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요  약  문

Ⅰ. 제  목

핵연료 다발에서의 RANS 난류모델의 성능 평가

Ⅱ. 연구의 목   요성

본 연구의 목 은  직경에 한  간격의 비가 다른 다발에서의 난류유

동과 열 달에 한 산유체역학(CFD) 측결과를 비교하여 이놀즈평균 운동

방정식(RANS)에 기 한 다양한 난류모델들의 평가결과를 기술하는 것이다.  

RANS 모델의 측결과는 실험결과  직 수치해석(DNS) 결과와도 비교하

다. 부분의 원자로에 장 되는 핵연료집합체는 다발 구조이며 냉각수는 연료

 사이로 형성된 부수로(subchannel)를 통해 축방향으로 흐른다. 연료 은 정방

형 는 삼각형으로 배열되어 있다. 핵연료집합체와 같이 다발에서의 난류유동 

상세구조에 한 이해는 원자로 안 과 신뢰성 있는 운 을 해 원자력 산업계

에서 요한 심사이다. 그러나 다발 난류유동의 복잡성으로 인해 정확한 

측이 어렵기 때문에 수치해석 연구는 많지 않다. 서로 다른 간격의 다발에서의 

난류구조 뿐만이 아니라 열 달에 한 보다 정확한 수치해석 연구를 해서는 

RANS 모델들에 한 평가가 필수 이다.

Ⅲ. 연구의 내용  범

본 연구는 다발 구조에서의 난류유동에 한 세가지 실험을 CFD 방법으

로 모의한 결과를 기술하고 있다.  첫 번째 CFD 모의는  직경에 한  간격

의 비(P/D)가 1.123인 삼각형 배열의 다발에서의 난류유동에 한 실험연구이

다. 두 번째는 P/D=1.12과 1.06인 37개 가열 삼각형 다발에서의 공기 난류유동

에 한 실험연구이다. 세 번째는 DNS 결과와 가용 실험결과를 이용하여 RANS 

모델의 성능을 평가하기 한  P/D=1.20과 1.05인 삼각형 다발에 한 CFD 

연구이다. 

본 연구에 사용한 RANS 모델은 비선형 2차  3차 k-ε  모델과 2차 닫힘 
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모델(SSG 모델, LRR 모델, RSM- ω) 등이다. 기 값 계산을 해 표  k-ε  

모델도 사용되었다.

Ⅳ. 연구결과  활용계획

CFD 측결과들과 가용 실험결과  DNS 결과의 비교결과는 다음과 같이 

요약할 수 있다. 첫째는 비등방 난류모델들이 2차유동을 측하고 표  k-ε  모

델에 비해 하게 개선된 실험결과와 일치하는 시간평균 속도  온도 분포를 

나타냈다.  두 번째는 비선형 k-ε  모델과 2차 닫힘 모델이 다발 부수로에서

의 2차유동을 잘 측하 으나 2차유동의 크기는 큰 차이를 나타낸 것이다. 세 

번째는 SSG 모델이 실험결과와 가장 가까운 벽 단응력과 벽 온도 뿐만이 아

니라 이놀즈 응력을 측한 것이다. 네 번째 결과는  간격이 작은 다발의 

경우 RANS 모델과 실험결과( 는DNS 결과)와 큰 차이를 보인 것이다. 특히, 

RANS 모델은 간격이 좁은 다발의 소유로 역(gap)에서 나타날 수 있는 

유동 맥동 상으로 인한 매우 높은 비등방 상을 측할 수 없었다.

본 연구결과는 간격이 좁은 다발의 소유로 역에서 나타날 수 있는 

유동 맥동 상을 모델링하여 다양한  간격의 다발에서의 난류구조와 열 달

을 보다 정확하게 측할 수 있는 RANS 모델의 개발에 유용할 것으로 단된

다.
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SUMMARY

Ⅰ. Project Title

Performance Assessment of the RANS Turbulence Models in Nuclear Fuel 

Rod Bundles

Ⅱ. Objective and Importance of the Project

The objective of this project is to document the assessment of various 

turbulence models based on RANS(Reynolds-Averaged Navier Stokes) 

equations by comparing the CFD predictions of the turbulent flow and heat 

transfer in rod bundles with different pitch-to-diameter ratios. The RANS 

predictions were also compared with the experimental data and the DNS 

results where applicable. Most nuclear reactor fuel assemblies generally 

consist of a rod bundle with the coolant flowing axially through the 

subchannels formed between the rods. The fuel rods are arranged in either 

square or equilateral triangular pitched arrays. An understanding of the 

detailed structure of the turbulent flow in the rod bundle, used especially as 

nuclear fuel elements, is of major interest to the nuclear power industry for 

their safe and reliable operation. However, few computational studies have 

been performed since an accurate prediction is difficult due to the complexity 

of the turbulence phenomena in a rod bundle. Therefore, assessment of the 

RANS models is required to more accurately predict the heat transfer as well 

as the turbulence structure in the rod bundles with different pitch-to-diameter 

ratios.

Ⅲ. Scope and Contents of Project

This study documents the CFD simulations of three different experiments 

of the turbulent flow in a rod bundle geometry. The first simulation is the 

experimental study of the axial turbulent flow in a triangular array rod 

bundle with the pitch-to-diameter ratio(P/D) of 1.123. The second one is the 

experimental study of a turbulent air flow in a central subchannel of 37-rod 

heated bundles with a triangular array at two different pitch-to-diameter 

ratios, i.e., P/D=1.06 and P/D=1.12. Third simulation is the CFD study for the 
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triangular array rod bundle with P/D=1.20 and 1.05 to evaluate the 

performance of the RANS models against the DNS results and the available 

experimental data. 

The RANS models used in this study are the nonlinear quadratic and 

cubic k-ε  models, and the second-order closure models such as the SSG 

model, the LRR model and the ω-based Reynolds stress model, RSM- ω. The 

standard linear k-ε  model is also used as a reference. 

Ⅳ. Result and Proposal for Applications

The comparisons between the CFD predictions and the available 

experimental and DNS results can be summarized as: 1) The anisotropic 

turbulence models predicted the turbulence-driven secondary flow in the 

triangular channel and the distributions of the time mean velocity and 

temperature showing a significantly improved agreement with the 

measurements from the standard k-ε  model. 2) The nonlinear k-ε  models 

and the second-order closure models predicted the secondary flow in the 

subchannel of the rod bundle well but showed a large difference in the 

magnitude of the secondary velocity. 3) The SSG Reynolds stress model 

predicts the Reynolds stresses as well as the wall shear stress and the wall 

temperature which are the closest to the experimental results. The 

turbulence-driven secondary velocity is also reasonably predicted. 4) A large 

discrepancy between the RANS model and the experiments (or the DNS) is 

observed for a rod bundle with a smaller pitch-to-diameter ratio. Particularly, 

the RANS models could not predict the very high anisotropy observed in a 

rod bundle with a small pitch-to-diameter ratio which might be caused by 

the possibility of a flow pulsation occurring in the gap region of a tight 

lattice rod bundle.

The results of this project will be useful to develop a new RANS model 

which  captures the flow pulsation phenomena in the gap region of the rod 

bundle with a small pitch-to-diameter ratio and more accurately predicts the 

heat transfer as well as the turbulence structure in the rod bundles with 

various pitch-to-diameter ratios.
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Nomenclature

D Rod diameter (m)

k+ Relative turbulent kinetic energy (dimensionless)

P Pitch of rod array, distance between rod centers (m)

r Radial coordinate (m)

rn, yn Normalized distance normal to the wall (dimensionless)

T Fluid temperature (K)

Tb Bulk mean fluid temperature (K)

T+ Dimensionless time mean temperature, (Tw-T)/T τ  (dimensionless)

T τ Local friction temperature, qw/ρcpu τ  (K)

Tw Wall temperature (K)

Tw,m Mean wall temperature (K)

U Time mean axial velocity (m/s)

Uo Bulk mean velocity (m/s)

U
+

Dimensionless time mean axial velocity (dimensionless)

u τ Local friction velocity (m/s)

u τ,avg Mean friction velocity (m/s)

u' Fluctuating velocity in the axial direction (m/s)

v' Fluctuating velocity in the radial direction (m/s)

w' Fluctuating velocity in the azimuthal direction (m/s)

u'v' Reynolds shear stress (m2/s2)

y+ Dimensionless wall distance (dimensionless)

Greek symbols

ε+τ,a Eddy viscosity parallel to the wall (dimensionless)

ε
+
τ,r Eddy viscosity normal to the wall (dimensionless)

μ Dynamic viscosity (m2/s2)

ϕ, θ Angular coordinate (deg)

ρ Fluid density (kg/m3)

τw Local wall shear stress (N/m
2
)

τw,m. τw,avg Local wall shear stress (N/m2)
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1. Introduction

Most nuclear reactor fuel assemblies generally consist of a rod bundle 

with the coolant flowing axially through the subchannels formed between the 

rods. The fuel rods are arranged in either square or equilateral triangular 

pitched arrays. An understanding of the detailed structure of the turbulent 

flow in the rod bundle, used especially as nuclear fuel elements, is of major 

interest to the nuclear power industry for their safe and reliable operation. 

Since the rod-bundle flow is three-dimensional and complex, experimental 

studies were primarily carried out in the past but more recently numerical 

works are being pursued using the computational fluid dynamics(CFD) 

method. 

There have been many experiments performed on an axially developed 

turbulent flow in a bare rod bundle. Trupp and Azad(1) provided the 

experimental results for a fully developed turbulent flow through a triangular 

array rod bundle with P/D=1.20. Carajilescov and Todreas(2) provided an 

experimental and analytical study of an axial turbulent flow in a triangular rod 

bundle and Vonka(3) measured the secondary flow in an interior subchannel of 

a triangular rod bundle. Also, there are numerous experiments available on an 

axial turbulent flow in a square rod bundle(4-7). Rehme(7) reviewed the main 

features of the turbulence structure in the subchannels of the bare rod bundles 

as a secondary flow due to turbulence anisotropy and macroscopic flow 

pulsation due to a large eddy motion. Krauss and Meyer(8) presented 

experimental results on the turbulent transport of momentum and energy in a 

central channel of 37-rod heated bundles with a triangular array.

The above experimental works have reported the main features of a high 

turbulent mixing in the bare rod bundles as a secondary flow and 

macroscopic flow pulsations. Turbulence-driven secondary flow was observed 

to be less than 0.1% of the axial velocity and expected to occur within the 

elementary cells of the subchannels. On the other hand, there is a proposal on 

the presence of quasi-periodic flow pulsations across the gaps with a 

characteristic frequency that depends on the gap spacing and on the flow 
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velocity. In the gap regions especially for a rod bundle with a small 

pitch-to-diameter ratio, the turbulent flow is governed by the large eddies 

arising on both sides of the gaps between the adjacent subchannels which 

are formed by the large vortices transported by the main flow.

Few computational studies have been performed since an accurate 

prediction is difficult due to the complexity of the turbulence phenomena in a 

rod bundle. Slagter(9) published the finite element solution of a bare rod 

bundle flow using a one-equation turbulence model. Lee and Jang(10) and 

Lemos and Asato(11) provided numerical simulations of the triangular rod 

bundle flow using nonlinear eddy viscosity models. In, Oh and Chun(12-14) 

investigated the prediction performance of anisotropic turbulence models for 

an isothermal turbulent rod-bundle flow using a CFD code. They compared 

the predictions of the nonlinear quadratic k-ε  models(Speziale(15), Shih, Zhu 

and Lumley(16)) and cubic k-ε  model(Craft, Launder and Sugar(17)), and 

the second-order closure models by Launder-Reece-Rodi(LRR)(18) and 

Speziale-Sarkar-Gatski(SSG)(19) against those of the linear k-ε

model(Launder and Spalding(20)). They reported that the Speziale k-ε  model 

and the SSG model showed significant improvements over the other 

turbulence models. It was also found that the turbulent characteristics in the 

rod bundle appeared to largely depend on the pitch-to-diameter ratio. 

Therefore, further assessment of the turbulence models is still required to 

more accurately predict the heat transfer as well as the turbulence structure 

in the rod bundles with different pitch-to-diameter ratios.

Although anisotropic turbulence models such as the nonlinear k-ε  model 

and the higher-order Reynolds stress model were successful in predicting the 

turbulence-driven secondary flow in a rod bundle, they could not predict the 

very high turbulent mixing in the gap region, which is believed to occur due to 

the flow pulsations by a large eddy motion. Recently, a CFD analysis using a 

Large Eddy Simulation(LES) and a Direct Numerical Simulation(DNS) was 

performed to capture the flow pulsation phenomena as well as the secondary 

flow. The LES(21) of a fully developed turbulence in the subchannel showed 

successfully the mechanism of a turbulence-driven secondary flow and 
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suggested the necessity of modeling the anisotropic turbulence for a CFD with 

a RANS model. The DNS analysis(22) for triangular array rod bundles provided 

better physical descriptions of the Reynolds stress in the gap region of a tight 

lattice bundle such as a higher value of the azimuthal Reynolds normal stress 

component

The objective of this report is to document the assessment of various 

turbulence models based on RANS(Reynolds-Averaged Navier Stokes) 

equations by comparing the CFD predictions of the turbulent flow and heat 

transfer in rod bundles with different pitch-to-diameter ratios. The RANS 

predictions were also compared with the experimental data and the DNS 

results where applicable. The RANS models used in this study are the 

nonlinear quadratic and cubic k-ε  models, and the second-order closure 

models such as the SSG model, the LRR model and the ω-based Reynolds 

stress model, RSM- ω. The standard linear k-ε  model is also used as a 

reference. The RSM- ω  model is a low-Reynolds number second-order model 

using the multi-scale model by Wilcox(23) for Reynolds stresses and the 

baseline k-ω  model by Menter(24) for the turbulent frequency, ω.
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2. RANS Models

Turbulent flows are very complex time-dependent flows for the details of 

the turbulence to be resolved. The equations of motion are averaged over a time 

period producing what are known as the Reynolds equations. The Reynolds 

averaged Navier-Stokes(RANS) equations include an additional set of terms, the 

Reynolds stresses, which have to be accurately represented in terms of known 

quantities. Turbulence modeling is required to achieve a closure of the Reynolds 

equations by supplementary transport equations. The closure models range from 

the eddy viscosity model to the full second-order closure models which 

represent each component of the Reynolds stress tensor on the mean flow.

2.1 Linear and nonlinear k-ε  models

The standard linear k-ε  model of Launder and Spalding uses an eddy 

viscosity hypothesis for the turbulence. The transport equations for the 

turbulent kinetic energy k  and its dissipation rate ε  are

( )/i
j ij t k

j j j j

Uk k kU
t x x x x

ρ ρ τ ρε µ µ σ
⎛ ⎞∂∂ ∂ ∂ ∂

+ = − + +⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠ (2.1)

and

( )
2

1 2 /i
j ij t

j j j j

UU C C
t x k x k x xε ε ε
ε ε ε ε ερ ρ τ ρ µ µ σ

⎛ ⎞∂∂ ∂ ∂ ∂
+ = − + +⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠ (2.2)

where the Reynolds stress tensor τ ij   and eddy viscosity μ t  are defined as

2
3

ji
ij i j t ij

j i

UUu u k
x x

τ ρ µ ρ δ
⎛ ⎞∂∂′ ′= − = + −⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠ (2.3)
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2

t
kCµµ ρ
ε

=
(2.4)

The closure coefficients for the standard k-ε  model are as follows:

1 20.09, 1.44, 1.92, 1.0, 1.3kC C Cµ ε ε εσ σ= = = = =
2

t
kCµµ ρ
ε

=
. (2.5)

In order to improve the weakness of the isotropic eddy viscosity assumption 

used in the standard k-ε  model, the nonlinear quadratic relationship for the 

Reynolds stresses was proposed as follows:
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3

2 1
3 3

1
3

i j t ij ij t ik kj kl kl ij t ik kj jk ki
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and Ω k  is the rotation rate of the coordinate system. The empirical coefficients in 

the quadratic relationship by Speziale are given as

1 2 30.1512, 0.0, 0.0C C C= − = = (2.8)

The nonlinear cubic relationship for the Reynolds stresses were also 

proposed as follows:
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The coefficients for the cubic model by Craft et al. are given as 

Cµ =
0.3

1 + 0.35 ( max (S, Ω ))1 .5

⎛
⎜⎝

⎞
⎟⎠

1−  exp 
−0.36

 exp (−0 .75 max (S,Ω ))

C1 =−0.1 ,C2 = 0.1 ,C3 = 0.26,C4 =− 10C 2
µ,C5 = 0, C6 =−5C 2

µ,C7 = 5C 2
µ

, (2.10)

Here, S and Ω are the non-dimensional strain rate and vorticity, respectively.

2.2 Second-order closure models

A more complex version of the RANS turbulence model is the second-order 

closure model which is based on the exact transport equations for the individual 

Reynolds stresses derived from the Navier-Stokes equations. The standard 

second-order model is based on the ε-equation using the following exact 

differential equations describing the behavior of the Reynolds-stress tensor τ ij  

for an incompressible fluid

2
3

ij ij jk ijik
k ij ij ij s im jm km
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kU P C
t x x x x x
τ τ τ ττρεδ φ τ τ τ
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The production tensor Pij  is defined as

j i
ij ik jk

k k

U UP
x x

τ τ
∂ ∂

= +
∂ ∂ (2.12)

The symbol Φ ij  is the pressure-strain correlation for the slow pressure 

strain and the rapid pressure strain. It can be expressed as the following 

correlation

1 2ij ij ijφ φ φ= + (2.13)
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where
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1
3ij s ij s ik kj mn mn ijC a C a a a aφ ρε δ⎛ ⎞⎛ ⎞= − + −⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠ (2.14)

( )
2 1 2 3 4

5

2
3ij r mn ij r ij r ij mn mn r ik jk jk ik mn mn ij

r ik jk jk ik

C P a C kS C kS a a C k a S a S a S

C k a a

φ ρ ρ ρ δ

ρ

⎛ ⎞= − + − + + −⎜ ⎟
⎝ ⎠

+ Ω + Ω (2.15)

and aij  is the anisotropic tensor defined as

2
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The closure coefficients proposed by Speziale-Sarkar-Gatski(SSG) are 

respectively given as

1 2 1 2

1 2 3 4 5
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s s s
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The LRR wall-reflection term to account for the effect of the walls on the 

pressure-strain term is

( )
3/ 2
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and n is distance normal to the surface. The closure coefficients by Launder et 
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al. are

1 21.8, 0.60, 0.11, 0.18sC C C Cε= = = = (2.20)

The RSM- ω  model is a second-order closure model based on the transport 

equations for the Reynolds-stress tensor τ ij  and the turbulent frequency ω. It 

uses the baseline formulation for the ω-equation proposed by Menter to allow 

for a more accurate near wall treatment with an automatic switch from a wall 

function to a low-Reynolds number formulation based on the grid spacing. The 

baseline formulation consists of a blending between the k-ω  model near the 

wall and the k-ε  model in the outer region of the boundary layer. The 

modeled equations for the Reynolds stresses and ω  can be written as follows:
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The constitutive relation for the pressure-strain correlation is given as 
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The turbulence viscosity is linked to the turbulent kinetic energy and 

turbulent frequency via the relation

t
kµ ρ
ω

=
. (2.26)

The formulation of the blending function is based on the distance to the 

nearest wall and on the flow variables
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where y is the distance to the nearest wall and
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The model coefficients of the Reynolds stresses are:

( ) ( ) ( )2 2 2 1 2
ˆ ˆ0.09, 8 /11, 8 2 /11, 60 4 / 55, 1.8, 0.52C C C C Cβ α β γ′ ′= = + = − = − = = (2.30)

The coefficients Φ  of the baseline ω -equation are blended between the 

values from the two sets of constants 1Φ  and 2Φ  as follows:

( )1 1 1 21
1F FΦ = Φ + − Φ (2.31)

The constants of set 1 ( 1Φ ) are:
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* 20.5, 0.5, 0.075, / /ω ωσ σ β α β β σ κ β′ ′= = = = − (2.32)

and the constants of set 2 ( 2Φ ) are:

 

* 21.0, 0.856, 0.0828, / /ω ωσ σ β α β β σ κ β′ ′= = = = − . (2.33)
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3. Numerical Method

3.1 CFD models

This report documents the CFD simulations of three different experiments 

of the turbulent flow in a rod bundle geometry. The first one simulated the 

experimental study of the axial turbulent flow in a triangular rod bundle by 

Carajilescov and Todreas(2). Only the 1/6 triangular subchannel of the bare 

rod bundle was modeled by using a flow symmetry to reduce the size of the 

computational model. Figure 1 illustrates the triangular rod bundle and the 

computational grid. The ratio of the pitch to rod diameter(P/D) is 1.123.

The optimal grid is 30x30 in the radial and azimuthal directions, 

respectively. Since this study simulates the fully developed flow, only two 

grid cells were used in the main flow direction. The grid size in the 

non-dimensional wall unit(y
+
) was calculated to be 15-20, which is the 

closest distance from the rod surface. The conventional wall functions using a 

universal law of the wall were applied to specify the turbulence in the 

near-wall region. The calculations were performed at Reynolds numbers, 

based on a bulk mean velocity and a hydraulic diameter of 27000.

The second simulation is the experimental study of a turbulent air flow in 

a central subchannel of 37-rod heated bundles with a triangular array (Fig. 2) 

at two different pitch-to-diameter ratios (P/D=1.06 and P/D=1.12) which was 

conducted by Krauss and Meyer(8). The rod diameter is 140 mm and the axial 

length is 6.9 m. The rods are made of epoxy reinforced with fiberglass, 

sheathed with a 50 μm  foil of monel metal, which serves as resistance heating 

element. The heat conduction is very small due to the small thickness of the 

metal foil and the low conductivity of the rod material. The time mean values of 

the axial velocity and the wall shear stress were measured by Pitot and Preston 

tubes (outer diameter = 0.6 mm), respectively. The mean temperatures were 

measured by sheathed thermocouples (outer diameter = 0.25 mm) and the wall 

temperatures by an infrared pyrometer with a target area of 5 mm diameter and 

1 m distance. The turbulent quantities were measured by hot wire anemometry 
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using a three-wire probe consisting of an x-wire probe with an additional cold 

wire perpendicular to the x-wire plane. The measuring volume is approximately 

1 mm
3
. Reference 8 describes further details on the measurement techniques on 

the probe calibration and the measurement uncertainty.

Only the 1/6 triangular central channel of the rod bundle was modeled using 

a flow symmetry to reduce the size of the computational model. The symmetric 

boundary condition was applied at the side flow boundaries such as the 

centerline, diagonal and rod-to-rod gap. No-slip and constant heat flux were set 

at the rod surface. A uniform flow was provided at the inlet boundary and a 

constant pressure at the exit boundary. The conventional wall functions using a 

universal law of the wall were applied to specify the turbulence in the near-wall 

region for the linear and nonlinear k-ε  models and the SSG model.

Body-fitted and non-staggered structured grid systems were used to deal 

with the subchannel geometry. Since the standard wall function is used for the 

k-ε  models and the SSG model as well as the blending of low-Re and wall 

function for the RSM- ω  model, both the coarse and the fine meshes were 

created. Figure 3 shows the cross-sectional meshes of the 1/6 central channel 

for P/D=1.06 and P/D=1.12. The optimal coarse grids were found to be 15x30x50 

for P/D=1.06 and 30x30x100 for P/D=1.12 in the radial, azimuthal and axial 

directions, respectively. The grid size in the non-dimensional wall unit (yw
+
) 

was calculated to be 35-70 and 30-37 for P/D=1.06 and P/D=1.12, respectively, 

which is the closest distance from the rod surface. Uniform grids are applied to 

the rod surface in the azimuthal and axial directions. Figure 4 illustrates the 

grid test results showing the effect of the number of radial nodes on the 

distributions of the axial velocity along the diagonal of the central channel for 

P/D=1.06 and P/D=1.12.

The fine grids for the RSM- ω  model are 30x50x50 and 60x50x100 for 

P/D=1.06 and P/D=1.12, respectively. The non-dimensional wall distance (yw
+
) 

was estimated to be 1-3 and 0.5-1 for P/D=1.06 and P/D=1.12, respectively. 

Nonuniform grid is applied to the rod surface in the azimuthal direction by 

considering the change in the direction of the secondary flow near the gap and 

diagonal regions in order to enhance the numerical convergence. Since the 
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gradual switch between the viscous sublayer formulation and the wall function 

depending on the grid resolution is possible for the RSM- ω  model, the 

automatic wall treatment was used to more accurately model the near-wall 

turbulence.

Third simulation is the CFD study for the triangular array rod bundle 

with P/D=1.20 and 1.05 to evaluate the performance of the RANS models 

against the DNS results and the available experimental data. Trupp and 

Azad(1) provided the experimental results for a fully developed turbulent flow 

through a triangular array rod bundle with P/D=1.20. Misawa et al.(22) 

reported the DNS results for the triangular array rod bundle with P/D=1.20 

and 1.05.

Only the 1/6 triangular central channel of the rod bundle was modeled using 

a flow symmetry to reduce the size of the computational model. The symmetric 

boundary condition was applied at the side flow boundaries such as the 

centerline, diagonal and rod-to-rod gap. No-slip condition was set at the rod 

surface. Since the fully developed flow is simulated, only two grid cells were 

used in the main flow direction with the periodic flow condition.

Figure 5 shows the cross-sectional meshes for the 1/6 subchannel of the 

triangular array rod bundle. Body-fitted and non-staggered structured grid 

systems were used to deal with the subchannel geometry. Since the standard 

wall function is used for the k-ε  model and the SSG model as well as the 

blending of a low-Re and wall function for the RSM- ω  model, both the coarse 

and the fine meshes were created. The optimal coarse grids were found to be 

20x40 for both P/D=1.20 and 1.05 in the radial and azimuthal directions, 

respectively. The optimal fine grids are 60x80 and 40x80 for P/D=1.20 and 1.05, 

respectively.

3.2 Numerical procedure

This study used the commercial CFD codes, CFX-4(25) and CFX-5(26), to 

perform the numerical experiments with various turbulence models. The 

nonlinear k-ε  model was implemented in the commercial CFD code, CFX-4.4 
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by direct modifications of the source routine since they are not available in the 

CFX codes. The SIMPLEC algorithm is used to solve the velocity-pressure 

coupling. The SIMPLEC is a modification of SIMPLE which differs in its 

derivation of the velocity correction equation. The linearised difference equation 

for the pressure-correction is solved by the algebraic multi-grid method. The 

second-order finite differencing scheme was used to discretise the convection 

term. The iterative calculation with a standard under-relaxation was used to 

obtain the converged solution. The calculation was terminated when the residual 

for the mass equation (sum of the absolute values of the net mass flux into or 

out of every cell in the flow field) was less than 0.001% of the total inlet mass 

flow rate and the residual reduction factors for the other governing equations 

were less than 10
-4
.

The calculations were performed at Reynolds numbers, based on a bulk 

mean velocity(Uo) and a hydraulic diameter of 27000 for the first simulation. 

The bulk Reynolds numbers for the second simulation are 39000 and 65000 for 

P/D=1.06 and P/D=1.12, respectively. The constant wall heat fluxes and the fluid 

temperature at the inlet were set at 0.98 kW/m2 and 5.8 oC for P/D=1.06, and 

1.39 kW/m
2
 and 12.3 

o
C for P/D=1.12, respectively. The third simulation was 

performed at the bulk Reynolds numbers of 24000 and 9200 for P/D=1.20, and 

9200 for P/D=1.05, respectively.
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Fig. 1 Layout of a triangular rod bundle and a grid

Typical subchannel

P

D

Fig. 2 A 37-rod heated bundle with a triangular array
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Fig. 3  Cross-sectional meshes for a 1/6 central channel of the triangular rod 

array. (a) coarse mesh for P/D=1.06, (b) coarse mesh for P/D=1.12, (c) fine 

mesh for P/D=1.06, (d) fine mesh for P/D=1.12

(a) (b)

(c) (d)
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Fig. 4 Grid test results: the effect of the number of the radial node on 

distributions of axial velocity along the diagonal of the channel
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Fig. 5  Cross-sectional meshes for a 1/6 central channel of the triangular rod 

array. (a) coarse mesh for P/D=1.20, (b) fine mesh for P/D=1.20, (c) coarse 

mesh for P/D=1.05, (d) fine mesh for P/D=1.05

(a) (b)

(c) (d)
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4. Results and Discussions

4.1 Triangular rod bundle with P/D=1.123

Figure 6 shows the velocity vectors indicating the turbulence-driven 

secondary  flow in  the  subchannel  of  the  rod  bundle.  They show the 

secondary flow from the center of the subchannel to the gap due to an 

anisotropic turbulence. The maximum secondary velocity was estimated to be 

0.8%(Speziale), 0.6%(Myong-Kasagi), 0.1%(Shih et al.), 0.13%(Cubic) and 

1.3%(LRR) of the bulk mean velocity(Uo), respectively. An experiment(2) has 

reported that the secondary flows were less than 0.67 percent of the bulk 

mean  velocity.  The  nonlinear  quadratic  k −  models  by  Speziale  and 

Myong-Kasagi are judged to predict the secondary velocity reasonably well. 

Figure 7 compares the contour plots for the normalized axial velocity. 

The axial velocity predicted by the cubic nonlinear k-ε  model appears to 

decrease more rapidly from the center of the subchannel to the gap region. 

The Speziale and Myong-Kasagi models show a more accurate velocity 

distribution but still a lower velocity in the gap region. The RSM by LRR 

predicted the velocity in the gap region well but a lower value in the center 

of the subchannel.

Figure 8 compares the distributions of the turbulent kinetic energy 

showing a local peak in between the center of the subchannel and the gap. 

The standard and cubic k-ε  models showed similar predictions which are 

somewhat higher than the measurement. The nonlinear model by Shih et al. 

also showed a distribution similar to the cubic one. The predictions by the 

Speziale and Myong-Kasagi models agree with the experiment reasonably 

well. The LRR model shows a higher turbulent kinetic energy and a small 

variation between the center of the subchannel and the gap.

Figure 9 shows a comparison of the wall shear stress distribution along 

the rod surface. It shows an increase from the gap( θ=0) to the diagonal( θ

=30). The nonlinear Shih et al. model and the cubic k-ε  model indicate 

almost the same results which are slightly better predictions than the 
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standard k-ε. The Speziale and Myong-Kasagi models resulted in 

predictions showing a peak at θ=25 and a rapid decrease near the diagonal. 

The LRR Reynolds stress model predicts the peak at θ=20. The peak to peak 

variation of the wall shear stress is estimated to be 43%(Standard), 34%(Shih 

et al. and Cubic), 25%(Speziale and Myong-Kasagi), 17%(RSM) and 

20%(Experiment) of the mean value, respectively.

In summary, nonlinear turbulence models predicted the secondary flow in 

the subchannel of the rod bundle well but showed a large difference in the 

magnitude of the secondary velocity. The quadratic models proposed by 

Speziale and Myong-Kasagi predict the turbulent flow characteristics in the 

rod bundle fairly well. The Reynolds stress model by Launder et al. 

overpredicts the turbulence-driven secondary flow and the turbulent kinetic 

energy. The nonlinear turbulence models need to be evaluated further for 

their prediction performance of a detailed turbulence structure in a rod bundle.
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Fig. 6 Turbulence-driven secondary flow: (a) Speziale, (b) Cubic (c) LRR, (d) 

Shih et al., (e) Myong-Kasagi

(a) (b) (c)

(d) (e)
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Fig. 7 Distributions of axial velocity(U/Uo): (a) Experiment, (b) Standard, (c) 

Speziale, (d) Myong-Kasagi, (e) Cubic, (f) LRR

(a) (b) (c)

(d) (e) (f)
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Fig. 8 Distributions of turbulent kinetic energy( k/U
3
o×10

3
): (a) Experiment, 

(b) Standard, (c) Speziale, (d) Myong-Kasagi, (e) Cubic, (f) LRR

(a) (b) (c)

(d) (e) (f)



- 24 -

Fig. 9 Wall shear stress distribution along the rod
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4.2 37-heated rod bundle with P/D=1.05 and 1.12

4.2.1 Wall shear stress and wall temperature

The distributions of the wall shear stress along the rod surface are 

compared in Fig. 10 against the experimental results. The measurement 

uncertainty of the wall shear stress by the Preston tube is estimated at ±

5.2%(1 σ) using the calibration test by Hooper and Harris(27). The measurement 

error of the normalized wall shear stress is estimated to be ±7.4%. The 

standard k-ε  model predicted a distribution showing a larger variation in the 

azimuthal direction than the measured one for P/D=1.06. The Speziale k-ε

model and the second-order closure models resulted in significantly more 

accurate predictions than the standard k-ε  model. However, their predictions 

still show a larger variation than the measured one. In addition, the Speziale and 

RSM- ω  models predicted a peak at about ϕ=5 near the diagonal (the line of 

maximum wall distance). This is believed to occur from secondary flow 

recirculating along the diagonal.

The wall shear stress for P/D=1.12 is more uniformly distributed than the 

case for P/D=1.06. It can be seen that the discrepancy between the predictions 

and the measured ones becomes larger as the pitch-to-diameter ratio decreases. 

The anisotropic turbulence models except the standard k ε− model show 

predictions agreeing with the measured one fairly well. It should be noted that 

the RSM- ω  model predicts a somewhat lower shear stress than the measured 

one at the diagonal ( ϕ=0). Table I summarizes the values of the mean wall 

shear stress ( τw,m) averaged over the rod surface. The standard and Speziale 

k-ε  models show similar predictions which are lower than the measurements 

for both P/D=1.06 and 1.12. The SSG model shows a significantly lower value 

for P/D=1.06 but the prediction closest to the measured one for P/D=1.12. The 

RSM- ω  model predicts the mean shear stress somewhat higher than the 

measured ones for both P/D=1.06 and 1.12. 
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Figure 11 compares the wall temperature distributions along the rod surface. 

The wall temperatures were predicted to significantly vary along the rod 

surface in the azimuthal direction, i.e., a lower temperature near the diagonal 

and a higher temperature in the gap ( ϕ=30). The comparisons for P/D=1.06 

show a significant difference between the predictions in the gap between the 

rods and an almost identical prediction at the diagonal. The under-prediction at 

the diagonal can be estimated as approximately 9.5% and the over-predictions 

in the gap as 7%(Standard), 4%(Speziale), 2.5%(SSG), and 1%(RSM-ω ), 

respectively. The comparisons for P/D=1.12 also show results similar to those 

for P/D=1.06. It is however noted that the discrepancy between the predictions 

and the measurements becomes smaller as the pitch-to-diameter ratio increases. 

The predictions for P/D=1.12 agree with the measured wall temperature within 

±2%. The measurement uncertainty of the wall temperature was known to be 

±1K(0.3%). Although the anisotropic turbulence models show better predictions 

than the isotropic standard k-ε  model, they still do not properly model a high 

turbulent mixing that is observed in the experiment for a rod bundle with a 

small pitch-to-diameter ratio.

4.2.2 Time mean velocity and temperature

The predicted distributions of the axial velocity in a central subchannel are 

compared with the measured ones in Fig. 12 and Fig. 13 for P/D=1.06 and 1.12, 

respectively. The Speziale k-ε  model and the second-order closure models 

(SSG and RSM- ω) predicted velocity contours that are remarkably distorted for 

the gap region. Even though the Speziale model and the second-order models 

predicted a lower velocity in the gap region than the measured one, they 

predicted velocity distributions show an improved agreement with the measured 

ones. The standard k-ε  model shows the most rapid decrease of the velocity 

from the center of the channel to the gap. The center-to-gap velocity ratio can 

be calculated as 1.93(Standard), 1.73(Speziale), 1.63(SSG), 1.60(RSM- ω) and 

1.33(Experiment) for P/D=1.06, respectively. It is also noted that the Speziale 
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k-ε  model and the RSM- ω  model predict more distorted velocity contours 

near the diagonal than the other models. This is believed to be caused by a 

higher secondary flow to the center of the channel along the diagonal.

The comparisons for P/D=1.12 in Fig. 13 show that the predictions are in 

better agreement with the experimental result than those for P/D=1.06. 

However, the standard k-ε  model still predicted a higher velocity at the center 

of the channel and a lower velocity at the gap than the other models as well as 

the measured one. The center-to-gap velocity ratio is estimated as 

1.38(Standard), 1.26(Speziale), 1.24(SSG & RSM- ω), and 1.26(Experiment), 

respectively. The Speziale and second-order models predicted elongated velocity 

contours for the gap region which agree with the measured one well. More 

specifically, the Speziale k-ε  model and the RSM- ω  model predicted slightly 

more distorted velocity contours near the diagonal than the other models.

Figure 14 compares the distributions of the fluid temperature, 

(Tw,m-T)/(Tw,m-Tb), for P/D=1.06 showing a larger variation in the predictions, 

i.e., a lower temperature in the central region and a higher one in the gap 

region, than the measured ones. The fluid temperature in the gap region is 

predicted to be even higher than the mean temperature of the rod surface 

(Tw,m). This indicates that the current turbulence models do not appropriately 

predict the high turbulent mixing in a very tight rod array. The anisotropic 

turbulence models such as the Speziale k-ε  model and the second-order 

models predicted slightly more accurate temperature distributions than the 

standard k-ε  model, which are distorted for the gap region. The RSM- ω  

model predicted a temperature contour that is the most distorted for the gap 

region than any other models. This appears to be caused by a higher secondary 

flow to the gap predicted by the RSM- ω  model.

Figure 15 compares the fluid temperature contours for P/D=1.12 which show 

characteristics similar to the case for P/D=1.06. It is noted that the temperature 

in the gap region is less severely under-predicted than that for P/D=1.06. It also 

shows a smaller variation of the fluid temperature for a larger pitch-to-diameter 

ratio, i.e., P/D=1.12. The Speziale k-ε  model and the second-order models 

predicted the temperature distributions to be significantly distorted for the gap 
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region which agrees reasonably with the measured one. The difference between 

the prediction and the experiment tends to decrease as the pitch-to-diameter 

ratio increases.

Figures 16 and 17 show the logarithmic plots of the radial distributions of 

the axial velocity and fluid temperature in the gap between the rods. The 

measurement errors of the dimensionless axial velocity and fluid temperature 

are estimated to be ±3.8% and ±6.4%, respectively. Apparently, the predictions 

for the logarithmic velocity (U
+
= U/u τ) distribution show a good agreement 

with the experimental results for both P/D=1.06 and 1.12. The SSG model 

appears to give a slightly higher prediction than the other turbulence models as 

well as the experiment. This is due to a somewhat lower prediction of the wall 

shear stress as shown in Table 1 causing a lower friction velocity ( uτ). It 

should be noted that the velocity contours show similar distributions for the 

axial velocity predicted by the anisotropic turbulence models. The radial 

distributions of the logarithmic temperature (T
+
= (Tw-T)/T τ) show 

under-predictions for both P/D=1.06 and 1.12. This is primarily due to the very 

high fluid temperature predicted in the gap compared to the measured one. The 

slight difference between the predictions appears to be caused by the difference 

in the predictions of wall shear stress as well as the fluid temperature. This is 

because the local friction temperature ( T τ) is defined based on the friction 

velocity, i.e., the wall shear stress.

4.2.3 Reynolds stresses

Figures 18-20 compare the radial profiles of the turbulence intensity of the 

axial(streamwise), radial and azimuthal velocity in the gap between the rods. 

Turbulence intensity for the standard k ε− is calculated from the turbulent 

kinetic energy assuming isotropy. The measurement error was estimated using 

the maximum errors due to calibration uncertainties, attenuation and the phase 

shift in Krauss and Meyer(8) and several errors typical for the x-probes in 

Meyer(28). The root-sum-square method was used to combine the error 
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components that are assumed to be statistically independent. The standard 

deviation σ  of the function f is:

2
2 2

1

n

i
i i

f
x

σ σ
=

⎛ ⎞∂
= ⎜ ⎟∂⎝ ⎠
∑

(4.1)

The parameters x i, and n in number, are each subject to an estimated 

standard deviation σ i. The combined errors of the normalized Reynolds stresses 

are indicated in the figure captions.

The profiles of the axial turbulence intensity in Fig. 18 show a gradual 

decrease from the rod surface (rn=0.0) to the center of the gap (rn =1.0). The 

comparison shows somewhat under-predictions for P/D=1.06 but good 

predictions for P/D=1.12. The Speziale k-ε  model shows the lowest prediction 

and the SSG model predicts the axial turbulence intensity closest to the 

measured one. The distributions of the radial turbulence intensity in Fig. 19 

show over-predictions by the standard and Speziale k-ε  models. The 

second-order closure models (SSG and RSM- ω) show the predictions that 

agree with the measured one within the measurement error. 

The measured azimuthal intensity for P/D=1.06 shown in Fig. 20 is as high 

as the axial intensity in magnitude and is kept almost constant. The predictions 

for P/D=1.06 are significantly lower than the measured one and decrease as it 

moves to the center of the gap. However, the predictions for P/D=1.12 agree 

reasonably with the measured ones. In particular, the prediction by the SSG 

model for P/D=1.12 is in excellent agreement with the measured one. It is noted 

that the Speziale k-ε  model predicts a lower axial intensity and higher radial 

and azimuthal intensities than the second-order closure models.

Figure 21 compares the radial distributions of the azimuthal turbulence 

intensity at the diagonal. Unlikely for the case in the gap, the azimuthal 

turbulence intensity for P/D=1.06 gradually decreases as the wall distance 

increases. The Speziale k-ε  and the RSM- ω  models show predictions slightly 

higher than the measured ones for both P/D=1.06 and 1.12. The SSG model is 
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judged to show a more accurate prediction than the other models.

Figures 22 and 23 compare the radial distributions of the relative turbulent 

kinetic energy in the gap between the rods and at the diagonal, respectively. 

Using the turbulence intensities and the friction velocity, the relative turbulent 

kinetic energy is defined as

( ) 21 /
2

k u u v v w w uτ
+ ′ ′ ′ ′ ′ ′= + +

. (4.2)

The kinetic energy for both the pitch-to-diameter ratios shows the same 

characteristics as the individual intensities. Due to the very high turbulence 

intensities of the axial and azimuthal velocity in the gap for a small 

pitch-to-diameter ratio, i.e., P/D=1.06, the measured kinetic energy is 

significantly higher than the predictions. Other than the kinetic energy in the 

gap for P/D=1.06, the predictions agree with the measured ones fairly well.

Figure 24 shows the comparisons of the turbulent shear stress normal to 

the wall at the median ( ϕ=15) between the gap and the diagonal. It shows a 

linear decrease with an increasing distance from the wall. The solid line 

represents the theoretical distribution of the radial turbulent shear stress in a 

pipe. The measured and predicted distributions for P/D=1.06 show a somewhat 

larger deviation from the result for a pipe. However, the predictions for 

P/D=1.12 are in good agreement with the theoretical distribution for a pipe as 

well as the measured one. This implies that the turbulence characteristics in the 

subchannel of a rod bundle become similar to those for a pipe as the 

pitch-to-diameter ratio increases.

The radial distributions of the relative turbulent shear stress parallel to the 

wall at the line of ϕ=15 are compared in Fig. 25. The predictions for P/D=1.12 

agree with the measured distribution fairly well even though the Speziale k-ε

model shows a little lower prediction and the SSG model a slightly higher 

prediction. The predictions for P/D=1.06 are significantly lower than the 

measured ones because of the lower predictions for the axial and azimuthal 

turbulence intensities as shown in Figs. 18 and 20. Compared to P/D=1.12, the 
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predictions for P/D=1.06 are not as significantly high as the experimental 

results.

Figures 26 and 27 show the radial distributions of the dimensionless eddy 

viscosities normal and parallel to the wall at the median in a 1/6 channel, which 

are respectively defined by 

( ), /r
o

u v
U r r uτ

τ

ε + ′ ′−
=

∂ ∂ (4.3)

( )( ), 1/ /a
o

u w
r U r uτ

τ

ε
ϕ

+ ′ ′
=

∂ ∂ . (4.4)

The variables r and ro are the distance normal to the wall and the distance 

between the wall and the line of the maximum velocity, respectively. In a region 

next to the heated rod, the predicted distributions of the radial eddy viscosity 

( ε
+
τ,r) show good agreement with the measured one as well as the curve for the 

eddy viscosity in a pipe. At some distance from the rod, the values of ε
+
τ,r  are 

higher compared to the pipe flow, especially at a small pitch-to-diameter ratio 

(P/D=1.06).  The difference between the predictions is not as significant as the 

measurement error of ± 15%. The distributions of the azimuthal eddy viscosity 

( ε
+
τ,a) in Fig. 27 show a noticeably higher value in the measurement and much 

lower predictions for P/D=1.06. Compared to P/D=1.12, the measured values of 

ε
+
τ,a  are higher by a factor of about 10. The second-order models show 

predictions of ε
+
τ,a  that agree with the measured one within the measurement 

error of ±33%. Comparing the anisotropy as a ratio of the azimuthal eddy 

viscosity to the radial eddy viscosity, the measurements show an anisotropy of 

about 10 and 2 for P/D=1.06 and 1.12, respectively. However, the predicted 

results show an anisotropy of less than 2 for both P/D=1.06 and 1.12, especially 

in a region next to the rod. This means that the current RANS models do not 

predict the very high anisotropy observed in a rod bundle with a small 
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pitch-to-diameter ratio.     

4.2.4 Secondary flow

Figure 28 illustrates the turbulence-driven secondary flow predicted by the 

Speziale k-ε  model, the SSG and RSM- ω  models. The secondary flow is 

known to be formed by an anisotropic turbulence. Hence, the standard k-ε

model could not predict the secondary flow because it is an isotropic model. The 

secondary flow appears to occur in a symmetric pattern inside the channel, in 

the direction from the center to the gap along the centerline and turns back 

azimuthally along the rod surface. The maximum secondary flow velocity was 

estimated as 0.01Uo(Speziale), 0.007Uo(SSG) and 0.015Uo(RSM- ω) for 

P/D=1.06, and 0.007Uo(Speziale), 0.004Uo(SSG) and 0.008Uo(RSM- ω) for 

P/D=1.12, respectively. Table 2 lists the cross-sectional area averaged values of 

the secondary flow velocity. It is noted that the magnitude of the secondary 

flow decreases as the pitch-to-diameter ratio increases.

Carajilescov and Todreas reported that the secondary flows were less than 

0.67% of the bulk mean velocity from the experiment for a triangular rod bundle 

with P/D=1.123. Vonka reported experimental data on secondary flows in a 

central channel of a triangular array for P/D=1.3. Vonka extracted secondary 

flow velocities of less than 0.1% of the axial flow velocity. Hooper and Wood 

also indicated that the secondary flow velocities were always less than about 

1% of the bulk velocity based on the experiment for a fully developed flow in a 

square pitched rod array with P/D=1.107. Therefore, it can be concluded that the 

Speziale k-ε  model and the RSM- ω  model appear to predict a secondary flow 

velocity somewhat higher than the experimental observations while the SSG 

model shows a slight under-prediction.

The above results can be summarized as: 1) The anisotropic turbulence 

models predicted the turbulence-driven secondary flow in the triangular 

channel and the distributions of the time mean velocity and temperature 

showing a significantly improved agreement with the measurements from the 
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standard k-ε  model. 2) The SSG Reynolds stress model predicts the 

Reynolds stresses as well as the wall shear stress and the wall temperature 

which are the closest to the experimental results. 3) Agreement between the 

CFD predictions and the measurements is improved as the pitch-to-diameter 

ratio of a rod bundle increases. 4) The RANS models could not predict the 

very high anisotropy observed in a rod bundle with a small pitch-to-diameter 

ratio, e.g., P/D < 1.10. 
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Table 1 Wall shear stress averaged over the rod surface

Turbulence model P/D=1.06 P/D=1.12

Standard k-ε 1.23 1.19

Speziale k-ε 1.21 1.18

SSG model 1.16 1.14

RSM- ω 1.35 1.27

Experiment 1.30 1.15

Table 2 Secondary flow velocities averaged over the cross-section of a 

channel

Turbulence model P/D=1.06 P/D=1.12

Standard k-ε 0 0

Speziale k-ε 0.005Uo 0.004Uo

SSG model 0.003Uo 0.002Uo

RSM- ω 0.007Uo 0.004Uo
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Fig. 10 Wall shear stress distributions
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Fig. 11 Wall temperature distributions
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Fig. 12 Comparisons of the axial velocity distributions for P/D=1.06. (a) 

Experiment, (b) Standard k-ε, (c) Speziale k-ε, (d) SSG, (e) RSM- ω

(a) (b)

(c) (d) (e)
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Fig. 13 Comparisons of the axial velocity distributions for P/D=1.12. (a) 

Experiment, (b) Standard k-ε, (c) Speziale k-ε, (d) SSG, (e) RSM- ω

(a) (b)

(c) (d) (e)
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Fig. 14  Distributions of the fluid temperature, (Tw,m-T)/( Tw,m -Tb), for 

P/D=1.06. (a) Experiment, (b) Standard k-ε, (c) Speziale k-ε, (d) SSG, (e) 

RSM- ω

(a) (b)

(c) (d) (e)
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Fig. 15  Distributions of the fluid temperature, (Tw,m-T)/( Tw,m -Tb), for 

P/D=1.12. (a) Experiment, (b) Standard k-ε, (c) Speziale k-ε, (d) SSG, (e) 

RSM- ω

(a) (b)

(c) (d) (e)
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Fig. 16 Logarithmic plots of the radial velocity distribution in the gap 

between the rod (error bars of 3.8%)
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Fig. 17 Logarithmic plots of the radial temperature distribution in the gap 

between the rod  (error bars of 6.4%)
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Fig. 18 Turbulence intensity of the axial velocity in the gap between the rods 

(error bars of 4.3%)
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Fig. 19 Turbulence intensity of the radial velocity in the gap between the 

rods (error bars of 7.5%)
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Fig. 20 Turbulence intensity of the azimuthal velocity in the gap between the 

rods (error bars of 7.5%)
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Fig. 21 Turbulence intensity of the azimuthal velocity at the diagonal in a 1/6 

channel (error bars of 7.5%)
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Fig. 22 Turbulence kinetic energy in the gap between the rods (error bars of 

9.5%)
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Fig. 23 Turbulence kinetic energy at the diagonal in a 1/6 channel (error bars 

of 9.5%)
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Fig. 24 Turbulent shear stress normal to the wall at the median ( ϕ=15) in a 

1/6 channel (error bars of 14.9%)
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Fig. 25 Turbulent shear stress parallel to the wall at the median ( ϕ=15) in a 

1/6 channel (error bars of 14.9%)
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Fig. 26 Eddy viscosities normal to the wall at the median ( ϕ=15) in a 1/6 

channel (error bars of 15%)
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Fig. 27 Eddy viscosities parallel to the wall at the median ( ϕ=15) in a 1/6 

channel (error bars of 33%)
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Fig. 28 Turbulence-driven secondary flow in a 1/6 channel. (a) Speziale k-ε

for P/D=1.06, (b) SSG for P/D=1.06, (c) RSM- ω  for P/D=1.06, (d) Speziale 

k-ε  for P/D=1.12, (e) SSG for P/D=1.12, (f) RSM- ω  for P/D=1.12

(a) (b) (c)

(d) (e) (f)
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4.3 Triangular rod bundle with P/D=1.05 and 1.20

4.3.1 Comparison with DNS and experiment

Figure 29 shows the mean axial velocity contours for P/D=1.20 at Re=24000. 

The predicted distributions by the second-order RANS models (SSG and RSM-

ω) as well as the DNS agree with the measured ones well. The center-to-gap 

velocity ratio is estimated as 12%(Exp.), 15%(DNS), 25%( k-ε), 14%(SSG) and 

12%( RSM- ω), respectively. The small variation with the second-order models 

seems to be caused largely by the secondary flow.

Figure 30 illustrates the turbulence-driven secondary flow predicted by the 

SSG model. Anisotropic turbulence in the subchannel has been known to form a 

secondary flow. Hence, the linear standard k-ε  model could not predict the 

secondary flow because it is an isotropic model. The secondary flow occurs in 

a symmetric pattern inside the subchannel, in the direction from the center to 

the gap along the centerline and turns back azimuthally along the rod surface. 

The maximum secondary velocity was estimated as 0.003Uo(SSG) and 

0.007Uo(RSM- ω) for P/D=1.20, and 0.007Uo(SSG) and 0.017Uo(RSM- ω) for 

P/D=1.05, respectively. The experimental data(1) for P/D=1.20 suggested that 

the secondary velocity is less than 0.5% of the bulk mean velocity. Hence, the 

SSG model appears to predict the secondary velocity quite well. It is also noted 

that the magnitude of the secondary flow increases as the pitch-to-diameter 

ratio decreases.

Figure 31 compares the azimuthal variations of the wall shear stress for 

P/D=1.20 at Re=24000. The experimental data for P/D=1.20 at Re=35000-115000 

is also plotted. The measured shear stresses do not increase monotonically from 

the gap( θ=0) to the diagonal( θ=30). They show a peak near θ=25 and a 

variation of about ±3.5%. The standard k-ε  model predicted a monotonic 

increase and a large variation of about ±10%. The RSM- ω  model shows the 

peak value at about θ=20 and a rapid decrease near the diagonal. The SSG 

model predicted a variation of about ±5% which agrees with the measured one, 
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within the measurement uncertainty. It was found that the shear stress 

variation depends largely on the secondary flow. 

Figure 32 compares the radial distributions of the Reynolds stresses at θ=0 

and θ=30 for P/D=1.20 at Re=24000. The SSG model predicted a gradual 

decrease of the turbulence intensities away from the rod surface which is 

consistent with the measured ones. Unlike the SSG model, the DNS shows a 

rapid increase of the axial turbulence intensity near the rod and a sudden 

decrease of the radial and azimuthal intensities near the center of the 

subchannel. Although the axial turbulence intensity and the Reynolds shear 

stress are somewhat overpredicted by the SSG model, the predictions by the 

SSG model agree with the experimental results and the DNS ones reasonably 

well

4.3.2 Effect of Reynolds number

A numerical experiment for P/D=1.20 was conducted to examine the 

effect of the Reynolds number, i.e., at Re=24000and 9200, respectively.  The 

predictions by the SSG model are compared with those by the DNS. The 

distributions of the wall shear stress in Fig. 33 show a large variation as the 

Reynolds number decreases. The SSG model shows a relatively small 

dependency of the Reynolds number when compared to the DNS. The 

difference between the SSG and the DNS tends to increase as the Reynolds 

number decreases

Figure 34 shows the dependency of the turbulence structure on the 

Reynolds number. Almost a negligible change is noted in the SSG predictions 

for the high and low Reynolds numbers while a significant difference can be 

noted in the DNS results. A large difference of the azimuthal turbulence 

intensity is noticeable between the SSG and the DNS in the near-wall region 

(yn<0.4) at θ=0 for the low Reynolds number, i.e., Re=9200.

4.3.3 Effect of pitch-to-diameter ratio
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Figure 35 shows the dependency of the wall shear stress on the 

pitch-to-diameter ratio. The azimuthal variation remarkably increases as the 

pitch-to-diameter ratio decreases. The peak-to-peak variations are about ±5% 

and more than ±30%for P/D=1.20 and 1.05, respectively. A somewhat lower 

prediction is observed near the gap region ( θ<5) in the SSG case for P/D=1.05. 

This might be caused by the possibility of a flow pulsation occurring in the gap 

region of a tight lattice rod bundle which could not be captured by the SSG 

model.

The mean axial velocity distributions which are compared in Fig. 36 show 

a larger variation of about 50% of the bulk mean velocity between the central 

region and the gap region for the low pitch-to-diameter ratio, i.e., P/D=1.05. It 

is noted that the experimental data(8) showed a center-to-gap velocity ratio of 

approximately 30% in a heated rod bundle for P/D=1.06 at Re=39000.

Figure 37 compares the radial variations of the Reynolds stresses for 

P/D=1.20 and 1.05 which were predicted by the SSG model and the DNS. As 

the pitch-to-diameter ratio decreases, the axial turbulence intensity by the SSG 

model decreases at θ=0 and increases at θ=30 while the DNS one increases a 

little away from the rod surface. It is also noted that the difference between the 

SSG and the DNS becomes more significant at θ=0 as the P/D decreases. The 

radial intensities by both the SSG and the DNS decrease at θ=0 and increase at 

θ=30 as the P/D decreases. The difference between the SSG and the DNS 

becomes more prominent for P/D=1.05. The SSG model predicted a 

pitch-to-diameter ratio dependency of the azimuthal intensity which is similar 

to other components of the turbulence intensity. In particular, it should be noted 

in the DNS result that the azimuthal intensity at θ=0 for P/D=1.05 increases 

remarkably in the central region of the gap. This is believed to indicate the flow 

pulsation phenomena which may occur violently in the gap region of a tight 

lattice rod bundle. Since the SSG model could not model the flow pulsation, a 

large difference against the DNS was noted particularly for the rod bundle with 

a small pitch-to-diameter ratio.

The above results can be summarized as: 1) The second-order SSG model 

predicted the turbulence structure as well as the mean flow variables fairly well. 
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The turbulence-driven secondary velocity is also reasonably predicted. 2) The 

dependency of the SSG predictions on the Reynolds number is not as significant 

as the DNS. 3) A large discrepancy between the SSG model and the DNS is 

observed for a rod bundle with a smaller pitch-to-diameter ratio.
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Fig. 29  Mean axial velocity contours for P/D=1.20 at Re=24000. (a) 

Experiment, (b) DNS, (c) Standard k-ε, (d) SSG, (e) RSM- ω

(a) (b)

(c) (d) (e)
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Fig. 30  Secondary flow predicted by the SSG model: (a) P/D=1.20 (max. 

0.3%Uo) (b) P/D=1.05 (max. 0.7%Uo)

(a) (b)

Fig. 31  Wall shear stress distributions for P/D=1.20
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Fig. 32  Reynolds stresses distributions for P/D=1.20: (a) axial turbulence 

intensity, (b) radial turbulence intensity
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Fig. 32(Cont'd)  Reynolds stresses distributions for P/D=1.20: (c) azimuthal 

turbulence intensity, (d) Reynolds shear stress
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Fig. 33  Effect of the Reynolds number on wall shear stress distributions for 

P/D=1.20
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Fig. 34  Effect of the Reynolds number on the axial and azimuthal turbulence 

intensities for P/D=1.20
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Fig. 35  Effect of the pitch-to-diameter ratio on wall shear stress distribution 

at Re=9200

Fig. 36  Effect of the pitch-to-diameter ratio on mean axial velocity 

distribution by the SSG model at Re=9200: (a) P/D=1.20 (b) P/D=1.05

(a) (b)
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Fig. 37  Effect of the pitch-to-diameter ratio on the turbulence intensities at 

Re=9200
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5. Conclusions

A numerical experiment is performed to assess various RANS turbulence 

models by comparing the CFD predictions with the experimental data and the 

DNS results for the turbulent flow and heat transfer in rod bundles with 

different pitch-to-diameter ratios. The RANS models used in this study are 

the nonlinear quadratic and cubic k-ε  models, and the second-order closure 

models such as the SSG model, the LRR model and the ω-based Reynolds 

stress model, RSM- ω. The standard linear k-ε  model is also used as a 

reference. Based on the comparisons between the CFD predictions and the 

available experimental and DNS results, the following conclusions can be 

made:

1) The anisotropic turbulence models predicted the turbulence-driven 

secondary flow in the triangular channel and the distributions of the time 

mean velocity and temperature showing a significantly improved agreement 

with the measurements from the standard k-ε  model.

2) The nonlinear k-ε  models and the second-order closure models 

predicted the secondary flow in the subchannel of the rod bundle well but 

showed a large difference in the magnitude of the secondary velocity.

3) The SSG Reynolds stress model predicts the Reynolds stresses as 

well as the wall shear stress and the wall temperature which are the closest 

to the experimental results. The turbulence-driven secondary velocity is also 

reasonably predicted.

4) The dependency of the RANS predictions on the Reynolds number is 

not as significant as the DNS. 

5) A large discrepancy between the RANS(e.q., SSG) model and the 
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experiments (or the DNS) is observed for a rod bundle with a smaller 

pitch-to-diameter ratio. Particularly, the RANS models could not predict the 

very high anisotropy observed in a rod bundle with a small pitch-to-diameter 

ratio, e.g., P/D < 1.10 which might be caused by the possibility of a flow 

pulsation occurring in the gap region of a tight lattice rod bundle.

6) A new RANS model should be developed to capture the flow pulsation 

phenomena in the gap region of the rod bundle with a small 

pitch-to-diameter ratio.
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록 (15-20 내외)

본 연구는 다발 구조에서의 난류유동에 한 세가지 실험을 다양한 이놀즈평균

(RANS) 난류모델을 이용하여 CFD 방법으로 모의한 결과를 실험결과  DNS 결과와 

비교하 다.  본 연구에 사용한 RANS 모델은 비선형 2차  3차 k-ε  모델과 2차 닫

힘 모델(SSG 모델, LRR 모델, RSM- ω) 등이다. 비등방 난류모델들이 2차유동을 측

하고 표  k-ε  모델에 비해 하게 개선된 측결과를 나타냈다. 특히 SSG 모델이 

실험결과와 가장 가까운 측성능을 나타냈다. 그러나  간격이 작은 다발의 경우 

다발의 소유로 역(gap)에서 측되는 매우 높은 비등방 상을 측할 수 없었다.
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Abstract (15-20 

Lines)

The three experiments for turbulent flow in a rod bundle geometry were simulated 

in this CFD analysis using various RANS models. The CFD predictions were 

compared with the experimental and DNS results. The RANS models used here are 

the nonlinear quadratic/cubic k-ε  models and the second-order closure models 

(SSG, LRR, RSM- ω). The anisotropic models predicted the secondary flow and 

showed a significantly improved agreement with the measurements from the standard 

k-ε  model. In particular, the SSG model resulted in the best performance showing 

the closest agreement with the experimental results. However, the RANS models 

could not predict the very high anisotropy observed in a rod bundle with a small 

pitch-to-diameter ratio.
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