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ABSTRACT

Advanced technology for high-speed interactive nuclear power plant simu-
lations is of great value for timely resolution of safety issues, for plant
monitoring, and for computer-aided emergency responses to an accident. Pre-
sented is the methodology employed at BNL to develop a BWR plant analyzer
capable of simulating severe plant transients at much faster than real-time
process speeds.

Five modeling principles are established and a criterion is given for
selecting numerical procedures and efficient computers to achieve the very
high simulation speeds.

Typical results are shown to demonstrate the modeling fidelity of the
BWR plant analyzer.

I. INTRODUCTION

Nuclear power plant simulations for the purpose of safety analyses are
currently being carried out with large systems codes (e.g., TRAC* and
RELAP-5^), executed on large mainframe, general-purpose computers. Such
simulations are costly and time-consuming.

Operators of nuclear power plants monitor plant performance and respond
to emergencies by following documented procedures. These procedures are be-
coming increasingly more complex due to increased emphasis on reactor safety
and plant performance. Thus, an operator will always face the challenge of
having to synthesize a response to the unexpected events. In such situa-
tions, the operator should be assisted by a computer. Process computers are
present in most nuclear power plants to help the operator monitor the plant
performance. However, there isn't any computer-based plant analyzer in any
existing nuclear power plant which could assist the operator to diagnose
failures in instruments, components and systems, and to predict quickly and
realistically the plant responses to several remedial operator actions after
an accident. This must be achieved fast enough so that the operator can se-
lect the optimum strategy before committing himself to a recovery maneuver.

There appears to be a great incentive to develop a plant analyzer cap-
able of faster than real-time simulations of plant transients, utilizing the
modern, special-purpose, minicomputer technology in conjunction with advanced
modeling techniques.

*Work performed under the auspices of the U.S. Nuclear Regulatory Commission.
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Such a high-speed interactive plant analyzer has been developed at Brook-
haven National Laboratory (BNL) for a BWR/4.3 The BWR plant analyzer has
met the objective of low-cost and quick-turn-around safety analyses. It has
shown a great potential for nuclear power plant operational support through
on-line monitoring am? failure diagnosis, and for computer-aided emergency
response to an accident.

The advanced technology used to achieve the very high simulation speeds
is discussed, and typical results are shown to demonstrate the modeling fidel-
ity and simulation speeds of the plant analyzer.

II. ADVANCED HIGH-SPEED SIMULATION TECHNOLOGY

The most outstanding features of the BNL plant analyzer are its ultra-
high simulation speeds, its low capital and operating costs, its great user
conveniences, and its unique ability to accommodate control and instrumenta-
tion signals in analog or digital form.

A. Modeling Techniques

The most demanding part of BWR. plant simulations is the modeling of
two-phase flow thermohydraulics in ttie reactor vessel. The coolant dynamics,
therefore, dictate the selection of modeling strategy, mathematical models and
computer hardware.

The balance of plant simulation, while taxing computing capacity, is ef-
fectively achieved with familiar mathematical models. The simulation of neu-
tron kinetics may require special attention. The plant analyzer described
herein employs point kinetics, requiring a relatively small simulation ef-
fort. Multidimensional reactor kinetics simulation, however, can also be
achieved with standard coarse-mesh nodal methods^ using a suitable peripher-
al array processor. Hera, the focus of the plant simulation is on the coolant
thermohydraulics.

1. Modeling Principles. We achieved very high modeling efficiency
by adhering to the following five modeling principles:

a. Select the least complicated two-phase flow thermohydraulics
models which accommodate all relevant experimental information on two-phase
flow.5

b. Eliminate from the selected models all irrelevant phenomena,
while accounting for all important physical processes and flow patterns.

c. Carry out as tnany integrations as possible in analytical
form,0 then evaluate the analytical solutions dynamically during the
simulation.

d. Execute in advance all iterative procedures required for the
solution of implicit sets of nonlinear equations, then tabulate the results in
terms of explicitly known variables and interpolate the tables during the
simulation.



e. Combine analytically in every equation all constitutive rel:-
tions (material properties, empirical correlations, etc.) into the smallest
possible number of expressions, then tabulate the composite expressions for
linear interpolation during the simulation.

Below we demonstrate how these modeling principles have been applied to
the BNL plant analyzer in a few selected examples. For a complete description
of all the models, the reader is referred to the final report' of the BNL
plant analyzer.

2. Coolant Dynamics. It was recognized that the most important as-
pects of coolant dynamics modeling for a BWR are the phase separation, coolant
level tracking, nonequilibrium boiling, flashing and condensing, and the tight
coupling between fission power and vapor void fraction in the reactor core.

Following the first modeling principle, we selected the four-equation
drift flux model which consists of the vapor mass balance and the three bal-
ance equations for mixture mass, momentum and energy. Following the second
modeling principle and recognizing the unimportance of acoustical effects in
the liquid,^ we decided to use the volume-averaged vessel pressure,*

<p> - ^ /pdV (1)
v V

v

to compute ell thermophysical coolant properties. The vessel pressure is com-
puted by combining the mixture mass balance, expressed as the volumetric flux
divergence equation,

with the caloric equations of state for liquid and vapor, and with the phasic
energy balance for the liquid, and by integrating the resultant ordinary
differential equation,
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Following the third modeling principle, we integrated Equation (2) ana-
lytically to replace the partial differential equation of mixture mass balance
by this quadrature in space:

*A11 symbols are defined in the Nomenclature at the end of the paper.
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The time-dependent starting value Jm(o) is computed from the momentum equa-
tion. Following again "-.he third modeling principle, we integrated analytical-
ly the mixture momentum balance
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along every straight stream-tube segment of every closed flow contour in the
vessel and recirculation loops, linked the results to eliminate the pressure
at segment terminals and thereby replaced Equation (5) in every computational
cell by three loop momentum balances
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j = 1,...,3, for the vessel and a similar one for the recirculation loop. The
loop momentum in Equation (6) is defined by

JC =
N

(7)

and the mixture, vapor and liquid mass fluxes are related to the mixture volu-
metric flux in Equation (4) by

V*=
(8)

where f, = C <a>, f, = <a> «V .»1 ° ^ gj
(9)



Notice that Equation (6) accounts fully for gravity effects, wall shear, mo-
mentum flux and form losses. It predicts natural circulation but not the un-
important propagation of acoustical waves. Equation (6) not only replaces the
time-consuming task of integrating, for example, as many as 54 momentum equa-
tions for 54 computational cells by the simpler task of integrating only three
loop momentum equations for three closed flow contours, covering all 54 cells,
but it also reduces drastically the computational stiffness of the local mo-
mentum equations. Only in the steam line does the BNL plant analyzer inte-
grate the momentum balance in finite-difference form for each of 10 computa-
tional cells.7

The use of Equation (3), (4) and (6) reduces the need for integrating the
216 differential equations for 54 computational cells to the much simpler task
of integrating only 111 differential equations. These are the three loop mo-
mentum equations and 54 each of the vapor mass balance equations

dm
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and of the mixture energy balance equations
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Further details on constitutive relations for vapor generation and heat trans-
fer are documented in Reference 7.

3. Thermal Conduction in Fuel Elements. Following once again the
third modeling principle, we integrated the transient conduction equation for
radial conduction of heat, over the cross sections of fuel pellet, gas gap and
fuel cladding to obtain an ordinary differential equation for the rate of fuel
temperature change7>8;

d<T> _ _ 2 _ kc£ NBi ( T~ "
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where Ng^ = hcs/kC£ is the cladding Biot number, Cg is a constant de-
pendent on geometry, and Fpr is a function of thermal properties.

7 Equa-
tion (12) is integrated for every axial fuel element (12 in each channel),
then used to compute for each axial element the radial temperature distribu-
tions. In the fuel pellet, the temperature distribution is, with 5 = r/R,

• w w c 0 . . ( 5 ~A



and in the cladding, the temperature distribution is, with n = (r-
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In Equations (13) and (14),
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is the excess wall temperature above the bulk coolant temperature Too.

Equation (15) is implicit in Tw because the heat transfer coefficient
hc in the Biot number and the material properties in Fpr depend on Tw.
Therefore, the calculation of the right-hand side of Equations (12) through
(15) requires an iterative procedure, involving the selection of the appropri-
ate heat transfer regimes and the evaluation of the corresponding heat trans-
fer correlations. Following the fourth modeling principle, we computed the
excess wall temperature in advance by Newton-Raphson iteration, over the en-
tire range of possible fuel temperatures and flow conditions, then tabulated
the results in a multi-dimensional table with known variables as table en-
tries. The evaluation of transcendental expressions was thereby reduced to a
time-saving linear interpolation of a nonlinear table.^

A. Neutron Kinetics. In view of the fact that point kinetics is
widely used in many established systems codes*>2 for light water reactors
(LWR), we adopted the conventional point kinetics equations to predict the
fission power in the current version of the BNL plant analyzer. One-dimen-
sional space-time kinetics model is planned for a later version.

The conventional point kinetics equations are:

dP, 6

I

dC
dT = A~ Pf " XiCi ; i = l>2>~"6 •

where Pf is interpreted, to a good approximation, as the fission power.
Equation (16) is solved by means of a variable implicit integration tech-
nique, 7 while Equations (17) are solved explicitly using a third-order
Adams-Bashford routine avaiable on the AD10.

The effects of thermohydraulic feedback, reactor scram, any control rod
movement, or boron injection come into play in the point kinetics equations
via the total reactivity (p) as a function of time. We represent the total
reactivity as the sum of seven components ; namely, the void reactivity
(PV)» Doppler reactivity (pp), moderator temperature reactivity (py),
scram reactivity (pg), accident reactivity (p^)i boron reactivity (pjj),
and the alternate rod insertion reactivity (PARI) :
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(18)

The void reactivity is correlated to the change in the core-averaged void
fraction (relative to the initial value) as a third-order polynomial with its
coefficients being a function of core-averaged void fraction and the control
density.^ The Doppler reactivity is correlated to the change in the square
root of the core-averaged fuel temperature as a linear function with its coef-
ficient dependent on the core-averaged void fraction.? The moderator tem-
perature reactivity is correlated to the change in the core-averaged moderator
temperature as a linear function with a constant coefficient.? The scram
reactivity, accident reactivity, boron reactivity and the alternate rod inser-
tion reactivity are all represented as a product of their total worth and the
corresponding normalized shape functions.' The total worth is an input pa-
rameter and the shape function is an input look-up table. The boron reactiv-
ity is a function of boron concentration which is computed via a boron trans-
port model.'

5. Turbine Models. In order to predict the turbine power and steam
exit enthalpy from inlet conditions, turbine speed and exit pressure, one must
compute the isentropic enthalpy drop and the thermodynamic turbine efficien-
cy.' Following the third modeling principle, we integrated Gibbs' equation

Tds = dh - dp/p (19)
m m m

along an isentrope from the inlet condition {(h^fjPi} to the exit pres-
sure pe and find

T (p ) Pe v, W dT
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Equation (20) is evaluated by closed-form integration with known polynomials
for the uration properties. Following the fifth modeling principle, we
tabulated the term in square brackets and the last term in Equation (20), each
as a two-place function. Thus, the isentropic enthalpy drop in the turbine is
computed rigorously by evaluating linear expressions in (1%)^, pj and
Pe-

Adhering again to the fifth modeling principle, we also evaluated the
turbine speed-dependent thermodynamic efficiency for a set of nine fixed coef-
ficients of a particular stage, specifying the theoretical degree of reaction,
the rotor entrance flow angle, the mean radius ratio, the meridian velocity
ratio, the losses in rotor and stator, and reheat factor, and che kinetic en-
ergy recoveries,' as a function of the ratio of the rotor speed over maximum
steam velocity. Here, a single linear interpolation produces the result of
two square root extractions, the evaluation of a trigonometric function and
over 50 additions, subtractions and multiplications.

6. Feedwater Preheaters. The feedwater preheaters are represented
by a lumped parameter model consisting of a main heat exchanger and a drain
cooler. Following again the third modeling principle, the total feedwater



temperature rise in the feedwater preheaters is computed from analytical inte-
grations of the energy balances for the fluids on the shell and tube sides.'
The result is dynamically evaluated during the simulation as follows:

fFWH

where

m = (A0)D [1/WSHS - l/W£w]/cp; n = (AU)M/(cpWfw) . (23)

Effects of thermal storage and transport times are modeled as a first-order
time lag. Individual heater failures are also modeled.?

7. Other Components. The five modeling principles listed above
have been applied for the nuclear steam supply system, the balance of plant
components, the control systems and the plant protection systems. While ordi-
nary differential equations are used to predict angular speeds in pumps, tur-
binss, electric motors and generators, control functions and valve positions,
all nonlinear characteristics for induction motors, pumps and valves are pre-
computed from first principles or applicable empirical correlations, then tab-
ulated for linear interpolation in the plant analyzer.'

B. Selection of Computing Methods and Computers

The selection of computing methods and computers for the BNL plant
analyzer are intimately related to the form of the mathematical models em-
ployed. The use of the five modeling principles reduces the otherwise large,
complex, and nonlinear simulation problem to the solution of a set of ordinary
differential equations, the dynamic evaluation of closed-form analytical solu-
tions, and the linear interpolation of nonlinear functions. This form of
mathematical models suggests strongly desirable simulation procedures and com-
puter characteristics, the selection of which is discussed below.

First, we decided whether to integrate explicitly or implicitly, then we
selected a suitable digital computer to carry out time-critical system simula-
tions. The choice between explicit or implicit integration is based upon
estimates of the following three parameters: (i) the most predominantly en-
countered high-frequency (fv) content of input data and computed parameters,
(ii) the permissible integration step size (ATinc). and (iii) the frame time
(ATfrm) required by the computer to advance the simulation from one time
level to the next.

1. Frequency Content. Of all the processes driving the system
transients, the one with the highest natural frequency fv must be accurately
simulated and, therefore, imposes an upper limit A T V = l/(5fv)* on the
integration step size ATj.n£. This limit must be imposed over and above
applicable limits arising from numerical stability and truncation errors.

*The factor 5 applies here to a third-order Adams-Bashford integration algo-
rithm and may be greater for lower-order algorithms.



Neutron kinetics has the highest frequency, but it is not a driving mech-
anism in a BWR power plant. Instead, prompt fission power follows the rele-
vant driving mechanism of acoustics in the steam line. In a BWR/4 power plant
the pressure oscillations reach the frequency of approximately 10 Hz.^

2. Permissible Integration Step Size. The highest possible simula-
tion speed is achieved with the largest permissible integration step size

ATint = Min { AV AV A TvJ • (24)

where Ara is the limit required to maintain accuracy by controlling the
truncation errors inherent in all finite-difference analogues for derivatives,
A T S is the stability limit imposed to avoid exponential growth of round-off
errors, and A T V is the limit imposed to simulate accurately the high-
frequency content of driving processes or boundary conditions. The first two
limits characterize the integration algorithm and depend on its time-dependent
eigenvalues. The third limit characterizes the system to be simulated.

For unconditionally stable integration algorithms, A T S is obviously un-
bounded. Most implicit integration algorithms have this desirable feature,
while explicit integration routines are conditionally stable with a bounded

3. Frame Time. The frame time Arfrm is the clock time that the
computer needs to execute all computations for the advancement of the simula-
tion from one time level at T to the next level at : + ATfrm. Once the
simulation model is formulated, the number of arithmetic operations is es-
tablished and the frame time can be estimated from given processing speeds.

Note that the frame time Axfj-m depends on the simulation models used,
the modeling techniques employed, and the computer selected. Obviously, the
smaller the frame time is, the faster the simulation speed will be. Once the
frame time is established, the actual computing speed of a simulation is then
determined by the actual integration step size selected by Eqtiation (24) as
the multiple S of real-time process speed:

S = ATint/ATfrm ' <25>

It is clear that if A T V is small, explicit integration with its smaller
Arfrm produces the larger ratio S, while unconditionally stable implicit al-
gorithms can simulate quasi-steady transients faster.

4. Computing Method for Plant Analyzer. Computing experience with
TRAC1 and RELAP-5^ codes provided us with an estimate of the frame time.
An implicit integration of the four field equations for approximately 100 com-
putational cells would require a frame time of 180 milliseconds on a large
mainframe, general-purpose computer (CDC-76OO) or 160 to 700 milliseconds on
an array processor programmed in FORTRAN. An explicit integration of the same
problem would require approximately 30 milliseconds on a general-purpose com-
puter and 6 milliseconds on available array processors designed specifically
for explicit integrations.



Since the permissible integration step size is limited by Equation (24)
to A T V

 a 50 milliseconds for both explicit and implicit integrations, it is
clear that the explicit integration produces the higher speed-up factor S in
Equation (25). Therefore, explicit integration was chosen as the computing
method for the BNL plant analyzer.*

5. Computer Selection for Plant Analyzer. Implicit integration in-
volves matrix inversions which are best accomplished in array processors with
two or more central processing units. Explicit integration, on the other
hand, is best accomplished in a special-purpose peripheral processor which has
the inherent characteristics of an analog computer and the integrating capaci-
ty and stability of a digital minicomputer.

With the explicit integration method selected, a nationwide search was
launched for the most suitable minicomputer to execute high-speed integration
of large systems of nonlinear first-order ordinary differential equations.
The AD10 of Applied Dynamics International in Ann Arbor, Michigan emerged as
the most suitable mimicomputer available in 1981. Two AD10 units have been
installed at BNL and became operational since March 1982.

C. Major Characteristics of Plant Analyzer

A detailed description of the AD10 architects is beyond the scope
of this paper, but can be found elsewhere.^»9 j n brief, the AD10 is a
special-purpose peripheral array processor, designed for time-critical simula-
tion of large complex systems by explicit integration of nonlinear ordinary
differential equations. The AD10 is programmed via a host computer, a PDP or
VAX minicomputer.

The AP10 consists of six distinct, task-specific processors which operate
in parallel and are synchronized at the computing cycle frequency of 10 MHz.
The six processors serve (i) to link the AD10 with the host computer, (ii) to
time and control the other five processors, (iii) to execute logical decisions
and binary searches for table look-up or interpolation, (iv) to execute addi-
tions, subtractions, and multiplications in integer or fractional arithmetic,
(v) to perform explicit numerical integrations, and (vi) to address memory.
Two additions and one multiplication can be carried out in one cycle, result-
ing in 30 million fractional operations per second. Twenty million words can
be transferred each second between memory and the processors. Internally gen-
erated digital data can be issued as digital data at the rate of 3 million
words per second or converted to analog signals in the range from -10 volt to
+10 volt. Input signals can be accepted as digital (3 million words per sec
ond) or analog signals (+10 volt).

1. Capabilities. The two AD10 units installed at BNL can integrate
explicitly as many as 1,950 state equations with any combination, of 17 built-
in integration algorithms, such as first through fourth orders Adams-Bashford
or Adams-Moulton and second through fourth orders Runge-Kutta procedures. The
mix of algorithms can be altered with a single keyboard command, on-line and
without reloading the program.

*The only exception is the prompt fission power which is computed with vari-
able implicit integration.
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The two ADIOs can generate as many as 18 nonlinear functions of one vari-
able, plus 34 functions of two variables, plus 12 functions of three variables
in as little as 98 microseconds, regardless of the functions' complexity.
This feature is utilized extensively by the modeling principles (d) and (e).

Up to 256 input and output analog channels can be scanned for every com-
puting frame. This makes the outside world (instrumentation and controls in a
power plant) part of central core memory. This hardware-in-the-loop simula-
tion feature makes it possible for the plant analyzer to interface easily with
an operating power plant.

The BWR plant analyzer presented here entails 320 integrations with 4,000
subroutine or module calls, including the interpolation of over 200 nonlinear
multidimensional tables, many as often as 54 times during every computing
frame. All of this is accomplished in a frame time of ATfnn = 5.4 ms. The
maximum permissible integration step size is approximately 54 ms, resulting in
a 10 times faster than real-time simulation speed. Twenty-eight analog chan-
nels are scanned 200 times per second to introduce on-line operator actions
and system malfunctions any time before or during the simulation. Sixteen
output channels are currently updated 200 times per second for on—line graphic
display and storage of computed results of key parameters. This capability is
indispensible for computer-aided emergency responses to an accident.

2. Limitations. The AD10 processors installed at BNL* employ 16-
bit integer arithmetic in all but the numerical integration processors (which
have a 48-bit mantissa in pseudo floating-point representation). The 16-bit
integer arithmetic not only requires scaling of all variables, but also limits
the dynamic range to two decades if the relative error is kept below 1/2%.
All variables are scaled to range from -1 to +]. The least significant bit is
2~ 1 5 « 3xlO~5.

Scaling means additional analytical work during program implementation.
One is rewarded, however, from this scaling work by gaining in-depth
understanding of the mathematical models and the characteristic time constants
of physical processes involved.

We have employed dynamic scaling for one parameter only, to expand its
dynamic range from two to five decades. Assume that in the scaled equation

y = C f(x) , -1 < x < + 1 , 0<_|C|< 512 , (26)

f reaches the noise level for x e [a,b]. Then

7 = C-J(x)-F(x) +J^Q [l000-F(x)][l-p~(x)j , (27)

where p(x) = 1 for x e [-l,a] and

x e [b.lj (28)

p(x) = 0 for x e [a,b] ,

*A new floating-point processor FX is now available with greater computing-
speed and capacity, at the same cost.
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has a dynamic range three decades larger than that of Equation (26).

3. Programming Language. The AD10 is not a general-purpose comput-
er, programmable in general-purpose FORTRAN. The ADIO's own high-level sys-
tems simulation language MPS-1O consists of subroutine or module calls which
reflect analog computer operations. The major advantage of MPS-10 is that it
contains a single rule with which to fully utilize the parallel and pipelined
processing in the AD10. Module calls need only be packaged in groups, called
Data Areas, until such groups are filled up. Adhering to this rule, all over-
head operations are minimized, pipelines are fully utilised, and the maximum
simulation speed is achieved.

4. Graphic Display. Currently, we transmit any set of 15 parame-
ters and time to an expanded IBM Personal Computer (PC) for storage and subse-
quent display in labeled diagrams on a four-color CRT monitor. Any two of the
15 parameters can be selected for on-line display as a function of time during
the simulation. A dot matrix pi-inter (EPSON) produces black and white hard
copies of the display. Any variable or a pair of variables can be displayed
also on a Type A012 Tektronix storage oscilloscope with a thermal printer.
The oscilloscope is the primary display device for program development and in-
teractive, on-line, system analysis.

III. BWR PLANT TRANSIENT SIMULATIONS

A. Full-Scope Simulation of BWR/4

The BWR simulated by the plant analyzer is a 251/764 BWR/4 (251-in.
inside diameter pr̂ <=sure vessel with 764 fuel bundles) with a rated core ther-
mal power of 3293 MW. The balance of plant including the control and protec-
tion systems is typical of a BWR/4 such as Peach Bottom II. Figure 1 shows
schematically the BWR/4 plant configuration simulated for this paper. Shown
are the reactor vessel, the balance-of-plant components, and the control sys-
tems, i.e., the pressure regulator (P), the feedwater controller (FW) and the
recirculation flow controller (RF). The arrangement of computational cells in
the reactor vessel is shown in Figure 2.

The simulation consists of neutron kinetics, thermal conduction in fuel
elements, nonhomogeneous, nonequilibrium coolant dynamics with level tracking,
boron transport, the dynamics of steam line flow, turbines, condensers, feed-
water preheaters, turbine-driven feedwater pumps, pump speed-controlled recir-
culation flows, suppression pool, plant protection systems and the control
systems.^

Thirty-seven different transients have been simulated as part of the de-
velopmental assessment for the BNL plant analyzer, including 16 multiple fail-
ure events.^ Geometric parameters, operating conditions and control parame-
ters (delay times, amplifier gains, etc.) were entered through keyboard com-
mands. Component failures and operator actions were entered from an analog
control panel shown in Figure 3.
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B. Simulation Speed

All transients can be simulated at speeds up to 10 times faster than
real-time process speed.3 it is easy to simulate as many as 10 different
transients in only a few hours and display the results on the IBM PC. This
simulation capability results from the plant analyzer's great simulation
speed, the outstanding convenience for changing input data, its ability to re-
spond instantly and on-line to input changes, and its on-line graphic display
capability.

C. Simulation Fidelity

Since full-scale plant test data are nonexistent or scarce at best,
we assessed the simulation fidelity of the BNL plant analyzer via comparisons
against the established system codes (TRAC-BD1,* RELAP-5,* and RAM0NA-
3B*0) as well as the published GE analyses. The assessments consisted of a
feasibility study^ performed to demonstrate the computing accuracy and speed
of the AD10 with respect to a CDC-7600 mainframe computer, the comparison with
the Final Safety Analysis Report11 for single-failure events and GE calcula-
tions12 for 10 different Anticipated Transients without Scram (ATWS), the
comparisons with the results13 from TRAC-BD1 and RAM0NA-3B for an ATWS in-
duced by the inadvertent closure of all Main Steam Isolation Valves (MSIV),
and the comparisons against the results1* from RELAP-5 for the plant transi-
ents induced by loss of feedwater and feedwater controller failure.

The feasibility study was done to simulate the nonhomogeneous, nonequi—
librium two-phase, flow thermohydraulics in the reactor vessel using the same
mathematical models. The AD10 achieved good simulation accuracy and 110 times
greater simulation speed than the CDC-7600 for the same problem.3

The comparisons against the GE, TRAC-BD1, RELAP-5 and RAM0NA-3B calcula-
tions also show reasonably good agreement even though the transients were sim-
ulated with slightly different input data. Figures 4 through 10 show typical
results^ of the comparisons between the plant analyzer called HIPA (which
stands for High-Speed Interactive Plant Analyzer) and the three major systems
codes. Figure 4 presents two pressure curves from TRAC-BD1; one with Its
point kinetics model and the other with the power history from RAM0NA-3B (with
3D neutron kinetics) imposed as a boundary condition.1^ Other discrepancies
are explained in more detail in Reference 7.

IV. SUMMARY AND CONCLUSIONS

It has been demonstrated that a combination of advanced modeling tech-
niques and modern special-purpose parallel ; rocessor technology can yield a
nuclear power plant simulation capability which is superior to that obtained
on large mainframe computers, with standard FORTRAN systems codes.

Realistic and accurate simulations can be achieved with the BNL plant an-
alyzer at much faster than real-time simulation speeds, at low cost and with
outstanding user convenience, for both normal and severe abnormal events.

The BNL plant analyzer can accommodate hardware (controls and instru-
ments) on-line into its computational loop and make possible a direct inter-
face with an operating nuclear power plant.
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Figure 6 Comparison of Vessel Pressure Predictions
from Plant Analyzer and RAMONA-3B Code
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The new technology presented here produces the necessary simulation speed
for plant monitoring, for failure diagnosis, and for on-line predictions of
the plant response to operator actions for mitigating the consequences from
reactor accidents.

A dedicated facility at the plant site, programmed for, and synchronized
with the specific power plant, is required for timely and effective emergency
responses. New research is needed to accomplish the synchronization.

NOMENCLATURE
A cross-sectional area
Anin Min{A+,A-}
c specific heat
C heated perimeter
CQ Zuber-Findley distribution parameter
Cg geometric parameter
dh hydraulic diameter
D^/Dx substantial derivative for phase k, k=g,£
f F W H Eq. 22
f l sf 2 Eq. 9
f^o single-phase friction factor
Fp r property parameter
g z component of gravity in z-direction
G mass flow rate
_h enthalpy
h c convective heat transfer coefficient
j volumetric flux
k thermal conductivity
L length
m Eq. 23
nig vapor mass

JKj Eq. 7
n Eq. 23
N s £ number of segments in j-th flow contour
p pressure
qL linear heating rate
qw wall heat flux
q'£' gamma heat absorption rate
r radius
Rj fuel pellet radius
R^ mean cladding radius
R w outer cladding radius
s cladding thickness
s m mixture entropy
T temperature
u internal energy
U overall heat transfer coefficient
Uj rotor entrance speed
v specific volume
« V g j » void fraction-weighted, area-averaged drift velocity
Vv vessel volume, Vj+V2
Vj volume of pure liquid in vessel
V2 V-V!
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w axial velocity component
W mass flow rate
z axial coordinate
o void fraction
rv vapor generation rate per unit volume
£ form loss coefficient

U Wfw/WSHS

p density or reactivity
T time
0^ two-phase multiplier for wall shear

X. decay constant for ith delayed neutron precursor

A prompt neutron generation time

Subscripts
c
cl
D
e
f
fl
fw
g
i
ij
inj
is
j
JTP
I
m
s
Si
SHS
V
CO

Special

condenser
cladding
drain cooler
exit
saturated liquid
fuel
feedwater
saturated vapor
inlet
loop and segment indices
injection
isentropic
loop index
jet pump
liquid
two-phase mixture
saturated
steam line
shell side of heat exchanger
vapor
coolant (subcooled, saturated or superheated)

Symbols
<> average

time derivative
1 derivative with respect to pressure, along saturation line
+ ~ up and downstream of expansion or contraction
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