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Synopsis

This research migration project aims to do numerical simulations of the turbulent flow in an asym-
metric two-dimensional diffuser using OpenFOAM foamExtend-4.1. The geometry and mesh were
defined using blockMesh utility. A steady-state, SIMPLE algorithm-based simpleFoam solver
was used in the simulation. For accurate turbulence predictions, the x — ¢ family, x — w and
rk — wS ST turbulence models were used and compared with the experimental data. The analysis
executed by Samy et. al. [1] using commercial CFD code Fluent was taken as a reference. The
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Figure 1: Geometry and Dimensions

dimensions of the geometry stated in the figure 1 are: L1 = 60m, H1 = 2m, L2 = 70m and
H2 = 9.4m. Flowing fluid is entering from inlet with velocity of 1.25m /s and exiting from outlet.
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1 Introduction

In the reference paper [1], an asymmetric planar diffuser test case was analyzed to compare numer-
ical results generated by various turbulence models against experimental data. A two-dimensional
geometry is considered in the reference paper from data given in the test cases [9] [2]. The diffuser
geometry given in fig. 1 can be divided into three sections: an inflow channel, the asymmetric
diffuser, and an outflow channel. The inflow channel portion is sufficiently long to obtain fully
developed turbulent channel flow. In order to capture flow separation in the diffuser and outflow
channel, results of six different turbulence generated using commercial CFD code Fluent com-
pared against experimental data. The turbulence model used in the reference paper is standard
r — e model(SKE) [6], Low-Reynolds-number x — € model (LRNKE) [5], standard x — w model
(SKW) [3], shear-stress transport x — w model (SST) [8], Reynolds stress model (RSM) [4], and
v? — f turbulence model (V2F) [7]. The reference study also did a grid conversion study with
yT value of 30, 15, and 1. The pressure gradient, skin friction coefficient, velocity and turbulent
kinetic energy values were compared to conclude.

2 Governing Equations and Models

To reproduce results generated by Samy [1], OpenFOAM foamExtend-4.1 software was used. The
Navier-Stokes equations for single-phase flows govern the simulation and are later compiled with
2-equation based turbulence models to capture turbulence in the flow. The governing continuity
and momentum equations are given by:

2.1 Governing Equations
Veou=0 (1)
V-(u®u)—V-R=-Vp+ S5, ()

2.2 Turbulence Model

Several turbulence models are available in the OpenFOAM foamExtend-4.1. The five turbulence
models (2-eqn. based) employed in this research migration project and compared. The turbulence
models used are: standard x — € model [6], Realizable x — € model [10], RNGk — € [12], standard
x — w model (SKW) [3], and shear-stress transport x — w model (SST) [8].

2.2.1 Standard x — ¢ model

The k —e model is widely used and well described in the literature. In this model, flow is considered
fully developed and assumed that the effects of molecular viscosity are negligible [6]. Hence, at
the walls, the wall function approach is used.

0

&(p,i) =V - (pD,.Vk) + P — pe 3)



OpenFOAM Research Migration Project FOSSEE, IIT Bombay

Where,

x = Turbulent kinetic energy [m?s—?]

D,, = Effective diffusivity for x[—]

P = Turbulent kinetic energy production rate [m?s 3]

¢ = Turbulent kinetic energy dissipation rate [m?s—3]

0 C 2 2
5:(p) = V- (pDVe) + == (P + CozhV - u) ~ Cap" @)

Where,
D, = Effective diffusivity for e[—]
C = Model coefficient [—]

Cy = Model coefficient [—]
2

K
= Cu? (5

Where,
C,, = Model coefficient for the turbulent viscosity [—]
v, = Turbulent viscosity [m?s™!]

The model coefficients are
C, = 0.09; C = 1.44, Cy =1.92; Cs rpr = 0.0; 0. = 1.0; o.=1.3

2.2.2 Realizable x — ¢ model

The realizable x — e model [10] has increased popularity due to its improved performance over the
standard x — € model. The model is similar to the standard x — € but improved with two aspects.
First, it employs a different formulation of the transport equation for the dissipation rate derived
from the transport equation for the mean-square vorticity fluctuations. Second, it uses a different
eddy-viscosity formulation based on several realisability constraints for the turbulent Reynolds
stresses. The C), is a function of local parameters rather than a constant value.

0 2
a(pn) =V . (pD.,VEk) + pG — gp(V “u)k — pe+ Sy (6)
g( €) =V - (pD.Ve) + Cicp|Sle — C: L—FS (7)
6t P - PLe 1eP erﬁ + (1/6)0'5 €
2
K
= CM? 3
S X K
Ole == m(lx[043, m] (9)
1
— - 1
CM AO + ASU * % ( O)
The model coefficients are
AO = 40, Cge = 19, A = 1, Qe = 0.83
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2.2.3 RNG k — ¢ model

The RNG k — € model is a re-normalization group based x — € model. Over the years, multiple
RNG k — € versions developed. The latest version developed by Yakhot and Smith [12] has a
re-evaluation of the constant controlling the production of ¢; and an additional production term
in the € equation which becomes significant in rapidly-distorted flows and flows removed from
equilibrium.

9,

a(,o/f) =V - (pD.VE)+ P — pe (11)
0 Cie 2 €2
aﬁp@::V-QiLV@+—;;(P+%%3HV-U>—(EpH (12)

2
v = CM% (13)

The model coefficients are
C, = 0.0845; C) = 1.42; Cy, = 1.68; ak = 1.39; ae = 1.39; £ =0.012

2.2.4 Standard x — w model

The standard x —w model has two popular versions[1988,2008] developed by Wilcox [3][11]. The
k — w version performs better in transitional flows and in flows with adverse pressure gradients. It
is noticed that x — w model is numerically very stable, especially the low-Re version, as it tends to
produce converged solutions more rapidly than the x — € family models. In 2008, Wilcox presented
arevised k — w model that incorporates a cross-diffusion term, a stress-limiter modification to the
eddy viscosity, and a vortex-stretching modification to the w equation.

0
5;(PR) =V (pDeVK) + P — pe (14)
0 1% Cle
il =V - (pD, L - 15
B (pw) =V - (pD,Vw) + aVanw + pw-— Coto (15)
Model coefficients
0. = 1.67, o, = 2.0; ), = 0.09; Ci, = 0.52

2.2.5 Shear-stress transport x — w model

The shear-stress transport x — w model [8] uses the turbulent shear stress transport and offers
improved flow separation predictions under adverse pressure gradients. It combined the capabilities
of k — w turbulence model near walls and x — € model away from the walls.

0 G 2
&(pa}) =V - (pD,Vw) + % — gp’yw(v ) — pBw? — p(Fy —1)CDw + S, (16)

0

2
a(pm) =V . (pD.VE) + pG — gp(V«u)f-z—pﬁ*w/ﬁ—l—S,.C (17)

K

(18)

= max(alw, b1F23S)
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Model coefficients
arkl = 0.85; ark2 = 1.0; awl = 0.5; aw?2 = 0.856; v1 = 0.5532; Yo = 0.4403
B1 = 0.075; [y = 0.0828; 5 =0.09; a; = 0.31; c1 =10

3 Simulation Procedure

3.1 Geometry and Mesh

The geometry presented in fig. 1 has three sections: an inlet, asymmetric diffuser and an outlet
channel. The inlet channel is sufficiently long to generate a fully developed flow profile at the
beginning of the diffuser. The asymmetric diffuser angle is 10 degrees. A 2-dimensional geometry
has been considered in the study. Using blockMesh utility, geometry, and mesh defined with six

[ — —

Figure 2: Computational grid

blocks. A structured grid consisting of 1300 x 46 cells in the stream-wise and wall-normal direction
has been used. For refinement near the wall, expansion ratios 16 and 0.0625 were used for the top
and bottom portions, as shown in fig. 2. The expansion ratio value kept y* value close to 1 in the
simulation, as shown in fig. 3.

3.2 Initial and Boundary Conditions

There are four boundaries that required boundary conditions: An inlet, outlet, upperWall and low-
erWall. The other two boundaries are front and back; that set as empty boundaries. At the inlet
velocity, k, €, and w are specified, as shown in table 1. At the walls, wall-function approach used for
k, €, and w. The turbulent viscosity(r;) value was calculated based on other parameters hence, kept
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Figure 3: Y comparison

calculated. The boundary condition data was taken from the experimental setup done by Obi [9]
and Buice [2].

Table 1: Boundary condition

Initial inlet | outlet walls
Ulm?s™1] 0 1.25 ZG noSlip
plm?s™? 0 ZG 0 ZG

k[m?s7% | 1.8e-3 | 1.8¢-3 | ZG kqRWallFunction
elm?s73] | 9.63e-5 | 9.63e-5 | ZG | epsilonWallFunction
w[s™! 0.5944 | 0.5944 | ZG | omegaWallFunction
vim?s™] 0 calculated

3.3 Solver

A steady-state for incompressible, turbulent flow-based simpleFoam solver is used to run gov-
erning equations in the discretized domain. The simpleFoam solver uses SIMPLE (Semi-Implicit
Method for Pressure Linked Equations) algorithm to evaluate NS equations. The solver follows
a segregated solution strategy. This means that the equations for each variable characterizing the
system (the velocity u, the pressure p, and the variables characterizing turbulence) are solved se-
quentially. The solution of the preceding equations is inserted in the following equation.

For the convergence, conditional strategy used with 2000 maximum iterations or 10° convergence
criteria. The standard x — € and RNG x — € cases converged at 1191 and 1226 iterations, respec-
tively as shown in fig. 4a and 4b. The standard x — w and realizable x — € cases converged at 1536
and 1863 iterations, respectively as shown in fig. 4d and 4c. Whereas the shear-stress transport
r — w case did not converge at given criteria untill 2000 iterations and stopped running, as shown
in fig. 4e.
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Figure 4: Residuals convergence

4 Results and Discussions

For the comparison of the results, pressure recovery coefficient(C),), modified velocity(10*U+X-
60), modified turbulent kinetic energy(500*x+X-60), skin friction(C'y), and streamlines plotted.
The results were compared with the experimental data or the reference paper [1].

Fig. Scompares pressure recovery coefficient over diffuser for different turbulence models used in
the simulations. The results show that significant pressure increase occurs within the initial one-
third of the diffuser, and Samy has observed the same [1]. However, the results of shear-stress
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transport £ — w model in OpenFOAM did not match as discussed in the reference paper.
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Figure 5: Pressure recovery coefficient comparison

The turbulent kinetic energy profile is presented in fig. 6 and 7. It can be seen that almost every
model over-predicts the turbulent kinetic energy(TKE) in the diffuser section. However, x — €
family models under-predicts TKE in the expanded channel section. Whereas x — w family models
give more promising results near the top-wall and in the expanded channel section.
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Figure 6: Turbulent Kinetic Energy «: x — ¢ family models
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Figure 7: Turbulent Kinetic Energy x: x — w and x — w SST models

In fig. 8 and 9, velocity is plotted in the modified form and compared with the experimental data.
The results indicate that SST and SKW models predict the axial velocity profiles well. Whereas
the entire k — ¢ family models fail to predict the velocity in the separation zone. However, the
Realizable k — € model captures velocity very well near the top-wall region. The same has been
observed by Samy [1].
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Figure 8: Velocity profile: x — e family models



OpenFOAM Research Migration Project

Velocity

FOSSEE, IIT Bombay

Y-Axis

kOmega
kOmegaSST
Experimental
Geomegry

15 20

25 30 35

!
40

10*U+X-60

45 50 55 60 65

Figure 9: Velocity profile: x — w and k — w SST models

The skin friction coefficients on both the top and bottom wall for different turbulence models used
in the study are presented in fig. 10. From the plots, it is notable that there is a significant difference
between experimental and numerical data. Though, KOSST and SKO models follow the trend. But
entire x — € family fails to predict the skin friction coefficient, and the same has been noticed in
the reference paper.
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Figure 10: Skin friction coefficient C/

Fig. 11 shows streamlines for different turbulence models at steady-state. The flow separation is
noticeable in the standard x — w and shear-stress transport x — w model. The x — ¢ family models
fail to generate a separation bubble in the diffuser section.

10



OpenFOAM Research Migration Project FOSSEE, IIT Bombay

T —_  —— & ==

(a) Standard x — € model (b) RNG k — € model

(d) Standard x — w model (e) Shear-stress transport x — w model

Figure 11: Streamline plots
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