Arab J. Nucl. Sci. Appl., Vol. 54, 2, 109 -115 (2021)

Arab Journal of Nuclear Sciences and Applications

Web site: ajnsa.journals.ekb.eg
ISSN 1110-0451 (ESNSA)

Prediction the Performance of the IAEA 10 MW MTR Research Reactor at Transient Startup

Magy. M. Kandil

Nuclear and Radiological Regulatory Authority, Cairo, Egypt

ARTICLE INFO ABSTRACT
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Keywords: controlling startup conditions to reach criticality. The startup is performed by increasing

or decreasing the reactivity due to insertion or withdrawal of a control rod with/without
an external neutron source. The developed model is a dynamic model made by
MATLAB/SIMULINK with a systematic solution of a combination of Ordinary
Differential Equations (ODE) of Point Kinetic Equation (PKE) and the thermal hydraulic
equations to calculate the change of neutron density, fuel and cooling temperatures
through reaching the critical state before a new reactivity is added. The developed
dynamic model predictions are compared with the calculations performed in various
establishments using other codes. The results showed that the developed model can
provide accurate predictions during transient conditions; and can be used for analyzing
the lowest power reactors encountered in practice.
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1- INTRODUCTION thus, external neutron sources are used for controlling
the subcritical condition in nuclear reactors [3]. The
following fundamentals guarantee a safe reactor startup:
the reactor must be started from an effectively value of
the neutron flux density; the initial neutron flux density
must be raised up such that the neutron detectors carry
appropriate values, thus, external neutron sources are
used for controlling the subcritical condition in nuclear
reactors [3]. Ziya Akcasu et al, [4] and other researches
have solved the point kinetics equations analytically for
any ramp reactivity insertion to reach the criticality of
the reactor without considering the external neutron
source in power contribution., and others such as Zhang
et al [5] also used the one group model in arising the
analytical solution of point kinetics equation with
external neutron source, but the solution is useful when
the reactivity is linearly introduced discontinuously and
not in other types of effects such as transient ramp
reactivity due to rod insert or withdraw at startup

In zero-power reactors, the neutron flux density
must be controlled, since it is proportional to the reactor
power [1]. Ordinarily, these reactors do not virtually
contain (or contains very small) number of free neutrons
during shut down. Starting up a nuclear reactor needs
resources to generate a controlled nuclear fission chain
reaction clearly and safely and continuously. The total
reactivity in the reactor system dependent on lifting the
control rods discontinuously. At startup, the control rods
are withdrawn at time intervals thus the reactivity is
presented linearly in the reactor core, to allow criticality
to be reached in a slow and safe manner [2]. In nuclear
reactors, there is a time delay through displaying the
neutron flux density changes that may cause the operator
to evaluate the reactor state wrongly and probably to
increase the multiplication factor to disallowed
supercritical series [2]. The following fundamentals
guarantee a safe reactor startup: the reactor must be

. conditions.
started from an effectively value of the neutron flux
density; the initial neutron flux density must be raised up In nuclear reactors, the startup external sources of
such that the neutron detectors carry appropriate values, neutrons are other than delayed fission or prompt
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neutrons since they come from sources other than
neutron-induced fission[5]. The startup neutron sources
are typically injected in frequently spaced positions in
the reactor core, in many of the fuel rods. These sources
are important for safe reactor startup because the
impulsive fission and cosmic rays assist as weak neutron
sources, that are too weak for the reactor instrumentation
deductions; depend on them could a chief to a "blind"
start, which is a possibly become unsafe condition. The
neutron sources are herefore positioned. Consequently,
the neutron flux they produce is always detectable by the
reactor instrumentations.

To date, it has been difficult to settle down
standardized computer tools and procedures for the
safety analysis of nuclear power plants since they
consist of many system-of-systems as established
through their internal interdependent systems . The
negative impact of such interdependence importance was
demonstrated after the 2011 Fukushima Daiichi nuclear
disaster. Hence, there is a major need for new strategies
to overcome the limitations of the existing risk
assessment techniques such as the use of fault tree and
static event schemes, through principally completed by
simulation of the nonlinear dynamic feedback
mechanisms among the different NPP
systems/components. This could be due to the big
differences in nuclear reactors power densities, large
variety of design and fuel geometries, different modes of
operations, purposes of utilization, etc. In general, there
was a great effort for development of proper tools and
codes for each nuclear reactor. Furthermore, these
dedicated codes are generally based on conservative
physical models and are intended to focus on specific
phenomena in the reactor.[6]

Thus, in this research, a new dynamic model is
developed for simulating the Point Kinetic Equations
and thermal-hydraulics for any research reactor to
predict the whole changes of the neutron flux, the fuel
temperature and the cooling temperature at startup with
ramp reactivity increasing due to an abnormal
withdrawal of a control rod condition with/without an
external of neutron source. The new developed model is
applied in Material Testing Reactors (MTR) (1L0MW
IAEA) as a research reactor. For validation of the
developed modeling, comparison between this work and
other analytical solutions of point reactor Kinetic
equations for one-group of delayed neutrons is
accomplished with computed the change in neutron
density as soon as reactivity is increased introduced
unevenly. The comparison is applied with the solutions
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using at eidi et al. [7], Reisch et al. [8] and Zhang et
al.[5].

2- The Developed Dynamic Model

The dynamic model is developed using
MATLAB/SIMULINK as shown in Figure (1). This
model is based on; reactor point Kinetics, with six groups
of delayed neutrons, thermal hydraulic, one dimensional
heat conduction created with lumped parameters and the
feedback due to the; fuel and coolant temperature
effects. Core calculations have been performed by a new
developed supporting software algorithm which is able
to calculate neutronic and thermal hydraulic parameters
of any low power reactor core. The developed model
used to predict behavior of the core using Ordinary
Differential Equations (ODESs) under steady state and
transient startup conditions [9] with/without External
source are applied on the MTR 10 MW IAEA typical
reactor core.
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Fig. (1): The main Simulink of the developed dynamic model

2.1 The Core neutronic calculations in the
developed model

The point kinetics equation used in the core module
is referred to byReisch [8]. The equation system is
solved numerically with the new developed dynamic
modeling and applied during transient operations,
when the fuel and coolant temperature increase, are
considered in reactivity calculations. The point
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kinetics equations are stated in relationships of reactor
neutron flux (N) which is proportional to the reactor
power (P) and the average neutron density with the
stability equations as:

dN — 6

N P(t)A P + IRCICRTIONNES
dC; B

= ANO -G © @)

Where: t is time (sec), N is neutron flux, p(t) is the
neutron Reactivity, g is sum of the delayed neutron
fractions, B; is the i delayed neutron fraction, A is
neutron mean lifetime, A;is i" decay constant for the
delayed neutron precursor. C; is concentration of the i
fraction of the delayed neutrons, precursors, and q is the
external neutron source.

During steady-state operation, the reactivity in
equation (1) is time dependent even still it is zero, all
time derivatives are equal to zero, the initial value of the
relative neutron flux equals unity (No=1). From equation
(2) at t=0, C; can be determined as following:

dc; _

=0 (3)
B;

Cio = )\l—iA 0 (4)

2.2 External neutron source contribution
2.2.1 Continuous external neutron source

The neutron density is calculated with intended
constant source as in equation (5),

dn = qo (5)
2.2.2 Time variation external neutron source

The neutron density is determined for distinction of the
external neutron source with respect to time is
considered as flowing:

2.2.2.1 The external neutron source as polynomial
of time

The external neutron source is well-defined by means
of the ratios of polynomials of degree j [8]:

a®=)"  a’ (6)

Their reactivity is denoted by:

(7)

_ (po t+rt 0<t<to
p(t)_{po+rto tZto}

Where: P, is the initial subcritical reactivity, r represents
the ramp reactivity count rates and to is the time for
withdrawn the rods

2.2.2.2 The external neutron source as Sinusoidal
fluctuation with time variation

Due to fluctuation of neutron source around a
constant value, the source is time dependent. Accounting
for the sinusoidal external neutron source that is well-
defined by accounting for the sinusoidal function as
shown in equation (8).

. 20
dn = (oSinwt (m = T) (8)

where © and T are angular frequency and period of
source, similarly that can be suitable for indicating the
situation effects in the neutron density [9].

2.3 The Reactivity calculations
2.3.1 The Reactivity as of Fuel’s Effect

The Reactivity from Fuel’s Effect dependents on the
fuel temperature changing (Tg) after the power changes
with a time delay (zr ):

CpnN
TF = _FN (9)
1+ E‘r
dt °F

Where: Tg is the Fuel temperature change, Cry is the fuel
temperature proportionality constant to the neutron flux,
T isthe thermal time constant of the fuel, t is the time.

From equation (9), the differential equation for the
Fuel temperature predicted over time is:

dTy
Te+ TFuelF = CpnN (10)

dTz  C 1
— =N T (11)
dt Tfr TF

The reactivity of the Fuel’s Effect is:
8pr = ar(Tr — Tro) (12)

Where: 6pg is  the reactivity due to the fuel
temperature change and aj is the fuel temperature
coefficient. At the initial time (t=0) and at steady
state §ppo =0
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2.3.2 The Reactivity as of Coolant’s Effect

The Reactivity results from the coolant’s effect
dependents on the changing of the Coolant
Temperature. As fuel equations (10&11), the coolant
differential equations are like to that of the fuel but the
coolant thermal time constant is higher [8]:

Te ek _ ¢ (13)
cTTc dt _ CN

dTc  _Cenp_ L

TR N rCTC (14)

Where: T is the coolant temperature change, 7. is the
Coolant thermal time constant, C.yis the coolant
temperature proportionality constant to the relative
neutron flux.

Assuming that at zero power operation coolant
reactivity contribution from temperature change:
8pc = ac(Te — Teo) (15)

where:dp, is the reactivity due to the coolant
temperature change and a. is the coolant temperature
coefficient. At the initial time (t=0) and at steady state
Spco 1S Zero,

2.3.3 The Reactivity of the Control Rods

Differential control rod worth is defined as the
reactivity change per unit movement of the control
rod and it is generally expressed in pcm/cm that defined
as:

Sppg is the reactivity of the control rods’ movement

2.3.4 The Total Internal Reactivity of the model

The internal reactivity balance with the control rods,
the Fuel’s and the Coolant’s temperature effect is:

8p = 8pr + 6pg + 8p¢ (16)

Where:  &pg is the reactivity of the fuel
Opc is the reactivity of the coolant
Spr is the reactivity of changing the

control rods’ movement

3 - The methodology

The dynamic model is developed based on; reactor
point kinetics, through using equations (1) & (2) and
from (11), (14) and (16) as a system of coupled linear
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ordinary and thermal-hydraulic differential equations for
representing the Time-dependent parameters of reactor
system (the reactivity and the neutron source terms.

3.1 Appling the Developed Model on 10MW IAEA
MTR typical reactor core

The developed dynamic modeling is applied for
IAEA 10 MW, the above equations define completely
the model with, following specification of initial values
that represented in table 1&2 [8].

Table (1): The Decay constants, yields of delayed-
neutron precursors in the thermal fission of
uranium 235 and the initial values of the
delayed neutrons’ precursors

G X[ Bi C; = Aiﬂ*i/l *Np
1 0.0124 0.000215 17.3387
2 0.0305 0.00142 46.6885
3 0.1110 0.00127 11.4775
4 0.3010 0.00257 8.5316
5 1.1300 0.00075 0.6561
6 3.0000 0.00027 0.0907

Table (2): The initial values and parameters of the
developed dynamic model parameters

Parameters values
Tro 0.001
Teo 0.0005
No 1
Yo 10°

A 0.001 sec
Tf 5 sec
Tc 100 sec
Cen 0.001
Cen 0.0005
ap -31x10°
o -0.6x 107
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4- THE RESULTS & DISCUSSION

The results of the developed model for ros=
0.0001 s_1, p_0=-0.006, g_0 = 109 neutron. Cm-3 s-1,
and t 0=10s and 0<t<100s with different forms of
external neutron source with/without considered
feedback reactivity of fuel and cooling. The neutron
densities results for the insertion of ramp reactivity due
to move the control rod from 50 pcm to 60 pcm in the
existence of a constant external neutron source, a
polynomial and a Sinusoidal in the following sections:

4.1 Constant External Neutron Source

Figures 2 (a, b) shows the results of the developed
model in the existence of a constant external neutron
source with/without considered feedback reactivity of
fuel and cooling temperatures.
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Fig. (2: a, b): The neutron flux with Constant External

Neutron Source
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4.2 Variable external neutron source with time

Figures 3 (a, b) and 4 (a, b) show the results of
the developed model in the existence of external
neutron source of a polynomial and Sinusoidal
external neutron source of time with/without
considered feedback reactivity of fuel and cooling at
transient startup respectively.
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Fig. (4: a,b): The neutron flux with a Sinusoidal external
neutron source

From previous figures 2, 3 and 4 the variation of
neutron density during startup in the presence of all
types of the external neutron source, increased with large
values without feedback more than with feedback. Thus,
the nuclear reactor must be considered the feedback
reactivity of fuel and cooling temperatures during
modeled. The sinusoidal neutron source gave more
fluctuation so it is preferred.

5- Validation the developed dynamic Model
5.1 Validations without External neutron source

The validity of the developed dynamic model was
tested by comparing the obtained results with the other
published model [8]. The comparison has shown in
figure 5 demonstrated that the output of the relative
neutron flux, the adequacy of the developed dynamic
model for investigating transient startup conditions when
control rod move from 60 to 70 pcm without external
neutron source for predicting the core behavior for IAEA
10MW as research reactor.

35

dn/dt ref[10]
— dn/dt Dev. Model

Relative neutron flux

1 r r r r r r r r r r
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Fig. (5): The change neutron flux without external source at
Transient from 60 to 70 pcm
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The results showed that the developed model can
provide accurate predictions during transient conditions;
and can be used for analyzing the lowest power reactors
encountered in practice as references [8].

5.2 Validation with External neutron source

Yamoah, et al. [9] established an analytical expression
for the calculation of neutron density response created
with the kinetics equations with one-group of delayed
neutron precursors as eq 1& 2, by assuming the prompt
jump approximation and a constant neutron source, [9]
produced the following expression for the neutron
density:

Bn, +qA
-0 0<t<t,
|ﬁ + |po| — 1t
q A _ __AMlpol=rto] (t=to)
n(t) = { 1—e B+lpol-rto 7)
lool =70 [
Allpol=Ttol
liﬁinr Tth e Flpolrto T sy
Pol =Ty

where, g is the external neutron source intensity, r
is the velocity of inserted reactivity, t is time, t0 is the
duration of each lifting of control rod and pO is the
subcritical reactivity.

In order to verify the developed model proposed
in this study for the prediction of the neutron density
distribution, compare with [9] as numerical solution of
the point kinetics equations, Eq. (17). Figure 5 shows
the results of Comparison between the developed
model and the method perform at [9] for neutron
density response 1, = 0.0001 s-, p,=-0.006, q, = 10°
neutron. Cm-3s™ and t,=5s and 0<t<80s.
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Fig. (6): Comparison between the neutron density response the
developed model and the method perform at [9]
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6- CONCLUSION & FUTURE WORK

The external of neutron source is used to increase the
availability of monitoring the reactivities to control the
core parameters during withdrawing or inserting control
rods in the core at the subcritical conditions. In this
research, a new dynamic modeling is developed for
predicted the startup behavior of zero power nuclear
reactor in exitance/no exitance external neutron sources
with different forms. The new model is developed using
a lumped parameters approach for the coupled kinetics
and thermal-hydraulics, with/without continuous
reactivity feedback due to coolant and fuel temperature
effects. The developed dynamic model is applied on
IAEA 10 MW MTR as Research Reactor (zero power).
The developed dynamic model is useful, where it
permits to predict with simply means the dynamic
response of research reactor cores. The developed model
incorporates the random nature of the source and linear
reactivity variation and it is using a general relationship
between the expectation values of source intensity and
the expectation values of neutron density of the
subcritical reactor. The results of the developed model
represented that it can be predicted as zero power
reactors such as in references [8]. Moreover, it has a
good agreement with the results obtained with numerical
solution in [9]. The developed model can be changed to
use in future for another nuclear reactors such as
Pressurized Water Reactors and Boiling Water Reactors.
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