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pressurisée. 

RESUME : 

La validation de modèle dynamique est une procédure indispensable pour assurer 
que les modèles mis au point (empiriques ou physiques) représentent correctement 
le comportement dynamique de la centrale lors de transitoires normaux ou anormaux. 
Pour des transitoires de faible amplitude, des modèles physiques représentant 
le coeur isolé, le générateur de vapeur isolé et le réacteur à eau pressurisée 
dans son ensemble, sont décrits. A partir de mesurée faites lors de variations 
de niveau de puissance en échelon, sont comparés les transitoires mesurés et 
obtenus à partir du modèle, pour des niveaux de puissance de 30 % et 100 %. Le 
on accord entre les réponses transitoires indique que les modèles mis au point 
sont assez précis pour être utilisés pour des études de fonctionnement ou de 
commande. 

ABSTRACT : Dynamic model validation for a pressurized water reactor 

Dynamic model validation is a necessary procedure to assure that the developed 
empirical or physical models are satisfactorily representing the dynamic 
behavior of the actual plant during normal or abnoraal transients. For small 
transients/ physical models which represent isolated core, isolated steas 
generator and the overall pressurized water reactor are described. Using data 
collected during the step power changes that occured during the startup 
procédures/ comparisons of experimental and actual transients are given at 
30 % and 100 % of full power. The agreement between the transients derived 
from the model and those recorded on the plant indicates that the developed 
models are well suited for use for functional or control studies. 



DYNAMIC MODEL VALIDATION FOR A PRESSURIZED WATER REACTOR 

G. Zwingelstein , I. Anastasiou 

SUMMARY 

Dynaalc modal validation Is a nacassary procadura to assura that tha davaloped 
empirical or physical models are satisfactorily representing tha dynamic 
bahavior of the actual plant during normal or abnormal transiants. For small 
transiants, physical models which represent isolated core, isolated steam 
generator and the overall pressurized water reactor are described. Using data 
collected during the step power changes that occured during the startup 
procedures, comparisons of experimental and actual transients are given at 
30 % and 100 t of full power. The agreement between the transients derived 
from the model and those recorded on the plant indicates that the developed 
models ax» well suited for use for functional or control studies. 

1. INTRODUCTION 

An extensive effort was made during recent years to develop models able to 
represent with accuracy the dynamic behavior of nuclear power plants for 
safety, functional and control analyses. 

The following types of models are being used : 

- detailed physical models 
- simplified physical models 
- empirical models. 

The first two models are deduced from the physical laws and then the para
meters which are included are directly related to physical processes. The 
empirical models are commonly represented by transfer functions, autoregres-
sive moving average, time series or state variable models and the associated 
parameters have no physical meaning in general. 

Both models have to be validated by a comparison with the transients observed 
on existing plants. 

For detailed and simplified models, validation procedure consists in checking 
that after a slight adjustment of the physical parameter values, the compa
rison of transients deduced from the model and transients recorded on the 
plant is satisfactory according to a given criterion. The main advantage of 
these models in spite of their complexity and size, results in the fact they 
are remaining valid whatever the nature of the transient is. 

For empirical models, validation procedures are based upon identification 
techniques in order to determine parameter values which are giving the best 
agreement between actual and theoretical transients. This paper will present 
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results dealing with the model validation of physical model for isolated core, 
isolated U tube steam generator and overall model of a pressurized water 
reactor. 

In the first part, the modeling of the various components of the power plant is 
described. This includs : the core, the steam generator, the feedwater system 
and the control systems for nuclear power and steam generator water level. 
Except for the feedwater system, which is represented by a transfer function, 
the other models' were derived from physical laws (conservation of mass, energy 
and momentum equations). 

In the second part, the simulation methods of the models are studied. The 
digital codes which represent the dynamic behavior of the components were 
implemented on a 16 bit word minicomputer of 64 kW memory size. For the overall 
model, described by a set of 40 differential equations, the evolution of the 
system following a perturbation is obtained in real time. 

In the third part, a description of the dynamic testing undertaken at the 
power plant site is given together with a description of the data acquisition 
system. Special attention was paid to the determination of the transfer function 
associated with the sensors. This knowledge is necessary to reconstruct the 
actual signals driving the components of the plant and which will be used 
during the validation. 

In the fourth and last part of the paper, the results of dynamic model vali
dation for isolated core model, isolated steam generator model and overall 
model are provided for 30 % - 20 % and 100 % - 90 % power step changes. 

Comparison of the signals related to primary and secondary show a good 
agreement between the actual plant and the transients from the models. 

2. DESCRIPTION OF THE NUCLEAR PLANT 

The nuclear plant considered in this study is a 900 MWe pressurized water 
reactor built in France under a Meetinghouse license. Figure 1 shows a 
schematic diagram of the pressurized water reactor. For the dynamic model 
validation the main components of interest are reactor core, primary water 
loop, pressurizer, steam generators, turbine, condenser, feedwater system and 
steam generator water level and reactivity control systems. 

2.1. Description of the core model 

A simplified core model which describes the neutron flux, fuel and coolant 
temperatures is used. It takes into account the fuel and the coolant inside 
the core, the upper and lower plenums and the associated pipings. Due to the 
relatively low rod speed used during the dynamic tests, a linearized point 
kinetics model with one delayed neutron group is considered. Feedback effects 
of fuel temperature, coolant temperature (including boron concentration 
influence) are only taken into account, since the pressure was assumed to be 
constant. To model the heat transfer between fuel and coolant, no clad and 
gap were represented. 

The unique fuel section was associated to two coolant sections are represented 
in figure 2. This modeling procedure is called Mann's method [1]. Each coolant 
section is considered to be a well stirred tank. The average temperature of the 
coolant section is assumed to be equal to the outlet temperature. Compare with 
the classical approach based upon the use of the average temperature, this 
Mann's method is more accurate for fast temperature changes. The upper and lower 
plenum temperatures are derived from energy balances with the well mixed tank 



assumption. To represent the temperatures in the cold and hot leg pipings, the 
coolant transport delay through the piping is approximated by a'first order lag. 

The mathematical model deduced from the physical laws consists of a set of 9 
linear differential equations which is able to represent the dynamic behavior 
of the core for small transients around a given steady state. 

2.2. Description of the steam generator model 

The steam generators which are used for the French three-loop nuclear plants 
are of the vertical U tube, recirculation type. The steam generators are acting 
as a thermal coupling between the reactor core and the turbine. 

The detailed fractionnai description of an isolated generator is given in 
figure 3. The hot reactor coolant carrying the heat generated in the core 
enters at the bottom of the steam generator through the inlet nozzle to the 
inlet plenum, flows through the U tubes (about 3000), transfers heat to the 
secondary side and then enters the outlet plenum before leaving the steam 
generator through the outlet nozzle. The secondary feedwater enters the steam 
generator at a level higher than tv.e 0 tube bundle by the means of the feed-
water ring. This water is mixed with the recirculated water and flows downward 
through the downcomer The the water flows upward and the heat is removed from 
the primary fluid, and consequently a steam water mixture is generated. The 
steam water mixture passes after-wards through the steam separators and dryers 
to obtain a good steam quality (about 0.05 % ) . 

During the past decade, the development of dynamic models to predict the 
dynamic behavior of nuclear steam generators has received considerable atten
tion. Distributed parameter models,non linear and linear lumped models of 
various degrees of complexity were designed to be implemented in digital or 
hybrid computers. A detailed review of the state of the art in steam generator 
modeling is given by All [2]. In order to obtain a low cost simulation tool 
for the design of a new control scheme, models providing a tradeoff between 
accuracy and complexity were investigated. A linear state variable model 
developped by the Nuclear Engineering Department of the University of Tennessee 
was modified and adapted to the French three-loop nuclear plants. This model is 
based upon the equations governing the storage and transportation of mass, 
momentum and energy. This physical model is derived by representing the steam 
generator by several lumps, and a linearized model is constructed around the 
steady state. This model is obtained by dividing the primary and secondary sides 
as well as the tube metal, into several nodes. 

The detailed structure is shown in figure 4 and is composed of the following 
nodes : 

A. Primary side 

- Inlet plenum, 
- Water nodes above the moving boiling boundary, 
- Water nodes under the boiling boundary, 
- Metal nodes, 
- Outlet plenum. 

B. Secondary side 

- Downcomer node, 
- Node above the boiling boundary, 
- Node under the boiling boundary, 



- Riser node 
- Steam done nod*. 

The final model consists of 15 differential and 4 algebraic equations. The 
physical parameters corresponding to the state variable are given in the 
following list : 

ÔTPi : primary water inlet plenum temperature 
ÔTpi : primary water temperature in node n* i 
ÔTmi : metal temperature in node n° i 
ôTpo : primary water outlet plenum temperature 
6L : water level 
ôLsl : non boiling length 
6p : steam pressure 
ÔXe : steam exiw quality 
6Td : downcomer temperature 
ÔW1 : water flow rate from downcomer 
ÔW2 : water flow rate to the boiling section 
6W3 : water flow rate from the boiling section 
ÔW4 : water flow rate leaving the riser 

The corresponding state variable model is then expressed by the following 
equations : 

A.X » A X * B 0 

where : A., A_, B are given matrices. 

The forcing vector U includes four components : 

- Primary water Inlet temperature, 
- Steam flow rate, 
- Feedwater flow rate, 
- Feedwater temperature. 

Several assumptions have to made to derive the models. The main assumptions are 
the following : 

a) one dimensional flow for both primary and secondary fluids. 
b)fjfor the primary water and the secondary fluid, constant density and specific 

heat are assumed, 
c) thermodynamic properties of satured water and steam are assumed to be linear 

functions of pressure around the steady state. 

3. DIGITAL MODEL SIMULATION AND IMPLEMENTATION 

3.1. Introduction 

The test data which were used to validate the dynamic models were recorded 
during the start-up of the nuclear plant. To obtain the transients, the operator 
was initiating steps in the power demand. To develop the overall model, as the 
response time of the turbogenerator is fast compare with those of the steam 
generator water level and nuclear power, the turboalternator was assimilated to 
a first order transfer function. This overall model represents the core, one 
steam generator, the feedwater system and the steam generator water level and 
reactivity control systems. 



The feedwater system is an extremely complex system which includes the conden
ser, the reheaters, the valves, the pumps, the tanks and the associated pipings. 
The feedwater flow and water temperature are the two physical variables which 
influence the behavior of the steam generator level. As the deviations of the 
feedwater température have small magnitude during the tests (about few *C) , a 
sensitivity analysis was performed in simulation to check if it was necessary 
to include a thtrmal model of the feedwater systeo». The results of sensitivity 
analysis indicated that is was possible to neglect the effect of the feedwater 
temperature. To represent the dynamic behavior of the feedwater flow a third 
order transfer function identified with actual data was chosen [3]. 

A simplified schematic of the steam generator water level control system is 
represented in figure 5. The measured water level is compared to the set point 
and then the error signal is processed by a PI filter followed by a lead lag 
filter. The final signal is then taken into account to drive the feedwater 
flow actuator. 

The schematic of the reactivity control system is shown in figure 6. The tur
bine load determines a reference temperature as a function cf the power level. 
Moreover the turbine load is compared to the nuclear power level which leads 
to a signal related to the rate at which to load decreases or increases. This 
signal has an anticipating role on the new power level demand. The rate signal 
and the reference temperature signal are compared together with the average 
temperature of the primary circuit. A control system creates an error signal 
which commands the insertion or with drawal of the control rods into the core. 
This control system is highly non linear and moves the rods step by step with 
a speed varying from 8 to 72 steps per minute. 

Simulations studies have demonstrated that it is absolutely necessary to used 
the detailed reactivity control system in order to validate the overall dynamic 
raodel. 

In addition to the overall model, equivalent transfer functions were used to 
represent the sensors installed on the plant and from which the data were 
recorded. All together 40 equations are necessary to represent the whole plant. 

3.2. Digital simulation of the models 

The dynamic behavior of the isolated core end steam generator and of the 
global plant ara obtained by numerical intergxation of the coninuous state 
variable equations : 

AjX • A. X + B 0 

for the given initial state condition X(to) and forcing function U. 

For the isolated core model the matrix Al is reduced to the diagonal identity 
matrix. The forcing function U is independent of the state vector for the 
isolated core and steam generator. In the case of the overall model, due to the 
presence of the non linear rod drive mechanism, the forcing vector U is 
state vector dependent. 

During the model linearization procedure, some matrix elements depend on the 
values of the states around the steady-state we operate. Thus, an iterative 
scheme was necessary to obtain the steady-state values. 

In a second step, the initial coninuous-time state variable model is transfor
med into the state model : 

X - HX + G U 



In the third step, only for the overall model, a predictive algorithm is evalua
ting the forcing function U(k). 
In the fourth step, the discrete solution of the continuous state variable model 
is computed, assuming that the forcing function is kept constant between two 
integration steps. 
The discrete solution is given by : 

X(k+1) - e"xik) • H~ l (e 8 1 - I) G 0 (k) 
with T : sampling time interval 

XOc+1) : state variable at time t » (k+1) T 
X(k) : state variable at time t - kT 
U(k) : forcing function at time t » kT 
I : the unit matrix. 

HT The matrix exponential P • e is obtained by the Taylor séries expansion : 
HT H 2 T 2 R V 

P - e « I + BT + =T7— + + =-7- + 
—1 BT The matrix Q » H (e - I) G is evaluated by the power-series expansion : 

— 1 HT HT H T * 

Several numerical problems are associated with the matrix exponential circula
tions. The power-series approximation will be valid only if [h]. 

1) the series will converge . 
2) the numerical computation does not lose significance due to roundoff and 

truncation errors. 
In order to satisfy the two previous conditions, the initial sampling time 
interval is first reduced automatically to T* by & convenient power of 2 such 
that max. . |H, ,T*| < 1, to insure the convergence of the power series expan
sion. To avoid roundoff errors, the step size will be further reduced to obtain 
a preassigned accuracy. This procedure is taking into account the significant 
digits of the floating point arithmetic computations (7 digits for single 
precision, 14 digits for double precision). 
The integration subroutine MATINT was especially designed to get the discrete 
solution of the state variable model where H and G are sparse matrices. 
The subroutine MATINT, during the computation of the natrice P and Q elirainates 
computations with zero elements. In particular, matrix by matrix and matrix by 
vector products were optimized to save both time computation and memory space. 
The three simulations codes were written in FORTRAN IV language and implemented 
on a SOLAR 16-40 made by the Société Européenne de Miniinformatique et Systèmes. 
This medium scale computer has the following specifications for the central 
unit processor : 

- 16 bits word size 
- 625 to 875 nanosecondes for memory cycle time, 
- 64 K words memory size. 



Using a 32 bit hardware floating point operator, the execution time for the 
basic arithmetic operations is as follows : 

binary multiplication 
binary division 
floating multiplication 
floating division 
floating addition/soustraction 

3.5 microseconds, 
6.4 microseconds, 
5.2 microseconds, 
5.3 microseconds, 
10.3 microseconds. 

The peripheral equipment of the computer gives a great flexibility for the 
input-output handling. They can be divided into three categories : mass-
storage, conversational peripherals and printing, plotting and card-reading 
equipment : 

- A moving head disc unit : this unit consists of a 5 M bytes fixed disc and 
a removable disc with the same capacity with a transfer rate of 156 K words/s 
and a maximum access time equal to 70 milliseconds. 
- A graphical CRT display unit Tektronix model 4012. This CRT display unit is 
connected to a hardcopy sustea to reproduce the plots displayed on the screen. 
- A teletype mode ASR 33. 
- A card reader with a tranfer rate of 400 cards per minute. 
- A line printer with a typing rate of 180 characters per second (132 charac
ters per line). 
- An incremental digital plotter Tektronix model 4662. 

With a sampling time interval T » 0.8 the isolated core model simulates the 
transients 20 times faster than the real time. With the same T, the time scale 
factor is equal to 8 for the steam generator model. The numerical stability 
of the integration of the overall model, including the non linear!tees, 
required the use of a sampling time interval equal to T • 0.2. The simulation 
represents then the dynamic behavior in real time. 

These performances of the digital simulation, demonstrate the capability of 
small scale standard minicomputers to handle the simulation of complex proces
ses. The main characteristics of such a simulation tool are : simplicity, 
economy, flexibility and accuracy. Horoever the use of FORTRAN XV language, 
makes the computer code directly transportavle to a vide variety of digital 
computers. 

4. DYNAMIC TESTS AND DATA ACQUISITION SYSTEM DESCRIPTION 

The 900 MW pressurized water reactor must be able to withstand normal operating 
transients. In particular the must cover + 10 % change inload, load fluctuations 
in +_ 5 %/min. ramp of the rated output, 50 % step decrease in load of nominal 
power, turbine load rejection from 100 % to 5 % of full power. As the developed 
models considered in this study are linear, test data were only recorded during 
the £ 10 % step changes. They correspond respectively to 30 % - 20 % and 100 % -
90 % load step changes. A specific data acquisition system was designed and 
built to process and store simultaneously 32 analog signals. 
Each channel was connected to an insulation amplifier and the DC level was then 
manually removed. The 32 signals were stored on a 32 channels FM analog tape 
recorder SABRE V. These informations were then digitized to be introduced in 
the digital code. The model validation procedure requires the use of the actual 
forcing functions which actuate the process. During the 30 % - 20 % test due to 
the instrumentation the physical values available were filtered. The tine 
constants of these filters were varying from 1 to 3« second according to the 
considered measurement. Consequently it was necessary to reconstruct the real 
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behavior of the signals mainly for those which were filtered by xarge time 
constants. Tne steam flow was if particular interest since the time constant was 
evaluated to 30 second. An algorithm was designed to reconstruct the actual steam 
flow. 

A piecewise straight line approximation was used to represent the actual steam 
flow. The consecutive output of the filter equivalent to the instrumentation 
was compared to the recorded data. The Nelder and Mead [54ptimization scheme 
with a least squares criterion was selected to tune the parameters of the 
straight line approximation. 

Figure 7 shows the reconstructed steam flow built with 4 base points and the 
comparison between the measured and computed filter outputs. 

4.1. 30 % - 20 % transient 

The comparison of models was undertaken for the isolated core, isolated steam 
generator and the overall models. For the core, the rod position and cold leg 
temperature were the two components of the forcing function. The corresponding 
outputs were the neutron power level and hot leg temperature. Four physical 
parameters were assumed to be approximatively known. 

cto : Doppler coefficient 
ac : coolant coefficient 
(hA) fc : product of effective heat transfer coefficient from fuel to 

coolant and heat transfer area 
(MC ) c : product of mass and soecific heat of coolant. P 

These values were tuned, with the Nelder and Mead [5] optimization scheme with 
constraints in order to keep a physical meaning of the parameters. 

Figure 8 shows the behavior of the rod position and the cold leg temperature 
and the comparison between the experimental and computed neutron power and hot 
leg temperature A good agreement can be noticed in spite of the model simplici
ty-

For the isolated steam generator, the reconstructed steam flow was taken into.. 
account. The components of the forcing function were : the steam flow and feed-
water flow rates, the feedwater and hot leg temperatures. The water level, steam 
pressure and cold leg temperature represented the observable outputs. The physi
cal parameters which were tuned during the model validation were the steam exit 
quality and the fractional change in primary tube and secondary side heat trans
fer coefficients. In the figure the comparison between the actual and computed 
data after the automatic constrained tuning of the parameters is shown. A good 
agreement exists between the model and component behavior. 

For the overall model validation, the feedwater temperature was assumed to be 
constant and the physical parameters values were set to the identified values 
obtained previously. As the values of the control system parameters were unknown, 
a trial and error method was selected to tune the water level and reactivity 
control systems. 

The figure 10shows the comparison between actual and computed rod position, 
neutron power level, hot and cold leg temperatures, water level and feedwater 
flow. Though the linearity principle is no more valid since the relative chai.ge 
in load is of 50 % and taking into account the simplifications and assumptions 
which were made to derive the overall model, there exists a fairly good 
agreement between the plant and model dynamic behaviors. 



4.2. 100 % - 90 % transient 

During this transient, no filter was existing on the informations provided by 
the sensors. With the identical procedure which was previously used for 30 % 
test to tune the physical parameter values, model validations were conducted 
for the core, steam generator and overall models. 

Figures 11, 12, 13 represent respectively the comparison of data recorded or 
deduced from the simulation codes for the core, steam generator and whole plant. 
As it is can be seen an excellent agreement exists for the three models. 

CONCLUSIONS 

The results of the model validation have demonstrated that the physical models 
which were developed are satisfactorily representing the dynamic behavior of the 
main components of the pressurized water reactor. 

However it must be pointed out that a particular attention must be attached to 
the distortion in the intromation introduced by the sensors and the associated 
electronics in order to get consistent results. 

The implementation of these models on a medium scale minicomputer, with an 
integration package written in FORTRAN IV is a powerfultool to achieve safety 
or functional analyses with economy flexibility and accuracy. 

These validated models realize a very good trade off between accuracy and 
complexity. In order to be able to represent the behavior of the plant during 
large transients non linear models will be developped in the future. 
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