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Abstract. The main objective of this study is to evaluate the accuracy of some Reynolds Averaged Navier-Stokes (RANS)
models to predict the behavior of the turbulent flows in a horizontal circular duct bend. The selection of the RANS models
tested follows the capability of each model to describe the flow near the wall. Therefore, five turbulence models were
selected: three Eddy Viscosity Models (two linear, k-aw SST and LRN (Low Reynolds Number) k-¢ of Launder and Sharma,
and one non-linear, cubic k-¢ of Lien) and two Reynolds Stress Models (Launder Reece Rodi (LRR) and Speziale Sarkar
Gatzki (SSG)). The numerical solutions were carried out using Computational Fluid Dynamics (CFD) code
OpenFOAM® applied in an incompressible turbulent viscous flow. The grid discretization of the viscous sublayer leads
to a refinement near to the walls and a smooth grid expansion ratio from the wall to the core of the pipe. The air flows
with a Reynolds number of 6x10% through a straight circular duct of 0.104 m diameter followed by a 90° bend with
curvature ratio of 4. The principal results were compared in terms of streamwise mean velocity profile and turbulence
intensity contours. The turbulence models that performed better according to the velocity fields and turbulence intensity
was the SSG. Nevertheless, none of them were able to accurately predict the flow next to the inner wall at the bend outlet.
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1. INTRODUCTION

Heat, ventilation and air conditioning (HVAC) distribution systems are composed of straight ducts and fittings such
as elbows (Kuehn et al., 1998). The flow field in curved ducts is more complex than in the straight parts because secondary
flows occurs and the flow can be detached from the wall.

A major difficulty for predicting the turbulent flow along a duct bend is due to the change in the direction of the
principal flow caused by the wall curvature. The centrifugal forces result in an adverse pressure gradient in the radial
direction. This leads to a rise in a secondary motion in which the fluid in the center of the duct is swept towards the outer
bend wall and the fluid near the wall returns towards the inner bend wall. These counter-rotating vortices are known as
Dean vortices (Dean, 1928).

Another important aspect of the turbulent curved pipe flow is the detachment of the boundary layer in the inner bend
wall near the bend outlet and the reattachment in the downstream pipe (Takamura et al., 2012), known as separation
region. In addition, boundary layer instabilities can appear in the outer bend wall, the Gortler vortices (Saric, 1994), being
counter-rotating vortices aligned in the streamwise direction.

The secondary flows and their impact on the primary flow can be predicted in details by CFD tools (Ferziger and
Peric, 2002), helping to the HVAC systems design. Despite this, these tools are being largely used to describe the flow in
different engineering applications. However, selecting an appropriate turbulence model is still a delicate task when
modeling turbulent flows.

The literature presents several works to evaluate the accuracy of turbulent models in curved pipes. Dutta et al. (2016)
carried out numerical experiments with the standard k-¢ turbulence model for several Reynolds numbers in a 90° curved
pipe to identify the separation region, they suggested that that turbulence model is valid for a wide range of Reynolds
numbers. Kim ef al. (2014) conducted numerical computations with eleven Eddy Viscosity Models (EVM) characterizing
the secondary flow in the downstream pipe of a pipe bend, they indicated that the RNG k-¢ turbulence model was more



M.B. Lopes, V.C. Mariani, K.C. Mendonga and C. Béghein
Evaluating RANS turbulence models to predict the airflow in a curved duct

accurate among another RANS models. Tanaka et al. (2009) showed that the Large Eddy Simulation (LES) was accurate
to predict the characteristics of the flow behavior causing the pressure fluctuation on the wall.

In this study, the turbulent airflow in a 90° bend was modeled, and the numerical results were compared with the
experimental results obtained by Sudo et al. (1998). The turbulence models were selected according to the computational
resources and their capacity of describing the flow near to the walls. The main objective of this study is, therefore, to
show the strengths and drawbacks of these models to provide the turbulent flow in several regions of the bend.

2. MODEL DESCRIPTION

Sudo et al. (1998) experimentally studied the turbulent airflow in a horizontal circular-section 90° duct bend with
smooth walls as illustrated schematically in Fig. 1. The length of the studied upstream region is N,D = 100D, and the
length of the studied downstream region is NyD = 40D. The duct diameter (D) is 0.104 m and the curvature ratio is 4,
consequently the bend radius (Rj) is 0.208 m.
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Figure 1. Schematic representation of the experimental apparatus of Sudo ef al. (1998).

For modeling purpose, a turbulent velocity profile (Up) was assumed at the inlet of the domain based on the Reynolds
number of 6x10* given by the average inlet velocity of the experiment and the air properties at 20 °C and 1 atm. Therefore,
the straight pipe length was reduced to N,D = 10D and NgD = 20D for the upstream and downstream pipes, respectively.
A uniform pressure (Pp) of 1 atm was specified in the outlet of the domain and the walls have no-slip boundary conditions
for the velocities with special wall functions. Zero gradient boundary condition was set to the pressure at the domain inlet
and the walls, and to the velocity and the turbulence parameters at the domain outlet.

2.1 Mathematical model
The Reynolds Averaged Navier-Stokes (RANS) equations are obtained by averaging the transport equations. The
mass conservation and momentum equations of a Newtonian and incompressible flow are (Ferziger and Peric, 2002),

respectively:

v-U=0 1)
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where U is the fluid averaged velocity vector (ms™), t is the time (s), p is the fluid density (kgm™), p is the averaged static
pressure (Pa), v is the kinematic fluid viscosity (m?s™'), F; are the body forces components (N), U; is the fluid velocity
component (ms™!) and 7; is the Cartesian unit vector (the subscript i indicates the direction of the coordinate x;).

The RANS turbulence models can be classified as linear Eddy Viscosity Models (EVM), non-linear EVM and
Reynolds Stress Models (RSM). In the EVM, the Reynolds tensor TU], see Eq. (2), is modelled assuming proportionality
with the strain rate tensor. The relationship between the stress tensor and the mean flow can be linear or non-linear as
indicated by Egs. (3) and (4), respectively:

=U.U; = vy _gkfsij (3)

_ULU] = VtSij - f(Sij'-Qij) - §k5ij (4)

where v, is the turbulent kinematic viscosity (m?s™), §; ; 1s the Kronecker delta and f (Si 0; ]-) is a non-linear relationship

j

involving the mean strain rate, S; s and the mean vorticity, {2; s given by:
_9ui  9Uj
Sij - 6x1- 6xi (5)
_9ui_9Uj
Q” - 6x]- 6xi (6)

In the RSM, the individual components of the Reynolds tensor are directly computed, consequently seven additional
transport equations must be solved: one for the turbulence length scale and six for each component of U,U;. The stress
transport equations can be written in the following form:

DU,
bt

P+ ¢y — &5 + dyj )

where P;; is the generation rate of the turbulent stress by the mean strain, d;; is the diffusion rate of the turbulent stress
by turbulent and viscous action, ¢;; and ¢;; are processes which are modeled in terms of other turbulent variables such as

the Reynolds stress and mean strain.
Table 1 presents the RANS models that were investigated in this study.

Table 1. RANS models investigated.

RANS model Type Reference

LRN k-¢ Launder and Sharma  Linear EVM Launder and Sharma (1974)
k- SST Linear EVM Menter (1992)

Lien cubic k-¢ Non-linear EVM  Lien et al. (1996)

LRR RSM Launder et al. (1975)

SSG RSM Speziale et al. (1991)

2.2 Numerical procedure

The toolbox OpenFOAM® was selected to achieve the numerical solution of the governing equations with a transient
solver for incompressible turbulent flow based on the PISO algorithm for solving the pressure field (pisoFoam). The time
step was defined according to the Courant number and the convergence criteria were given as a small variation of the
total kinetic energy of the domain.

The meshes were generated with blockMesh and the grid sensitive study followed the Grid Convergence Index (GCI)
of Roache (1994) with three meshes of 2x103, 9x10° and 2x10° nodes. Figure 2 presents a representation of one of these
meshes where the diameter of the duct (D), the size of the viscous sublayer (d,s) and the distance of the wall to the first
node (z,) are indicated. All meshes were generated with at least 10 nodes in the viscous sublayer and y* < 1. The grid with
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9x10° cells was selected for further analysis because there was no significant variation regarding the velocity field of the
finest grid (not shown here).

D=104 mm A
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O, = 0.20 mm
z,= 0.0 mm

Figure 2. Computational grid with 9x10° nodes.
3. RESULTS AND DISCUSSION

The mean velocity in the principal flow direction of the flow on the horizontal plane z =0 is presented in Fig. 3 to
Fig. 6. The streamwise mean velocity was dimensionless with the average mean velocity at inlet (Up) and the
dimensionless radial coordinate (r*) goes from the inner bend wall (#* = 0) to the outer bend wall (r* = 1).

All turbulence models predicted accurately the streamwise velocity from the bend inlet (Fig. 3) to an = 30° (Fig. 4).
However, the high distortion of the streamwise velocity profile that appears from angles after o, = 60° (Fig. 5) to the bend
outlet (Fig. 6) is not well predicted near the inner bend wall. The linear EVM fail due to the presence of curved streamlines
and the secondary motion in the duct bend (Wilcox, 2006). In addition, the distortion could be to high to be predicted by
the non-linear EVM and the RSM.

An appropriate statistic method to analyze the deviation of the predicted numerical data of this study from the
experimental data of Sudo et al. (1998) is the Root Mean Square Error (RMSE), defined as:

1 2
RMSE = \/; Y (Pexpi = Prum,i) ®

where @, ; is the dimensionless experimental mean velocity, @pym,; is the predicted dimensionless mean velocity and
n is the number of experimental points.

Figure 7 shows the RMSE regarding each turbulence model tested in this study for the bend angles of 0°, 30°, 60°
and 90°. The RMSE is up to 11% at the bend inlet, up to 24% at the bend outlet and has a similar behavior for the
turbulence models, i.e., the RMSE increases towards the bend outlet. Among the turbulence models of this study, the
RSM SSG achieved a lower RMSE, consequently, this model was the most accurate regarding the mean velocity.

All turbulence models were able to reproduce qualitatively and quantitatively quite well the streamwise dimensionless
turbulence intensity in the bend inlet (Fig. 8). In the bend outlet, both linear and non-linear EVM show qualitatively
similarity with experimental data, however these models produced weaker values as illustrated in Fig. 9a to 9c. The RSM
yielded the best results of dimensionless turbulence intensity in the principal direction of the flow, as presented in Fig. 9d
and 9e.
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Figure 3. Streamwise dimensionless velocity profile along the duct bend at o, = 0° (bend inlet).
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Figure 4. Streamwise dimensionless velocity profile along the duct bend at a;, = 30°.



M.B. Lopes, V.C. Mariani, K.C. Mendonga and C. Béghein
Evaluating RANS turbulence models to predict the airflow in a curved duct

157
1
X
~
S
S
[f o Sudo et al. (1998)
0.51%:f," —=— LRN k-¢ Launder and Sharma
72 L B Rt k-w SST
—e— Lien Cubic k-¢
-—- RSM LRR
—— RSM SSG
O & 1 1 1 I
0 0.2 0.4 0.6 0.8 1
re[-]
Figure 5. Streamwise dimensionless velocity profile along the duct bend at a;, = 60°.
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Figure 6. Streamwise dimensionless velocity profile along the duct bend at o, = 90° (bend outlet).
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Figure 7. RMSE of dimensionless streamwise velocity for each turbulence model and bend angle.

a) LRN k-¢ Launder and Sharma b) k- SST

¢) Cubic k-¢ of Lien d) RSM LRR

Figure 8. Contours of dimensionless turbulence intensity at streamwise direction at the bend inlet, a;, = 0° (contours of

Vu2JU0 x 102).
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a) LRN k-¢ Launder and Sharma b) k- SST
6

f) Sudo et al. (1998)
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Figure 9. Contours of dimensionless turbulence intensity at streamwise direction at the bend outlet, a;, = 90° (contours

of Vv'2 /U0 x 102).
4. CONCLUSIONS

This study focused on the numerical prediction of a turbulent flow in a circular 90° duct with a Reynolds number of
6x10%, based on the inlet average velocity and duct diameter. The turbulent flow was modelled with linear EVM (k-
SST and LRN k-¢ Launder and Sharma), non-linear EVM (cubic LRN k-¢ of Lien ef al. (1996)) and RSM (LRR and SSG).
All turbulence models yielded good results regarding the streamwise velocity in the bend angles of 0° and 30°, however
due to the distortion of the velocity profiles the models fail to accurately predict the streamwise velocity near the inner
bend wall for bend angles of 60° and 90°. Regarding the velocity fluctuations in the streamwise direction, only the RSM
give satisfactory results in the bend outlet. Therefore, among the RANS models tested the RSM seem to better describe
this turbulent flow. Future study must consider Large Eddy Simulation (LES) to solve the large eddies of the turbulent
flow in the duct bend and, therefore, accurately predict the streamwise velocity in the bend outlet near the inner bend
wall.
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