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Predicting Wall Pressure Fluctuation over a Backward-Facing
Step Using Detached Eddy Simulation
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Numerical simulations of a turbulent flow over a backward-facing step are performed. The governing equations
are solved by the finite volume code Cobalt. Unsteady three-dimensional detached eddy simulations are carried out
with Menter’s shear stress transport turbulence model acting as a subgrid-scale model. Mean flow quantities such as
pressure, velocity, and skin-friction coefficients are accurately predicted. Velocity and pressure fluctuations are
resolved by the three-dimensional computations. The dominant frequency is in good agreement with existing
experimental data, and power spectral analysis of wall pressure fluctuation is consistent with empirical relations
found in the literature for several operating conditions.

Introduction

ALL pressure fluctuations beneath a turbulent boundary layer
are associated with noise generation and can lead to structural
vibrations. It is desirable to understand the nature of pressure
fluctuations to limit their impact in several engineering applications
such as commercial airplanes and turbines. Turbulent-boundary-
layer measurement has been the subject of numerous investigations,
and precious information can be obtained from experiments [1-7],
which can be used to validate available semi-empirical models.
With the advent of computational fluid dynamics, numerical tools
have been developed to study and understand a wide range of turbu-
lent flowfields. There are mainly three approaches for the compu-
tation of turbulent flows. The direct numerical simulation approach is
an exact method, in the sense that the original governing equations
are solved without any modifications or filtering process. The second
approach for turbulent flow computation is large eddy simulation
(LES) [8]. Large scales are numerically computed, whereas small
scales are modeled by simple eddy viscosity models, known as
subgrid-scale models (SGS). Algebraic models are sufficient, be-
cause the imperfections of these simple models should not greatly
affect the solution. The two methods described above are very costly
in terms of computational time and storage requirement. A more
affordable method consists of averaging the Navier—Stokes equa-
tions in time, resulting in the Reynolds-averaged Navier—Stokes
(RANS) equations. A turbulence model is required to close the
system. Several different turbulence models exist, ranging from
simple algebraic models to more sophisticated multi-equation mod-
els [9-13]. A hybrid method has been recently developed to take
advantage of existing techniques. Detached eddy simulation (DES)
combines the RANS approach in regions of thin boundary layer
where no separation occurs, because this does not constitute a real
challenge for RANS and switches to LES in the region of massive
separation [14]. This method allows a reduction of the prohibitive
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cost of the LES method, and the solution of a turbulent flowfield can
therefore be obtained within a reasonable computational time.

Recently, directnumerical simulations of turbulentboundary layers
have been performed, which provide insightful information such as
turbulence statistics and frequency spectra [15]. Good agreement was
found with the experimental work of Websteretal. [16]. Huetal. [17]
performed direct numerical simulation of turbulent-plane Poiseuille
and Couette flows and studied fluctuating wall pressure and shear
stresses. Good agreement with existing data was found.

However, direct numerical simulation requires extensive compu-
tational resources that are beyond the reach of industrial applications
at the present time. The potential use of more economical approaches
such as LES and DES for aeroacoustic predictions is discussed in
[18]. Although they recommended LES-types methods over RANS
methods, DES can provide useful results for three-dimensional flows
in industrial applications. Ciardi and Dawes [19] studied four
subgrid-scale models and different approaches to blend LES and
RANS to perform broadband noise analysis in turbomachinery. Lee
et al. [20] predicted wall pressure fluctuations using Reynolds-
averaged Navier—Stokes equations along with an isotropic model.
The prediction of the surface pressure spectrum was obtained by
solving a Poisson equation for the fluctuating pressure in a turbulent
boundary layer. Good results were obtained for a zero-pressure-
gradient flow.

Pressure fluctuations beneath surfaces of discontinuities such as
cavities or forward and backward steps have been the subject of many
investigations [21-24]. They are typically associated with regions of
separated flow. Flows over small steps are of interest in the aerospace
community because they are sources of aerodynamic noise that
propagates to the aircraft interior and can lead to structural vibration.
The need to develop numerical tools to predict pressure fluctuations
is therefore essential before noise-reduction techniques can be
implemented. The objective of the current study is to numerically
solve the flow over a backward-facing step using unsteady three-
dimensional detached eddy simulation. Numerical results are
compared to existing experimental results.

Governing Equations
The governing equations are the unsteady compressible Navier—
Stokes equations, composed of the conservations of mass, mo-
mentum, and energy.
Continuity equation:
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Momentum equation:

d(pU)
dt

YV URU+pI|=V- 1T 2)
Energy equation:
ad =
E(pet)+V'[(pet+p)U]=V~(U-r)—V~Q 3)

Cobalt is the computational fluid dynamics code used to solve
Eqgs. (1-3). Cobalt is an unstructured finite volume commercial code
using a cell-centered formulation. This compressible flow solver has
been validated on several problems by Strang et al. [25] and Forsythe
et al. [26]. Cobalt provides both RANS and DES approaches for
turbulence modeling. The Spalart—Allmaras and Menter shear stress
transport (SST) models are available and act as SGS models for DES.
Details about the Cobalt algorithm may be found in [27,28]. Cobalt
does not use a preconditioner for incompressible flow regimes.
However, low Mach number flows have been accurately predicted,
and the absence of a preconditioner did not adversely affect the
solution [29].

The original DES concept was proposed in 1997 by Spalart et al.
[30]. This technique blends LES and RANS formulation. It uses a
single turbulence model, which functions as a subgrid-scale model in
regions where the grid density is sufficiently fine for LES and
functions as a RANS model in regions where itis not [31]. Originally,
DES was based on the Spalart—Allmaras one-equation turbulence
model [11]. In the LES region, the larger-scale eddies are resolved
directly, and the smaller eddies are represented by the SGS model.

Traditional LES wall models may have difficulties to accurately
resolve separated flows, and grid refinement could demand excessive
computing power. Since RANS models are known to be cost-
effective and have been fairly well developed to provide accurate
boundary-layer calculations, they are used as a wall model in the
near-wall region. On the other hand, in regions of highly separated
flows, RANS models perform poorly, and LES is an attractive option
to resolve large eddies. DES does not have an explicit filter operator
similar to LES. The switching between RANS and LES depends on
the grid spacing and can be controlled during the preprocessing
stage. In the current investigation, detached eddy simulation is
performed using Menter’s SST two-equation turbulence model [13].

Menter’s SST two-equation turbulence model is a combination of
the k-¢ and the k-w turbulence models, and it uses the best features of
both models. The model switches to the k- model in the inner region
of the boundary layer and switches to the k-¢ model in the outer
region of the boundary layer. Therefore, the model will be well-
behaved in the near-wall region and will stay insensitive to
freestream conditions in the outer region of the boundary layer. The
combined model is written such that both models are blended
together through a switching function. The switching function F is
designed such that '; = 1 in the near-wall region to activate the k-
model and F; = 0 at the boundary-layer edge to activate the k-¢
model and ensure the freestream independence of the model.
Menter’s SST model is based on the assumption of the Johnson—King
model, where the turbulent shear stress is proportional to the
turbulent kinetic energy in the log and wake regions of the turbulent
boundary layer. The eddy viscosity is limited by the turbulent kinetic
energy to ensure the proportionality condition.

Results

The experimental results of Driver et al. [32,33] will be used to
assess the accuracy of the computational results. Figure 1 illustrates
the schematic of the flow over a backstep. The step height is
H = 1.27 cm. The freestream Mach number is M, = 0.128, and the
incoming boundary-layer thickness is 6 = 1.9 cm. The Reynolds
number, based on the step height and freestream velocity, is
Rey =37,000. As the air flows over the backstep, a shear layer
develops, the flow detaches, and a recirculation region is formed. The
size of the recirculation region and reattachment point are time-
dependent. A small corner eddy exists between the step and the main

H=127cm M, =0.128
U, w=12H §=19cm
U, =44.2m/s Re, =37,000
Time-averaged

/ Shear Layer

o @

\
Corner Recirculation Reattachment
eddy zone zone

Fig. 1 Schematic of the backstep flow.
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recirculation zone. In the experiment of Driver et al., the width of the
step is equal to 12 step heights, and the upper wall of the wind tunnel
is located nine step heights away from the lower wall. Available
experimental data consist of mean velocity profiles, turbulent kinetic
energy profiles, mean wall pressure, and skin-friction coefficients.
Uncertainties on measurements are 4% on velocity, 15% on turbulent
kinetic energy, £0.009 on pressure coefficient, and 8% on skin-
friction coefficient (15% in the separated region).

Unsteady three-dimensional computations are carried out using
detached eddy simulation along with Menter’s SST turbulence
model, acting as a subgrid-scale model. Results obtained with a two-
dimensional Reynolds-averaged turbulence model did not provide
any pressure fluctuation due to the inherent time-averaging formu-
lation. Therefore, only three-dimensional DES results are presented.
The grid system is illustrated in Fig. 2. The domain extends four step
heights upstream of the step. Incoming velocity profile and turbulent
kinetic energy profiles are prescribed at the inlet and match the
experimental data of Driver et al. [32,33]. The upper wall is located
nine step heights from the lower wall. The channel outlet is located 50
step heights downstream of the step. The domain extends 12 step
heights in the spanwise direction. Heavy clustering is implemented
near the lower and upper walls to capture the boundary layer and near
the step to capture the recirculation region and reattachment zone.
The clustering has been adjusted such that the first value of y* away
from the wall is less than one along the lower and upper walls. Three
structured grid systems have been investigated: coarse (238,000
cells), medium (767,000 cells), and fine (1.9 million cells). Results
obtained with the medium and fine grids were practically identical.
Time averages were calculated after the flow had time to sweep the
computational domain twice. Time statistics were taken for a total
duration of 1 s. All computations were performed on one of the
clusters available at Wichita State University’s High Performance
Computing Center. A typical run took two to three days to complete,
using 16 processors. Although no direct comparisons with LES
results were performed due to the nonavailability of an LES code,
typical DES results can be obtained 10 to 12 times faster than LES
results [34].

Figure 3 shows averaged streamline pattern near the backstep
along the center plane. The background is colored by the x-velocity
component. The corner eddy and main recirculation regions are
clearly identifiable. The location of the reattachment is well predicted
by the computation. The reattachment length is x/H = 6.0, which

Fig. 2 Three-dimensional grid system.
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Fig. 3 Streamline pattern downstream of the corner along the center
plane.

compares well with the measurements (x/H = 6.2 by oil-flow laser
interferometer and x/H = 6.05 by thermal tuft).

Distributions of wall static pressure coefficients are presented in
Fig. 4 along the lower wall (step sidewall) and upper wall (opposite
side). Good agreement is found between the current computation and
the experimental results. The influence of the step is evident by
comparing the pressure distributions along the lower and upper
walls. The pressure gradient is larger on the step sidewall and is the
largest near the reattachment point.

Figure 5 shows the step-side skin-friction coefficients. Excellent
agreement is obtained with the experimental data. The size of the
recirculation region is well predicted, and the small corner eddy is
confined within less than one step height form the corner.

Figure 6 illustrates mean velocity profiles in the separation and
reattachment regions. Good agreement is obtained with the
experiments. The velocity gradient is approximately constant across
the shear layer. The velocity distribution is particularly well predicted
inside the recirculation region. Results obtained with the fine grid are
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Fig. 4 'Wall pressure coefficients.
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Fig. 6 Velocity profiles along the center plane (LDV denotes laser
Doppler velocimetry).

also included to show the effect of grid refinement. Results are shown
to be practically grid-insensitive.

The modeled turbulent kinetic energy profiles are shown in Fig. 7.
The modeled turbulent kinetic energy is one of the working variables
associated with the k-¢ and the k-w turbulence models. It is computed
by solving an additional transport equation based on time-averaged
quantities. The numerical results are in fairly good agreement with
the measured values. A sudden increase in turbulent kinetic energy is
observed in the shear layer, just downstream of the step, followed by
amoderate increase over the next five step heights. The computation
tends to underestimate the maximum values of the turbulent kinetic
energy within the recirculation region. Further downstream, the level
of kinetic energy decreases as the flow reattaches. Discrepancies
between the computed and measured values are also diminishing far
away from the step.

The resolved turbulent kinetic energy, which is explicitly
computed from the unsteadiness of the flowfield, is presented in
Fig. 8. The ability to accurately capture velocity fluctuations is
crucial to predict pressure fluctuations. Turbulence models used in
RANS methods are not able to explicitly capture velocity fluctu-
ations. The advantage of the detached eddy simulation is the
possibility to resolve those velocity fluctuations. Good accuracy is
obtained up to three step heights away from the step. Further down-
stream, the turbulent kinetic energy underpredicts the experimental
values but is more accurate than the modeled turbulent kinetic
energy. This is encouraging and suggests that DES may provide
adequate information related to pressure fluctuation prediction.

Although this type of flow is classified as a two-dimensional flow,
when averaged in time, instantaneous three-dimensionality of the
flowfield can be identified in Fig. 9. Figure 9a shows an isodensity
surface and the shape of the shear layer and Fig. 9b shows an
instantaneous view of the recirculation region.

Figure 10 shows the time history of the surface pressure at
x/H =5.5. Large pressure fluctuations are observed. The energy
spectrum of the surface pressure is shown in Fig. 11. Most of the
energy resides at the nondimensional frequency n = fL/U, ;=
0.582, which compares well with the experimental value of n = 0.6.
Time history of the streamwise velocity component at x/H = 6 and
y/H =1 is depicted in Fig. 12. Results are comparable to the
experimental data, although the maximum nondimensional velocity
is underpredicted (0.75 in the current computations versus 0.9 in the
experiments). The energy spectrum of the streamwise velocity
component is shown in Fig. 13. The dominant nondimensional
frequency of n = 0.59 compares well with the experiment (n = 0.6).

Figure 14 shows wall pressure fluctuations along the lower wall. A
rapid increase is observed downstream of the step. The maximum is
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Fig. 7 Modeled turbulent kinetic energy along the center plane.
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Fig. 8 Resolved turbulent kinetic energy along the center plane.
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Fig. 9 Instantaneous view of the flow structure.
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Fig. 10 Time history of surface pressure.
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Fig. 11 Pressure frequency spectrum.

reached at about five step heights away from the corner and is
followed by a rapid decrease until x/H = 12. Further downstream, a
steady decrease in pressure fluctuation is observed. The location of
the maximum is consistent with values found in the literature [23].
Next, it is attempted to correlate the current results with the
empirical relations proposed by Efimtsov et al. [23]. Based on a series
of experiments conducted for flows over backward-facing steps of

0 1 1 1 1
0 0.2 0.4 0.6 0.8

Time (sec)
Fig. 12 Time history of velocity.

different heights under several flow conditions, Efimtsov et al.
generalized the experimental results and proposed a pressure
fluctuation spectrum in the following form:

2H o .
Fp(M)e =/t + ¢, () “)

p(r.0) =T

— FmO
Fn= [(Sh/Shy)* + (Sh/Shy)*"]'/ (5)

Details about the formulation can be found in [23]. The typical
spectrum is composed of two characteristic regions: 1) an energy-
carrying region where the power spectral density reduces moderately
as the frequency (or Strouhal number) increases and 2) a high-
frequency region where the pressure fluctuations decrease rapidly
with an increase in frequency. The proposed empirical relation
contains the correction term /(M) to include the effect of the Mach

—

n=0.590

03r

02

nE(n)

0.1

0 1 ]
0.01 0.1 1 10

Non-dimensional frequency, n = fL/Us.r
Fig. 13 Velocity frequency spectrum.
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number and an exponential term to damp out the pressure fluctu-
ations away from its maximum location. The term ¢y (w) represents
the spectral density of wall fluctuations of a turbulent boundary layer
on a smooth surface with no pressure gradient. The function F,,
allows a smooth transition between the two asymptotic lines.
Figure 15 shows the power spectral density at x/H =5.5. The
general trend of the Efimtsov et al. [23] empirical relation is ob-
served. The effect of the Mach number on the power spectral density
is illustrated in Fig. 16. As the Mach number increases from 0.128 to
0.5, the spectrum is shifted toward lower frequencies. These results
differ from the Efimtsov et al. relation, which predict a Mach-
number-insensitive spectrum for Mach numbers lower than 0.8.
Next, the effect of position on the power spectral density is investi-
gated (Fig. 17). The general trend is consistent with the empirical
relations, as the spectral densities decrease substantially away from
the location of maximum pressure fluctuations. Finally, the influence
of the step height is illustrated in Fig. 18. As the step height increases,
the region of sharp decrease is shifted toward larger frequencies.

Conclusions

Unsteady three-dimensional detached eddy simulations have been
performed to solve the flow over a backward-facing step using the
finite volume flow solver Cobalt. Menter’s shear stress transport
turbulence model was used to close the system of equations. The
computations were able to accurately predict mean pressure,
velocity, skin-friction coefficient, and reattachment length. Menter’s
SST turbulence model was able to provide fairly accurate modeled
turbulent kinetic energy. Resolved eddies were captured by the
detached eddy simulation and provided information about velocity
and wall pressure fluctuations. The frequency content matched the
experimental results, and power spectral density analysis compared
well with existing empirical relations for similar configurations.
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