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Abstract — The turbulent fluid flow through sudden expansion duct studies raise the knowledge of
scientific and contribute many practical applications. The sudden change in the surface geometry of
the duct cause the severe pressure gradient, the boundary layer separates at the step edge and forms
a recirculation zone. The knowledge about the recirculation zone is useful in study turbulent flow
properties. This paper presents a numerical study of 2D turbulence flow was modeled by the standard
k-¢, realizable k-¢, and shear stress transport (SST) k-w models. The stimulation was conducted by a
sudden expansion duct with Reynolds number of 20000 at the inlet of the solution and expansion ratio
of 1:2. In this research, flow characteristics at the recirculation zone in the sudden expansion pipe
are analyzed. The recirculation size, velocity profile and turbulent intensity are compared between
three models of turbulence flow. The results show that SST k-w model has the best prediction of
separation flow compared to two others models. Furthermore, the trends of mean velocity of these
three models are same as the experimental results. Copyright © 2015 Penerbit Akademia Baru - All
rights reserved.
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1.0 INTRODUCTION

In this paper, the turbulent flow in a pipe with sudden expansion geometry is investigated.
Flow over sudden expansion geometry generates vortices due to the separation flow resulted
from the sudden pressure change in the fluid.The research of flow separation from the surface
of a solid body, and the study of global changes in the flow field that develop as a result of
the separation are among the most difficult problems and fundamental of fluid dynamics.
Flow separation occurs when the boundary layer travels far enough against an adverse
pressure gradient that the speed of the boundary layer relative to the object falls
almost to zero [1-2].

Turbulent flow separation occurs in many flow situations in industrial and nature. Variable
pressure gradients are generated due to varies in the geometry of the flow boundaries by
introducing flow separation. The recirculation flow with separation causes enhancement of
turbulence, high pressure loss, and increase heat and mass transfer rate. The condition for
flow separation to occur is the unfavourable pressure gradient. There are two types of flow
separation, separation at internal flow and that in external flow [3]. Separation flows are
widely used in industrial applications even though there is still lack of knowledge about
information of the flow around the recirculation area [4].
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From the classical concept, viscosity induces flow separation; it is recognized as boundary
layer separation [S]. Boundary layer separation occurs when the section of boundary layer
closest to the wall or leading edges reverses in flow direction. The separation point is the area
between the backward and forward flow, where the shear stress is zero. The overall
boundary layer initially thickens suddenly at the separation point and is then forced
off the surface by the reversed flow at its bottom [6].

The separation reattached flows are characterized by the interaction between eddies and the
solid surface. Meanwhile, the separated flow without reattachment is characterized by the
interaction between eddies shed from the separation points [7]. Among those who have
studied experimentally separating and reattaching flows are Khezzar et al. [8], Back and
Roshke [9], Stieglmeier et al. [10], Founti and Klipfel [11], and Driver and Seegmiller [12].
Among those who have studied the phenomenon numerically are Celenligil and Mellor [13],
they solved the unsteady governing equations and modelled the flow with a full Reynolds-
stress model.

The flow separation condition is relevant to some engineering applications, such as flow
over airfoils at large angles of attack, in channels where area suddenly increases, in
wide angle diffusers [14-15].Furthermore, the famous application of the separation flow is
the turbulent fluid flow through sudden expansion passage.

Flows through sudden expansion geometries are of interest from the point of view of
fundamental fluid mechanics and many practical applications. The turbulent fluid flows
through sudden expansion duct are common in several engineering applications such as dump
combustor, pipe line, nuclear reactor and heat exchanger. On the fundamental fluid
mechanics view, the flow through an axi-symmetric sudden expansion has all the
complexities of internally separating and reattaching flows.

The turbulent axi-symmetric sudden expansion flow has been investigated both numerically
and experimentally by many researchers. Laufer [16] conducted the first experiment on
the fully developed turbulent flow in a circular duct. Vasilev et al. [17] numerically
computed the turbulent flow in the sudden expansion of the duct. Launder et al. [18]
numerically studied the turbulent flow in a circular duct. Chaurvedi [19] investigated
and analyzed the flow characteristics in the axi-symmetric expansion by using the
modified standard k-& model for streamline curvature. Smyth [20] experimentally studied
the turbulent flow with separation and recirculation over the plane symmetric sudden
expansion for the Reynolds number of 30,210. Gould et al. [21] examined the turbulent
transport in the axisymmetric sudden expansion. Mohanarangam et al. [22] conducted the
numerical investigation for turbulent gas-particle flow, to study the effects of particle
dispersion and its influence on step heights.

Several configurations of sudden expansion of the axial development of the mean
velocities and turbulence quantities has been studied experimentally [23-26]. The
behaviour of a suddenly expanding axisymmetric flow in the turbulent regime has
also been investigated numerically with a discussion of the reattachment length [27],
growth of azimuthal structures [28],and self-sustained precession of the flow field [29].
Armaly et al [30] had investigated about the dependence of the separation length on the
Reynolds number. Stieglmeier et al. [31] and Coleet et al. [32] experimentally studied the
turbulent fluid flow through the axi-symmetric expansions. Gagnon et al. [33] investigated
unsteady recirculating flows in sudden expansions at high Reynolds number. Signrdson [34],
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studied the structure and control of a re attaching flow. De Zilwa et al. [35], numerically
simulated the turbulent flows in the downstream of the plane sudden expansion by using k-¢
turbulent model. Canabzoglu and Bozkir [36], analyzed pressure distribution of turbulent
asymmetric flow in a flat duct symmetric sudden expansion experimentally.

2.0 METHODOLOGY
2.1 Design Description

Sudden expansion geometry was tested in 2D.In this simulation, the configuration as
consideredis shown in Figure 1 where the dimension of geometry was according to Koronaki
and Liakos [37]. The sudden expansion geometry consists of a cylindrical duct of diameter
D=0.051m and length L=1m. The expansion ratio is 1:2 and the Reynolds number at the inlet
of the solution field is 20000. Intensive study has been done in order to achieve grid
independency and as a result a mesh of 12500 (25x500) grid points was found to be adequate
forthat purpose. Figure 2show the mesh grid points. The working fluid is diesel liquid and the
physical characteristics of the fluid are listed in Table 1.

Table 1:Fluid properties and flow characteristics

Density 750 kg/m3
Dynamic Viscosity 0.0024 kg/ms
Maximum Velocity 2.579 m/s

- L >
i D=0,051m
__dl R d=0,0255m
’ —bk L=1m
«—>
X

Figure 1:Schematic of the pipe with sudden expansion
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Figure 2:Schematic of 12500 of mesh grid points

2.2 Governing equations

The governing equations of Computational Fluid Dynamics methods are described based on
three fundamental equations:

(a) Continuity equations
(b) Momentum equations
(c) Energy equations

The sudden expansion geometry described in this study is in 2 Dimensional. The respective
equations of the three fundamental equations are given as follows:

Continuity equation:
ou 8V
6_X + 6_Y =0 (1)

Momentum equation:

oU AU | ouv) aP+ 1 62U+62U 2)
or X oY ~ ax R, \oX° oy’
v auv) avd) _ ap 1 azv+azv 3)
or X oY ~ ox R, \ox> oy

Energy equation:

a0 oque) eve)y op 1 (&6 %0
——+—=-—+ —+— 4
o ox oY X ' PR, (ax2 aY? )

The equations of conservation of mass and momentum in the case of isothermal,
incompressible, stationary turbulence can be written in Cartesian-tensor notation as

v,

ety S (G ) (6)

jc'ﬂ_xj_ poxi  OX oxj 0%

where p is the fluid density, m is the molecular viscosity and p is the static pressure,
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2.3 Turbulence Models
2.3.1 Standard k-g¢ model

The equations of the model are [38]:

Ui [ 25| =7 (CP-Cao) ®)
v=C, 5 ©
PL=-T( 5+ 5 (10)
m:%a,jk-vT(";—Zj+i—fj") (11)

where C,, Cyy, Cyp, 0y, and o, are the model constants and vris the Boussinesq eddy

viscosity.P, represents the production rate of the turbulence kinetic energy. The values of
that constants are C,=0.09, C,;;=1.44, C,=1.92, 6;=1.0, and 5, = 1.3.

2.3.2 Realizable k-£¢ model

The equations of the model are [39]:

W) _1() 4t ! 2
- —p(ﬂ+ GS) Pet Cy8,0-Cr—= (12)

where C;=max[0.43,n/(n+5)],C,_1, o,=1,0,=1.2, n=Sk/e
2.3.3 SST k- model
The equations of the model are [40]:

Turbulent Kinetic Energy:

Uig—izéPk—kwﬂ*+£%[(ﬂ+aKﬂT) s—ﬂ (13)

Specific dissipation rate:

0w 10 0w 1 0k 0w
U2 =08’ pot+ 2| (i) 2] +201-F oo -2 (14)
where F1 is the blending function given by
. vk 5009\ 4poyok
F,=tanh {{mzn [max (ﬁ*_wy’ yZ_a;) , %}} ’\4} (15)
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with CDy,,=max [2paw2 is—kz—w 101 Jand y is the distance from the wall

The value of the blending function FI is zero away from the wall, where the k —¢

model is applicable while it is one in the boundary layer where k — ® is applicable. The

turbulent eddy viscosity for the SST model is defined as follows.
a1k

(16)

r= max(ajw,SF>)

where § is the invariant measure of strain rate and F2 is a second blending function defined
by

2Vk 5009\ | A
Fr= [tanh [max (/3* o 32 w)J 2] (17)
A production limiter, used to prevent turbulence in stagnation regions, is given by
oU; 3U;
Py, (4 S (18)

The constants are calculated by the combination of corresponding constants of k—® and k—¢
models. Wilcox [41] gives the values of constants for this model as:

% 5 3
ﬁ :0.09,a1= §,ﬁ1: %,O'k] :0.85,0'w] =0.5,0(2:0.44,ﬂ2=0.0828,0'k2=],

0,,=0.856
2.3 CFD Stimulations

Many parameters have been employed for use as criteria for flow characterization. In the
turbulent flow, the behaviours that the researcher interested are vortices size, mean velocity
profile and turbulent intensity. These parameters are being employed for differentiate one
flow from another in different turbulence models. Due to simplicity, robustness, and wide
industrial applications, the RANS model is used for computations. Two-equation family
models: standard k-g, realizable k-¢, and shear stress transport (SST) are considered.
Numerical stimulation in this paper was aimed to investigate the mean velocity in x-axis and
flow phenomena of the sudden expansion in pipe such as vortices size and turbulent intensity.
The computational fluid dynamics software (FLUENT) with SIMPLE algorithm is used for
the investigation. The iteration of the standard k-g, realizable k-¢, and shear stress transport
(SST) k-® models are based on Reynolds averaged Navier Stokes equations.

3.0 RESULTS AND DISCUSSION

The main objective of this study is to investigate the performance of the three turbulence
models in predicting the flow pattern, velocity profiles and turbulence intensity profiles in the
case of turbulent diesel flow in pipe with sudden expansion. The advantages and
disadvantages of each model are discussed.
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3.1 Vortices Size

All turbulence models show similar general behaviour of the flow in pipe with sudden
expansion. Figure 3 (a), 4(a),and 5(a)shows the flow pattern downstream from the step for
three turbulence models. A main recirculating loop is clearly observed and in clockwise
direction from the flow for three turbulence models. Downstream of the reattachment point,
the flow at the wall has a downstream direction and a boundary layer develops.

The three turbulent models show different vortices size and strength in x-axis direction. The
turbulence model which gave the best prediction in the sudden expansion geometry is shear
stress transport (SST) k- model shown in Figure 5(a). This result is in compliance with the
theory which SST k-o model can use to predict the complex boundary layer flows under
adverse pressure gradient and separation. The realizable k-¢ model provided the moderate
results shown in Figure 4 (a). The vortices form from the step in realizable k-¢ model is
smaller and less obvious compared to SST k-o model. The standard k-&¢ model is performs
poorly for flows under severe pressure gradient and separation. Figure 3 (a) shows the small
vortices form after the step region.

3.2 Mean velocity profile

All three standard k-¢, realizable k-, and shear stress transport (SST) k- models, show the
changes in the velocity at different locations, including the reversal flow near the step. These
turbulent models indicated the mean velocity profile at X/H=4, 6,8,12 and 16. Furthermore,
each of the models demonstrated that velocity near to the wall is low and become high when
far away from wall. This happens because of friction and shear stress at wall. Among the
three turbulent models, SST k- model show the highest mean velocityafter the step which
include forward velocity and reverse velocity.

The mean velocity profile of standard k- model as shown in Figure 3(b) indicated that there
is a large velocity gradient at X/H=4 and the flow is in high turbulent conditions. The
intensity of turbulent is become less from X/H=4 to X/H=12 and finally in stagnant
condition. The turbulent flow still can observed clearly at X/H=6 and it intensity slowly
reduce at X/H=8.The flow at X/H=16 is almost stagnant and less turbulent.
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. 2.48e+00
2.31e+00

2.14e+00
1.97e+00
1.80e+00
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1.29e+00
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6.19e-01
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2.82e-01
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Figure 3(a): Contours of x-axis direction velocity for standard k-& model (m/s)
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Figure 3(b): Velocity in x-axis direction for standard k-¢ model (m/s)
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Figure 3(c): Contours of turbulent intensity for standard k-& model (%)

The mean velocity profile of realizable k- model as shown in Figure 4(b) indicated that there
is a large velocity gradient at X/H=4 and the flow is in high turbulent conditions. The
intensity of turbulent and velocity of this model is higher compared to the standard k-¢ model
at X/H=4.There are maximum reverse velocity in this axial distance and this reverse velocity
cause the vortices form. The intensity of turbulent is become less from X/H=4 to X/H=12 and
finally in stagnant condition. The turbulent flow still can observed clearly at X/H=6 and it
intensity slowly reduce at X/H=16.The flow at X/H=16 is almost stagnant and less turbulent.
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Figure 4(b): Velocity in x-axis direction forrealizable k-& model (m/s)
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Figure 4(c): Contours of turbulent intensity for realizable k-& model (%)

The mean velocity profile of SST k-o model shown in Figure 5(b) indicated that there is a
large velocity gradient at X/H=4 and the flow is in high turbulent conditions. The intensity of
turbulent and velocity of this model is higher compared to the realizable k-¢ model at
X/H=4.There are maximum reverse velocity in this axial distance and this reverse velocity
cause the vortices form. The intensity of turbulent is become less from X/H=4 to X/H=12 and
finally in stagnant condition. The turbulent flow and reverse velocity still can observed
clearly at X/H=6 and it intensity slowly reduce at X/H=12.The flow at X/H=16 is almost
stagnant and less turbulent.
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Figure 5(a): Contours of x-axis direction velocity for SST k-o model (m/s)
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Figure 5(b): Velocity in x-axis direction forSST k-® model (m/s)

3.13e+01
2.99e+01
2.84e+01
2.69e+01

2.55e+01
2.40e+01
2.25e+01
2.11e+01
1.96e+01
1.81e+01

1.66e+01
1.52e+01
1.37e+01
1.22e+01

1.08e+01
9.29e+00
7.82e+00 .
6.35e+00

4.88e+00
3.41e+00
1.94e+00

Figure 5 (c): Contours of turbulent intensity for SST k-® model (%)
3.3 Turbulence intensity

The turbulence intensity pattern of these three turbulence model shown in Figure 3(c), 4(c),
and 5(c) are almost same and follow the trend that high at inlet and after the step but low at
the outlet of the pipe.The turbulence intensity of standard k-& model is high at the inlet and
after the step. But turbulence intensity become lower when far away from the inlet and finally
become lowest at the outlet of the pipe. The turbulence intensity of realizable k-&¢ model is
lower after the step and higher at the outlet compared to standard k-¢ model. The turbulent
intensity for SST k-® model is higher near to outlet of the pipe compared to realizable k-¢
model.
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3.4 Validation of Results

The present numerical results were validated against the results of experiment about
investigation of flow characteristic in pipe with sudden expansion. The stimulation results of
standard k-g, realizable k-¢, and shear stress transport (SST) k- models are compared to the
experimental data of Founti and Klipfel [11] shown in Figure 6 The trends of mean velocity
profile of these three models are same as the experimental data. As compared to the region
away from the wall, the near wall region and the flow reattachment are in good agreement
with the experimental results. The velocities are high near to the inlet of the pipe and then
slowly reduce to some level. Finally, the velocities are low and stagnant at the outlet of the

pipe.

e Maos Fluid Axial Mean Velocity (m/s)
-20 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6

N
o

o

r/H
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Radial Distance (mm)

€ oolé o1 - L - - > - - :
Si)g?énce (z/H) 9 (0.706) 50 (3.922) 75(s5.882) 100 (7.843) 150 (11.765) 200 (15.686)
inmm (H=1275 mm) SINGLE PHASE FLOW

Figure 6: Experimental data of fluid axial mean velocity.

4.0 CONCLUSSION

The stimulation of turbulence flow was conducted by a sudden expansion duct with Reynolds
number of 20000 at the inlet of the solution and expansion ratio of 1:2.The three turbulence
flow models, standard k-g, realizable k-¢, and SST k-o was considered.The flow patterns
after the step in pipe with sudden expansion were successfully showed by the numerical
results. Among three turbulence model, SST k-® model show the best prediction results in
term of recirculation size and velocity profile. Besides that, the three turbulence models show
trends of the mean velocity profile same as experimental data.
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