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a b s t r a c t

To accurately analyze the accidents in nuclear reactors, a thermohydraulic-neutronic coupling calculation
is required to solve fluid dynamics and nuclear reactor kinetics equations in fine cells simultaneously and
evaluate the local effects of neutronic and thermohydraulic parameters on each other. In the present
study, a 3D thermohydraulic-neutronic coupling model is developed, validated and then applied for
Isfahan MNSR (Miniature Neutron Source reactor) safety analysis. The proposed model is developed
using FLUENT software and user defined functions (UDF) are applied to simulate the neutronic behavior
of MNSR. The validation of the proposed model is first evaluated using 1mk reactivity insertion exper-
iment into Isfahan MNSR core. Then, the developed coupling code is applied for a design basis accident
(DBA) scenario analysis with the insertion of maximum allowed cold core reactivity of 4 mk. The results
show that the proposed model is able to predict the behavior of the reactor core under normal and
accident conditions with a good accuracy.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The analysis of nuclear reactor behavior in accident conditions
requires a thermohydraulic-neutronic code (ThNC) to simulate the
interaction between neutronic and thermohydraulic parameters in
the reactor transient state. Various codes have been used to
investigate accidents in MNSR [1e5]. The safety analysis report
(SAR) of Isfahan MNSR uses the RELAP5 code to study the reactivity
insertion accident (RIA) with different reactivity values [6]. In SAR,
step and ramp reactivity insertions into the reactor cores are
investigated with a maximum induced reactivity of 3.6 mk. Also,
Dunn et al. have investigated the RIA in Nigeria's MNSR which is a
Low Enriched Uranium Reactor (LEUR) using the RELAP5 code for
3.77 mk and 6 mk induced reactivity [7]. In another work, Hainoun
et al. made use of the ATHLET code to simulate the steady and
transition state of Syria's reactor and compared its result with the
experimental data. The simulation of the transition state for the
reactivity of 1 mk is tested in initial powers of 0.2%, 2% and 20%
reactor nominal power with a reactivity of 3.66 mk [8]. PARET/ANL
code has been applied for RIAs of 2mk and 5.5mk in Ghana's MNSR

by Adoo et al. They found that no boiling happened in the MNSR
core due to the application of these amounts of reactivity [9].

Nuclear codes applied in the above mentioned studies employ
neutronic-thermohydraulic coupling to analyze accidents in
research reactors. Nevertheless, they used simplified, one-
dimensional models for thermohydraulic calculations which
cannot consider local phenomena such as boiling and void forma-
tion. Developing new tools to analyze the behavior of nuclear re-
actors core during normal and accident conditions with
considering neutronic-thermohydraulic coupling which can inte-
grate the local effects of neutronic and thermohydraulic parameters
on each other is a crucial requirement for safety analysis of nuclear
reactors. In this context, rarely efforts, such as the study conducted
by Chen et al. [10] which is limited to two-dimensional analyses,
have been performed. Extension of numerical codes, which are
capable to model 3D neutronic-thermohydraulic coupling for
analysis of different accident scenarios, gives more clear descrip-
tion from the reactor core behavior. Therefore, herein, a neutronic-
thermohydraulic coupling model is developed by FLUENT software
and is validated using Isfahan MNSR experimental data as a case
study. FLUENT software utilizes a mechanistic model based on
partitioning heat flux which is capable to compute the multiphase
flow more realistic particularly in a boiling flow. The neutronic* Corresponding author.
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calculation model is incorporated to the available code using user
defined functions (UDF) including the axial neutron flux distribu-
tion, the point kinetics equations, and the coolant and fuel reac-
tivity feedbacks. Because of the ability of the ThNC in simulation of
transient conditions, it could be applied to simulate all accident
scenarios in MNSR.

2. Brief description of MNSR

The MNSR was designed in 1980, based on the model of Cana-
dian Slowpoke Reactor, by the Atomic Energy Organization of China
[11]. The MNSR is a small, advanced research reactor of tank-in-
pool type with a nominal power of 30 kW. Its fuel consists of ura-
nium with an enrichment of 90.2%, in the form of UAl4 that is
covered with an aluminum clad with a thickness of 0.6 mm. The
miniature core of this reactor consists of 343 fuel rods with a height
of 23 cm that are arranged in 10 concentric circles. Beryllium is used
as a reflector around the fuel [12]. The design of five internal irra-
diation sites in the beryllium that surrounds the fuel provides
higher neutron flux level which could be used for applications such
as Neutron Activation Analysis (NAA), personnel training, radio-
isotope preparation and neutron capture therapy [13e20]. Recently
this reactor has been applied as a neutron source for neutron
radiography [21]. In addition to internal irradiation sites, five
external irradiation sites outside the annular beryllium and one
channel, inside the pool and outside the tank that is called the dry
channel are designed to conduct experiments [13]. The maximum
amplitude of neutron flux in the internal irradiation site, the
external irradiation site, and the dry channel is 1012 n

cm2 s,
5 � 1011 n

cm2 s and 3 � 109 n
cm2 s, respectively [22]. The maximum

allowed reactivity inside the reactor is 4 mk, which is equivalent to

half the effective delayed neutrons fraction (beff) of the reactor.
Fig. 1 presents a schematic of MNSR reactor.

As the difference between the tank and the pool temperatures
increases in the long operating life of the reactor, the heat is
transferred from the tank to the pool. Due to the fact that the
coolant temperature reactivity coefficient is negative, with the in-
crease in the temperature of the core fluid, the excess reactivity of
the core decreases. By reducing the excess reactivity of the core, the
control rod is automatically withdrawn from the reactor core to
compensate the negative reactivity inserted by the core tempera-
ture rise.

The heat generated in the MNSR core is removed by natural
convection. In this reactor, the cooling water enters the core
through the inlet orifice and exits from the core outlet orifice to
remove the heat from the fuel (Fig. 2). Then, the water reaches to
the core upper cap with 12 holes with a 3 cm diameter. Having
passed through these holes, water enters a tank of 1.5 m3 volume.
Due to the siphon phenomenon resulted from the force applied by
the water entering the tank, a small percentage of the outlet water
returns to the core, but the main quantity of the water flows
through the length of the tank and reaches the same temperature of
the water above the tank. The returned water to the core plays a
crucial role in accident evolution [23]. In the RIA, the siphon phe-
nomenon is performed at a faster rate, resulting in an early rise in
the temperature of the core and a decrease in reactivity, and
consequently, a rapid reduction in power level [23]. In this reactor,
the average coolant and fuel temperature reactivity coefficients in
22e43 �C are 0.13mk/�C and 0.0009mk/�C, respectively. Due to the
high enrichment (90.2%), the Doppler Effect is negligible [23].

3. ThNC model

To develop the ThNCmodel, FLUENTsoftware [24] is utilized as a
3D thermohydraulic calculator and the MCNPX code [25] is applied
to calculate the reactivity coefficients and spatial neutron flux
distribution. Fig. 3 shows the ThNC calculation flowchart. As illus-
trated in Fig. 3, given the initial power, the FLUENT software is run

Fig. 1. A schematic of the MNSR core: 1. 343 Fuel element, 2. Control rod, Annular
Beryllium reflector; 4. Bottom Beryllium reflector, 5. Five internal irradiation sites, 6.
Three small external irradiation sites, 7. Two large external irradiation sites, 8. Four
core reactivity control rods, 9. Two Neutron detectors, 10. Two Thermocouples, 11.
Beryllium tray above the core, 12. Aluminum bases, 13. Reactor tank, 14. The core inlet
orifice, 15. The core outlet orifice. Fig. 2. Natural convection of water in the MNSR.
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to calculate the average core temperature and other thermohy-
draulic parameters and consequently the reactivity coefficients are
computed. Using the new reactivity, the accident progression is
proceeded in the presented loop in the flowchart using the time
step Dt (0.2 s). It is emphasized that to avoid any instability issue in
the neutronic calculations, the time step is broken into smaller
quantity (i.e. 0.001 s).

3.1. Thermohydraulic modeling

For thermohydraulic modeling, FLUENT software is used. For
simulation, set of Reynolds-averaged Navier-Stokes equations are
solved. In addition, the k-omega closure is adopted for turbulence
modeling. The model closure coefficients employed here are the
“standard” ones (see, e.g., Ref. [26]): Cm ¼ 0.09, sk ¼ 1.0, su ¼ 1.3,

Cu1 ¼ 1.44, and Cu2 ¼ 1.92. For more information about using
turbulence modeling, reader can refer to Ref. [26].

3.2. Neutronic modeling

ThNC is developed by the integration of UDFs into FLUENT
software for neutronic calculations. These functions include the
distribution of axial neutron flux, the point kinetics equations, and
the coolant reactivity feedbacks.

The axial heat flux of the fuel rods is considered to be propor-
tional to the neutron flux in the dry channel which designed to
conduct experiments. The neutron flux is measured experimentally
using eight indium foils placed on a graded ruler and inserted into
the reactor dry channel. When the reactor is at 60 W steady power,
the foils are irradiated for 10 min. The relative thermal neutron flux
of the dry channel is measured by Gamma ray counting of irradi-
ated samples using HPGe detector. To confirm the experimental
data, the values of the thermal neutrons flux are also calculated
using an verified MCNPX model of MNSR [13] and compared in
Fig. 4. Interpolation of data given in Fig. 4 is presented as Eq. (1).
This equation is utilized as an UDF to model the axial heat flux
distribution on the surface of the fuel rods in FLUENT software.

∅ðZÞ
∅ðZÞmax

¼Aþ BZþ CZ2 þ DZ3 þ EZ4 (1)

A ¼ 0.73 B ¼ 0.025 C ¼ 0.001 D ¼ �0.0001

To model the time variation of the fuel rod surface heat flux in
an accident conditionwith a specific amount of reactivity, the point
kinetic equations (i.e. Eqs. (2) and (3)) that contains 16 coupled
equations (6 groups for fuel delayed neutrons, 9 groups for delayed
photo neutrons of beryllium and one prompt neutron group) are
discretized and solved by Gear method [27,28].

dnðtÞ
dt

¼ kð1� QbÞ
l

nðtÞ þ
Xm

i¼1

liCi �
nðtÞ
l

(2)

dCiðtÞ
dt

¼ kQgbi
l

nðtÞ � liCi; i ¼ 1;2;…;15 (3)

In Eqs. (2) and (3), l is the neutron lifetime, n(t) is the number of

Fig. 3. Flowchart of ThNC calculations.

Fig. 4. Axial neutron flux distribution in the MNSR core.
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neutrons, Ci(t) is the concentration of the delayed neutrons pre-
cursors, bi is the fraction of the delayed neutrons for each group, li
is the decay constant in each group, Q is the relative coefficient of
the effect of the delayed neutrons in the point kinetics equation (for
the MNSR reactor, it is 1.23) [12]), and g is the influence coefficient
of photo-neutrons in the point kinetics equation (for the MNSR
reactor, it is 0.245) [12].

For a new reactivity value in the core (i.e. k), the neutron flux at
each time step and consequently the new heat flux of the fuel rods
is calculated. Using the calculated heat flux at any given time step,
FLUENT software calculates the thermohydraulic characteristics of
the fluid by solving Navier-Stokes equations inside the core. Then,
the average coolant temperature inside the core and the reactivity
change due to the core temperature reactivity are recalculated. The
mentioned process is followed by each time step till the neutron-
thermohydraulic behavior of the reactor in transient state is
simulated (see Fig. 3).

The coolant temperature reactivity coefficient of the core is
calculated using the validated MCNPX model of MNSR at various
temperatures [13]. By increasing the average temperature of the
cooling water from 15 to 50 �C, the coolant temperature reactivity
coefficients ranged from 0.07 mk/�C to 0.146 mk/�C. The coefficient
is loaded by UDF into FLUENT software.

It is worth mentioning that the point kinetic model together
with spatial variation of axial and radial neutron flux distributions
gives a reasonable approximation of actual detailed neutron flux
distribution in the reactor core (nuclear codes such as RELAP5 ap-
plies this approach [29]). This approach is valid until the core
structure relocation does not occur. Since, the radial power peaking
factor variation is small in the core (from 0.94 at core exterior to
1.0 at center) [11], therefore in this study the radial heat flux vari-
ation is neglected and consequently the spatial variation of power is
just modeled by the axial heat flux profile which is constant over
the time. It is emphasized that, the amplitude of heat flux changes

Fig. 5. (a) schematic of generated grid for MNSR reactor, (b) schematic of generated grid for the core, (c) gird study results for axial fuel rod cladding temperature and (d) Yþ on the
inside wall of hot channel in the MNSR core.
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with time and axial location and consequently the applied
approach considers the local effect of heat flux on flow field
parameters.

4. Grid study and validation

4.1. Grid study

Fig. 5(a) presents the utilized grid to investigate the flow field
for one-quarter of computational domain which includes fuel rods,
beryllium reflector around the core and the reactor tank. Also,
Fig. 5(b) illustrates the grid for one-quarter of the MNSR core. To
investigate the grid, the temperature distribution of the fuel rod
cladding at 200th s for 4 mk RIA conditions is depicted in Fig. 5(c).
As shown, using more than 3.4 million cells guarantees indepen-
dency of the results from the applied grid. As mentioned before, the
k-u turbulence model is used in simulations. Fig. 5(d) shows the Yþ

on the inside wall of the hot channel in the 280th s for 4 mk RIA. As
presented, the value of Yþ is a reasonable limit for turbulent flow
modeling.

4.2. Validation

Validation of ThNC is done in three steps. In the first step, the
experimental data obtained for IsfahanMNSR at the nominal power
of 30 kW under normal operating conditions are compared with
the ThNC results. In the second stage, for the ThNC validation in an
accident condition, the reactivity ofþ0.983 mk is inserted at power
level of 15 W, which is equal to 0.05% of the reactor's nominal
power. Temperature variations are very small in this power level,
and the temperature feedback has no effect on the reactor power.
To investigate the effect of the temperature feedback on the power

level, in the third step, the accident is simulated at the initial power
of 6 kW, which is equal to 20% of the reactor's nominal power, and
the results obtained from the ThNC model are compared with the
experimental data.

4.2.1. Validation under normal operating conditions
To verify the accuracy of the ThNC results under normal oper-

ating conditions, the reactor is operated at a power of 30 kW for
53 min in the initial temperature of 20.3 �C. The position of the
control rod inside the core is such that the total core excess reac-
tivity is neutralized to zero. When the water temperature of the
core increases, the control rod is gradually moved up from the core
to compensate the reduction of the reactivity caused by reactivity
feedback. Therefore, during this experiment, the core reactivity is
always zero and the reactor remains operating at a constant power
of 30 kW. Fig. 6 shows the comparison between the experimental
data and the core inlet and outlet water temperatures calculated by
the ThNC under normal operating conditions.

4.2.2. Validation under accident conditions
To measure the increase of the reactor power in RIA in Isfahan

MNSR, cadmium capsules with a negative reactivity of 0.983 mk are
placed on the reactor internal irradiation sites. The reactor is start up
at 15 W power level when the reactor control rod fixed in a manual
mode. Then the cadmium capsule is ejected from the irradiated site
using the compressed air pressure and the time variation of reactor
power is recorded. Same experiment is also conducted at 6 kW. In
the experiments, the power is continually rising which may vary
depending on the initial power of the reactor.

4.2.2.1. Low initial power. Using ThNC, 0.983 mk of reactivity is
inserted into the core at an initial power of 15 W. The results

Fig. 6. Comparison of the core inlet and outlet water temperature obtained by ThNC with the experimental data at a constant power of 30 kW.
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obtained from this simulation are compared with the experimental
data recorded at the same conditions in the Isfahan MNSR
(Fig. 7(a)). Since the change of cooling water temperature at this
power (0.05% of the reactor's nominal power) is insignificant, the
reactivity feedback reduction is also trivial and the time variation of
the power is only dependent on the neutron flux increasing. As
presented in Fig. 7(a) there is a good agreement between the
experimental data and ThNC results.

4.2.2.2. High initial power. To investigate the interactions between
thermohydraulic and neutronic parameters, the initial power must
increase in RIA simulation to rise the cooling water temperature
and growth the contribution of temperature feedbacks on the core
reactivity. Fig. 7 (b)-(d) present the comparison of the experimental
data for the reactor power and the outlet and inlet temperatures
with the results of ThNC after the insertion of 0.983mk of reactivity
in Isfahan MNSR in the initial power of 6 kW. The results show the
good accuracy of ThNC model in simulating the RIA transients.

5. Results of the model

Themaximum cold excess reactivity in theMNSR is 4 mk. In this
reactor, the worst RIA with the highest amount of the core reac-
tivity insertion is considered as DBA, which may occur due to the
stuck of the control rod outside the core [12].

In this section, a 4mk of reactivity insertion in the core of the
MNSR is simulated using ThNC to investigate the response of the

reactor core. As shown in Fig. 8 (a), the reactor power raises to
113 kW, which is 3.8 times the reactor nominal power. At the onset
of the accident, the reactor power increases rapidly, but with
increasing the water temperature, due to the negative feedback of
the coolant temperature, the process of power growing continues
gradually.

In the early seconds of the 4 mk RIA, the core flow is relatively
stable and the heat transfer from the fuel rod to the coolant bulk is
steady. After inserting the reactivity, due to the increase of reactor
power, the temperature of fuel rod and coolant increases. The local
increase in water temperature resulted in the rapid reduction of
core reactivity (see Fig. 8 (b)). The core total excess reactivity rea-
ches zero in less than 250 s after 4 mk RIA.

The time variation of fuel rod cladding temperature is presented
in Fig. 9 (a) after insertion of 4 mk RIA. As shown, the temperature
reaches its peak at t ¼ 84 s. Over time and with the increase in the
core flow, the heat transfers from the fuel rod surface to the fluid
bulk and the water outside the core occurs more quickly and
consequently the temperature of the fuel rod cladding increases
more slowly.

Time variations of inlet and outlet water temperatures in a 4 mK
of RIA calculated by ThNC in Isfahan MNSR is shown in Fig. 9(b). At
start of the accident, the water temperature of the reactor tank is
20 �C. With increasing the reactor power, the core outlet water
temperature initially increases rapidly and then the changes
slowed down. The core inlet temperature increases as well but with
a delay. As shown in Fig. 9(a) and (b), the average temperature of

Fig. 7. Comparison of experimental data with computational results of ThNC in Isfahan MNSR after the insertion of 0.983 mk of reactivity (a) Neutron flux at initial power of 15 W,
(b) Neutron flux at initial power of 6 kW, (c) Outlet temperature at initial power of 6 kW, and (d) Inlet temperature at initial power of 6 kW.
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the fuel rod surface and the maximum of the core outlet temper-
ature in this accident are below the boiling point of the core water,
which indicates that the fluid in the reactor core is not boiling.
Furthermore, to check the possibility of the local boiling, the

temperature profile of all fuel rods cladding and coolant channels
are illustrated in Fig. 10 (a) and (b), for two time simulations of
t ¼ 120s and t ¼ 280s, respectively. As shown, the maximum sur-
face temperature of the fuel rod cladding is 382 K, which is 4 �C

Fig. 8. Time variation of (a) reactor power by 4 mk of RIA and (b) reactivity in 4 mk of RIA using ThNC in Isfahan MNSR.

Fig. 9. Time variations of (a) fuel rod cladding temperature and (b) inlet and outlet water temperatures in a 4 mK of RIA calculated by ThNC in Isfahan MNSR.

Fig. 10. Fuel clad and coolant temperatures in 4 mk RIA condition (a) at t ¼ 120 s and (b) at t ¼ 280 s.
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below the boiling point of water at 1.4 atm pressure (due to the
height of 6 m water above the core). Existence of at least 4� of
subcoolingwould be an adequatemargin to keep away from boiling
flow field.

Time variations of core mass flow rate in 4 mk of RIA calculated
by ThNC in Isfahan MNSR is presented in Fig. 11. As mentioned
above with increasing the reactor power, the difference in the core
inlet and outlet water temperatures increases. Consequently, the
amount of fluid buoyancy force increases, which growths the fluid
velocity in the core. The core mass flow increases as long as the
friction loss reaches to a stable equilibrium with the buoyancy
force. As the core temperature increases, the core fluid mass flow
increases to reach its highest value of 0.65 kg/s. This amount of
mass flow is approximately 4.2 times the mass flow rate of the fluid
in the core at normal operating condition.

It is noted that the computational time required for 300 s
simulation lasts about 4 weeks on a 3.5 GHz Corei7 computer with
32 Gigabyte RAM.

6. Conclusion

In this study, after developing the 3D ThNC model in FLUENT
software and incorporating the necessary UDFs as neutronic calcu-
lating subroutines, reactivity insertion experiments were conducted
at the Isfahan MNSR to validate the accuracy and precision and to
investigate the abilities of the proposed model. The results showed
that the proposed model is able to predict the reasonable behavior
of the reactor core under normal and accident conditions. The
developed coupling codewas applied for DBA scenario analysis with
the maximum allowed cold core reactivity of 4 mk in MNSR core.
When the highest cold core reactivity was inserted into the core in
the DBA scenario, the power rise was controlled in less than 250 s
from the start of the accident due to the high negative reactivity
coefficient. The maximum outlet temperature of the core did not
exceed 62.5 �C aswell. Themaximum temperature of the fuel center
and fuel rod cladding was 110.99 �C and 109 �C, respectively. The
results also illustrated that the local boiling did not occur in this
reactor when the maximum allowed reactivity was inserted. The
proposed method could be applied to analysis other accident sce-
narios in the MNSR reactors, especially for more severe cases like
beyond design basis accident (BDBA) scenario. Furthermore, the
proposed model application could easily extend to analysis other
type research reactors. Another study is conducting by the authors

to evaluate BDBA scenarios in MNSR reactor for cases that boiling
phenomena could arise in the reactor core.
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