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ABSTRACT: A computational procedure of significant accuracy and generality is required to predict the ambiguity
related to the turbulent flows. In this study flow across a backward facing step was modelled and analysed. The flow is
analysed using two flow models in order to compare their predictive capability. The flow models used were Reynolds
Averaged Navier Stokes (RANS) equation model of turbulence and Large Eddy Simulation (LES) flow model. The
results thus obtained were compared with that of the experiment. It was seen that the results obtained by LES model
bear close resemblance with the experimental results. Though RANS model was able to predict the first recirculation
zone, it was unable to predict the second recirculation zone near the bottom wall. But LES model was able to capture
the recirculation zones near top and bottom walls. The LES model is found to have a better predictive capability
regarding the fluid flow problems than RANS model.

KEYWORDS: Large Eddy Simulation, Reynolds Averaged Navier Stokes Equation, Backward facing step.

I.LINTRODUCTION

Turbulent flows are ubiquitous ranging from life science to engineering. So it is highly important to predict the
characteristics of the turbulent properties which may lead to the discovery of phenomena that are still not discovered by
the researchers. All flows encountered in engineering problems, whether they are simple or complicated, have to deal
with turbulence, above a critical Reynolds number. As Reynolds number increases the flow regime switches to
turbulent phase. The random motion of the particles within the fluid develops a change in the velocity and pressure
continuously with time. Most of the flows of engineering significance are turbulent. So turbulence is an area that is not
just for theoretical interest. However the ambiguous nature of turbulence makes it difficult to model and analyse.
Particles that are separated by a distance can be brought together by eddying motions in turbulence. As a result mass,
momentum and energy are effectively exchanged. The largest turbulent eddies interact with the mean flow and extract
energy by the process called vortex stretching. The velocity gradient present in the flow distorts the rotational eddies by
stretching eddies because one end moves relative to other. The larger eddies are dominated by inertia forces and
viscous forces are negligible. The larger eddies are generally inviscid and angular momentum is conserved during
vortex stretching. This caused the rotation rate to increase and radius to decrease. The stretching work done on these
eddies by the mean flow maintains the turbulence. The large eddies that are created due to the instabilities in the mean
flow subjects to inertial instabilities and break-up into smaller vortices. The smaller eddies are also unstable and they
break up into even smaller eddies. Thus there is a cascading of energy from large scale to a smaller scale. Here,
viscosity plays no part as the Reynolds number is very large. The energy cascading ceases when the Reynolds number
of the smaller eddies reaches unity. And at this juncture viscous force dominates and dissipation occurs. This is how
large-scale eddies, that are created in the flow, undergoes successive cascading and results in smaller low energy
eddies. Energy is dissipated only in the final stage of cascading when these eddies are so small that their Reynolds
number is unity. Fluid engineers need a powerful tool to model the turbulence and analyse the properties. CFD
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(Computational Fluid Dynamics) is one such viable tool to discover the physics behind
S_ +div(pu) =0 turbulence. CFD is having a wide area of application. It can be used to model simple flows

like two-dimensional jets, wakes, pipe flows and more complicated three dimensional ones
even inside the combustion chamber that may include dissociation, diffusion and combustion. The main task of
turbulence modelling is to develop computational procedures to predict the Reynolds stresses and the scalar transport
terms with sufficient accuracy and generality. RANS model is the widespread turbulence model applied in the
industrial CFD simulations. The attractive side of RANS turbulence model is that the simulation resources for
reasonably accurate flow computations are modest. This approach has been in the mainstream for the past few decades.
The Reynolds Averaged Naiver Stokes (RANS) computation was historically been the first possible approach. The
accuracy required for the prediction of turbulent flows cannot be achieved using RANS model. In RANS model
attention is focused on the mean flow, and the effect of turbulence on the mean flow properties. The averaged equations
require a closure rule. Boussinesq hypothesis is the classical closure technique which was formulated in 1872. The
properties predicted with RANS at a given point is a constant corresponding to the mean property value at this point.
When Reynolds-averaged equations are used, the collective behaviour of all eddies must be described by a single
turbulence model. However, the dependence of the largest eddies complicates the search for widely applicable models.
A different approach to the computation of turbulent flows accepts that the larger eddies need to be computed for each
problem with a time-dependent simulation. The universal behavior of the smaller eddies, on the other hand, should
hopefully be easier to capture with a compact model. This is the essence of Large Eddy Simulation (LES) turbulence
model. Large Eddy Simulation is an intermediate form of turbulent calculation which tracks the behavior of larger
eddies. The method includes space filtering of RANS equation prior to computation. Post-processing of results
obtained by LES throws light upon the mean flow and the statistics of resolved fluctuation whereas RANS model
interprets the former alone. LES model can offer substantial advantages over RANS modeling approaches.

LES is another form of turbulence modeling which incorporates the energy of the large eddies present in the turbulent
flow. The method involves space filtering of Navier Stokes equations instead of time averaging. LES is inherently three
dimensional and time dependant. The computing resources for LES in terms of cost and space are large. Ferziger
(1977) noted that LES need twice the computing resources than Reynolds Stress Models (RSM) for the same
calculation. The filtering operation rejects the smaller unresolved eddies and resolves the larger eddies. The effect of
the resolved flow and the unresolved smaller eddies are found out using a sub-grid-scale-model.

Celik et al. (2001) stated that even relatively coarser LES simulations are far better than RANS simulation as the
former is able to capture the finest of the unsteadiness of the flow.

Rhea et al. (2009) compared study of RANS and LES based computation of an impinging jet orthogonally on a flat
plate and validated with an experimental setup. They came into the conclusion that LES is having better predictive
capacity than RANS model as the solution obtained in LES bear close resemblance with the experimental results
particularly in the areas where large turbulent structures dominates.

Liu et al. (2006) conducted numerical analysis of a ribbed channel flow comparing RANS and LES. From the
numerical study they captured more complex flow structures with LES. They noticed that in recirculation region RANS
have poor predictive capability. LES offers good prediction of the reattachment length.

Lubcke et al. (2001) analyzed turbulent flow across the bluff body with RANS and LES models. An advanced RANS
model, Explicit Algebraic Stress model (EASM) was used. EASM did not predict the flow properties accurately
compared to that of experimental results. But values predicted with LES gave reasonable agreement with the
experimental results. However EASM required very less computation time compared to LES.

Comparison of RANS and LES was done by Caciolo et al. (2011) in the context of natural ventilation in buildings.
They compared RANS and LES models with the experiments results. The ventilation airflow rates computed by LES
bears close resemblance with the experimental results than RANS as the former was able to capture the characteristics
of the turbulent flow. However the computation time for LES was about 30 times when compared with RANS.

Prediction of turbulent flows in a stage of an axial compressor using LES was done by Nicolas Gourdain (2013). He
compared the results with URANS and with experiments. This study confirms that LES predicts the time dependent
flow parameters accurately than URANS near the casing.

Waarzecha and Bojuslawski (2013) modeled the pulverized coal burner in swirl chamber using LES and RANS for
turbulent flow. In RANS model there exists two temperature zones-a cold and a hot zone- which is separated by the
fresh incoming air into the combustor. Such a partition in the combustion chamber is not observed after computation of
LES. In LES the temperature field is distributed in the chamber. With LES stronger recirculation zone was obtained
compared with RANS.

I.GOVERNING EQUATIONS

The equation that governs the fluid flow is the continuity and Navier Stokes equation which are listed below.
Continuity and Navier Stokes Equation for compressible flow is given as
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The flow variables are found out by solving the differential equations.

Reynolds Averaged Navier Stokes Equation (RANS)

Reynolds Averaged Navier Stokes (RANS) turbulence model has been the widespread turbulence model used
commercially and for industrial CFD. The engineers are satisfied with the computation of time averaged, flow
properties like velocity, pressure, stress etc. The RANS turbulence models were therefore has been accepted
worldwide. For a century these methods were widely accepted in the fields of turbulent flow calculations. The
advantage that RANS model possess is that its simulation cost is less and have reasonable accuracy.

In RANS turbulence modeling, the mean or averaged flow parameter is computed. The Navier Stokes equation is being
averaged with respect to time. Reynolds averaging methods were used to develop a time averaged Navier Stokes
equation. The Reynolds Averaged Navier Stokes equations are given below.

$+ div(pit) =0
? + div(Fam) = —3—f +div(p grad(@)) + :_ af_ aiw B é‘ﬁ:;’:
% + divipru) = _j__i+ div(p grad(#)) + __ BT B af_ HT:
2?+ div(pwi) = — j_f +div(p grad(w)) + |- aﬁiwr - S.E;W’ B 5‘5;—: rz_

During the averaging process additional terms are generated that are not in the original Navier Stokes equation.
The terms are the mean of product of the fluctuations in velocity. These terms are called Reynolds stresses. A closure
equation is needed in order to compute the Reynolds stresses. Such an equation was formulated in 1877 by Boussinesq
who stated Reynolds stresses are proportional to the mean strain rate.

o, oL\ 2
Ty = |3t 3 |~ 30k

dx; dx,

Here &; ;is called Kronecker delta whose contribution gives the correct result for the computation of Reynolds stresses.

Among the various RANS model available, k-¢ model is used to compare the simulation with the experimental result. It
is the most economical form of the anisotropic turbulence modeling. The k- model is the widespread turbulence model
in industrial CFD and is the most validated model. The model is not sophisticated as it contains two transport
equations. One each for turbulent kinetic energy (k) and dissipation rate (g). This model is not compatible for swirling
flows, flows along complex geometry, curved boundary layers etc.

Large Eddy Simulation (LES)

In spite of a century long efforts to develop the RANS turbulent model, it was difficult to formulate a general
purpose model. This is due to the difference in the attributes of the large and small eddies. The smaller eddies are more-
or-less isotropic and have a universal behaviour. The larger eddies interact with the mean flow and extract energy from
it and is anisotropic. The properties of these larger eddies are dependent on the geometry of the domain, boundary
conditions and body forces. When RANS equation is used, a single turbulence model is used to obtain the flow
properties but the interaction of the larger eddies complicates the problem. So a different model that could incorporate
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the larger eddies is to be computed. The universal characteristics of the smaller eddies are easier to model. So a single
model that could accept the interaction of large eddies and the isotropic character of the smaller eddies is required to
accurately predict the flow properties. Here Large Eddy Simulation comes into picture.

In LES spatial filtering is done to separate the large and the small eddies. First a cutoff width and a filter function is
selected. All the eddies with the length scale greater than the cut-off width is resolved and the details regarding the
smaller eddies that whose length scale is smaller than the cut-off width is destroyed. Spatial filtering is done on the
time dependent governing equation. The properties of the smaller eddies and the interaction of the larger eddies with
smaller eddies gives rise to the sub-grid-scale (SGS) stress. A model to calculate the SGS stresses is called sub-grid-
scale model (SGS model). The time dependent, spatially filtered equations are solved on the grid of control volume
along with the SGS model for the sub-grid-scale stresses to obtain the flow parameters and turbulent eddies of length
scale larger than the cut-off width.

Spatial filtering of NS equations

The above equations are spatially filtered by means of a cut-off width (A) and a filtering function which is given
below. As mentioned, the aim of the cut-off width and a filtering function is to separate the large and the smaller
eddies.

50ot) = | i [ ) [ TG x',8) ¢(x', Ddx, dx, dx,’

Here, overbar indicates the filtered function. G (x,x",A)) represents the filter function. ®(x',t) is the unfiltered
function. As in RANS equation the filtered function is integrated but spatially. There are various filter functions used in
LES. The common filter functions are shown

e  Top-hat filter

1,/A3 |x —x'| <4
Glx,x",A) = ’ ;{E
x, lx —x'| = ,fz
e Gaussian filter
3/, lx—x'|®
42 —
G(x,x',ﬂ]=( r,,) e | 4t
A
v=6
e  Spectral cutoff
3 S
sin[({x — x")/A"°
Glx,x',A)= l_[ [ ]
x—x)

i=1
The top hat filter is used in the finite volume methods of LES. The other two filter function is preferred by the
researches.

The cut-off width is the measure of the size of eddies that are retained in the flow. The cut-off width can be of any
size. Usually the cut-off width will be of the order of the grid size because it is meaningless to take a cut-off width less
than the grid size. And if a greater cut-off width is used some finer details will be lost. The cut-off width is equal to the
cube root of the volume of the grid cell.

A= {/Ax Ay Az
as Ax, Ay and Az represents the dimensions of the grid.

Applying the filtering functions in the continuity and Navier Stokes equation, assuming the filter function to be
linear, throughout the computational domain filtered continuity and Navier Stokes equation is obtained.

dp

. o

¥+ div(pii) = —a—p + u div(grad(@)) — (div(gim) — div(pim))
X
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g + div(pFil) = —a—p + u div(grad(9)) — (div(p7w) — div(pii))
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The first term represents the rate of change of filtered momentum in X, y and z coordinates. Second term represents
the convective and forth term shows the diffusive fluxes. Third term gives the pressure gradient. The last term is caused
due to the spatial filtering of the equations. They can be considered as the divergence of stresses.

ar, .

div(ptiu) —div(pi, ) = —=

’ dx;

The stresses are causes due to the interaction between the unresolved smaller eddies and these are called sub-grid-scale

stresses. The SGS stresses can be calculated bu decomposition of the flow field as the sum of the filtered function with

spatial variation greater than the cut-off width and are resolved in the computation and unresolved spatial variation at a
length scale smaller than the cut-off width.

¢(x,t) =@lx,t) +¢'(x,t)

Using this method, the stress term can be rewritten as
T = (plTiTI} — pﬂIﬁ}) + pliu,’ —pu’iﬁ,-) + puju;

Here the first term represents Leonard stress which is caused due to the filtering operation. The second term is called
cross-stress. This stress term is formed due to the interaction s of the larger resolved eddies and the smaller universal
eddies. The final term is called the LES Reynolds stresses caused due to the convective momentum transfer due to the
interactions between the unresolved eddies. These stresses are to be modelled by means of SGS model.

Smagorinsky-Lilly SGS model

Smagorinsky (1963) suggested that Boussinesq hypothesis can give a good prediction of the unresolved eddies as the
size of eddies are small and is isotropic in nature. Boussinesq hypothesis states that Reynolds stresses are proportional
to mean strain rate. This hypothesis can be applied if the changes in the flow direction is slow that the production and
destruction of turbulence is in a balance and eddies should be isotropic. Thus in Smagorinsky’s SGS model the local
SGS stresses are taken to be proportional to the local strain rate of the resolved flow.

T; = —2lsesS; 1190

1
+-—1..8..
_ 3

The proportionality constant is the dynamic SGS viscosity tgz5. 5, ; is the local strain rate and is given below.

¢ _Lfom 9%
g dx; dx,

The last term in the equation ensures that the sun of the SGS stresses equals the kinetic energy of the unresolved eddies.

The Smagorinsky-Lilly SGS model is built on Prandtl’s mixing length theory which states that the SGS viscosity is
related to length scale and velocity scale. The length scale in Smagorinsky model is of course the cut-off width and the
velocity scale is represented as the product of cut-off width and average strain rate of resolved flow. SGS viscosity is
given below

—

_ 2 |
Hsgs = P(Csesi) \ 25;:5;5

CSGS is a constant. Deardorff (1970) has done LES computation of turbulent channel flow. He addressed the value of
CSGS=1 is the most appropriate for internal flow calculation and other values causes excessive damping

1. COMPUTATIONAL PROCEDURE

In this study, flow across a two dimensional backward facing step is analyzed using RANS k-g¢ model and LES in
order to compare their predictive capability. The simulated result is then compared with the experimental results of
Armaly et al. (2009). The dimensions of the backward facing step are given in figure.

=g aag

——

i 7 HE

Figure 1. Domain of backward facing step. H6=300mm, L7=5mm, V2=4.9mm, V8=5.2mm

The mesh was generated in ANSYS ICEM-CFD with 6,83,250 two dimensional structured quadrilateral cells. The
analysis is conducted in ANSY'S Fluent.
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Figure 2: 2-D Structured mesh

Velocity inlet and pressure outlet boundary conditions are given at the inlet and exit of the domain respectively. The
standard wall functions are used in RANS k-& model and no-slip wall boundary condition is given to both computing
methods. The SIMPLE (Semi-Implicit Method for Pressure Linked Equation) algorithm is used to calculate the
pressure field. Air is the working fluid and is treated as ideal gas with constant viscosity, conductivity and specific heat.

The flow with inlet Reynolds number of 1000 is given as in the experiment conducted by Armaly et al. (1983). The
flow along the backward facing step is analyzed using LES and RANS method.

Reynolds number is given by the equation given

VxD
Re =

v

The velocity (V) is given by two third of the maximum inlet velocity and the length (D) is twice the step thickness.

V. RESULTS AND DISCUSSIONS

Computational study is conducted for the flow across backward facing step. Due to the occurrence of more than one
recirculation zones present, the flow loses its two dimensional behaviour but as the velocity is small enough, the
analysis could be conducted as a two dimensional problem.

Velocity profile at various x locations is shown in figure 3 to figure 12. It is very clear from these graphical
representations that the recirculation zone exists within the flow domain. As illustrated in the figures, the prediction of
these recirculation zones was done by both simulations but RANS simulation was able to capture only two recirculation
zones. As the RANS turbulence model uses the averaged or mean properties to compute the results, the accuracy of the
predicted result is less. In the LES model instead of mean values it takes up the filtered values using a filtering
function. This allows the modelling of larger eddies with high energy and a universal model for smaller low energy
eddies. In LES model more than three recirculation zones were obtained. The experimental study also imposes the
same.
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(a) (b)
Figure 3: Velocity profile at x/\V2=2.55 (a) LES modelling and (b) RANS modelling

Both methods were able to predict the occurrence of first recirculation zone as shown in figure 3. Almost similar
profiles were obtained near the top wall.
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At the location x/V2 = 4, almost similar velocity profiles were obtained in both simulations. In LES simulation the
recirculation zone is quite distinct as the velocity transition is almost uniform. In RANS simulation however there is a

sharp change in the velocity distribution.

Rl Vel =T S8 0] Decl 15 | Raalseioy Time=2 1500647 Do 0t
ANt 145 s LES bansir) AN e 14501 s e Yense

(@) (b)
Figure 4: Velocity profile at x/'\V2=4 (a) LES modelling and (b) RANS modelling
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(a) (b)
Figure 5: Velocity profile at x/\V2=6 (a) LES modelling and (b) RANS modelling

In figure 5 the recirculation zone is obtained in RANS simulation and the velocity is higher near the bottom wall.
Beyond this location the velocity profile follows as that of fully developed flow which is a parabola with
maximum velocity at its center. However the ambiguity regarding the flow is still counting. The flow dose not
loses its turbulence still, according to the LES model. The second recirculation zone is being pushed further as in
figure 7 and the velocity is maximum near to the bottom wall. We can see that the flow changes its direction
throughout the domain showing a sinusoidal pattern till the flow becomes fully developed, as shown in figure 10
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(a) (b)
Figure 6: Velacity profile at x/\V2=8 (a) LES modelling and (b) RANS modelling
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Figure 7: Velocity profile at x/\V2=9 (a) LES modelling and (b) RANS modelling
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The recirculation region near the top wall was found at location x/\VV2=9 using LES modelling and the flow continue to
show a sinusoidal pattern as velocity is maximum near the top wall in figure 4 and it is shifted gradually to bottom wall
in figure 7. The process repeats and now the maximum velocity point shifts from bottom wall to near top wall as shown
in figures 8 and 9. Another recirculation point was obtained at location x/V2=12 and thereafter the flow becomes
steady all along the pipe. The flow continues to be steady in RANS simulation.
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Figure 8: Velocity profile at x/\V2=10 (a) LES modelling and (b) RANS modelling

#owomowoa w0 W R R L
Rattl ey ) ety e}

il T 0l 16 Dec3t 145 btk ines281Tel) el
SIS Riar 11310 s LES s MRS pos 4 e

(@) (b)
Figure 9: Velocity profile at x/\V2=12 (a) LES modelling and (b) RANS modelling
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Figure 10: Velocity profile at x/\VV2=14 (a) LES modelling and (b) RANS modelling
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The experimental results obtained in the literature of Armaly et al. (1983) are as shown. The recirculation zones were
obtained as shown. It bears a close resemblance with the LES simulation results.
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(b)
Figure 14: Experimental observations (a) Recirculation zone (b) velocity profiles at various x-locations

According to the author only few velocity measurements exists for the internal flow downstream of a backward
facing step. At Reynold number close to 1000, the two dimensionality of the flow is lost. Here, multiple regions of
separated flow are found experimentally. The numerical results for the flow across the backward facing step are
obtained as shown in figure 15.

L ot of Vs g = |

(a) (b)
Figure 15: Velocity contour for Reynolds number of 1000 using (a) LES simulation (b) RANS simulation

V. CONCLUSION

The flow across the backward facing step using with a Reynolds number of 1000 is analyzed using Reynolds
Averaged Navier Stokes (RANS) model and Large Eddy Simulation (LES) model. The turbulence model used for
RANS is the k-¢ model and for LES the Smagorinsky model is used.

The simulation conducted in RANS model was able to model the flow and two recirculation zones were simulated.
LES model was able to capture the recirculation zones successfully.

The RANS simulations performed poorly, whereas the LES computations were again consistent and showed generally
good agreement with the experiments.

The recirculation zone near the bottom wall was successfully modelled using LES but RANS model could not
predict the presence the above recirculation zone. Overall, the LES turbulence models under consideration showed
consistency in the flow regimes, whereas the RANS turbulence models performed poorly.
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