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ABSTRACT

We present thermal-hydraulic simulation of the integrated head assembly (IHA) of ACP100 reactor. The
air flowing inside the IHA is treated as both compressible and incompressible fluids. The temperature,
pressure and velocity distribution are captured to predict the feasibility of air-cooling strategy. With the
results of thermal-hydraulic simulation of the whole IHA, we then present a detailed thermal-hydraulic
modeling of the control rod drive mechanism (CRDM). The heat transfer coefficient derived from the
whole IHA simulation was input here as boundary conditions for the outer surface of CRDM. The heat
conduction and more importantly, the natural convection, inside the CRDM was modeled. To our best
knowledge, this is the first attempt to model the detailed 3D thermal-hydraulic analysis of CRDM. The
temperature distribution of the CRDM was obtained which can be used to evaluate the safety of CRDM
and the nuclear reactor.

INTRODUCTION

Reactor components are subject to severe heat loadings and fluidic pressure. Modern designs of advanced
nuclear reactor systems require accurate, fast and reliable thermal-hydraulic analysis of reactor
components, which is doable due to the rapid development of computer hardwares and numerical
softwares. In a typical pressurized water reactor (PWR), one of the very recent inventions is the design
and development of an integrated head assembly (IHA). The IHA is an assembly of all head area
components integrally attached to the reactor vessel closure head (RVCH) so that all these components
can be lifted with the RVCH in one assembly (Baliga et al. 2014). The IHA reduces a significant amount
of outage duration and radiation dosage during refueling. Baliga et al. discussed the design issues of an
IHA for PWR (Baliga et al. 2014). Cho et al. studied the development of IHA design for the operating
OPR1000 (Cho et al. 2007).

In addition, the IHA also provides a forced air cooling system that improves the efficiency of the CRDM
cooling. Concerning the integrated head package of ACP100 nuclear reactor, we rigorously compared the
thermal-fluid computation results. The emphasis of numerical simulation and comparison was laid on the
effect of gas compressibility on heat transfer of cooling gas. The complete mesh model is built by
HyperMesh and the thermal-fluid computation results are simulated with commercial ANSYS/CFX
software and treating fluid media as both compressible and incompressible gases. The simulation results
show that the gas compressibility has great impact on the distribution of temperature, velocity and
pressure fields. Ignoring the compressibility of gas would give an underestimation of maximum
temperature on CRDM surface, lower maximum velocity and smaller pressure drop on CRDM gaps.
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For the IHA simulation, CRDM was simplified as a cylinder wall with prescribed heat flux. In this case,
the temperature distribution inside the CRDM is unknown. This is a key message for the safety design
and failure analysis of CRDM. Unfortunately, few researches were conducted to the simulation of CRDM.
Coombs (Coombs. 2009) proposed a simplified simulation strategy to model the temperature distribution
inside the CRDM. Coombs (Coombs. 2009) considered the fluid inside the CRDM as solid and only
considered its heat conduction. The model can give a rough estimation of the temperature distribution but
is too simple, and it can not consider the natural convection inside the CRDM. Lal et al. (Lal et al. 2013)
numerically simulated the natural convection in a vertical annulus closed at top and opened at bottom, and
pointed out that natural convection is crucial for the heat transfer inside such narrow annulus. With the
results of thermal-hydraulic simulation of the whole IHA, we then present a detailed thermal-hydraulic
modeling of the control rod drive mechanism (CRDM). The heat transfer coefficient derived from the
whole IHA simulation was input here as boundary conditions for the outer surface of CRDM. The heat
conduction and more importantly, the natural convection, inside the CRDM was modeled. The
temperature distribution of the CRDM was obtained which can be used to evaluate the safety of CRDM
and the nuclear reactor.

THERMAL-HYDRAULIC ANALYSIS OF IHA OF ACP100

Figure 1 gives the CAD drawing of the ACP100 IHA. We here use a powerful meshing software,
Hypermesh, to generate high quality fluid domain mesh. For majority of the fluidic domain, hexahedron
elements were generated and the remaining parts were approximated via tetrahedron elements. Three
meshing strategies consists of 6480000 elements, 9420000 elements and 13190000 elements were
obtained. We then performed a mesh sensitivity analysis and finally chose the meshing with 9420000
elements in our following simulation.

For the IHA simulation, the ambient pressure of the inlet was set to one bar pressure with temperature in
the range of 5-80 ºC, while the mass flux of the outlet was set to be 9.5458 kg∙s−1 according to the typical
operation conditions. Two different cases with fluid domain was modeled as both compressible and
incompressible gases were simulated and a comparison was made to probe the influence of air
compressibility on the thermal-hydraulic process of IHA. The K-Epsilon turbulence model was adopted
for the simulation. For the CRDM surfaces, no-slip boundary condition was assumed with given heat flux
3592 W/m2. The temperature on the insulating layer was fixed to be 60 ºC. A 5E-5 accuracy was achieved
for the mass and momentum, heat transfer, turbulent dissipation and turbulent kinetic energy.

Figure 2 plots the simulated velocity streamline for both compressible (a) and incompressible (b) fluids.
Note that for compressible air, the predicted maximum velocity is approximately 151.7 m/s, while for
incompressible air predicted maximum velocity is around 134.1 m/s. Accounting for air compressibility
results in higher maximum velocity. But for either compressible or incompressible case, the maximum
velocity occurs at the same position, i.e., the coaming area in the vicinity of outlet.

An important intent of IHA simulation is to model the temperature distribution of the CRDM, which is
crucial for the air cooling performance of the IHA and the CRDM. Figure 3 plots the temperature
distribution on the surfaces of CRDM for both compressible (a) and incompressible (b) cases. For the
compressible air, the highest temperature is 669.8K, while for incompressible air the highest temperature
on CRDM is 536.9 K. We further calculate the velocity streamline as well as the pressure drop in the
CRDM bundle, and a detailed comparison is made for both compressible and incompressible cases.
Through this rigorous comparison, we conclude that ignoring the compressibility of gas would give an
underestimation of maximum temperature on CRDM surface, lower maximum velocity and smaller
pressure drop on CRDM gaps.
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Figure 1. CAD drawing and components of the IHA of ACP100.

Figure 2. Velocity streamline of the IHA. Compressible (a) and incompressible (b).

Figure 3. Comparison of temperature distribution of CRDM for compressible (a) and
incompressible (b) air, respectively.
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THERMAL-HYDRAULIC ANALYSIS OF CRDM

Figure 4 shows the schematic picture of the CRDM structure under consideration. Figure 5 gives
the meshing used for CFD simulation. The components inside the CRDM were modeled as
solids. The gaps between various components are either gas or coolant. The coupling and heat
transfer between solid-solid and solid-fluid interfaces were accounted for. More importantly, the
natural convection of the coolant inside the CRDM was modeled. The heat generated by the
three coils was calculated as 1.09×105W/m3, 1.29×105W/m3 and 1.29×105W/m3 according to the
working electrical current and the resistance of the coils. The exterior surface of the CRDM was
divided into four areas. The temperature and the heat transfer coefficients were extracted from
the thermal-hydraulic analysis of the whole IHA and prescribed on these four areas.

Figure 6 presents the temperature distribution of the CRDM. Various environmental
temperatures ranging from 5ºC to 80ºC were set for simulation. Numerical results indicate that
there exits noticeable temperature gradient along the CRDM axial direction as well as from
interior to exterior. Among lift, movable gripper and stationary gripper coils, the highest
temperature is observed in the stationary gripper coils, ranging from 114ºC to 160ºC , but is less
than the admissible temperature of CRDM coils , 200ºC.

Figure 4. Schematic picture for the structure and components of a CRDM.
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Figure 5. CFD meshing for the CRDM. (a) Exterior meshing; (b) Interior meshing; (c) localized
meshing for fluidic domain.

Figure 6. Temperature distribution of the CRDM.

CONCLUSION

We present numerical thermal-hydraulic simulation of integrated head assembly (IHA) of a
nuclear reactor by using a commercial computational fluid dynamics (CFD) software
ANSYS/CFX along with a commercial software Hypermesh for meshing. High quality meshing
was obtained and mesh sensitivity was checked. The temperature, pressure and velocity
distribution are captured to predict the feasibility of air-cooling performance of IHA. Our
simulation results show that the gas compressibility has great impact on the distribution of
temperature, velocity and pressure fields. Ignoring the compressibility of gas would give an
underestimation of maximum temperature on CRDM surface, lower maximum velocity and
smaller pressure drop on CRDM gaps.

Three-dimensional numerical simulation of the external flow field of the ACP100 integrated
head assembly and CRDM bundles at different environment temperature was carried out. The
obtained air temperature and convective heat transfer coefficients of CRDM were then applied to
a single CRDM as outer boundary condition, and detailed thermo-fluid-solid coupling analysis
was performed by considering the internal natural convection flow of coolant. The proposed
CRDM temperature field analysis method and the numerical results provide useful reference and
guidance for the structural design and reliability evaluation of the CRDM in the future.

The numerical strategy presented herein is quite universal, and can be further developed to
model the thermal-hydraulic coupling and fluid-induced vibration of reactor core components.
These efforts are currently underway in our group.
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