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Abstract

Computational investigations are carried out on flow through a channel having a single backward facing step. The effect of
step angle and expansion ratio on separation length is studied and compared with experimental results reported in literature. The
step angles considered are 15°, 30°, 45° and 90°, whereas the expansion ratios considered are 1.48 and 2.0. A two-dimensional
(2D), segregated, renormalized group (RNG) k—¢ turbulence model has been chosen for CFD simulations. The analysis of the
results showed that with the increase in step angle and expansion ratio, the reattachment length increases. Effect of Reynolds
number is also studied by varying it over a range 15000 to 64000 and it also shows that the reattachment length increases with
an increase of the Reynolds number.
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1. Introduction

Flow with separation and reattachment has long been a subject of fundamental fluid dynamics research. The presence of a
separated flow, together with a reattaching flow, gives rise to increased unsteadiness, pressure fluctuations, structure vibrations and
noise, as it also exhibits an unsteady structure with a large scale vortex in the separated shear layer and low-frequency motion
around the reattachment region with fluctuation of an instantaneous reattachment point (Troutt et al., 1984). The flow over a single
side backward facing step provides a classic example of above said flow field. The simple and easily attainable two-dimensional
(2D) geometry makes any step-geometry a popular choice to study separation phenomenon. Furuichi et al. (2004) studied a two-
dimensional backward facing step and measured the velocity fluctuations by using a multi-point LDV and correlate the moving
path of vortex shedding and velocity fluctuation.

But in past, only 90° step has often been investigated, the flow over the inclined step attracted less attention. Ruck and Makiola
(1989) performed experiments on inclined steps for different Reynolds number and expansion ratio and studied its effect on the
reattachment length. Their study concluded that by increasing the area ratio or inclination angle reattachment length increases for a
particular Reynolds number. In this study, computational analysis is carried out to solve a flow field in a two-dimensional
backward facing step and to find the effect of step inclination on the reattachment length of the separated flow. Fig. 1 shows the
schematic diagram of the problem.

This paper was presented at the 5" National Conference on Applicable Mathematics in Wave Mechanics and Vibrations (WMVC-
2010) held at Kakatiya University, Warangal, India, 13-15 March, 2010.
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Fig. 1. Backward facing step with different inclination angle
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2. Computational Techniques

For the present study, all the cases considered are summarized in the table 1. The modelling is done in ‘Gambit” modelling tool
for the aforementioned geometries. Pure quadrilateral meshing is used to get structured mesh with total number of 130000 cells
and the same is shown in Fig.2.

Table 1: Configurations Examined in present study

ER (h,/h,) Re u (m/s) Step angle (a °)
15000 2.20 15 30 45 90
1.48 47000 6.87 15 30 45 90
64000 10.0 15 30 45 90
15000 2.20 15 30 45 90
2.0 47000 6.87 15 30 45 90
64000 10.0 15 30 45 90

RNG k—¢ model is used to predict the flow field Flow past the step involves recirculation (swirl) and the effect of swirl on
turbulence is included in the RNG model, due to which accuracy of the model further increases.

A steady state based implicit solver is used to achieve convergence. Second-order upwind scheme was used for the discretization
of all the equations to achieve higher accuracy in results. Velocity-pressure coupling is established by pressure-velocity correlation
using a SIMPLE algorithm. Under-relaxation factors are used for all equation to satisfy Scarborough condition (Fluent’s user
guide, 2006). Residuals are continuously monitored for continuity, x-velocity, y-velocity, z-velocity, &, and ¢. Convergence of the
solution is assumed when the values of all residuals goes below 107°. Standard wall function is used to solve for the near wall
treatment, as y* is more than 30 in the whole domain.

Fig. 2. Backward step with quadrilateral meshing.

3. Results and Discussion

The commercially available code ‘Fluent 6.3’ is validated using the experimental data reported by Ruck and Makiola (1989).
Fig. 3 represents the variation of non-dimensional attachment length with Reynolds number for experimental and computational
cases. It can be observed that the computational result closely follows the experimental trend.
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It can be seen from Fig. 3 that for a particular step angle at low expansion ratio (ER=1.48), the reattachment length doesn’t
increase steeply with the increase in Reynolds number. At 90° step angle, a maximum of 4.28% increment in the reattachment
length can be observed for Reynolds number 64000 as compared to that with 15000.
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Fig. 3. Variation of X; / & with Reynolds number for different step angles, ER = 1.48.

The variation of reattachment length with step angle for constant Reynolds number for ER=2 is shown in Fig. 4. It has been
observed that as the step angle increases, the reattachment length increases initially till 45° and remains almost constant thereafter,
this fact can also be attributed from Fig. 3 where the lines for reattachment length for 45° and 90° almost coincides even at
ER=1.48. For ER=2, Fig. 4 shows that for a particular step angle, the reattachment length increases appreciably with increases in
Reynolds number.
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Fig. 4. Variation of reattachment length with step angle, for ER = 2.0.

Unlike for 90° step angle at low expansion ratio (1.48), the value of reattachment length increases by a factor of 2 for Re=64000
as compared to that for Re=15000. This shows that as the expansion ratio is increased, the effect of Reynolds number also
increases on reattachment length. Thus, for low expansion ratios, Xr is independent of Reynolds number. Further from Figs. 3 and
4, it can be well observed that for any expansion ratio, initially X» value increases with step angle but becomes independent of it at
higher values.

Further Fig. 5 shows the variation of X7 with the expansion ratio at two different Reynolds number. It was observed that for low
Reynolds number (15000) the value of Xr decreases by 16.67% when expansion ratio is increased from 1.48 to 2. This could be
possible because at low Re and high ER, the flow gets enough space and time to reattach to the boundary, thereby reducing the
reattachment length. But in case of higher Reynolds number (Re=64000), the reverse phenomena happens, i.e. the value of Xr
increases with an increase of ER from 1.48 to 2.
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Fig. 5. Variation of reattachment length wihexpansion ratio at different Re.

The flow can be better visualized in form of streamline as shown in Fig. 6. It can be seen that there is a distinct secondary flow
in the separated region near the corner.

Fig. 6. Streamlines depicting secondary flow (enlarged view).

4. Conclusions

The flow characteristics over a two-dimensional backward facing step have been computationally simulated. The analysis of the
results is summarized below.

The non-dimensional reattachment length (X, /H ) increases from 3.78 for a 15° step angle to 7.1 for a 90° step, at Re =

15000.

The non-dimensionalized reattachment length also increases from 7.0 to 7.7 as Re increases from 15000 to 64000 for a
90° step.

With increase in expansion ratio from 1.48 to 2.0, the reattachment length decreases for low Reynolds number (Re =
15000) but increases for higher Reynolds number.

For a particular Reynolds number, the reattachment length increases initially till 45° and thereafter, remains almost
constant.

Nomenclature

expansion ratio, ER = &, / k4, dimensionless
inlet width, mm

outlet width, mm

step height, mm

Reynolds number, dimensionless
freestream velocity of air, mm

friction velocity at the nearest wall, u, = wa/p , m/s

reattachment length, mm
distance to the nearest wall (normal to flow direction), mm
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v dimensionless wall distance, y* = u*y/v
a step angle, degree

v kinematic viscosity of fluid, m%/s

P density of fluid, kg/m®

T, wall shear stress, N/m?
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