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Figure 1. Scheme of coupled simulation

In the nuclear reactor R&D, supercomputers play a crucial role and allow three
dimensional multi-physics and multi-scale modeling of nuclear reactor core. Thermal
hydraulics and neutronics are the two most important research areas from the point of
view of reactor safety. In order to perform the precise physical analysis, thermal
hydraulics and neutronics should be coupled, since the temperature inside the reactor
core influences cross-sections of nuclear reactions and vice-versa. Such a coupling has
been developed at the AGH University, where FLUENT [1], which is CFD code commonly
used in industrial applications was coupled with the state of the art MCB code [2], which
serves neutronic and fuel cycle calculations. The both codes are available in the PL-Grid
Infrastructure at the ACK CYFRONET AGH. The MCB code was implemented at ZEUS
computer cluster in the frame of PL Grid NG project. The coupling was tested in the
calculations of Lead Cooled Fast Reactor (LFR) developed within LEADER project [3] and
High Temperature Reactor (HTR) studied in the HTRPL project [4].

In the case of high temperature reactors, thermal hydraulics analysis has been performed using the coupling
of MCB and Fluent. Figure 2 shows preliminary calculations for the 1/8 of the hexagonal fuel assembly of the
HTR reactor. The coupling was used to find the maximal temperature in the fuel occurring in the assemblies
with various power profiles.
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The influence of data exchange between neutronics and thermal hydraulics calculation is presented. The data
exchange process impacts significantly on thermal hydraulics but in case of neutronics, the influence is not strong.

Comparison of the k-effective value evolution in time is presented in Figure 3. Differences are negligible because
cross sections used in both simulations do not differ very much. Cross section libraries are prepared for specific
temperature and temperature step between them is 100K. In basic neutronics, the cross-section for 900K is only
used, that temperature is closed to real value occurring in the reactor core. In coupled case, the fuel with
temperature 850-950K, it is 38.94% of whole fuel, uses the same cross section. Contribution of the fuel with
temperature 750-850K is 43.00%, that part uses the 800K library. Mainly those two libraries: 800K and 900K are
used in coupled simulation, differences between them are not big to influence strongly on neutronics thus
evolution of the k-effective value for both the basic and coupled case are similar.

Figure 5. Temperature in fuel.

Figure 3. Evolution of the k- effective values in time. Figure 4. Power profile in reactor core.

Fuel maximum temperature curves are shown in Figure 6.
The maximum occurs at the top of the fuel in both cases.
Differences in temperature are caused by power profile,
more energy is produced in the center in case of the coupled
simulations thus the temperature is higher.

The radial gradient of temperature in fuel was studied, see
Figure 7. Temperature gradient in the basic case is lower and
decreases with height, whereas in coupled case totally
different behavior is observed. The gradient is bigger in the
center where power is on a higher level. Similar situation is
with the temperature gradient in cladding, that is shown in
Figure 8.

Maximum fuel, cladding and coolant temperature as a
function of the fuel height for the coupled simulation is
presented in Figure 9. We can see that those temperatures
are linked , curves shapes are similar.

Figure 9. Fuel, cladding and coolant maximum temperature for 
coupled simulation.

Figure 6. Maximum fuel temperature.

Figure 7. Radial temperature gradient in fuel. Figure 8. Radial temperature gradient in cladding.

The coupling between MCB and FLUENT has been developed using PL-Grid Infrastructure and applied for the analysis of LFR and HTR nuclear reactors. The results show:
• the coupled calculations in proper way reflects the physics of the reactor core and provide detailed information about thermal reactor behavior,
• the data exchange works well even in the case of complex numerical models like 3D models of LFR and HTR,
• the coupling may be used for the simple simulation to detect the most sensitive points of the nuclear reactor core for further detailed analysis.

In the future the presented system may be applied to study more complex nuclear systems with the consideration of fuel transmutation under neutron field. From the
technical point of view the coupling algorithm might be developed towards integration with ROMA service providing ANSYS software and developed in the frame of PL Grid
NG project.

Power profile obtained as a results from neutronics is shown in Figure 4. The profile is constant in time and there is
significant differences between both the basic and the coupled case. The maximum power factor located in the
center of the active core is 1.6705, that gives roughly 67.36 MW/m3. Minimal value of the power factor is located in
periphery of the core and equals 0.5037 (20.00 MW/m3).

Regarding thermal hydraulics, the neutronics strongly affects on thermal behavior of the reactor. Maximum
temperature in the fuel is 642.8°C and 683.6°C, respectively for the basic and coupled case, whereas the average
temperature equals 527.2°C (basic) and 526.9°C (coupled). Comparison of temperature profiles in the fuel is shown
in Figure 5. If the constant average power in the fuel is used – the basic case, the hot spot is located at the top of the
fuel in 8th region. If the real power profile is applied, the hot spot is at the top of the fuel in the 1st region. In both
cases, we observe that the fuel in corner is cooled more efficiently. Fuel temperature in the center of core in coupled
simulation is higher than in basic case because more energy is released in the center than in periphery. Moreover,
fuel located in periphery has lower temperature in the coupled case compared to the basic.

The coupling of neutronics and thermal hydraulics
has been performed by means of the dedicated
MATLAB script – see Figure 1. The script executes
FLUENT and MCB in an integrated way and allows
data exchange between both programs.

The power profiles are calculated at specific points
in time by MCB during the transient neutronic
simulation and then used by FLUENT in steady state
heat and mass transfer simulations to calculate
temperatures required by MCB.

The resultant temperatures obtained in the heat and
mass transfer analysis are used in the neutronic
numerical model and then the neutronics simulation
proceeds. The initial temperature for neutronics is
computed before MCB starts using estimated power
profiles.

Figure 2. Thermal hydraulic analysis of HTR reactor

In the case of LFR, two basic - thermal hydraulics and neutronics analyses as well as the coupled analysis have
been performed to check the influence of the coupling. The basic thermal analysis has used average power
density in the fuel, whereas the basic neutronic analysis has used constant temperature – results in next part.


