-A-13 491

Figure 7. Pressurizer schematic.
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dM
_J£
dt w + w - wsurge spray r (50)

and

dh V dP
M —--P- = -2- P + nnp dt J dt qhtr + ^surge ^surge " ^p^

+ ^spray ^spray ~ ^p^ " ^rv ^g ^p^ (51)

The desired state variables for the pressurizer are Pp, the pressure, and Xp, the mixture quality. We 
obtain equations in this form by first noting

(52)

and hence Equation (50) becomes 

2dv v
- P- =___ EL (u + w - W ).dt V v surge spray rv (53)

The mixture properties Vp and hp are defined by

v.
P

and

vf + Xp (vg - vf> (54)

hp = hf + Xp (hg - M (55)

which when differentiated yield

dt 9Xp dt
9v„ dP„ 
_B. _R 
9Pp dt (56)

and

dh„ 3h dXn 
= _P. „ _L 

dt 3X dt
3 h dPn
__e. _r
)Pp dt (57)

where note

axp
(58)
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(59)!!e = ^+x9Pn dP p \ dP dP 
P P \ P P /

3Xp
(60)

and

ah dh.
P = _ _ 1 + x__ -apn dP pVdP,, dPP P \ P P

(61)

Now, by substituting Equations (51) and (53) into (56) and (57), we can solve simultaneously for dXp/dt 
and dPp/dt, the desired state equations. This manipulation yields

dX v ,
-r—H = —P— | v (Wdt FpE )VplW:

/ ah v^\ av
+ W - W ) ( P- - —P- \ + -- P p'"surge spray nr yaP J J aPp ^htr +

^surge^surge ” ^p^ + ^spray^spray ” ^p^ " ^rv^g "pu]} (62)

and

dP„ -v„ / ah
= _P_ / v —P- (w 

dt 7pE Vp aXp lw
a v

+ w - w ) + —P-surge spray rv' ax ^htr +

^surge^surge " + ^spray^spray " ~ ^rv^g ,>]} (63)

where

2.
av ah av /ah v

P __P._ _ _ R /_ _ R _ _R
aP„ axn axn \apn J

P P P \ P
(64)

In the LOFT model, saturation enthalpies and specific volumes are represented as polynomial functions of 
Pp; hence all of the partial derivatives in Equations (58) through (61) are evaluated exactly.

The surge flow, WSUi.ge, is taken to be the negative of the instantaneous change in the mass of the fluid in 
the primary loop. That is, an increase in primary loop mass is assumed to be due to an outsurge (Wsurge < O) 
from the pressurizer, while a decrease in mass results in a pressurizer insurge (Wsurge > O). The mass of fluid 
in the loop at any time is

M, = p V + Pl.7, + p,-,7., + p 7 + p ,7 , (65)loop core core bp bp hi hi sg sgp cl cl v '

The subcooled densities in Equation (65) are assumed to be functions of temperature only; hence, the surge 
flow can be expressed as
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wsurge
dMloop_ ) dp core dTave ' + 7, bp

"dpbP dTbpal
dt J "core dTave dt LdTbPa dt

rdphl dTsqi"
7hl dTsgi dt

dpcl dTin' j
7cl [dTin dt J l

+ vsgp
sga

sga

(66)

with the temperature derivatives being available from the primary loop thermal model. The enthalpy of the 
surge flow is assumed to be equal to the saturated enthalpy of the liquid within the pressurizer. The 
volumetric surge flow and surge temperature (used in the primary loop model) are given by

V surge

^surgevf’ 
0

^surge^phl

W <surge
Wsurge

W’ surge

0

0

> 0

and

Tsurge
^Ipzr’ ^surge < ^ 

^sgi’ Wsurge > 0

(67)

(68)

The pressurizer spray, tapped off from the cold leg, is used to prevent an overpressurization of the 
primary loop. The control logic for this flow is shown in Figure 8. The spray enthalpy is the enthalpy of the 
subcooled water in the cold leg:

h = hspray ncl ' (69)

Two sets of relief valves are modeled, the power-operated relief valve and the safety reliefs. The logic 
controlling these valves is shown in Figure 9. The relief flow is assumed to be saturated steam at pressure 
Pp; hence, the relief flow enthalpy is hg, the steam saturation enthalpy. Two banks of heaters, cycling and 
backup, are incorporated in the pressurizer model, and their setpoints are displayed in Figure 10.

The pressure in the primary loop is calculated based on the simple equation

P, = P + K IV |V (70)loop p surge1 surge1 surge

and the liquid level in the pressurizer can be shown to equal

V1-

v
X ) -£ v 

P Vn f * (71)

Steam Generator. The LOFT steam generator is a vertical, U-tube, recirculation type similar to those 
used in most PWR plants. The model used to describe the transfer of heat from the primary loop to the 
secondary fluid is sketched in Figure 11. It is seen that heat from the primary fluid is transferred through
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Figure 10. Pressurizer heater logic.

the U-tubes to the water in the shroud drum region. Generated steam then flows through the riser section 
into the dome region. In the dome are centrifugal steam separators not shown in Figure 11; dry steam 
(Wstm) passes from the dome out of the steam generator to the air-cooled condenser, while separated 
liquid (Wr) is recirculated to the downcomer region where it combines with the feedwater flow (Wfw) to 
return to the shroud. The first state equation for the steam generator model results from a heat balance on 
the steam generator tubes:

dT. „ ,
ts9 _ ]■_____  (_n _ n

dt (Mcp)tsg Wstm
(72)

Note that QSg is normally a negative quantity.

The remaining state equations result from heat and mass balances on the various fluid regions in the 
steam generator. For this model, two distinct regions are considered, one being the water in the 
downcomer region and the other being the water and steam in the dome and shroud, which will be referred 
to collectively as the secondary fluid. We consider this secondary fluid first. The liquid and steam in the 
shroud and dome are considered to be in a homogeneous, saturated mixture. A mass and energy balance 
on this mixture yields

dM
SOS
dt stm - W sgrv (73)
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and

sgs dt
v dP

+ W “d'VV - wr<hf-hsg>

<“stm+Wsgrv><hg-hsg>- (74)

Using manipulations identical to those explained in the pressurizer model description, Equations (73) 
and (74) can be cast in a form with Psg, the steam generator pressure, and Xsg, the shroud and dome fluid 
quality, as state variables, or

v rsgs 'sg wf (WWVv’

8V
+ Ostm + wd(hd-hsg> - Wr<Vhsg> -<Wstm+Wsgrv>(hg-hsg> (75)

and

dX. v ( /8h v
—sg... v (w.-W -w -W ) ( —- -53.
Fsgsr 1 Vsg ^ d r WsttT1 Ws9rv \3Psg J /

st Os bn + VW - Wr(hf-hsg> ‘ (fclstra+Wsgrv»,’g-,’sg) (76)

where

!!ia !!!sa . !!ii (!l!ia.
3Psg 3Xsg 3Xsg l3Psg J ,

(77)

The mixture properties vsg and hsg are defined by

sg

and

Vj, + X (v - Vj,)f sg g (78)

hsg = hf + Xsg (hg - ''f5 (79)

For this model, the saturation properties are expressed as polynomial functions of Psg, using 
Reference 12. Thus, the partial derivatives in Equations (75) through (76) can be exactly evaluated.

The heat from the primary side, Qsg, is defined by

^sg Upri ^tsg " Tsga^ (80)
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where Uprj is a combination of the convective properties of the primary loop coolant and the conductance 
of the steam generator tubes:

3600 }'

The various components of the Uprj are computed using

0.023ksq(Re)°^(Pr)
Deqpn

0.4
pri

eqpri ditsq
12

and

tsq tsq

In dcltsq
d.,_ itsg _

^tsg^tsg '̂

The tube conductivity is obtained using results from Reference 13.

The heat transferred from the tubes to the secondary coolant is described by Qstm:

^stm - ^sec^tsg ~

where

(81)

(82)

(83)

(84)

(85)

The secondary convective coefficient, hsec, is assumed constant in this model, as is Asec. The tube 
conductance here is given by

tsg tsq

In dotsq
dcltsg

ktsg(Ttsg)' (87)

The steam temperature Tstm, is calculated as a function of PSg only.

The mass and specific heat of the steam generator tubes are calculated using material properties from 
Reference 13.
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The steam flow out of the steam generator, Wstm, is described by

) [PAP]% (88)

where

P = %(P + P )2V sg cr' (89)

and

(90)

The loss coefficient, Cvmscv, is determined by the stem position of the main steam control valve, Xmscv. 
Under normal conditions, the main steam control valve (MSCV) is manipulated by manual control. In the 
LOFT model, any motion of the MSCV is defined by the equation

where Xmscvcj is the desired steam valve position. Steam valve throttling (i.e., constant speed motion) will 
automatically occur under two sets of conditions. The first is for overpressurization protection; if the 
steam generator pressure exceeds a preset value, the valve will begin to open (Xmscv(j is ramped) until 
pressure returns to an acceptable range. Similarly, if the steam pressure falls below a certain point, coinci­
dent with a plant scram, the valve will close at a constant rate until pressure is back within a predetermined 
control band. This MSCV throttling logic is shown in Figure 12.

Two relief valves are installed on the LOFT steam generator; their control logic is displayed in Figure 13. 
The relief flow is normally all steam, hence the assumption of saturation enthalpy for this flow. The 
calculation of the feedwater properties, Wfw and hfw, is covered in the subsection, Feedwater, p.35.

The water level within the downcomer is controlled using the classic three-element controller sketched in 
Figure 14, yielding another state equation:

dX.mscv
dt mscv (91)

d*
(92)

where the demanded valve stem position is given by

1 2 S ‘ (93)

The change in downcomer fluid mass is described by

dM
(94)

and the change in the enthalpy of the downcomer water is found using
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Figure 12. Main steam control valve throttling logic.

Mdc TT = Vhf-hdc> + “fw<hfw-hdc> - “d(hd-hdc>- (95)

Note that the enthalpy associated with the downcomer flow, hj, depends on the direction of flow:

hdc- "d > 0 

hsg- Wd ' 0

(96)

Computation of the internal flows Wr and Wj is a complicated process based primarily on empirical 
data. The recirculation flow is assumed to be related to the steam flow by

d-Viser’W = -------— £SL Wr X - stmriser
(97)
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Figure 13. Steam generator relief valve logic.

The riser quality is assumed to be linearly related to the shroud quality:

X - = aX . ,riser shd (98)

where

a - 2.8523 + 2J974 . (99)

Shroud quality is found using the following mass balance equations:

"dc = Mdchf (100)

Ksgs " 7sg ' ^dc (101)
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Figure 14. Steam generator water level controller.

^dome ^sgs ~ 7shd^vg

a = sgs _ M 
shd v„ dome

shd
'shd Mshd

and

(vshd - vf>
shd (v - vf)

(102)

(103)

(104)

(105)

The downcomer flow, Wj, depends on the difference in driving heads in the downcomer and shroud. 
From a momentum balance, we obtain the relation
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(Lsg/vf) - (LriSer/vriser) ~ tLdrum/vdrum) ' 1'3632 (vfWr+vgWstm)
38.0644v^2

21 h

(106)

where

4.8098 ^dc, 7dc < 19.41 ft3 

sg 0.9241 7dc+75.43, 7dc >. 19.41 ft3

vri ser vf + Viser^vg - vf^

and

'V - V
- shd riser______

arum M , . - {v~ /v . J‘ shd v riser riser

(107)

(108)

(109)

So, Equations (72), (75), (76), (91), (92), (94), and (95) are the seven state equations that constitute the 
steam generator secondary model.

Air-Cooled Condenser. The steam from the steam generator flows into the tubes of the air-cooled con­
denser, which is cooled by six variable-pitch fans. The air-cooled condenser model, shown in Figure 15, is 
a simplified version of the model described in Reference 15. A single state equation based on a heat 
balance on the finned condenser tubes is used to describe the condensation process:

^tube
dt

LtNt
3600(MCp)tude (gcond " gair^ • (HO)

The fluid within the condenser is assumed to be at uniform saturation pressure Pcr, the condensate receiver 
pressure; i.e., any pressure drop from the condenser to the receiver is neglected.

The heat given off by the condensing fluid is defined by

*cond
^cond ~ ^tube^ 

^int
(111)

The internal tube resistance, Rint, is based on an empirical correlation developed in Reference 15. The 
expression used in the model for Rjnt is

Rint Rfi1m + Rwall (112)
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where

film ^inC5-261 ''(Tcond)
(113)

and Rwan is a constant tube wall heat resistance. The temperature Tconcj is the saturation temperature 
corresponding to Pcr, and vg is the corresponding saturation specific volume of steam.

The heat removed by the six fans is expressed by

Hai r
^tube Tair^ 

Rfin
(114)

where Rfjn is an empirical heat transfer correlation also presented in Reference 15. Rfjn is evaluated using 
the following expressions:

f1n hfin(ncflf + Ao»

where

JHka m
'fin

jH = exp [0.731(Re)a - 2.4515]

D p V eq a a
9 Aa fan 

144 Pair

53-3 (Tair + 460)

(115)

(116)

(117)

(118)

(119)

and

0.99555 - 0.86555F. + 0.536F. 2n n (120)

0.018275 hfin . (121)

In the above expressions, all air properties are found as functions of the average air temperature, Tajj., 
using data from Reference 11. The fan volumetric air flow Va, which depends on the fan blade pitch angle, 
is determined from information in Reference 16.

The liquid flow out of the condenser into the condensate receiver is given by
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(122)/^cond
lout 3600

and hence any steam flow out is

y = W — Wsout stm wlout- (123)

Note, to evaluate Equation (122), qcond> which is dependent on Wiout, is needed. Thus, in the model. 
Equations (111) and (122) are solved simultaneously, iterating on Wiout until satisfactory convergence is 
obtained. Finally, the average air temperature surrounding the condenser tubes is found by performing a 
heat balance on the air, i.e.,

2pXc

^air L.Na_a_M (T - T )tN^ 'air amtr

Substituting (114) into (124) and solving for Tajr yields

air
^tube + 9'*'amb^

1 + e

(124)

(125)

where

2RfinpaVacpa
LtNt

(126)

Solving Equation (125) for Tajr involves an iterative solution since 6 is dependent on Tajr.

Condensate Receiver. The condensate receiver is simply a large tank used to collect the fluid from the 
condenser and supply feedwater to the steam generator. The condensate receiver model used here, sketched 
in Figure 16, is quite similar to the models previously described for the pressurizer and the steam generator 
secondary fluid. The steam and water are assumed to be a homogeneous, saturated mixture at pressure 
Pcr. By performing a mass and energy balance on this mixture and using as state variables Pcr and Xcr, the 
mixture quality, we obtain the two state equations

<VVWfw-Wrcr> [Wi(hf-hcr)

+ “s(hg-hcr>-“fw(hf-hcr>-Wrcr(Vhcr”i

and

dP_, v t 3h 9v
___________— (W +W -W -W ) + ——
V 4> cr 9X „ lwl ws "fw rcr; dX

[W-| (hf-hcr)

^5(69-6^) ■ - W^h^)]

(127)

(128)
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Figure 16. Condensate receiver model.

where

3v ah 9v /ah v cr cr cr / cr cr
9P 9X cr cr 9X. cr

(129)

The mixture properties in these equations are defined as

vcr ' vf + Xcr <vg ‘ vf> (130)

and

h = h.p + X ^ (h - h^) cr f cr v q (131)

and all saturation properties are functions of the condensate receiver pressure, Pcr. Water level in the 
receiver is given by the empirical relation

L = 0.1167 cr
V v,(l-X ) cr fv cr7 + 50.0 (132)
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The liquid flow and steam flow into the receiver, Wj and Ws, respectively, are defined in the subsection 
“Air-Cooled Condenser,” p.30, and the feedwater flow, Wfw, will be presented in the following subsec­
tion, “Feedwater.” Note that all flows entering and leaving the condensate receiver are assumed to be at 
saturation.

The condensate receiver has a single safety relief valve to prevent a system overpressurization. The open­
ing and closing logic for this valve is sketched in Figure 17.

The receiver pressure is automatically controlled by varying the blade pitch of the fans used to cool the 
air-cooled condenser. The control system used to adjust the blade pitch is shown in Figure 18. This control 
system adds one state to the LOFT model, namely Pf:

TT " {KAl<IPKPOS^l<PXXmscv + KPA (Pcr " Pcrsp^ " Pf}- (133)

Note that Pf is physically limited to a maximum value of 22 degrees.

Equations (127), (128), and (133) constitute the state equations for the condensate receiver.

Feedwater. Prior to entering the steam generator, the temperature of the feed flow from the condensate 
receiver is decreased in the subcooler. For this model (Figure 19), a constant amount of feedwater 
subcooling is assumed:
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Figure 17. Condensate receiver relief valve logic.
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Figure 19. Feedwater system model.

Tfw ^cond ATfw (134)

where Tcon(i is still the saturation temperature based on Pcr. A value of ATfw = 10°F is usually used. The 
feedwater enthalpy is then calculated based on Tfw, using subcooled data from Reference 12.

The feedwater flow rate is dependent on the feedwater valve position:

Wfw = Cvfwv^Xfwv^pfwAPfw^2 (135)

where the characteristic Cvfwv is obtained from the valve specifications. The pressure drop across the feed 
valve is defined by

4Pfw 2 <Pcr + hfwp> - V (136)

A constant pump head, hfwp, is assumed. The feedwater density is modeled as being temperature- 
dependent, again using Reference 12.

Sensor Dynamics. Any measurement device has certain dynamics associated with it, e.g., time con­
stants, natural frequencies, and damping ratios. In this model, first-order sensor dynamics are assumed; 
hence, a measurement is characterized by a single time constant, as shown in Figure 20. Furthermore, the 
only measurement with a significant time constant (i.e., greater than 0.5 seconds) is the measurement of 
hot leg temperature. So one final state equation in the LOFT model is

Actual 1 Measured
variable, Xa TS + 1 ^ variable,

Measurement
sensor
dynamics

Xm = {irn) Xa
INEL-A-13 505

Figure 20. Sensor model.
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him
dt

1 (137)(Thla ^hlm^

where

^hla _ 2 ^hot + ^sgi ^ ‘

Model Linearization and Discretization

(138)

As mentioned, to get the plant model in the form required by the Kalman filter, the continuous 
nonlinear LOFT model must first be linearized about some nominal operating point, then discretized. In 
functional form, the LOFT model differential equations of the subsection “Nonlinear LOFT Model,” p.9, 
can be written as

f(x,u) (139)

g(x,u) (140)

where x is the vector of system state variables, u a vector of system inputs, and y a vector of available out­
puts. Equations in this form can be linearized by expanding each equation in a Taylor series about some 
steady-state operating point (x,u) and neglecting terms higher than first-order to yield

(x - x) = A(x - x) + B(u - u)

(y - y) = C(x - x) + D(u - u) 

where

x = f(x,u) 

y = g(x,u)

and the system matrices A, B, C, and D are defined by 

9f
x=x 

u=u

B 9U

C =
L 9X

x=x

u=u

x=x

u=u

(141)

(142)

(143)

(144)

(145)

(146)

(147)
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and

is.
du (148)x=x ' 

u=u

The difficult part in obtaining linear equations in the form of (141) and (142) is in determining the 
matrices A, B, C, and D. One obvious method would be to analytically find the required partial derivatives 
of each nonlinear state equation and evaluate the matrices directly. For the highly nonlinear LOFT model 
developed, this would be quite a laborious task. The approach taken here was to simply approximate each 
derivative by a first-order gradient. For example, the derivative of the ith state equation with respect to the 
jth state variable is expressed as

ij
3fi lfi x=x; x.=x.+Ax.> - <f. 

u=u J J > 1
x=x; x• -x.-ax.> 
u=u J J JJ

3X .
J

1

1 x
 
1

IIX

2 Ax.u=u J

(149)

So, to numerically evaluate this term, we perturb state xj by an amount Axj and evaluate fj, then perturb xj 
by -Axj and evaluate fj, subtract the two values, and divide by twice the perturbation. Similarly, other 
matrix elements are approximated by

ik

cij

and

3fi
x=x i -
u=u; U|^=u^+AlI|^ * \ 1

x=x _ l
u=u; uk=uk-Auk^

3Uj X=X^ “
u=u 24uk

9g.j l31
x=x; x.=x.+Ax.i - •jgi 
u=u J J J; v

x=x; x,=x,-Ax,> 
u=u J J J

x=x^
u=u 2ax .

I9'- X=K _ } - |9i
u=u; uk=uk+Auk; 1

x=x i
u=u; uk=uk+Auk!

9U • x=x.
u=u 24uk

(150)

(151)

(152)

So, by sequentially perturbing each state and then each input, we can obtain the elements of A, B, C, and 
D, using Equations (145) through (152) in a simple straightforward manner and hence develop a linear 
system model in the form of Equations (141) and (142).

Once the continuous linear model has been derived, the discrete form of the model is found using 
standard discretization techniques,!^ to be

x[(k+l)T] - x 4>(T)Cx(kI) - x] + e(T)[u(kT) - u] (153)
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(154)

where 4>(T) is the system state transition matrix and 0(T) the discrete system input matrix, both dependent 
on the sample time step T.

AT A^T^
*(T) = e - I + AT + ^2]— + • • • (155)

0(T) = (/T $(T-t )dx )B . (156)
o

Equations (153) and (154) are the form required by the Kalman filter. Note that the matrices 4>, 0, C, and 
D are shift-invariant for a fixed operating point (x,u) and fixed time step T.

Obviously, the values of 4>, 0, C, and D are dependent on the choice of operating point and time step, 
and no attempt is made here to present numerical values for these matrices. In the advanced PPS, com­
puter routines from Reference 4 perform the discretization, using a sample time step of one second. The 
state vector x used for the linear LOFT model is given in Table 1. Six inputs (Table 2) and 17 outputs 
(Table 3) were selected to describe the linear plant dynamics. Note that with 23 states, 6 inputs, and 
17 measurements, the linear system vectors and matrices are of the following dimensions: x (23 x 1), 
u (6 x 1), y (17 x 1), $ (23 x 23), 0 (23 x 6), C (17 x 23), and D (17 x 6).

The values of P (23 x 23), Q (23 x 23), and R (17 x 17), the different covariance matrices required by the
Kalman filter, were determined based on studies of the noise characteristics of the LOFT process variables 
and instrumentation.

Table 1. Linear LOFT model state vector

y(kT) - y = C [x(kT) - x] + D[u(kT) - u]

Element 
Number, i

1

2

3

4

5

6

7

8 

9

10

__________ State Variable Description, x;_______

First precursor group concentration (MW-sec) 

Second precursor group concentration (MW-sec) 

Average fuel temperature (°F)

Average clad temperature (°F)

Average core coolant temperature (°F)

Average bypass coolant temperature (°F)

Steam generator primary inlet temperature (°F) 

Steam generator primary average temperature (°F) 

Reactor vessel inlet temperature (°F)

Pressurizer quality



Table 1. (continued)

Element
Number, i State Variable Description, Xj

11 Pressurizer pressure (psia)

12 Steam generator tube temperature (°F)

13 Steam generator secondary pressure (psia)

14 Steam generator secondary quality

15 Condenser tube bank temperature (°F)

16 Fan blade pitch angle (degrees)

17 Condensate receiver quality

18 Condensate receiver pressure (psia)

19 Feedwater valve position

20 Main steam control valve position

21 Steam generator downcomer fluid mass (Ibm)

22 Steam generator downcomer fluid enthalpy (Btu/lbm)

23 Measured hot leg temperature (°F)

Table 2. Linear LOFT model input vector

Element 
Number, j Input Description, Uj

1 Control rod reactivity ($)

2 Volumetric primary loop flow (ftVsec)

3 Demanded main steam valve position

4 Demanded feedwater valve position

5 Demanded condenser fan blade pitch (°)

6 Average core coolant boron concentration (ppm)
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Table 3. Linear LOFT model output vector

Element 
Number, k Output Description,

1 Reactor power (MW)

2 Control rod reactivity ($)

3 Primary loop flow (Ibm/hr)

4 Primary loop pressure (psia)

5 Hot leg temperature (°F)

6 Pressurizer pressure (psia)

7 Pressurizer level (inches)

8 Steam generator pressure (psia)

9 Condensate receiver pressure (psia)

10 Fan blade pitch angle (degrees)

11 Secondary steam flow (Ibm/sec)

12 Main steam valve position

13 Feedwater flow (Ibm/sec)

14 Feedwater valve position

15 Steam generator water level (inches)

16 Condensate receiver water level (inches)

17 Average core coolant boron concentration (ppm)
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THE DNBR AND LHGR CALCULATION

Examining the LOFT model state vector in Table 1, it is noted that using the Kalman filter we now have 
the capability to make optimal estimates of many variables directly related to the integrity of the plant. Of 
particular interest are the fuel and cladding temperatures that provide a clear indication of the status of the 
core fuel rods. Two parameters that are used in commercial PWR operation as indicators of fuel rod status 
are the minimum DNBR (departure from nucleate boiling ratio) and the maximum LHGR (linear heat 
generation rate). In this section, methods for computing DNBR and LHGR for the LOFT plant are 
developed, using the optimal state vector estimate. It is felt that using these optimal estimates of DNBR 
and LHGR, in conjunction with fuel and clad temperature estimates, will result in more useful information 
regarding fuel integrity than is presently available.

The minimum DNBR is defined as the critical heat flux computed as a function of distance along the 
hottest fuel channel divided by the actual surface heat flux at the same position along this channel^:

DNBR = . (157)
^hot

In this model, the maximum heat flux at the hot channel is computed using the expression for total heat 
flow through the clad, QCp, given by Equation (33), the clad surface area, and an appropriate peaking 
factor:

%ot
36°^cp

TPeak \lad
(158)

where recall

Q = U (I - I ) . (33)xp cpv c ave7

To compute QCp and Aciaci, we use the estimated states from the Kalman filter; hence we can rewrite (158) 
and (33) as

3600 Q
6 = cp
qhot Ypeak s

rtclad

- Tave)

(159)

(160)

where the carets denote optimally estimated values. A peaking factor of Tpeak. 
using sensitivity study results from an elaborate core thermal-hydraulics codeT"

2.939 was developed

The critical heat flux is computed using a data correlation described in detail in Reference 20. This 
correlation is

qdnb = 0.11585 6 + 800 P)oop - 0.27442 pf00p - 1.4383 G Xlocal

+ 0-000256 G Ploop Xlocal (161)
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where

G = core mass flux (Ibm/hr-ft^) 

ploop = primary loop pressure (psia)

Xiocal = local equilibrium fluid quality.

Again, using the optimal state vector estimates, we can evaluate Equation (161). The mass flux estimate, 
G, is

loop (1 - F.J
(162)

core

and Pi00p is found using Equation (70). The local equilibrium quality Xiocai depends on the total heat 
transfer to the core coolant at the hot channel and is computed using

local
hlocal " hf

fig ' hf
(163)

where

’local Ylocal
* ¥dhcn> 3600

“loop d-Fbp)
(164)

and hf and h„ are saturation enthalpies based on Ploop- The local peaking factor used is Tiocal = 1-112. 
Thus, using Equation (162), (163), and Ploop *n (161) will yield qdnb> which when used with (157) will 
give us an optimal estimate of DNBR.

The maximum value of LHGR (units of kW/ft) is then found using the estimate of hot channel heat flux 
Qhot1

maximum LHGR 1000 qhotAclad 

3600 NrodLrodfi
(165)

These estimates of DNBR and LHGR, along with the estimated values of fuel and cladding temperatures, 
will be the primary outputs of the advanced LOFT plant protection system.
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SIMULATION RESULTS

To study the performance of the advanced PPS, the Kalman filter estimator algorithms with the linear 
LOFT model were implemented on a CYBER-176 computer system. Simulated plant transient data were 
obtained using the nonlinear LOFT model described in the section “LOFT PLANT MODEL.” The results 
of three such transient studies are presented here. In these transients, no scrams based on estimates from 
the advanced plant protection system were implemented. The development of appropriate scram logics 
would be valuable to the future of the advanced PPS project.

The first transient considered was a simulated rod withdrawal accident where reactivity was increased at 
a rate of $0.005/second for 10 seconds. The response of the estimator during this transient is compared to 
the simulated measurements in Figures 21 through 28. An uncontrolled rod withdrawal when the reactor is 
operating could be caused by an equipment failure in the rod control system. This type of accident would 
cause an increase in reactor power, pressure, and temperature that normally would be detected and ter­
minated by the operator. If, however, the operator fails to take action, the PPS should initiate a reactor 
scram before excess fuel temperatures or DNB is attained. In this simulation, and the others described 
here, it was assumed that the LOFT plant was initially at full power conditions [50 MW(t)].

Figures 21 and 22 show the power increase resulting from the withdrawn rod and the accompanying 
increase in primary coolant temperature. The estimator is seen to follow the plant measurements quite 
well. Figu ough 28 show the response of the rest of the plant to the transient. The increased
primary fluid temperature results in an insurge into the pressurizer, yielding an increase in pressure and 
water level. The higher primary temperatures cause higher secondary temperatures, increasing the secon­
dary pressure and flows slightly. Figures 29 through 32 display the corresponding estimates of fuel and

ooo Measured value 

--------- Estimated value

TIME CSECOMDS3

Figure 21. Rod withdrawal accident, core power response.
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Figure 22. Rod withdrawal accident, hot leg temperature response.
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Figure 23. Rod withdrawal accident, pressurizer pressure response.
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Figure 24. Rod withdrawal accident, pressurizer level response.

Measured value 
Estimated value

TIME CSECOMDB3

Figure 25. Rod withdrawal accident, secondary pressure response.
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Figure 26. Rod withdrawal accident, steam generator level response.
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Figure 27. Rod withdrawal accident, steam flow response.
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Figure 28. Rod withdrawal accident, feed flow response.
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Figure 29. Rod withdrawal accident, fuel temperature estimate.
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Figure 30. Rod withdrawal accident, clad temperature estimate.
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Figure 31. Rod withdrawal accident, minimum DNBR estimate.
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Figure 32. Rod withdrawal accident, maximum LHGR estimate.

*

cladding temperatures, DNBR, and LHGR. Obviously, the fuel and clad temperatures increase due to the 
increased power production. This increased power increases the heat flux through the clad and hence 
LHGR rises, resulting in a corresponding decrease in DNBR.

Under the existing LOFT plant protection systm design, a scram would have occurred when reactor 
power exceeded 52.5 MW. Perhaps with the advanced plant protection system, a scram could be avoided if 
the estimates of fuel and clad temperatures, DNBR, and LHGR remain within accepted limits. Again, 
what these limits should be was never decided. The important point to make is that scram decisions in the 
advanced PPS would be made on optimal estimates directly related to reactor integrity, whereas the 
existing protection system relies on noisy measurements of auxiliary variables.

The response of the advanced PPS to two other transients is presented here with a minimum of discus­
sion. Figures 33 through 40 show the response to a simulated 40 percent reduction in the LOFT plant 
primary loop flow in 10 seconds. Such a reduction would occur if one of the two primary coolant pumps 
was lost due to some failure. The estimator is seen to track the plant response excellently. The correspon­
ding estimates of fuel and clad temperatures, DNBR, and LHGR are displayed in Figures 41 through 44.

The final transient presented is a ten percent increase in the stem position of the main steam control 
valve (MSCV) in the secondary side of the LOFT plant. An inadvertent opening of the MSCV causes a 
power mismatch between the reactor core power and the steam generator load demand. Unless terminated 
by manual or automatic action, system overpower will result, which could lead to DNB in the core. 
Figures 45 through 56 show that this valve opening has a fairly severe effect on the plant, increasing reac­
tor power to 58 MW and increasing fuel temperature by over 150°F. Still, the linear estimator follows the 
plant response excellently throughout the transient, though the plant has moved away from the operating 
point upon which the estimator model is based.
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Figure 33. Primary flow reduction, core power response.

Measured value 
Estimated value

TIME CSECOMDS3

Figure 34. Primary flow reduction, hot leg temperature response.
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Figure 36. Primary flow reduction, pressurizer level response.
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Figure 38. Primary flow reduction, steam generator level response.
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Figure 39. Primary flow reduction, steam flow response.
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Figure 40. Primary flow reduction, feed flow response.
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Figure 41. Primary flow reduction, fuel temperature estimate.
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Figure 42. Primary flow reduction, clad temperature estimate.
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Figure 44. Primary flow reduction, maximum LHGR estimate.
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Figure 46. MSCV opening, hot leg temperature response.
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Figure 47. MSCV opening, pressurizer pressure response.
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Figure 48. MSCV opening, pressurizer level response.
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Figure 50. MSCV opening, steam generator level response.
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Figure 51. MSCV opening, steam flow response.
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Figure 52. MSCV opening feed flow response.
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Figure 53. MSCV opening, fuel temperature estimate.
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Figure 54. MSCV opening, clad temperature estimate.
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Figure 56. MSCV opening, maximum LHGR estimate.
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CONCLUSIONS

The potential capabilities of the advanced system have been demonstrated. And though the simulation 
studies in the “SIMULATION RESULTS” section were performed using a large mainframe computer, 
preliminary work using a PDF 11/55 minicomputer showed that the advanced PPS worked equally well in 
a real-time environment. Implementing the advanced PPS on a small computer has the advantage of 
transportability, i.e., once the system is proved in simulation studies, it could easily be moved to the plant 
for testing there.

Other than checking for scrams, several other capabilities were to be added to the advanced plant protec­
tion system. These included allowing on-line trend predictions based on the current estimated plant state, 
the ability to run the LOFT model in the Kalman filter faster than real-time to allow operator inquiries 
regarding the consequences of proposed control actions, and the implementation of an optimal feedback 
controller.

The successful application of optimal estimation theory to the advanced LOFT plant protection system 
provided impetus to several projects currently underway or that have been completed at the Idaho National 
Engineering Laboratory. A companion project^ demonstrated that the optimal control of a U-tube steam 
generator was far superior to the conventional three-element controller, particularly at low power levels. 
The use of Kalman filtering in detecting and identifying failures in pressurizer instrumentation^’^ ancj jn

A 11V UOV VA1 1111VC11 A AT AX 111AAAAVAO 111 CAX1V CAllWU piCAlll XllClglll/3 L1V3 OJ'dlVllld C111A1 lllX USCS Of Kalman filtering In
identifying plant models^ are also being studied.

areas of current research.
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