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A linearized mathematical model for the pressurized water reactor (PWR) nuclear power
plant dynamics simulation is presented based on conservation of energy and mass balance.
The core and coolant system are treated as a lumped parameter. The delayed neutrons
effect is considered. The model state variables are linearized in first order differential
equations with steady state initial values. The reactor core dynamic response is investigated
through transients represented in external reactivity insertion e.g.(0.001 Ak/k),10% step
decrease in core flow rate and 10 °F step decrease in core inlet coolant temperature. The
simulation results demonstrated the role of feedback reactivity form coolant temperature
and Doppler Effect in stabilizing the core power and affecting the steady state values of
core variables.
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Introduction

Nuclear energy is considered as one of the most
important sources of a clean and cheap energy.
Therefore, there is a need to investigate the safety
and stability of nuclear power plants. Safety issues
have two main aspects, stability of plant under
physical and thermal transients and stability of plant
following the power grid disturbances. This paper
focuses on the reactor core stability subjected to
input transients. As it is difficult to perform this
study practically, the need arises to model the reactor
core and simulate it to monitor the reactor reaction
under the different transients. Reactor simulation
modeling is handled previously in published papers.
In [1] a pressurized water reactor model was
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proposed and implemented through a user-defined
program in PSASP where, the dynamics of the
reactor due to common step disturbances in
reactivity and coolant temperature were simulated.
The model simulation clarified the importance of
feedbacks to reactor stability.The same reactor
model for dynamic analysis [2] was implemented by
Scilab where, the response of core variables to
perturbations in reactivity, inlet coolant temperature
and primary coolant flow rate were presented. The
author assessed the results by PWR model developed
in [3] depending on the positive reactivity
perturbation and the differences were attributed to
different design values and thermal hydraulic
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conditions. Also, the same reactor model was
introduced in many published papers as a part of the
whole PWR nuclear power plant for the purpose of
studying dynamic characteristics of PWR [4] or
power system analysis as in [5-6]. In a recent work
[7] the dynamics simulation approach by adopting
reactor model to investigate the thermal
dynamic processes is presented. This model was
validated using results from published work in

Nomenclature

Agc  Effective heat transfer surface area between
the reactor fuel and primary coolant, (ft'%).

C; Precursor concentration for the i"" precursor
group, i=1,....,6

Cpc  Reactor coolant specific heat, (Btu/Ib.°F).

Cpr  Reactor fuel specific heat, (Btu/lb.°F)

E. Fraction of total power generated in fuel.

My Mass of reactor fuel, (Ib).

M,  Mass of reactor coolant,(lb)

M;p Mass of coolant in lower plenum, (Ib).

My, Mass of coolant in hot leg, (Ib)

P. Normalized core thermal power

P Reactor thermal power, (MWth).

Py Initial reactor thermal power, (MWth).

T¢ Average fuel temperature, (°F)

Tro  Average initial fuel temperature, (°F)

Tc1  Primary coolant temperature at lumpl,(°F)

T,  Primary coolant temperature at lump2,(°F)

Ty Primary coolant average temperature,(°F)

TcL Primary coolant temperature in cold-leg,(°F)

Tpsgo Temperature of primary coolant out from
steam generator, (°F).

Ty, Primary coolant temperature in hot-leg, (°F)

Plant Dynamic Model

The plant dynamic model is structured in a way to
include  reactor neutron  dynamic, reactor
thermodynamic, plant components such as reactor
plenums and piping. Plant state variables are
represented by first order differential equations
based on the conservation of mass and energy laws.
Reactor neutron dynamic is modeled by using the

[8]. In the present work, a reactor model suitable
for the dynamic analysis is proposed, in which
the feedback from coolant temperature and fuel
temperature effects are considered to model the
true characteristics of the reactor. The model is
implemented and the reactor dynamics can be
easily investigated through perturbations applied
to control input parameter.

PSAP  Power System Analysis Software Package

Scilab A numerical computational high level
software

Tip Primary coolant temperature in reactor
lower plenum, (°F)

Tup Primary coolant temperature in reactor
upper plenum. (°F)

Usc Heat transfer coefficient from fuel to
coolant

Wprim  Primary coolant mass flow rate inside the
core.

Bt Total delayed neutron fraction, B, = OB,

Bi Delayed neutron fraction for the six
delayed-neutron groups, i=1,..,6

A Neutron generation time, (s).

of Fuel temperature coefficient of reactivity,
(1/oF)

o Coolant temperature coefficient of reactivity,
(1/°F)

A Delayed neutron group decay constant,1/s

Pext External reactivity due to control rod
movement

Po Initial value of core reactivity

point kinetic equation with six groups of delayed
neutrons and the reactivity feedback from fuel and
coolant temperatures are considered in total
reactivity. It is assumed that the spatial distribution
shape of the neutron flux density do not change
during the transients [9-11].

Reactor Kinetics Model
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dp, -
dt(t) — (P(til ﬁt) " Pr(t) + Zi6=1 A *
it Prepro (1)
Ac, () B
LD _Bip i)~ a6, i=1:6
dt A (2)

B. Reactor Core thermal dynamic model

The core heat transfer model utilizes mann’s [10]
approximation for fuel and coolant temperatures as
shown in Figure (1). Two well stirred coolant nodes
are used for each fuel node to obtain a good
approximation to the heat transfer driving force
between fuel and coolant.

Typ |» T |102°
A
Teo
2
Teq
2
Tip | Ter MSG

Figure (1): Schematic diagram of reactor thermal

model lumps
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C. Core reactivity

The total reactivity in the core is represented by the
initial value of reactivity in core and external
reactivity caused by a change in rod movement and
reactivity feedback induced by change in fuel
temperature (Doppler Effect), and by change in
coolant temperature.

p(t) = poy Pext + a5 * (Tr — Tro) + a. (6)

* (T = Teo)
D. Reactor Piping and Plenums

In reactor plenums¢ Figure (1), complete mixing is
assumed during normal transients. The energy
conservation equation are applied on both plenums,
this will result in two first order lag equations for the
upper and lower plenum temperatures.

% - M;I/)IZM (Ter = Tpp) @)
dZ;lt]P _ V‘;;z;M (Tey — Typ) ®
% - M;IZILM (Tpsgo — Tc1) €)
d

ZIZL - I/II/\I/JIZILM (Typ = Th) 0

The above-mentioned equations are linearized with
reference to the steady state initial values and
presented in state space form as shown in equations
(11)

XR:AR*XR+BR*UR (11)

Where, Xg:  Reactor state variables vector,
Ag:Reactor coefficient matrix, Bpg: Coefficient of
reactor input matrix, Ug: Reactor input variables

Ar ab J. Nucl. Sci. &Applic. Vol. 53, No. 2 (2020)



81

vector. Equation (11) can be detailed to represent

PWR reactor state space model as follows:
iz,
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Elements of matrix A and matrix B are listed in
details in appendix A.The block diagram for
the reactor state space model is shown in
(Figure 2).

Change in reactor

Step change in normalized power

external reactivity

Change in Hot leg
Temperature

Step change in Primary
coolant
inlet temperature

Change in Cold leg
Temperature

Step change in

rimary water -
i ﬂay?:me Change in fuel

LINEARIZED REACTOR temperature
DYNAMIC MODEL
Figure (2): Block diagram of reactor state space model

Simulation of reactor dynamics

The reference plant for developed reactor model is a
typical Westinghouse PWR system with thermal
energy power 3436 MWth. The technical parameters
required for construction of the reactor model are
listed in table (1) and delayed neutron data are listed
in table (2), [12-13].

Table (1): Reference PWR technical parameter.

Parameter Value
Nominal Power Output (MWth) thermal 3436
power

Fraction of Total Power Generated in Fuel. 0.974
Mass of Fuel (Ibm). 222739
Total Coolant Mass Flow Rate (Ibm/hr) 1.5x10°
Effective Heat Transfer Area (ft°). 59900
Specific Heat Capacity of Fuel (btu/lbm-°F). 0.059
Specific Heat Capacity of Moderator 139
(btu/Ibm -°F). '
Average Overall Heat Transfer Coefficient 200
(btu/lbm-ft%).

Table (2): Six group delayed neutron data.

Group Dellf?ag%'rt]mn Decay Constant

First B,=0.000209 | 2,=0.012500s"
Second B,=0.001414 | 2,=0.030800s™
Third B,=0.001309 | 25=0.114000s"
Fourth B, =0.002727 | %,=0.307000s™
Fifth B:=0.000925 | %5=1.190000s”
Sixth B, =0.006898 | 2,=3.190000s

Three different cases of transient are simulated
in this study to examine reactor dynamics:-

o Step reactivity increase

o Decrease in inlet core coolant Temperature

e Decrease in primary coolant flow rate

RESULTS

In the following a summary of the reactor core
dynamic response results for the simulated transient
cases are presented:-

A. Reactor Response for Step Reactivity Increase

A sudden reactivity increase can be due to a control
rod withdrawal or a boron dilution or a suddenpump
start up. Such event had been simulated by adding a
(0.001 Ak/k (i.e., 0.158) as a step increase in the core
reactivity, (Figure 3(d)). Accordingly, fission rate
increases resulting in neutron flux increase, and
correspondingly, reactor thermal power rises sharply
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to a value of about 15% from rated power. As the
reactor power generation increases, the fuel
temperature will increases to a value of 50 °F in 5
seconds, from the simulation time, this means that
there is a delay between fuel temperature and power
increase  (Figure 3(b)).The increase in fuel
temperature, leads to more heat generated in core
which is transferred to the coolant, rising its
temperature as shown in (Figure 3(b)).The
temperatures of the two coolant modeled lumps, e.g.
ATcl&ATc2, rises to a value of 1.44°F, and 2.76°F,

- 0.1
2
m'—
=]
0.05
0 i i
0 10 20 30 40
Time (s)
Figure 3(a) Change in reactor normalized thermal power.
0.2
o1 —— Apr
' —e— A pc
« + Aprotal
= —— APy
< 0
-0.1 i
0 10 20 30 40 50
Time (s)

Figure 3(c) Change in core reactivity components.

respectively. The rise in fuel temperature produce
negative reactivity (Doppler Effect) of (- 0.08405%)
as shown in (Figure 3(c)). Also, the increase in
coolant temperature produces negative reactivity
feedback of (- 0.06259%) as shown in (Figure 3(c))
then the total change in core reactivity decreases as
shown in (Figure 3(d)). The reactor reaches a new
stable operating condition with an increase in power
level relative to steady state value of 0.0534 from the
normalized reactor power (Figure 3(a)).

0 10 20 30 40 50

Time (s)
Figure 3(b) Change in fuel and coolant temperature.
0.15

0 10 20 30 40 50
Time (s)

Figure 3(d) Total change in core reactivity.

Figure (3): Reactor variable dynamic response for a step increase in reactivity

B. Dynamics for a Decrease in Inlet Coolant
Temperature

The sudden decrease in coolant inlet
temperature case is simulated by assuming sudden
10°F step decrease in the core inlet coolant

temperature. This is performed to simulate the
reactor behavior when the load demand increases and
the steam drawn from steam generator increase.
Hence, the temperature of primary coolant out from
steam generator and inlet to the reactor core
decreases. To perform this transient a 10°F step
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decrease is applied to the core inlet coolant
temperature. This perturbation leads to a decrease in
the temperature of the two coolant lumps, e.g.
AT &AT,, to a value of -7.15 °F and -4°F (Figure
4(b)) respectively. As the coolant temperature
decrease it results in positive reactivity in the core
(Figure 4(c)). The positive reactivity increases the
neutron flux, hence, the reactor power increases
rapidly in 6.56 sec by a value of about 11.15% (i.e.
382.5 MW) (Figure 4(a)). Correspondingly, as power
increases the fuel temperature increases gradually

01
=
s
o 005
<
0 | | | {
0 10 20 30 40 50

Time (s)
Figure 4(a) Change in reactor normalized thermal power.
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Figure 4(c) Change in core reactivity components.

until reaching steady state increase of 100 °F (Figure
4(b)). Also, the increase in fuel temperature produces
negative reactivity in the core which results in a
delay time to the coolant positive reactivity at time of
10 sec as in (Figure 4(c)).The positive feedback
reactivity from coolant temperature is 0.1663 ($) and
negative reactivity from Doppler Effect is[- 0.1357
(%)]. The resultant change in core reactivity is shown
in (Figure 4(d)). As the change in core reactivity
goes to zero the reactor stabilizes at new operating
conditions.

2 . . . 100

0 —n—ATm 480

+ AT c2

o -2 —A=ATe | |60
2 1S
- -
o4 J40 &
< <

-6 L 120

-8 1 1 ! 1 0
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Time (s)

Figure 4(b) Change in fuel and coolant temperature.
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Time (s)

Figure 4(d) Change in core total reactivity.

Figure (4): The dynamic response of reactor parameters for a step decrease to coolant inlet temperature.

C. Dynamics with decrease in primary
coolant flow rate due to grid frequency
change.

A reactor model is developed to simulate the
reactor response due to change in grid frequency

which results in a change in mechanical rotational
speed of reactor coolant pumps and accordingly a
reduction in the primary coolant flow rate. In this
model, 10% decrease in the primary cooling reactor
cooling water is considered to occur as a result of
change in frequency. This decrease results in a sharp
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increase in the temperature of two coolant lumps,
e.0. ATy &AT, in the first two seconds as shown in
(Figure 5(b)).This sharp increase produces negative
reactivity component in core as shown in (Figure
5(c)) and causes a sharp decrease in reactor power
(Figure 5(a)) at a 0.69 sec. The reactor power
decreases by -0.0755 of rated power and stabilize at -

O L L L L
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. -004 | .
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<
-0.06 |
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0 10 20 30 40 50
Time (s)
Figure 5(a) Change in reactor normalized thermal power.
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Time (s)

Figure 5(c) Change in core reactivity components.

0.034 of rated power after about 30 sec. The fuel
temperature follows the power reduction and
decreases byabout 30.52 °F as shown in (Figure 5(b))
and correspondingly, a positive feedback reactivity
component is produced in core (Figure 5(c)). The
resultant change in core reactivity reaches stable
state at -0.005 $ in 50 sec, (Figure 5(d)).

4

A (P

0 A 2 2 H
0 10 20 30 40 50
Time (s)
Figure 5(b) Change in fuel and coolant temperature.
0

-0.02 |
&
3 -0.04

-0.06
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Time ()
Figure 5(d) Change in core total reactivity.

Figure (5):The dynamic response of reactor parameters for a step decrease in primary coolant flow rate.

Model Validation

A comparison of reactor core dynamic
simulations between the developed model results
and previously published results in reference [2] are
considered. A case of comparison will be made with
reference [2]. Considering the case of positive
reactivity insertion, the comparison between

normalized power in reference [2] and the presented
model is shown in (Figure 6(a)). In both models the
transient change in power is the same but for the
steady state the value of reference [2] power is
higher by about 1.5% of rated power. This may be
attributed to difference in values of feedback
reactivity from fuel and coolant temperatures which
minimize the power increase. Also a fuel
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temperature comparison is presented in (Figure 6(b))
where, the fuel temperature increases in the first
5sec to about 50°F in both models. While, in the
present model the fuel temperature remained in the
same range since the change in core power stabilizes

T

- developed model
= == _-Reference [2]

20 30 40
Time (s)

0 10

Figure 6(a) Change in normalized reactor thermal power.

after 5 sec, (Figure 6(a)). But for reference [2] the
fuel temperature decreases about 5°F after 5 sec. It
should be noted that the differences can be attributed
to some differences in design parameter values.

- N e e e = o = o wm e

_ 40
=
=
P'.-‘h
q 20

= = -Reference [2]

- developed model
0 i A i i
0 10 20 30 40 50
Time (s)

Figure 6(b) Change in fuel temperature.

Figure (6): Comparison between reference simulation and developed model for a change in reactor normalized power and fuel
temperature.

Conclusion

In this work a linearized dynamic model for a PWR

nuclear power plant core is developed. The dynamic

response of reactor core is studied through transient

perturbations introduced to the core

inputsparameters. The main points in conclusion are:

e The main role of feedback reactivity from coolant
temperature and Doppler Effect is demonstrated as
it stabilizes the core power and affects the steady
state values.

e The PWR core dynamics is investigated through
three different simulated cases of perturbations to
reactor model input variables, such as insertion of
external reactivity, decrease in primary coolant
flow rate and primary coolant inlet temperature.

o The results of the simulated cases are verified by
comparison with previously published results
which confirm the adequacy of the developed
model.
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APPENDIX A
Elements of matrix A
'Al,l =_Bt/A ; A1,2 :Al : A1,3 =A2; A1,4 :}\3; A1,5

A A A a Ay _ac Ay e
=Ay; =As; =g = = =
6 A’ 2

1]
A

A
Ay 31/ A“‘—)\l ;A3,1:BZ/A; As_ ,
A _ B3/ Aga_ s A5,1=B4/ ; Ass_ Y
A _ Bs/ Ao _ s Ai_ Bﬁ/A;A7'7=—7\ ;
A8,1=FrPO .AB,S:_UfC*AfC . A8,9=UfC*AfC . Aa,lo
(Mcp)’ (Mcp)F ’ 2(MCp)F '
_Uc*Arc . A91 _(1-F)Pg A9,8=UfC*AfC .A9,9 -
2(MCp)F (MC )c ' (Mcp)c '
Ugc *Arc |, WpRIM .A9,13:WPR1M.A10,1:(1—Fr)P0. A10,8
(Mcyp), Mc |’ M¢ MCp). '
_Utc *Afc .A10,9: “Urc*Arc | Werim A10,10: ;
MCp)e (Mcyp), Mc ’
WpRriM .A11,1o —Werim . A1 —_ Werim_ A12,11 _WprriM
M¢ ' Myp 111 Myp My
.Aiz,lz:_m . A13,13: Weriv . A13,14 —WpriM .
' My, ' Mp Mpp
A14,14: _Wperim
ML
Element of matrix B
Bm:l/ . Bl4,2=WPﬂ- Be,sz(M) :
A MCL ] MC ]
BlOﬁ:(M) Bus_Tew-Two . Brog
M¢ ' Myp '
—(Tup0=Thro) Bl3,3: (TcLo—Trpo) . Bl4,3
M, ’ Myp
— (Tpsco 0= Tero)
McL
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