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Abstract.  Roles of reactor internals are to support nuclear fuel, provide insertion and withdrawal channels 
of nuclear fuel control rods, and carry out core cooling. In case of functional loss of the reactor internals, it 
may lead to severe accidents caused by damage of nuclear fuel assembly and deterioration of reactor vessel 
due to attack of fallen out parts. The present study is to examine fluid flows in reactor internals subjected to 
hydrodynamic loads. In this context, an integrated model was developed and applied to two kinds of 
numerical analyses; one is to analyze periodic loading effect caused by pump pulsation and the other is to 
analyze random loading effect employing different turbulent models. Acoustic pressure distributions and 
flow velocity as well as pressure and temperature fields were calculated and compared to establish 
appropriate analysis techniques. 
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1. Introduction 

 
Reactor internals installed in a pressure vessel have been exposed to harsh environment such as 

high neutron irradiation and temperature with complex fluid flow. As the increase of operational 
years of NPPs (Nuclear Power Plants), possibility of functional loss of the reactor internals is 
increased due to degradation caused by irradiation embrittlement, thermal aging, fatigue, corrosion 
and flow-induced vibration etc. In practice, several failures of reactor internals have been reported 
world widely; lots of defects were detected at core support structure as well as upper and lower 
parts of structural assembly in European and United States NPPs. Also, control rod guide thimble 
support fin and BFB (Baffle Former Bolt) were damaged and replaced in a Korean NPP. 

Recently, in a generic aging lessons learned report (2010), US NRC (Nuclear Regulatory 
Commission) identified reactor internals as one of high priority components and addressed 
relevant management programs. In Korea, similar activities have been conducted for long-term 
operation beyond design lifetime but most of them were limited to qualitative evaluation based on 
examination and maintenance programs. Therefore, not only to reduce repair and replacement 
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efforts but also to secure the stability of NPPs, necessity for development of quantitative 
evaluation technique as well as establishment of preventive action plan and management 
procedures is on the rise (Jhung et al. 2011). 

Thermal hydraulic assessment of the reactor internals is prerequisite to predict performance of 
intended functions which rely on safety features of design as well as operation of NPPs. For 
instance, a scale-down SMART (System-integrated Modular Advanced ReacTor) model was used 
for experimental investigation of flow-induced pressure variation under normal operating 
conditions (Lee et al. 2012). Also, structural response analyses of core support barrel and lower 
support structure of APR1400 reactor were carried out to demonstrate margins compared to the 
design acceptance criteria (Ko and Kim 2013) and CFD (Computational Fluid Dynamics) analyses 
were conducted to show proper design change of AP1000 reactor vessel upper internals (Xu et al. 
2013). 

Among CFD analyses implemented up to recently, particularly, effects of periodic loading due 
to pump pulsation and random loading due to fluid flow have been examined; with regard to the 
former, while few researches have been published, pressure variation induced by different pump 
operating conditions could be predicted (Kim et al. 2012). With regard to the latter, diverse results 
were reported such as flow patterns of a PWR reactor vessel upper plenum (Wu et al. 2012), flow 
distribution at the core inlet of a system-integrated modular advanced reactor (Bae et al. 2013), 
and thermal-fluid behavior in core region of a high temperature engineering test reactor under 
steady state and transient conditions (Tsuji et al. 2014). 

In the present paper, inspired by the aforementioned researches along with further experimental 
and numerical activities (Gu et al. 2010, Hermansky and Krajcovic 2011, Kao et al. 2011, Kim et 
al. 2013, Ko et al. 2011, Park et al. 2012), a series of numerical study is performed for reactor 
internals of a representative Korean pressurized water reactor to investigate adequacy of long-term 
operation. An integrated model of the reactor internals is developed together with a VR (Virtual 
Reality) prototype and used to carry out numerical analyses subjected to hydrodynamic loads. 
Both the periodic loading effect caused by pump pulsation and random loading effect employing 
different turbulent models are analyzed. Acoustic pressure distributions and flow velocity as well 
as pressure and temperature fields are calculated and compared for establishment of appropriate 
techniques to decide critical locations in the future. 
 
 
2. Characteristics of reactor internals 
 

2.1 Design features 
 

The reactor internals designate in general all the equipment and part inside of a reactor pressure 
vessel (RPV) except for fuel assembly, control rod assembly, in-core instrument and surveillance 
capsule assembly. These can be classified into the core support barrel (CSB) assembly and upper 
guide structure (UGS) assembly, which are installed and withdrawn as each assembly. The CSB 
assembly includes the CSB, the lower support structure (LSS) and in-core instrumentation nozzle 
assembly and the core shroud assembly (CSA). The CSB is a right circular cylinder supported by a 
ring flange from a ledge on the reactor vessel. It carries the entire weight of the core. There are six 
snubbers, which are equally spaced, at the bottom of the CSB to prevent the torsional motion of 
the internals. The LSS transmits the weight of the core to the CSB by means of a grid beam 
structure. The core shroud surrounds the core and minimizes the amount of bypass flow. The UGS  
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Table 2 Hydrodynamic analysis conditions 

Temperature 
(oC) 

Pressure
(MPa) 

Periodic loads Random loads 
Pump pressure 

under 20Hz (Pa) 
Pump pressure 

under 480Hz (Pa) 
Flow rate of 1A~2B 

(kg/sec) 

290.6 15.3 1172.1 3447.4 2382.3 
 
Table 3 Material properties 

Young’s modulus 
(GPa) 

Poisson’s ratio 
Density 
(kg/m3) 

Damping factor 

199.81 0.29 7888.77 0.01 
 
 
3. Numerical modeling 

 
3.1 Analysis condition 

 
Two kinds of fluid analyses are carried out according to the hydrodynamic loads; one is 

periodic load by RCP (Reactor Coolant Pump) pulsation and transverse flow swirl deviation and 
the other is random load caused by the turbulence flow of coolant. 

The periodic hydrodynamic load applied to the reactor internals intrinsically is generated at the 
multiple frequency of pump axial rotation frequency and blade passing frequency. This load was 
used for acoustic analyses by assuming that it is delivered into the shape of pressure wave 
independently from flux (Kim et al. 2010). The random hydrodynamic load applied to the reactor 
internals depends on transients as well as the pump operating conditions. This load was used for 
turbulence analyses by assuming that it involves the highest temperatures and pressures with 
largest flow rate amounts surrounding the reactor internals. 

In this study, a typical CVAP test condition of the KSNP (Korean Standardized Nuclear Power 
Plant) was retrieved for numerical analyses; 4 RCPs (1A~2B) are operable and details of the 
hydrodynamic conditions are summarized in Table 2. During the simulation, the cooling water as a 
medium has the temperature, pressure and density applicable to a typical CVAP test condition. It 
was assumed that the average density and pressure of cooling water are uniform as summarized in 
Table 3. 
 

3.2 Analysis model 
 
3-D CAD models were made according to design documents of the KSNP and used for 

development of an integrated VR prototype. As shown in Fig. 2, all the geometries of 
subcomponents explained in Section 2.1 were modelled. However, based on preliminary analysis 
results by the authors, the geometry was optimized to consider numerical analysis capability; one 
is net modelling of important subcomponents and the other is simplification of the model. 

With regard to the former consideration, the GSSS and CEA shroud were eliminated because 
those were insignificant in fluid flow analyses. In accordance with a previous research, the cooling 
water moving to the upper head of RPV through UGS was less than 0.1% of total quantity in its 
flow and has a negligible effect. So, the flow of upper head field was not analyzed and relevant 
pipes were blocked. With regard to the latter consideration, the simplification process applied only  
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4. Numerical analysis and results 
 
4.1 Hydrodynamic analysis based on deterministic forcing functions 

 
With regard to this kind of analyses, we employed 3-D solid elements (Solid 186 in ANSYS 

library) for the structural region that exhibit quadratic displacement behaviour and acoustic fluid 
elements (Fluid 30 in ANSYS library) for the fluid medium respectively. The bounding pulsation 
loads summarized in Table 2 were taken as the minimum and maximum ones from total of five 
pulsation loads, which were applied to the cooling water-inserted inlet. 

Fig. 6 compares resulting acoustic pressure distributions under two RCP pump pulsation 
conditions. In 20 Hz case, continuously changing distribution was observed along the longitudinal 
direction beneath the hot and cold leg nozzles. However, in 480 Hz case, impartially spreading 
distribution was obtained with relatively higher values. According to these quite different acoustic 
pressure distributions and from the structural integrity assessment point of view, we have to take 
care of deciding critical locations which were significantly affected by rotor and blade passing 
frequencies. 

 
4.2 Hydrodynamic analysis based on random forcing functions 
 
In this kind of analyses, we employed two equation turbulent models such as k-ε model, k-ω 

model and shear stress transport (SST) model. Among relevant theory to define each turbulent 
model, differential transport equations were briefly compared (ANSYS 2012); the k-ε model 
assumes that the turbulence viscosity (t) is linked to the turbulence kinetic energy (k) and 
dissipation rate () via the relation of t=Ck2/. Values of the k and  are obtained directly from 
the following equations. 
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 (2) 

In the k-ω model, the t is linked to the turbulence kinetic energy and frequency (ω) as 
t=k/ω. Values of the k and ω are obtained from the following equations. 
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With regard to the SST model, the above Eq. (3) is sustained but Eq. (4) is changed as below 
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where,  is the fluid density, U is the velocity vector,  is the viscosity, t is the turbulent viscosity, 
k,  and ω are the turbulent Prandtl numbers, Pkt and Pt are the thrust force influences and Pk is 
the turbulence production caused by the viscous forces and F is the blending function. In addition, 
C, C1, C2, ,  and so on are constants used in the analysis. 

To simulate turbulent behaviour, at first, the k-ε model was selected because it has been widely 
used and validated due to relatively simple constituent equation and well convergent algorithm. 
Excellent results are anticipated provided full turbulence domain supply while poor results may be 
derived under swirl and vortex flow, separation flow, recirculation and flow conditions having 
stream curvature effect. The k-ω model was selected because it provides more accurate results for 
boundary-layer flow problems than k-ɛ model does. The last SST model was selected because it is 
a hybrid of k-ɛ and k-ω models. Since this model uses not only k-ω model equation at near-wall 
layer but also k-ɛ model at free stream layer, highly accurate predictions are available for particular 
problems when transport of turbulent shear stress is prevailing. 

Except that applying the average pressure value of 15.3 MPa for the cooling water-discharged 
outlet as a boundary condition, other analysis conditions were the same with those in the periodic 
hydrodynamic analyses. Aside the pro et contra of different turbulent models, random 
hydrodynamic analysis results were compared in Tables 4 and 5. Here, we can find out that the k-ε 
and SST models provide similar distributions especially in velocity fields at several sections as 
well as pressure and temperature fields although the k-ω model shows quite different results. 
Moreover, since the time needed for the simulation with the k-ε and SST models was similar, those 
can be used as the optimum ones for reactor internals subjected to the random hydrodynamic load. 

 
 

5. Conclusions 
 

This study was carried out to examine fluid flow of reactor internals subjected to hydrodynamic 
loads, from which the following conclusions were made. 

(1) An integrated model consisting of six subcomponents (core support barrel, upper guide 
structure, core shroud assembly, lower support structure, guide structure support system and 
control element assembly shroud) was developed by 1,249,818 nodes with mesh quality of 98% 
and two kinds of numerical analysis methods were established. 

(2) The periodic hydrodynamic analysis results showed quite different acoustic pressure 
distributions under two RCP pump pulsation conditions, which means that rotor and blade passing 
frequencies can affect critical locations from the structural integrity assessment point of view. 
Despite of the complexity, resulting stress values were high in the order of CSA, UGS, CSB and 
LSS in the both conditions. 

(3) The random hydrodynamic analysis results showed that the k-ε and SST models generate 
similar distributions especially in velocity as well as pressure and temperature fields but the k-ω 
model showed quite different results. Based on the k-ε and SST analyses, resulting stress values 
were high in the order of UGS, CSB, CSA and LSS. 

(4) From the view point of structural integrity of the reactor internals, stresses due to the 
random hydrodynamic loading were relatively higher than those due to the periodic hydrodynamic  
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