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Abstract
The turbulent fluid flow in sudden expansion is very important on 
account of similarity with dump combustor in aircraft engine. In 
this paper numerical analysis has been carried out to investigate 
the turbulent flow through a sudden expansion using modified  

model incorporating curvature correction. The existence 
of twin recirculation bubbles in the corner zone is confirmed in 
this work. The variations of recirculation size with Expansion 
ratio and Reynolds number have been investigated thoroughly. 
The detailed characteristic nature of the secondary recirculation 
zone has also been explained. 
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Nomenclature
X    Axial coordinate along the duct, m

r    Radial coordinate along the duct, m

u   Time mean velocity along x axis, m/s

v   Time mean velocity along r direction, m/s

  Average inlet velocity, m/s

G   Rate of Production

   Turbulence kinetic energy, m2s-2

eR    Reynolds number (ρuin D)/μl

   Empirical Constant 

1SC , 2sC   Empirical constants

rE    Expansion ratio (Ro ⁄ ri)

OR    Down Stream radius, m

ir     Radius at the inlet, m

RX    Reattachment length, m

LX    Down Stream length, m

iX     Upstream Length, m

H   Step Height (Ro - ri), m

  Molecular or laminar viscosity, kg/ms

  Viscosity of water, kg/ms

  Eddy or turbulent viscosity, kg/m s

  Effective Viscosity, kg/m s

  Turbulence dissipation rate, m2s-3

  Prandtl number of the turbulent K. E.

  Dissipation energy

  Density of air, kg/m3

  Density of water, kg/m3

Fig. 1: Typical Computational Grid

I. Introduction
The dump combustor flow is basically an example of turbulent 
flow through a sudden expansion. In a dump combustor the air 
enters through the inlet duct upstream of the dump station and 
the fuel is injected through the duct wall. The combustion occurs 
little downstream of the dump station and the flame is stabilized 
by the presence of the recirculation region comprising a region of 
low velocity and pressure. The recirculation size is an important 
parameter determining the efficiency of the dump combustor. 
Axi-symmetric sudden expansion flow field is similar to dump 
combustor flow and very complex. It consists of flow separation, 
recirculation, reattachments etc. All these features are affected by 
the parameters such as expansion ratio, inlet velocity, temperature, 
inlet turbulence [2] and wall rotation velocity [1] etc. The objective 
of the present investigation is to investigate the effect of variation 
of expansion ratio on the primary and secondary recirculation 
zone. Quite a numbers of investigations have been done by 
several researchers with flow over backward- facing steps, two 
dimensional sudden expansion flows, non reacting flows through 
dump combustor and the effect of swirl on the flow through 
circular pipe. Here a brief review on those characteristics has been 
summarized.  It was found that H

X R  is affected by step Height (H) 
and inlet centerline turbulence [7]. Krall and Sparrow [1], Back 
and Roschke [2] explained recirculation on the basis of centerline 
turbulence. In their experiments they have shown that the shear layer 
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present between the central jet and the reverse flow region along 
the downstream wall behave differently in various flow regimes. 
By using modifications of the standard k-ε model for streamline 
curvature Launder et al [3] investigated turbulent fluid flow in a 
circular duct. Murakami and Kikuyama [4] investigated that the 
mean circumferential velocity in the rotating tube is maximum 
at the tube wall and it gradually decreases to zero at the centre. 
Armaly et al [6] investigate about the dependence of the separation 
length on the Reynolds number. The present authors also confirmed 
this phenomenon in this paper. The existence of twin recirculation 
was observed by So and Ahmed [8]. Stieglmeier et al [9] and Cole 
et al [15] experimentally studied the turbulent fluid flow through 
the axi-symmetric expansions. However reattachment length was 
found to be varying with the step heights, as shown by Otugen 
[10]. Gagnon et al [11] studied unsteady recirculating flows in 
sudden expansions at high Reynolds number. Signrdson [12], 
investigate the structure and control of a re attaching flow. Moin 
et al [13], analyzed the flow in a back step by DNS and observed a 
large negative value of skin friction coefficient. Chunbo et al [14], 
numerically studied the turbulent Non-Newtonian fluid flow in a 
sudden expansion while Scarano et al [16], analyze the turbulent 
separated flow over the backward facing step. Khezzar et al [17], 
experimentally estimated the isothermal and combusting flow 
characteristics downstream of a plane sudden expansion with  eR  
of 20000 and expansion ratio of 2.86. Aubrun et al [18], conducted 
an experimental study of coherent structures in a turbulent flow 
behind a backward-facing step using the vorticity-based conditional 
method. De Zilwa et al [19], numerically simulated the turbulent 
flows in the downstream of the plane sudden expansion by using 
k-ε turbulent model. Koronaki et al [20], studied the capability 
of four different turbulence-closure models and calculated mean 
strain of the flow in a sudden expansion. Kostas et al [21], found 
that vortex interactions are at a maximum state at the locations 
where both the turbulent stresses and turbulent kinetic energy 
production are important. The effect of the expansion ratio on 
turbulent non-Newtonian re-circulating flow has been examined 
by Pereira et al [22]. They studied that at large expansion ratio 
the turbulent intensity and the subsequent decay of the turbulent 
components of Newtonian flows were more in comparison with 
smaller expansion ratios. Escudier et al [23], studied the turbulent 
flow through a plane sudden expansion of expansion ratio of 4 
and aspect ratio of 5.33. They predict that at higher aspect ratio 
(more than 10) with expansion ratio greater than 1.5 produce 
asymmetric flows. Pinho et al [24], investigate the variation of 
local loss coefficient through a sudden expansion for power law 
fluids. They also estimated the variation of recirculation length and 
the eddy strength. Canabzoglu and Bozkir [25], experimentally 
analyzed pressure distribution of turbulent asymmetric flow in a 
flat duct symmetric sudden expansion. Reddy et al [26] investigate 
the flow field characteristics of a gas turbine swirler in a model 
combustion chamber using PIV. Mistrangelo and Buhler [27] 
investigated three dimensional magneto-hydrodynamic flows in 
a sudden expansion of rectangular channels with wall of finite 
electrical conductivity. Mohanarangam et al [28] observed that 
primary and secondary recirculation zones increased with the 
increase of expansion ratio. A numerical simulation of the two 
dimensional laminar flow over a backward facing step was done 
by Lima et al [29] considering a range of eR from 100 to 2500. 
Terekhov and Pakhomov [30] predicted the turbulent flow and 
heat transfer in gas droplets in the downstream flow of a sudden 
pipe expansion numerically. Das and Chakrabarti [31] studied 
numerically the 2-D flow in a sudden expansion with central 

restriction. They considered aspect ratio of 1.5 to 6 in a laminar 
field and predict that size of recirculation bubble at corner region 
increases with increase in eR  and aspect ratio. Fluidic control 
with micro jets in dump combustors were investigated by Kanchi 
et al [32]. Dagtekin and Unsal [33] found that non-dimensionalized 
reattachment length and ordinate of the eddy centre vary linearly 
with the eR .
The Present study is intended to analyze the turbulent fluid flow 
through a symmetric sudden expansion. The major objective has 
been focused on the variation of the recirculation leth with the 
variation of Reynolds number and expansion ratio. The Reynolds 
averaged Navier-Stokes equation equations has been solved and 
it is basically RANS solution using standard k-ε model with the 
modification of model constant to capture the streamline curvature 
effects. The flow has been considered uniform at the inlet and 
wall function of [3] has been incorporated to mimic the wall 
conditions. The control volume formulation of Patankar [34] with 
power law scheme in a non-uniform grid has been adopted for 
the solution of the above mentioned equations. Grid independent 
studies has been performed for the establishment of the present 
methodology and in this study it was observed that the turbulent 
fluctuation energy variation was less than 0.001% for a grid 
system of 62 × 72 and 121 × 141 for one set of condition and 
for another set of condition it was 242 × 182 and 481 × 361 
respectively. Finally for the first set of condition it was selected 
to be 62 × 72 and for the second set of condition it was taken as 
242 × 182. The results have been compared with the benchmark 
solution pertaining to the experimental investigations and the 
matching was excellent confirming the stability and dependence 
of the present methodology to solve the turbulent flow through 
a sudden expansion.

II. Geometrical Description

Fig. 2: Nomenclature of the Geometry

In the fig. 2 the geometry of the problem has been shown. The 
inlet uniform flow velocity is Uin. 
Governing Equation:
Continuity Equation:

              (1)
Axial component (x-component):

          (2)
Radial component (r-component):
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            (3)
The effective viscosity is given by,
μeff=μl+μt                (4)
The eddy viscosity is given by
μt= ρCμ k

2 ⁄ε                (5)
Modified :
According to Leschziner and Rodi (5) the streamline curvature 
effects can be taken into consideration by modifying the model 
constant  for the estimation of the eddy viscosity. The 
modification is shown below.

                  (6)

Here, 22 vusU +=                  (7)

Turbulence k-ε Model:
k- Equation: 

              (8)
Where, G is given by:

             (9)
ε- Equation:

          (10)
The following are the values of the empirical constants given in 
standard k-ε model are recommended by Launder and Spalding 
[3].

Table 1:

III. Boundary Condition
For present analysis the working fluid is air at 20oC with density 
taken as ρair = 1.235 kg/m3, viscosity, =1.853×10-5 Kg/m-s for 
water  = 998.2Kg/m3,  =1.002×10-3 Kg/m-s.
At the Inlet:

The inlet axial velocity is uniform.• 
Turbulence energy and dissipation rate are taken as:• 

 is the Inlet velocity.

At the Wall:
No slip condition has been taken for velocities so u = v= 0.
And ∂k/∂r = ∂ε/∂r = 0 
At the Axis:
Zero shear stress condition has been taken.

  
At the Outlet:
Fully developed flow condition has been taken at the outlet.
∂Φ/∂x = 0,  stands for u, v, κ, ε etc.

Solution Method
The control volume formulation with SIMPLER method [34] 
along with Power Law scheme has been employed as already 
stated. 

Validation
Fig. 3, represent the validation for the turbulence model used 
in the present work using the experimental results of Back and 
Roschke [2], for investigating reattachment length downstream 
of an abrupt circular channel expansion. The non dimensional 
reattachment length with Reynolds number has been shown and 
compared. The good matching of the two results signifies the 
present computational scheme as applicable for the turbulent fluid 
flow analysis through an axi-symmetric sudden expansion duct.

Fig. 3: Validation of the Present Numerical Method

The close agreement observed clearly validates the numerical 
scheme employed here to study the turbulent flow in a sudden 
expansion. 

IV. Results and Discussion
For the present analysis two geometrical models are used. For the 
first case upstream radius ir = 0.0048 m and downstream radius oR
= 0.0124 m, whether upstream length iX  and downstream length 

LX are 0.0095 m and 0.24 m respectively. For this case water has 
been taken as working fluid as [2]. Density  and molecular 
viscosity   are considered as 998.2 kg/m3 & 1.002×10-3 Kg/m-s 
at 20° C respectively. 

X R /
H
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Fig. 4: variation of Axial Velocity

In the fig. 4, the radial distribution of axial velocity for the 
expansion ratio of 2.6 has been plotted. Here we can see the velocity 
pattern changes from lower Reynolds number to Higher Reynolds 
number and the flow is gradually transforming into turbulent as it 
is depicted from the velocity pattern. In this connection it is to be 
mentioned that in figure the turbulent fluctuation energy is very 
low (in the order of 10-17) indicating that the turbulent intensity 
is low and the flow is almost laminar like.

Fig. 5: Variation of Coefficient of Friction

Variation of coefficient of friction in the upstream direction has 
been plotted in the fig. 5. From the fig. it is observed that maximum 

fC  is present in the recirculation region for all Reynolds number 
considered. After that fC is in decreasing trend and it goes to 
negative value beyond the recirculation bubble. After that it 
remains constant throughout the wall. 
In the fig. 6 and 7 distribution of turbulent stress has been 
plotted. 

Fig. 6: Variation of Turbulent Fluctuation Energy

From the fig. 7, we observed that for increase in The Reynolds 
number turbulent stress also increases. The natures of these two 
graphs are physically possible as turbulent intensity is increase 
with the Reynolds number.

Fig. 7: Variation of Turbulent Fluctuation Energy

The effect of the Reynolds number on the recircirculation length is 
already shown in the fig. 3. In figs. 8, 9, 10 and 11 we have shown 
the results of the other geometry which are explained below.

Fig. 8: Effect of Expansion Ratio on Recirculation

Keeping the upstream radius ir   constant as 0.2016 m the 
downstream radius OR  is taken as 0.21175, 0.2218, 0.2384 and 
0.24192. The corresponding expansion Ratios are 1.05, 1.1, 1.15 
and 1.2. For this set of geometry the working fluid is air. 

r/Ro

r/Ro

r/Ro
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Fig. 9: Variation of Recirculation With Expansion Ratio

In the fig. 9, the variation of the non-dimensional reattachment 
length with respect to the ratio of outlet expansion radius to 
upstream radius ha s been represented. From the figure 9 it 
observed that the recirculation bubble length or the reattachment 
point distance from the plane of onset of the expansion increases 
with the expansion ratio gradually. This is true for both primary 
and the secondary recirculation bubbles. 

Fig. 10: Effect of eR  on Recirculation

The streamline contour is plotted in the figure 10 while variation 
of non-dimensional recirculation length verses non-dimensional 
reattachment length

Fig. 11: Variation of Reattachment length with eR

length for a particular geometry but for different Reynolds Numbers. 
From the fig. 10 and fig. 11, we observed the Reynolds number 
has important bearing on the recirculation bubble considerably. 
Fig. 11 shows that at low Reynolds number the non-dimensional 
length of the bubble initially increases and then it decreases with 
respect to the Reynolds number gradually.

V. Conclusion
A numerical investigation has been done to analyze the turbulent 
fluid flow through a sudden expansion. It has been observed that 
the recirculation bubble exist in twin structures. The primary 
recirculation bubble was observed to increase by the increment of 
the expansion ratio. However the reattachment length is observed 
to vary in a complex way; increases at first with the eR  then it 
decreases gradually with respect to .eR  It has been observed from 
the variation of fC  that the recirculation with a flow having less 
inlet velocity and intensity of turbulence is much smaller than in 
the fully turbulent flow with considerably higher inlet velocity 
as well as turbulence intensity. It is also concluded that strength 
of the recirculation bubble is increased with the expansion ratio, 
keeping eR  constant.
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