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Abstract

In this article, two-dimensional partial differential equations with time representation of nuclear power reac-
tor kinetics are considered for spatial reactor dynamics and thermo hydraulic behavior analysis of a large
thermal advanced gas cooled reactor (AGR) type used for nuclear power generation. The equations include
the neutron flux equation and delayed neutron precursor concentration, together with taking into account the
equations to represent the thermo hydraulic behavior of the fuel, coolant and moderator temperatures. These
equations are solved numerically using the finite difference method. For time propagation, an implicit
method is applied. The desired initial condition for the reactor to stay at stable critical condition is estab-
lished by finding the correct value of reactivity. The reactivity disturbance effect in the reactor is studied for
different cases and presented for high reactivity values. The model was developed for the analysis of a large
AGR with 2000 MWe for future power generation. The results show that the model not only behaves stably

but also predicts the results physically for all the various parameters.
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1. Introduction

Nuclear power stations play an important role in electric-
ity generation in industrial countries. Nuclear energy is a
clean and cheap energy source after renewable energy
sources, such as solar and hydraulic energy. Thus, for
industrial development, progress in nuclear power reac-
tors is essential. Advanced gas cooled reactors (AGR)
and the next generation high temperature gas cooled re-
actors (HTGR) are safe with respect to their moderator
and cooling materials and can generate a high amount of
energy; these types of nuclear reactors are desired for
high capacity nuclear power plants.

Nuclear reactor simulations are conducted for analysis
of reactor behavior. There are some computer codes that
have been developed by universities or research estab-
lishments in order to predict flow regimes, hydro dy-
namical instability, reactor kinetics, etc. These computer
codes (analyzers) include MINCS, PHOENICS, TRAC,
RELAPS, and others, and they not only predict the opti-
mized criteria for the thermo hydraulic condition for nu-
clear reactors but also fill in the gaps between the scarce
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experimental results that have been found by different
research sources and obtained under substantially differ-
ent conditions. These codes have some capabilities and
limitations that have been discussed by Wulff [1] and
Physical Benchmarking Exercise [2]. RELAPS has been
used massively for nuclear reactor modeling. Compari-
son of results obtained by RELAPS modeling and ex-
perimental data collected by Groudev [3] for pressurized
water reactors (PWR) of VVER440/V230 type showed
that the analysis using this computer code is valid. Be-
cause such codes are not easily accessible, especially for
developing countries, modeling of the nuclear reactors
with more accurate mathematics and higher physics is
required to predict more precise simulation results.

Arab-Alibeik et al. [4,5] modeled a PWR reactor.
Their model is one-dimensional and includes five differ-
ential equations. They include the neutron flux equation
without a diffusion term, the six group delayed neutron
equation, energy conservation equations for fuel tem-
perature and an energy conservation equation for the
cooling flow. They also used fuel and moderator feed-
back coefficients in the model.
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Marseguerra et al. [6] used the point kinetics neutron
flux equation with thermal equilibrium equations for the
reactor core. In their model, the neutron diffusion term
was omitted from the neutron flux equation. They con-
sidered six groups for the delayed neutron equations.
Weyfeng et al. [7] presented a three-dimensional model
that based on a 200 MW mina tour reactor with a thermal
pool reactor. Their model included the neutron flux
equation, one group equation including a neutron diffu-
sion term, delayed neutrons, the cooling flow thermal
equilibrium equation and one state equation for the effect

of control rod replacement on the neutron flux. Sadek et al.

[8] used a one-dimensional second order parabolic equa-
tion to model the nuclear reactor, including neutron flux
but without delayed neutrons and thermo hydraulic
terms.

In this article, the two-dimensional neutron flux equa-
tion is considered for the neutron spatial distribution to-
gether with equations to represent the dynamic behavior
of the fuel, coolant and moderator temperatures. In this
model, which has been applied to an AGR type reactor,
the cooling temperature is different than the moderator
temperature and is included in the equations definition.
This model has one more differential equation with re-
spect to the PWR model that was presented by other re-
searchers. The present model will consider symmetric
and anti-symmetric reactivity inlet disturbances and their
effect on nuclear reactor behaviors.

2. Modeling

2.1. Governing Equations

Nuclear reactor kinetic equations are declared by neu-
tronic and thermo hydraulic equations to describe the
dynamic behavior of the reactor core. Nuclear reactor

neutronic equations include prompt and delayed neutrons.

The neutron flux differential equation is as follows (Sta-
cey [9] and Glasstone, et al. [10]):

l%:szwkaa(/)—ﬁMMC M

The one group delayed neutron precursor concentra-
tion equations are

dC
E—ﬁkaM—ﬂC 2

In the one group delayed neutrons equations, the six
groups of delayed neutrons are averaged, and only one
variable is used instead of six variables. The average one
group delayed neutron and one-energy group equation is
written as
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To solve the above equations, the variables are nor-
malized as
p= ¢£
: )
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The normalized equations of the neutron flux and de-
layed neutron become as follows:

A%:M2V2P+(p—,6’)P+,BD Q)
dD
E—/I(P—D) (6)

P is the normalized power, and the time constant of
normal power and migration area are obtained as

(7
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Reactor reactivity will be affected by the fuel and
moderator temperature feedback coefficients. The reac-
tivity feedback formula is as follows:

P—Py =& <Tf _Tf0)+am (Tm _Tmo) (8)
Fuel, cooling and moderator temperatures can be
found from the following differential equations:

rlddltszl-CN-P—Hl(Tf -T,)

dT .
T2d_tcz H (T =T,)+H, (T, -T,)-2M ¢, (T, -T))

r3ddltm:E2oCNoP—H2(Tm—Tc)

©
The above equations can be derived by considering the
thermal equilibrium between the fuel, cooling and mod-
erator temperatures. The fuel and moderator tempera-
tures are varied by the power that is released from the
nuclear energy generated from neutron production. The
fuel rods and moderator portion from the generated
power E; and E,, respectively, as follows:

E +E, =1 (10)

The cooling temperature is assumed to be the average
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of the inlet and the outlet temperature of the reactor

AR (11)
2
The mass flow rate is determined in such a way that
the cooling temperature is constant, which can be ob-
tained by assuming that the time variation of the cooling
temperature is equal to zero. The following equation can
be obtained for the cooling flow rate:

H, (T, =T.)+H, (T, - T,)

M = 2, (T.-T)) (12)

2.2. Initial and Boundary Conditions

To solve equations, the initial condition for different
variables must be determined over the whole reactor
cross-section area. The power distribution in the reactor
at the initial condition is assumed to be a sinusoidal form,
as shown on Figure 1. The reactivity distribution is
found using the following equation:

pir?}r] = pir?j +A(Pi,nj+l - Putjzo) (13)

A is a constant and is called the convergence coeffi-
cient. Its value can be found by trial and error. When the
right values of reactivity are found, it should be checked
in the model that the power stays at the initial condition
without changing when the computer program is run for
a long period of time. See Figure 2 for the normalized
power distribution after a long period of time (steady-
state condition). The other variable distributions were
found with respect to the power at the steady-state condi-
tion and are presented in Figures 3 to 7. The variables
values are high at the reactor center but decline to their
minimum values near the reactor boundaries.

Initial Distribution of Normalized Power

Figure 1. Initial distribution of normalized power at the
reactor core cross-section.
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Figure 2. Normalized power distribution at the reactor
cross-section after using the right values of reactivity.
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Figure 3. Initial values of delayed neutron distribution
across the reactor core.
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Figure 4. Initial values of fuel temperature distribution
across the reactor core.

3. Solution Technique

To solve the governing equations numerically, the im-
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Steady State Coolant Temperature Distribution
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Figure 5. Initial values of coolant temperature distribution
across reactor core.

Steady State Moderator Temperature Distribution
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Figure 6. Initial values of moderator temperature distribu-
tion across reactor core.

Steady State Coolant Mass Flow Rate Distribution

21

Figure 7. Initial values of coolant flow rate distribution
across the reactor core.

plicit method was applied for differentiation because it

has higher numerical stability. The total differentiated
equations were solved using the Three Diagonal Matrix
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Algorithm (TDMA) by considering the Alternative Di-
rection Implicit (ADI) method. Two set of equations,
including neutronic and thermo hydraulic equations,
were considered. The neutronic equations include the
normal power equation, delayed neutrons and tempera-
ture feedback on reactivity. The thermo hydraulic equa-
tions include the fuel, cooling and moderator tempera-
tures and the cooling flow rate. The two sets of equations
are affected mutually by the reactivity feedback equation,
and all of the equations must be solved together simulta-
neously. A square cross-section nuclear reactor is as-
sumed with 10 by 10-meter dimensions. The number of
meshes in the x and y directions are 21. Mesh independ-
ency was also considered with a different number of
meshes and increased up to 101 meshes in each direction.
The results generated from different runs of the computer
program showed that the differences are negligible. Thus,
the results obtained in the rest of the article depend on 21
meshes in each direction.

The second order partial derivatives of the neutron
flux equations were converted into differentiated form.
Each step of time was conducted in two half steps. In the
first half step of the time, the neutron flux equation was
solved implicitly in the x direction but explicitly in the y
direction. In the second half of the time step, the same
neutron flux equation was solved implicitly in the y di-
rection and explicitly in the x direction. Because of the
long mathematical manipulation and shortage of space,
only the final form of the obtained differentiated equa-
tions is presented below.

The neutron flux equation in the first half of the step
of time is

M ? n+1/2 2A  2M ’ n AAtﬂ n+1/2

“ae P A e ) |
2 2 2

R = | 22T e

AX ’ Ay® At Ay ’

2
+ Z/I 2 Pi,nj+1 + 2 2ﬁ Din
y + AAt

(14)

The neutron flux equation in the second half of the
step of time is

M : n+l 2A 2M ’ n ﬂ’Atﬂ n+l

“ay e Aty ) B
2 2 2

R = Mg [ 22 2V

Ay AX At AX
+M_2P_”+1_/2+i D_n
A T A

(15)

The normalized delayed neutron precursor concentra-
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tion equations are

AAL 1
in}rl — Pinj+1 + Dinj (16)
’ 1+ 1At 1+ At~
The equations representing fuel, coolant and modera-
tor temperatures are, respectively,

fi,j ci,j 1 i,j fi,j

(i"’HJT n+l1 HTn+1 ECNPn+1 Tn
SHT M (%+ H, +H, +2M", jTC,”jl H, T,
= 72T" +2M7; ¢, T,

ci,j

ci,j mi, j 2 i,j mi, j

“H, T+ [2—1+H jT”“ E«CNoP.”.“+ Tl

(17)
The required coolant flow varies as
p N+l H (Tfr'Hll _TCrlH;] )+ H (TrT:‘|+J] Tc:Hj])
Mis = : (18)
¢, (T4 -T,)

Equations (13) to (17) were solved for each step of
time.

4. Results

4.1. Whole Reactor Cross-Section Disturbed by
Reactivity

Once the correct values of the different variables were
established, the reactivity value was increased by 0.01
mN (mN is the reactivity unit used in the British nuclear
industry) over the entire reactor area after 0.1 seconds.
Figure 8 shows the transient response of the reactor with
respect to the reactivity change. The reactor power at the
middle point increased to about 25 times of the initial
state in just 0.7 seconds, then declined to 1.93 times the
initial value after 1.7 seconds and then increased slightly.
This behavior is the transient response of the reactor with
respect to the disturbances. The stable behavior of the
reactor starts after about 4 seconds. Figure 8 is plotted
for 5 seconds to demonstrate the reactor behavior at an
early time at the center of the reactor, and Figure 9 is the
continuation of the Figure 8 behavior at a longer time. It
also shows that the power increased gradually with time
and reached 8.2 times from 4.6 times the initial values in
45 seconds. The sudden increase of the reactor power in
Figure 8 was caused by prompt neutrons that were gen-
erated quickly by the reactivity disturbance response.
The second increase in power was because of the delayed
neutron generation. Figure 10 shows same behavior at
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Transient Response to Reactivity Step Disturbance
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Figure 8. Nuclear reactor power response to uniform reac-
tivity disturbance at early time.
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Figure 9. Nuclear reactor power response to uniform reac-
tivity disturbance at long period of time.

Response to Reactivity Step Disturbance
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Figure 10. Power response to a uniform reactivity step change.
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Response to Reactivity Step Disturbanse

Figure 11. Spatial power distribution to step change in re-
activity after 50 seconds.
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Figure 12. Transient response of reactivity after uniform
disturbance of reactivity in early period.
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Figure 13. Transient response of reactivity after uniform
disturbance of reactivity in long period of time.
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the center cross-section of the reactor core. Figure 11
presents the reactor power after 50 seconds. It is inter-
esting that, because of the sharp power profile in the ini-
tial conditions, the early time power profile is sharp
(Figure 10 at a time of 0.5 sec), but, because of the high
difference of neutron flux between the center and the
boundaries, the power profile becomes almost uniform
over the whole reactor cross-section (Figures 10 and 11
at 50 seconds). Figure 12 for an early time and Figure
13 for a longer period of time show the reactivity tran-
sient behavior after it was increased intentionally. The
reactor power decreases and tends to stabilize the system
because of the negative reactivity feedback coefficient
effect. Figure 14 demonstrates the transient response of
the fuel, coolant and moderator temperatures on the reac-
tivity disturbance at an early time. The fuel temperature
increment is greater than the other temperatures, and

Transient Response to Reactivity Step Disturbance
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Figure 14. Transient behavior of fuel, coolant and modera-
tor to reactivity step disturbance at early time.
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Figure 15. Transient behavior of fuel, coolant and modera-
tor to reactivity step disturbance at long period of time.

EPE



372 M. R. ANSARI

from 430°C in equilibrium it increased to 685°C in just
2.5 seconds. The temperature behavior is also presented
for longer periods of time in Figure 15. Because of the
higher power production, the fuel temperature increased
more with respect to moderator temperature. Because of
the greater time constant of the moderator, the moderator

temperature increase was lower than the fuel temperature.

The cooling temperature is a function of the fuel tem-
perature increment, but the cooling temperature incre-
ment was low because the cooling flow rate also in-
creased. The cooling temperature reached 507°C from
380°C for the initial value in 50 seconds. The fuel tem-
perature distribution in the reactor cross-section is pre-
sented in Figure 16 for different times, and the cooling
mass flow rate response to the uniform reactivity distur-
bance is presented in Figure 17.

4.2. One Node at Center of Reactor
Cross-Section Disturbed by Reactivity

During the previous section of the present paper, the
whole cross-section of the reactor core was disturbed by
the reactivity. In this section, only one node was dis-
turbed at the center of the core by a reactivity value of
0.1 mN (which is added to the initial value of the reactiv-
ity). The reactivity disturbance starts after 0.1 seconds.
The reactor transient response for power is presented in
Figure 18. Because of the high value of reactivity, the
reactor power increased sharply, but after about 0.78

seconds its value decreased to 0.16 times the initial value.

The oscillating behavior of the reactor decreased to a
stable value after around 15 seconds. The long-term be-
havior of the reactor power is presented in Figure 19.
The reactor power oscillation in Figure 18 was caused
by the fast generation of the prompt neutrons generated

Response to Reactivity Step Disturbance
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Figure 16. Fuel temperature distribution across the reactor
core due to reactivity step change at different times.
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Transient Response to Reactivity Step Disturbance
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Figure 17. Coolant flow rate response due to reactivity step
change.
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Figure 18. Power response to a point disturbance in reac-
tivity for 15 seconds.
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Figure 19. Power response to a point disturbance in reac-
tivity up to 50 seconds.
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by the high amount of reactivity disturbance. However,
the high value power production was damped and de-
creased by delayed neutron production. The reactor
power behavior was not only affected by the prompt and
delayed neutron productions and leakage but also con-
trolled by positive and negative reactivity feedback coef-
ficients due to the fuel and moderator temperatures. It
should be mentioned that the large value of the reactivity
introduced into reactor system is dangerous to the reactor
because it will generate very high power and fuel, mod-
erator and cooling temperature increases, as shown in
Figure 19. Such a high value temperatures will melt
down the reactor and possibly create a reactor explosion.
Our model cannot predict the melt down or reactor ex-
plosion (the equations do not contain the complicated
condition of the melt down or reactor explosion correla-
tions). However, it is intended to demonstrate and show
the responses of different parameters for a high value of
reactivity when put into operation intentionally. Then, the
reactor responses can be analyzed, and the model capa-
bilities and limitations can be considered. The reactor
responses were not only characterized physically (qualita-
tively) but also checked mathematically without any fail-
ure of the model developed (i.e., it remained stable nu-
merically). The results showed that, even for a high reac-
tivity, the model stayed stable numerically without facing
hard failure of the solution. Figure 20 presents the tran-
sient reactor behavior due to the reactivity step distur-
bance at different time levels, and Figure 21 shows the
power at the reactor cross-section at a time of 1.0 second.
The reactivity behavior for a period of 15 seconds is
shown in Figure 22, and that for longer period of time is
presented in Figure 23. Fuel, coolant and moderator tem-
perature behavior are presented in Figure 24 for an early
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Figure 20. Power distribution across the reactor at different
times due to symmetric point reactivity disturbance.
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Figure 21. Power distribution across the reactor at 1 second
due to symmetric point reactivity disturbance.

Transient Response to Reactivity Step Disturbance
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Figure 22. Transient response of reactivity due to symmet-
ric point reactivity disturbance at early time.
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Figure 23. Transient response of reactivity due to symmet-
ric point reactivity disturbance at long period of time.
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Transient Response to Reactivity Step Disturbance
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Figure 24. Transient behavior of fuel, coolant and modera-
tor to symmetric reactivity disturbance at early time.
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Figure 25. Transient behavior of fuel, coolant and modera-
tor to symmetric reactivity disturbance at long period of
time.

time and Figure 25 for a longer period of time.
5. Conclusions

Two-dimensional time representative equations were
analyzed for nuclear power reactor kinetics and thermo
hydraulic behavior for large AGR nuclear power genera-
tion. The governing equations used in modeling of the
reactor included neutron diffusion, delayed neutron pre-
cursor concentration and thermo-hydraulic equations for
fuel, moderator and cooling temperatures. The equations
were solved numerically using the finite difference
method. The reactor transient response was demonstrated
for reactivity disturbances in different conditions. For
this reason, the initial reactivity was established for the
steady-state condition. The initial reactivity values are
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the reactivity amounts that do not change the reactor
power and maintain all the variables at steady-state val-
ues. Higher values of the reactivity were imposed as fol-
lows.

1) A nuclear reactor AGR type with 2000 MWe was
developed for future power generation. The model be-
haved well physically (qualitatively) and numerically
during critical conditions without failure.

2) The reactivity of all nodes was increased by 0.01.
The reactor response showed that even though the vari-
ables increased, however, the negative feedback coeffi-
cient and delayed neutron generation prevented the reac-
tor system from the critical condition. Nevertheless, if
this condition were continued, for a reactor without a
control system, the fuel rod temperature would increase,
and the reactor would end with crisis.

Only the center node reactivity disturbance increased
to a value of 0.1. The reactor response showed that the
temperature increased to very high values. This behavior
could lead to fuel rod melting and explosion, even
though this model is not prepared to predict these crises.
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am Moderator temperature reactivity feedback coefficient
(mN)

f Delayed neutron fraction (-)

i Delayed neutron fraction of group i (-)

A Fission constant of one-group delayed nucleons (s')

i Fission constant of delayed nucleons of group i (s ')

v Neutron speed (cm/s)

p Reactivity (can be expressed as a dimensionless num-
ber, but it is better to use units of reactivity. The unit in
the U.K. is the milli-Nile, ] mN = 107)

A Effective prompt neutron lifetime (s)

3, Macroscopic fission cross-section area (cm™")

¢ Neutron flux (n/cm*s)

@, Neutron flux at steady-state (n/cm?>:s)

71 Fuel temperature time constant (s)

7, Coolant temperature time constant (s)

73 Moderator temperature time constant (s)

EPE



