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ABSTRACT 
 
 

Decreasing noise and improving efficiency is an important trend for the future 

jetliner industry.  The predominant sources of aerodynamic noise are created from 

attached turbulent boundary layers (TBL) as well as separated flows.   

The current numerical effort will focus on geometry of a fence to crudely model a 

windshield wiper blade for a large jetliner.  This will produce an unsteady separated flow 

field.  The recent literature lacks some of the characteristics that would make it most 

useful to aircraft applications.   

The numerical simulations performed were validated with a backward facing step 

experiment at M = 0.15.  The backstep geometry was then altered one feature at a time 

until an angled fence system was produced.  All simulations except the final were 

performed with conditions that matched the wind tunnel experiment.  The final 

simulation was performed at cruise conditions at 35,000 feet, with rough flight deck 

conditions provided by the Boeing Company.  The Mach number of the incoming 

boundary layer flow is 0.5.   

Results of mean velocity fields were in excellent agreement with experiments.  

Turbulence intensity as well as pressure quantities agreed.  Spectra of pressure 

fluctuations followed trends of past experiments.  Pressure fluctuation magnitudes were 

overpredicted just as many other numerical investigations in literature concluded.   
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CHAPTER 1 
 

INTRODUCTION
 

1.1     Background and Motivation 
 

Quiet and efficient airplanes are one of the primary goals of future jetliner design.  

A strong competitive advantage can be achieved through the reduction of noise levels.  

There are secondary effects of improvement to noise levels.  These improvements will 

also increase the general aerodynamic efficiency of the aircraft, thus improving fuel 

economy.   

 The noise in the interior of the aircraft is a result of a coupled system.  Wall 

pressure fluctuations induce vibrations on the body of the aircraft which in turn creates a 

structural response.  Therefore, there are two main strategies for improvement: improve 

the aerodynamics to reduce vibrations, and improve the structural response so that the 

generated vibrations are dampened as they propagate through the interior of the aircraft.  

The present investigation focuses on the aerodynamics which will reduce the oscillating 

flow to ultimately reduce vibrations induced in the structure.   

 The fluctuating pressures induced by unsteady flows have received considerable 

attention in recent years.  Knowledge of their behavior is not only important for aircraft, 

but also submarines, launch vehicles, missiles, automobiles, etc.   

There exists plenty of literature addressing the subject of step flows; however, the 

majority of it focuses on low-speed and supersonic flows of varying geometry.  The low-

speed flows are most valuable for civil engineering and the automotive industry whereas 

the supersonic flows are most valuable for rocket and missile applications.  These flows 

do not have transonic characteristics that more closely represent the present work.   
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1.2     Literature Review 
 

The phenomenon of flow separation behind an obstacle has been known for a 

long time.  Over 500 years ago, Leonardo DaVinci was aware of the complex structures 

of vortex shedding and first created an illustration shown in Figure 1 of the flow pattern 

behind a bluff body [1].   

 

Figure 1: Leonardo DaVinci's illustration of vortex shedding. 
 

Note that DaVinci was even aware of the alternating direction of the vortex 

shedding pattern.  This image was traced from one of DaVinici’s drawings in, “Del Moto 

e Misura dell’ Acqua.”  This was a nine part treatise that includes phenomena of water 

turbulence.   

1.2.1     Experimental Efforts 

Mohsen [2] performed an experiment with several different geometries and took 

data at 3 different free stream velocities.  The geometrical configurations included 

forward-facing steps (1/2 and 1 inch high), backward facing steps (1/2, 1, and 1-1/2 

inches high), and fences (1/2 and 1 inch high).  The freestream speeds were at 170, 280, 

and 370 feet per second which correspond to Mach numbers of 0.15, 0.25, and 0.33 
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respectively at sea level conditions.  Mohsen found that there were two main contributors 

to the magnitude of wall pressure fluctuations, attached turbulent boundary layers (TBL) 

and separated flows.  It was concluded that the wall pressure fluctuations associated with 

the separated flows contributed more so than the attached TBL.   

The region of highest wall pressure fluctuation (WPF) magnitudes was found to 

be near the reattachment point.  In Mohsen’s experiemental configuration, the obstacles 

each received an incoming boundary layer of 2 inches, which is higher than all the 

obstacles.  The incoming boundary layer is one parameter that may contribute to the 

characteristics of the recirculation region [3,4].  The following table summarizes 

Mohsen’s findings on reattachment length: 

Obstacle Reattachment Length 

Fence 11 fence heights 

Forward Step 2-2.5 step heights 

Backward Step 5 step heights 

Table 1: Summary of reattachment lengths. 
 

Mohsen relates the intensity of WPF to the turbulent shear stress in the mixing 

layer which is then related to the thickness of the mixing layer.  The mixing layer 

increases up to the reattachment point and subsequently starts to decrease in size.  

Therefore, the mixing layer is thickest at the reattachment point, which is also where the 

maximum magnitude of WPFs is located.   

In 1980, Eaton [4] compiled a review of reattaching flow experiments over a 

backward facing step.  By bringing together several past experiments, he was able to 
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begin characterizing parameters that affect the step flow.  He found 5 major parameters 

that affect reattachment: 

1) Laminar or turbulent state of the separated boundary layer:   

Whether the boundary layer is in laminar or turbulent state prior to separation has a 

profound influence on the reattachment length.  The maximum reattachment length is 

reached right as the flow transitions away from laminar.  The effect of reattachment 

length also tapers off to an asymptote as the Reynolds number continues to grow.   

2) Boundary layer thickness 

Narayanan’s [3] data shows little effect of the boundary layer thickness on reattachment 

length.  The state of the boundary layer was turbulent in his experiment.  Eaton then 

incorporated the reattachment length relative to boundary layer separation from several 

other experiments and revealed that there may be a relationship.  They relationship 

remained inconclusive due to the lack of data (only 4 points) and the uncertainty 

introduced through the variance of experimental apparatuses.  

3) Freestream turbulence 

Eaton suggests that there may be a relationship between freestream turbulence and 

reattachment length.  Patel [5] performed an experiment on a plane-mixing layer.  Results 

showed that plane-mixing layer growth rates were increased by increasing the freestream 

turbulence level.  Eaton hypothesizes that the effect of freestream turbulence will vary 

with the spectrum of turbulence as well as the initial conditions.  Presently no research 

was found investigating this hypothesis.   

4) Streamwise pressure gradient 
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The streamwise pressure gradient is controlled by the system geometry, primarily in 

terms of the expansion ratio.  There is a considerable amount of variance when 

comparing the data points to the trend line, but the trend of increasing reattachment 

length with increasing expansion ratio is apparent.   

5) Aspect ratio of flow apparatus 

The aspect ratio of the flow apparatus is a measure of the channel width to the step 

height.  This essentially measures the level of side wall effect.  As the width increases, 

the center plane of the system becomes independent of the walls.   

Moss and Baker [6] utilized a pulsed-wired anemometer to make measurements 

of various two-dimensional step flows.  The pulsed-wire anemometer allowed 

measurements to include three components of mean velocity and turbulence, and 

provided data in regions of continually reversing flows which include the recirculation 

regions and other highly turbulent areas.   The geometries they studied were a backward-

facing step, a front-facing step, and a rectangular block which served as a 

forward/backward facing step pair.   

This geometrical configuration of the rectangular block most closely represents 

the present work.  The block is 76mm tall and 150mm long.  This configuration resulted 

in a reattachment distance of 10H downstream of the backward face.  It was found that 

the rate of reverse flow per unit width is greatly increased, 0.25 U∞H compared to 0.07 

U∞H, for the other geometries.  However, the maximum reverse velocity did not increase 

much (0.3 U∞H vs. 0.2 U∞H) beyond the other geometries.   

 This flow field shows a small recirculation region on the front face.  On the top, 

there is a stream line that shows another recirculation region beginning to form on the top 
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of the block, but is not able to due to the short step length.   This region would 

correspond to the region on the isolated front-facing step.  Behind the step is a large 

primary recirculation region.  Measurements of turbulence intensity show an increasing 

trend up to the separation point.  After reattachment, turbulence intensity begins to 

diminish.   

 LeClercq et al. performed an experiment on a long forward/backward facing step 

[7].  This investigation focused on generating data to study the radiated sound.  This is 

the reason for the choice of the longer geometry; shorter steps of previous experiments 

have the backward face in the recirculation region created from the forward face.  This 

does not allow the separated flow to act as two separated singularities.  This experiment 

was conducted in an anechoic room with a Reynolds number based on the step height of 

1.7 x 105.  The incoming boundary layer thickness was 0.7H approximately 10 step 

heights in front of the obstacle.  Measurements of the mean and fluctuating velocity field 

were conducted with a Laser Doppler Anemometer (LDA).  Wall pressure fluctuations 

were recorded with 21 microphones in various locations.  The mean reattachment length 

behind the step was found to be 3.5H.   

 Downstream of the backward step, the maximal RMS levels of the wall pressure 

fluctuations were found between 2 to 3H, verifying the observation that peak levels occur 

in the region immediately in front of reattachment.    

 Fence flows are another related geometry.  Behind the fence flows, there are 

relevant similarities to the backward facing step flow problem.  Hudy et al. [8] performed 

an experiment of fence flow by using a splitter plate. 
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Their data overall agreed with available literature as well as related geometries.  

Up to the reattachment point, it was shown through auto-correlation function analysis that 

time scales decreased as the reattachment point neared.  The streamwise distribution of 

RMS pressure fluctuations exhibited a sharp rise in magnitude around the reattachment 

region.  Farther downstream of reattachment, smaller time scales were prominent in the 

wall-pressure measurements.   

Near the fence, the peak energy in the power spectra of wall static pressure 

measured from the microphones is primarily in the low-frequency range.  This is 

indicative of ‘flapping’ of the shear layer as many other experiments have shown.  Near 

the reattachment point, the spectra show higher frequencies which indicate the turbulent 

structures in the shear layer.   

The experimentation of Cherry et al. [9] was performed on a blunt-face splitter 

plate using only two microphones to take unsteady surface pressure measurements in the 

separation region.  One microphone was fixed near reattachment and the other was 

moved to five different positions upstream and downstream of the fixed microphone.  

Low-frequency peaks in the power spectrum were measured close to the separation while 

high-frequency peaks were measured close to reattachment.  The low-frequency 

measurements were attributed to ‘flapping’ of the shear layer as the separation bubble 

grows and decays.   

1.2.2     Numerical Investigations 

The dimensions of a forward/backward step (FBS) can vary in length which 

greatly affects the flow field.  The long FBS experimental study by LeClerq et al [7] was 

simulated numerically by Addad et al [10]. The flow near the obstacle first forms a small 
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recirculation in the front of the step, just as Mohsen’s short block.  A larger recirculation 

bubble on the top is then formed as the boundary layer attempts to recover.  Finally, there 

is another recirculation region aft of the step.  The primary difference between LeClerq’s 

experiment and Mohsen’s is the formation of the recirculation region on the top of 

LeClercq’s step.  Mohsen’s short block did not allow a recirculation region on the top of 

the obstacle to form, since there was not adequate space for a boundary layer to begin to 

form.   

The numerical investigations of Minsuk [11] simulated a turbulent boundary layer 

flow across a forward step and a backstep.  They used the experimental work of Farabee 

[12, 13] to assess the accuracy of the numerical simulations.  An LES code with the 

dynamic Smagorinsky subgrid scale model was used.   The grid was a structured mesh 

with approximately 30 million cells.   Computational resources included a 128 CPU 

cluster.   

 The domain size was 40H, 30H, and 4H in the streamwise, wall normal, and 

spanwise directions, respectively with a convective outflow boundary condition.  Inlet 

data was generated by performing a separate LES on a flat plate and initializing the 

inflow boundary with the resulting data.   

Computed values of pressure coefficient, RMS static pressure, and wall pressure 

fluctuation frequency spectra were compared to the experiments to validate the numerical 

simulations.  The pressure coefficient of the backstep generally agreed very well; 

however, slightly overpredicted the magnitude at the reattachment point.  The pressure 

coefficient for the forward step agrees extremely well in terms of the peaks.  The RMS 

static pressure is overpredicted in the backstep by about 25%.  The forward step again 
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agrees extremely well: less than 5%.  The frequency spectra for all the cases agreed with 

the experiment in terms of qualitative features. These include the slope changes for the 

low and high frequency regions.   

A comparison of LES, DES, and RANS simulations of turbulent flow over an 

axisymmetric hill, 3D hill, and a turbulent channel was performed by Liefvendahl and 

Fureby [14].  The simulations were run at 4 different Reynolds numbers from 400-

10,000.  They concluded that LES and DES performed well in all cases.  The 

computations by RANS provided somewhat accurate results in the turbulent channel, but 

failed with the hill geometry due to the lack of adequately advancing the simulation 

through time.   

Their strategy with LES was to keep the wall y+ around 10 to use wall modeling 

rather than solving the boundary layer.  This was likely chosen to reduce the 

computational cost as an LES that solves the boundary layer approaches the cost of a full 

DNS simulation.  Since the wall resolution of the grid was designed to use wall models in 

LES, the RANS simulation from DES may not have performed to its fullest ability since 

RANS will require better wall resolution.  Their results of LES were generally more 

accurate than DES.   

 Ayyalasomayajula et al. [15] performed a supersonic LES simulation over a 

backstep.  Their goal was to assess the effect of the spanwise lengths of the domain.  The 

Mach number was 1.5.  In order to impose accurate inflow conditions, a separate 

simulation on a converging-diverging nozzle generated the necessary data.  They found 

that a spanwise domain of 4 times the boundary layer thickness was adequate for 

simulation.   
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 Fluent, Inc [16] studied the acoustics of a cavity flow using DES and URANS 

while comparing to an experiment.  The DES was run with the S-A turbulence model.  

The mesh had 1.4 million cells in a structured arrangement that used a hanging node 

arrangement to improve the resolution in regions of interest.  This allowed the maximum 

aspect ratio of the cells to stay below 3.  The near-wall resolution varied from 10 to 200.  

Similar to other computations by LES or DES, inflow data was generated from a separate 

simulation.  Another unique feature was the use of non-iterative time advancement.  This 

method allows a large reduction in wall-clock time per iteration.  The bulk flow had a 

Mach number of 0.85 so transient effects may have been present.  

 The simulation was advanced through 0.6 seconds where the final 0.2 seconds 

were used to collect statistics.  It was necessary to first advance the simulation 0.4 

seconds to reach a dynamically steady-state.  The results used to compare was the sound 

pressure level (SPL) spectrum.  Their simulation data for DES agreed well with the 

experiment.  It found roughly the same peaks with the same magnitude.  The URANS 

simulations were able to predict some of the low-frequencies, but the SPL reduces 

unphysically at the higher frequency end of the spectrum.  The experiment used 10 

microphones at different points.  The spectral SPL data was very consistent across all 10 

microphones.   

 The experiment also included data for 4 different modes of RMS static pressure.  

All of the modes compared very well but the 4th mode was slightly overpredicted by 

DES.  This again, illustrates the tendency of DES to over predict the strength of the 

pressure fluctuation characteristics.   
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 Nishino et al [17] studied the flow around a circular cylinder with ground effect 

by DES and 2D URANS.  FLUENT was the code used for the simulations.  The authors 

point out the importance of the grid generation technique for hybrid CFD methods.  They 

stress the requirement of the grid to be designed so that the boundary layer is resolved in 

the RANS mode and the separated shear layers are solved with the LES mode.  It was 

also discovered that the spanwise grid spacing was important to affect the mode change.   

The 3D DES simulations matched velocity profiles behind the cylinder well.  The 

2D URANS yielded qualitatively inaccurate results; however, the magnitudes of the peak 

features were not far off.  The velocity profiles from the URANS did not accurately 

model the ground effect.  Comparisons of the pressure coefficient with experiments also 

matched well for the 3D DES.  The time variation of the drag and lift coefficients 

fluctuates in a random pattern within an expected amplitude envelope.   

 The effects of numerical dissipation in LES were studied by Choi et al. [18] with 

the aim of reducing computational cost.   Their test case was performed on a turbulent 

channel with periodic boundary conditions on the spanwise ends of the domain.  Upwind 

schemes incite numerical dissipation in LES calculations therefore, central differencing is 

often preferred.  To study the effects of the ability of the dynamic Smagorinsky model to 

improve the dissipation, upwind schemes were used.  The low-order schemes had much 

numerical dissipation, while the dynamic Smagorisnky model was able to improve their 

results.  The high-order (9th and 11th) upwind schemes inherently had lower dissipation 

showed little improvement from the dynamic Smagorinsky model.  This confirmed the 

ability of the dynamic Smagorinsky model to improve numerical dissipation.   
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 The effect of a RANS type wall model was also investigated.  It was found that 

the velocity profiles were accurate, but the pressure fluctuation intensity was 

overpredicted.  This is the same trend observed from DES simulations. 

 The survey of numerical literature shows that successful simulations need to 

consider treatment of the near-wall flow, inflow and outflow conditions, effects of the 

grid design and its quality, and subgrid turbulence modeling.   

1.2.3     Numerical Methods of Flow Simulation 

There are three numerical methods often used for turbulent flow simulation: 

Direct Numerical Simulation (DNS), Large-Eddy Simulation (LES), and statistical 

turbulence models employed with the use of Reynolds-Averaged Navier-Stokes (RANS) 

equations.  There are a few remaining techniques such as Detached-Eddy Simulation 

(DES), statistical turbulence models used with the Reynolds-Stress Model (RSM) and 

various hybrid LES-RANS schemes.   

1.2.3.1 Direct Numerical Simulation 

When the Navier-Stokes, are resolved numerically without any turbulence 

models, wall models, etc., it is known as Direct Numerical Simulation.  This provides the 

potential to generate results as accurate as an experiment without the use of any intrusive 

instruments.  No further assumptions are necessary since there are as many equations as 

unknowns.   

The minimum vortex size resolvable by DNS is the minimum of one direction of 

the cell size.  Therefore, to resolve all scales in the flow, the cell sizes must accommodate 

the smallest scales in the flow, i.e. the Kolmogorov dissipation scale.  The timestep must 
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also be smaller than the Kolmogorov time scale.  Wilcox [19] has shown the cell 

requirements for a structured grid DNS to be: 

 ( )9/ 43RednsN τ≈  (1.1) 

 
and the timestep requirements as: 

 0.003
Re

Ht
uτ ς

Δ ≈  (1.2) 

to maintain numerical stability and accuracy.  Breuer [20] showed that a backward-facing 

step at a Reynolds number of 10,000 would require 42,000,000 cells, again for a 

structured grid.  Unfortunately, the computational resources required for this type of 

numerical simulation are exceedingly prohibitive for all except low Reynolds number 

flows.  For the objectives of the present work, DNS is far out of reach with the 

aspirations of higher Mach number flows with larger domains.   

1.2.3.2 Reynolds Averaged Navier-Stokes 

A statistical turbulence model will average out the entire range of the turbulence 

spectrum and the resulting RANS equations are solved.  An unsteady RANS, or URANS, 

numerical method would attempt to simulate the non-turbulent flow and model all 

turbulent scales.  Results of such past simulations were generally unsuccessful [16].  

Since RANS simulations often require resolution of the average flow gradients and can 

be performed in two dimensions, much can be learned in their application for high 

Reynolds number, turbulent flows.   

1.2.3.3 Large Eddy Simulation 

Large eddies are more dependent on the problem due to the geometry and 

boundary conditions, thus are directly resolved.  Small scale eddies are homogenous, 
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universal, less-dependent on problem geometry, boundary conditions, thus are modeled.  

Since some of the turbulent flow is being resolved, it is necessary to perform the 

simulation unsteady and in three dimensions.  A mathematical filter is used to 

discriminate between the large eddies to be solved and the small eddies to be modeled.  

The grid spacing requirements are proportional to the filter width, Δ.  For an 

inhomogeneous grid, the filter width is defined as: 

 ( )1/ 3x y zΔ = Δ Δ Δ  (1.3) 

In LES, each quantity, g, is decomposed as:  

 g g g ′′= +  (1.4) 

where g  is the solvable component and g′′  is the modeled or sub-grid component.  The 

result of solving the local and instantaneous quantities is g  after the application of the 

filter and is defined as: 

 
D

g(x)= g(x )G(x)(x,x )dx′ ′∫ ′  (1.5) 

 
where D is the domain and G is the filter.  The filter function determines which scales are 

of the correct size and structure to be modeled and which are to be solved.  The filter 

used in FLUENT [21] is: 

 ( )
1/ , '

, '
0, '
V x V

G x x
x otherwise

∈⎧
⎨
⎩

 (1.6) 

For the sake of discussion, consider an incompressible flow.  Such a flow is described by 

the momentum equation: 

 ( ) 1i i
i j

j i

u upu u
t x x x x

υ
ρ

∂ ∂∂ ∂
+ = − +

∂ ∂ ∂ ∂ ∂i j

∂
 (1.7) 
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After application of the filtering function, the momentum equation now is: 

 ( ) 1 iji
i j

j i i j

u pu u
t x x x x x

i

i

u τ
υ

ρ
∂∂ ∂ ∂ ∂

+ = − + −
∂ ∂ ∂ ∂ ∂ ∂

∂  (1.8) 

where ijτ  is the sub-grid scale (SGS) stress term defined as: 
 

 ij i j i ju u u uτ = −  (1.9) 

The SGS stress term must now be modeled.  The modeling depends on experimental 

research therefore, it must be tuned for each flow simulation.   

1.2.3.4 Subgrid-Scale Stresses 

Since the subgrid-scale stresses are unknown and won’t be solved after the 

filtering operation, it is necessary to model them.  As in the case of RANS, the 

Boussinesq hypothesis is used to calculate the stresses from the relation: 

 1 2
3ij kk ij t ijSτ τ δ μ= = −  (1.10) 

where tμ  is the the subgrid-scale turbulent viscosity, 

 2 /t lμ ρ τ=  (1.11) 

ijS  is the resolved rate of strain tensor, 

 1
2

ji
ij

j i

uuS
x x

⎛ ⎞∂∂
= +⎜⎜ ∂ ∂⎝ ⎠

⎟⎟  (1.12) 

τ is the characteristic time-scale, 

 ( ) 1/ 2
2 ij ijS Sτ

−
=  (1.13) 

and l is the characteristic length-scale, sl C= Δ , where Δ is defined by Equation (1.3).  

sC is the Smagorinsky constant which is obtained by assuming the existence of the 
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Kolmogorov spectrum and by introducing a cut-off in the inertial zone.  Note the 

Smagorinsky model assumes the characteristic mixing length-scale, l, is proportional to 

the grid size, Δ. This assumption reiterates the necessity for the fine grid as the limit for a 

coarse grid cell,  l must be independent of Δ[22] which can be achieved by keeping Δ 

below l. 

1.2.3.5 LES with Wall Functions 

 Due to the requirement of an extremely fine mesh in the near-wall region, wall 

functions are a possibility to reduce the computational cost.  They act by modeling the 

near wall behavior of the flow and effectively bridging the gap between the mesh and the 

wall when y+ values are not adequate to solve the boundary layer region.  Choi [18] et al 

used wall models to perform an LES on a turbulent channel.  They were able to achieve 

accurate velocity profiles, but still had overprediction of the pressure fluctuation 

magnitude.   

1.2.3.6 Hybrid LES-RANS 

 The virtual body technique used by Schlueter [23] utilized one hybrid scheme 

effectively coupling LES and RANS.  The aim of this type is to solve the issue of DES 

from the transition regions of the RANS domain to the LES domain and reduce the 

computational cost of the LES.  Unlike DES, the LES domain of this hybrid approach 

still covered the whole physical domain.  A small RANS grid is used in the region 

adjacent to the wall, which overlapped the LES domain.  This allows the LES grid to 

have a reduced size and only resolve the coarsest turbulent structures near the wall.  The 

RANS domain does, however, need to be fine enough to resolve all the structures.  The 

coarse LES will develop turbulence, but will cause error in the prediction of the mean 
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flow field which can then be compensated by the RANS computation.  Since two solvers 

are also used, the timestep does not have to be identical.  To test this approach, a 

comparison was done for turbulent boundary layers in turbulent channel flow against 

DNS data.  The coarse traditional LES yielded inaccurate results.  The hybrid LES 

generated results comparable to the finely resolved LES, reaching the goal.  The fine LES 

and the hybrid approach also were close to the DNS data.   

 Another similar hybrid approach is the Hybrid Two-Layer/Large Eddy Simulation 

(TL-LES) used by Chung [24].  His data agreed well with experiments while reducing the 

cost of the simulation.   

 Detached Eddy Simulation (DES) is a combination of LES and RANS.  It 

was originally formulated to couple LES with RANS based on the S-A turbulence model 

[25].  When the turbulent length scale is less than the maximum grid dimension, the 

calculation is sent to the RANS solver.  A length scale that is proportional to the local 

grid spacing (Δ) is used rather than the distance to the wall: 

    ( )min ,DESd C= Δ d                  (1.14) 

    ( )max , ,x y zΔ = Δ Δ Δ                 (1.15) 

The remaining is sent to the LES solver.  This allows a RANS simulation to be 

performed in the near-wall region, alleviating some of the stringent grid requirements in 

the near wall region.  The constant DESC  is generally set to 0.61 based on calibration for 

isotropic turbulence.  This value may vary when DES is used in a wind tunnel experiment 

since the DES technique was developed for use in open flow.   
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Yet another hybrid approach, Limited Numerical Scales [26] is similar to the DES 

approach by calculating a reduction in effective viscosity.  The DES approach uses an 

elevated dissipation rate, rather than a reduced production rate.  
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1.3     Objectives 
 
1)  Develop a process to obtain time statistics using the available commercial CFD 

program (FLUENT) that is computationally affordable with the current resources.  DES 

was found to be an affordable choice.   

2)  Assess the accuracy of the simulations by comparing results with a data from a past 

experiment. 

3)  Apply the CFD process to simulate a system that would be difficult and expensive to 

replicate as an experiment.   

4)  Use CFD to determine the unsteady nature of flow over a windshield wiper model.  

Desired data includes accurate mean flow quantities as well as pressure fluctuation 

magnitudes and pressure spectra.   
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CHAPTER 2 

DESCRIPTION OF THE MODELS 

 

The current investigation utilized several models to increase the level of 

complexity step by step from the validation case to the final case. 

2.1     Comparison of Numerical Solution to Experimental Data 

 
The results of wind tunnel tests from Driver et al [27,28] were used to compare 

and validate those of the numerical simulations.  The illustration in Figure 2 represents 

the experimental configuration.  The instrumentation used to measure mean velocities, 

Reynolds stresses and turbulence statistics was a two-color laser-Doppler velocimeter 

(LDV).  The sample rate varied from 50Hz in the separated region to 2000Hz at the outer 

edge of the boundary layer.  Thermal tuft probes were placed on either side of the 

average reattachment line.  This instrumentation configuration produced uncertainty 

levels with a 95% confidence interval of +/- 4% of the freestream value of mean velocity 

and +/- 15% of the local value for Reynolds stresses.   

Though the geometry of the system is simple, the resulting flowfield is complex.  

The incoming boundary layer is turbulent.  After the step, the sudden expansion forms a 

shear layer.  Underneath the shear layer, a recirculation region forms along with a small 

opposing corner eddy next to the step.  The averaged reattachment streamline forms 

around 6h behind the step.  The instantaneous reattachment point can fluctuate by as 

much as 50% from the time-averaged reattachment point found at 6.1H..   
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Figure 2: Schematic of Driver’s experiment [29]. 
 
 

The domain for the backward facing step (BFS) simulation is shown in Figure 3.  

The spanwise plane is identical to that of Dietiker [29].  Dietiker used a spanwise domain 

length of 12H, but from other simulations in the literature survey many successful 

simulations were completed with a spanwise domain length of 2H.  The simulations of 

Addad [16] tested the spanwise domain length and found that 2H was adequate for LES 

simulations.  The reduction of the spanwise domain allowed a reduction of computational 

resources.  The short inflow length in front of the step is possible by accurately 

initializing the inflow boundary condition.  This, of course, requires a separate simulation 

of flow over a flat plate.   The short inflow feature allows further reduction of the domain 

size.  The long distance behind the step allows for the full recirculation region to form 

along with recovery of the new boundary layer behind the step.  Farabee [30] has shown 

that the flow still has not fully recovered 150H behind the obstacle.   
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Figure 3: Domain of BFS simulation. 

2.2     Fence Flow Model 
 

The goal of the first fence flow model was to only change the geometry while 

leaving all other conditions the same as the Driver BFS experiments.  This allows direct 

comparisons to be made with crossectional geometry of the final wiper blade.  The 

geometry of the domain is shown in Figure 4. 
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Figure 4: Fence flow domain. 

2.3     Angled Fence Flow Model – Final Geometry 
 
 The final modification to the geometry extrudes the 2D fence flow crossection at 

a 30 degree angle shown in Figure 6 to produce an angled fence.  This angled feature will 

more closely replicate the flow field in actual flight cruise conditions.  The nose of the 

aircraft does not allow the airflow to approach the wiper blade straight on.  The straight 

angle of incidence was chosen to allow the numerical investigation to eventually be 

compared with a possible wind tunnel experiment.     
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Figure 5: Angled fence domain. 
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Figure 6: Angled fence domain top view. 
 

The domain of the angled fence is shown in Figure 5 and Figure 6.  The spanwise 

width of 12H is also idea because it would correspond to a width of six inches.  The six 

inch width would be ideal for a future further validation experiment in a wind tunnel.   

2.4     Flow Field Properties 

The numerical investigations use two different flow fields.  The first one 

replicates the conditions used in Driver’s wind tunnel experiment [27, 28].  Since the 

validation case uses Driver’s experiment, it is necessary to first understand the impacts of 

the geometry on the flow field.  By using the conditions of Driver’s wind tunnel [27, 28], 

direct comparisons can be made on different geometries.  After the numerical models are 

validated, the geometry is then simulated with flight cruise conditions at 35,000 feet.   
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2.4.1     Driver’s Wind Tunnel Experiment Conditions 

 The conditions of Driver’s wind tunnel [27,28] were taken directly from the 

experiment data.  For the remaining missing conditions, the standard atmosphere model 

was used.  

H 1.27 cm
U∞ 44.2 m/s
M∞ 0.128
δ 1.9 cm
ReH 37,000
ρ 1.225 kg/m3

P∞ 101325 Pa  

Table 2: Wind tunnel conditions. 

2.4.2     35,000 ft. Cruise 

The standard atmosphere was used at 35,000 feet to estimate the atmospheric 

conditions.  At a typical cruise speed of M = 0.85, the conditions of the incoming 

boundary layer were used to fill in the remaining necessary information to perform such a 

simulation.  The TBL conditions were provided by the Boeing company through a 

TRANAIR analysis.   

H 1.27 cm
U∞ 148.25 m/s
M∞ 0.5
δ 1.9 cm
ReH 37,000
ρ 0.38 kg/m3

P∞ 23842 Pa
T 219 K  

Table 3: 35,000ft cruise conditions. 
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CHAPTER 3 

SOLUTION PROCEDURE 

3.1     Driver’s Wind tunnel 

All computations except the final simulation were performed in to simulate the 

conditions of Driver’s wind tunnel.  This allowed for direct comparisons to be made from 

the validation case to the changes in geometry.   

3.1.1     Governing Equations 

 The flow is considered to be incompressible with constant viscosity.  Since there 

will be little temperature variation and viscosity, per Sutherland’s law is a function of 

temperature, a constant viscosity will accurately model the system.   The computational 

expense can be reduced by not modeling the energy equation which will track 

temperature changes.  The incompressible flow can be described through the continuity 

and momentum equations: 

      0ju∂ =                                           (3.1) 

       ( ) 1i i
i j

j i

u upu u
t x x x x

υ
ρ

∂ ∂∂ ∂
+ = − +

∂ ∂ ∂ ∂ ∂i j

∂
                             (3.2) 

3.1.2     Numerical Method 

 The present computational investigation was performed with FLUENT 6.2.  

FLUENT is a commercially available finite volume code using a cell center collocated 

variable arrangement.  The solver is unstructured, so whether or not the mesh is 

structured, it is treated the same way.   The parallel version of the code was used to take 

advantage of the time reduction of computations through the use of parallel processing.    
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3.1.2.1     Turbulence Model 

Detached-eddy simulation was the optimal choice when weighing the accuracy 

requirements with the available computational resources.  The turbulence model used 

with DES in the present work is k- ω SST.  Past literature [29] has shown that the k- ω 

SST is more robust than the standard Spalart-Allmaras model.  Due to limited 

computational resources, the simulations were only performed with the k- ω SST 

turbulence model.   

3.1.2.2     Discretization Schemes 

Past computational investigations have shown that accurate turbulence modeling 

requires high-fidelity numerical discretization.  Preliminary testing showed that the 

default lower-order settings were not able to resolve pressure fluctuations adequately.   

The pressure-velocity coupling scheme was used with the “PRESTO!” 

discretization scheme for the pressure term, “third-order MUSCL” for the advection term, 

and “bounded central differencing” for the diffusion term.  The gradients were then 

interpolated with the cell averaging technique.  The two turbulent quantities, turbulent 

kinetic energy (k) and specific dissipation rate (ω) were discretized with “third-order 

MUSCL” as well.   

3.1.2.3     Boundary Conditions 

On all surfaces of solid walls, no-slip boundary conditions were applied.   On the 

spanwise faces, periodic boundary conditions were imposed.  These proved to be 

successful for the LES experiments of Addad [31].  Addad performed one study by 
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expanding the spanwise direction from 2h to 3h.  The 3D structures in the flow were 

visualized by observing coherent eddies.  It was found that the majority of the domain 

was not affected by the periodic boundaries.   

The top and bottom walls are modeled as no-slip walls.  This is why the grid was 

designed to resolve the near-wall region.   

Inflow Conditions 

 Repeating a past experiment with an LES is often difficult due to the dependency 

of the solution accuracy on inflow boundary conditions.  The required inflow data is not 

always available.  The information most important describes the turbulent fluctuations.  

Garcia-Villalba [32] studied the effects of inflow conditions on the accuracy of LES 

simulations.  It was found that the accuracy decreased as the length-scale of the turbulent 

eddies increased.  Fortunately, the present work is validated with an experiment in a low-

turbulence wind tunnel.  If inadequate information at the inlet is available, it is necessary 

to expand the inlet section in front of the obstacle.  This will give the flow proper time to 

develop realistic turbulence.   

 The experiment of Driver [27,28] provided sufficient inflow data.  The success of 

the inflow conditions is gauged on the ability to match the x-velocity profiles and the 

turbulent kinetic energy (TKE).  The profiles used for velocity and turbulence were 

generated from a separate simulation of a flat plate.  When adequate growth of the TBL 

was reached, profiles were extracted from the simulation and then used to initialize the 

inlet.   

 The inlet condition used in FLUENT was “velocity-inlet.”  Since this is an 

incompressible boundary condition, only velocity and turbulence required specification.   
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Outflow Conditions 

Just as the inflow conditions affect the final solution, the outflow conditions also 

affect the outcome  Schlueter et al. [33] demonstrated the reduction in accuracy with 

varying outflow conditions.  At the outlet, it is necessary to allow the turbulent structures 

to exit the domain without significant disturbances or reflections to propagate upstream 

[34].  Literature does not provide much information on the outflow conditions more 

pertinent to the present geometry.  The effect of potentially adverse outflow conditions 

can be nullified by increasing the length of the outlet beyond the obstacle.   

The convective outflow feature in FLUENT is only available with the “pressure-

outlet” boundary condition.  This is a compressible boundary condition, so the 

momentum of the backflow is controlled with a pressure.  The pressure was set to 

ambient conditions to replicate the wind tunnel Driver used.  Since some backflow may 

occur, it is necessary to specify turbulence conditions for it.  The “intensity and hydraulic 

diameter” option was used to estimate potential backflow turbulence.  The turbulence 

intensity was set to 1% and the hydraulic diameter was set as .1 meters to represent the 

size of the wind tunnel.  Since the outlet is far from the obstacle in the domain, the 

accuracy implications were not necessary to study.   

3.1.2.4     Relaxation Parameters 

Experimentation on the relaxation parameters was performed on preliminary 

simulations.  The default values were generally acceptable except for ω.  The default 

value of 0.8 was reduced to 0.7.  This allowed proper convergence of the residual for 

each time step.   
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3.1.2.5     Convergence Criteria 

The convergence criteria of all the residuals were set to 1e-5.  From preliminary 

RANS simulations, adequate convergence was obtained when the residuals fell below 

these criteria.  The success of the convergence was judged by comparing the numerical 

data to experimental data.  The value of 1e-5 is also generally accepted throughout 

industry as a rule of thumb.  Since DES uses RANS modeling in near the walls, it is 

important that the RANS solution for each timestep is adequately converged before the 

simulation proceeds to the next timestep.  Even if the LES region of the domain is 

running satisfactorily, the RANS region may not be.   

Not only must each individual timestep converge correctly, the simulation also 

requires time advancement to reach a dynamically steady state.  The unsteady simulation 

is initialized from a steady state RANS solution.  After the solution begins, time 

advancement is required to develop turbulence and flush out transient effects.  When a 

dynamically steady state is reached, velocity values at a certain point will begin to 

oscillate about the average quantity.  Figure 7 shows the time history of velocity at a 

point in the shear layer reaching convergence.   
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Figure 7: Time history of velocity demonstrating convergence. 
 

Once the solution is considered to have reached the dynamically steady state, it is 

now appropriate to gather statistics.  The time statistics must first average out to match 

their average values as shown from the RANS simulation.  Then, it is necessary to 

continue collecting statistics until the post-processed statistics become independent of the 

time duration which they were collected.   

3.1.2.6     Grid and Time Step Independency 

The code validation phase of the effort is intended to be a continuation of the 

work by Dietiker [35].  His simulations were performed with Cobalt rather than 

FLUENT.  This is the reason it was necessary to revalidate with the BFS experiment of 

Driver.  Dietiker found that a grid of roughly 800,000 cells was adequate to resolve the 

system correctly.  The results of the 3D validation case of the present work confirm this 

finding 
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As far as the timestep, preliminary computations proved the timestep was 

independent when remaining below 1e-4 seconds.  It was not feasible to completely run 

the cases and collect data due to limited computational resources.   

3.2     35,000 ft. Cruise 

The final simulation is performed at cruise conditions at an altitude of 35,000 ft.  

This allows the cruise conditions of the angled fence to be compared to wind tunnel 

experiments.  Other than the geometry, the only remaining difference of this simulation is 

the presence of the top wall.   

3.2.1     Governing Equations 

The same governing equations were used to solve the system except they now are 

compressible rather than incompressible.  Since the fluid speed is about triple that of the 

Driver windtunnel, it is now in the regime of compressible fluid flow.   

3.2.2     Numerical Method 

The same numerical schemes are used as stated above for Driver’s wind tunnel.   

3.2.2.1     Solver Type 

The solver type was switched from the segregated implicit solver to the coupled 

implicit solver.  The coupled solver provides more numerical accuracy for compressible 

fluid flow at the cost of computational efficiency.   

3.2.2.2     Discretization Schemes 

The discretization schemes are the same as used for the Driver wind tunnel. 
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3.2.2.3     Boundary Conditions 

A similar procedure was followed to generate the inflow conditions for the cruise 

conditions.  The only difference is the quantities extracted from the flat plate simulation.  

Since the solver type is now compressible fluid flow, static and dynamic pressure is used 

to create a velocity rather than x-velocity in the incompressible simulations.  The outflow 

conditions remained the same as the code validation simulation   

Since the angled fence no longer is a 2D flow, the periodic conditions are not 

valid.  The sides of the domain as shown in Figure 5 would greatly increase the size of 

the cell count, therefore the near-wall region is not resolved.  Slip conditions were now 

used on the walls since the region of interest is in the center of the domain.  The bottom 

and tops of the domain are still modeled as no-slip walls.   

3.2.2.4     Relaxation Parameters 

The same default relaxation parameters were adequate with, again, the exception 

of specific dissipation rate.  The relaxation parameter that provided good convergence 

was 0.6 rather than the default setting of 0.8.   

3.2.2.5     Convergence Criteria 

The same procedure for determining convergence was followed as above in 

Driver’s wind tunnel simulation.   
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3.3     Power Spectral Density Post-Processing 

At several points behind the obstacle at the wall, the time-history of static 

pressure was recorded at each timestep.  The power spectral density (PSD) calculation 

was performed via a Fast Fourier Transform (FFT) algorithm.  Because the PSD 

calculations will yield data in the 0 to +∞ range, a one-sided PSD calculation was 

appropriate.  The MATLAB code used for the computation is displayed in the Appendix.  

The MATLAB code first estimated the PSD of the signal using Welch’s averaged 

modified periodogram method of spectral estimation and then normalized the results in a 

manner consistent with the literature.   

The maximum frequency that can be determined with the PSD analysis is half the 

sample rate of the simulation.  This limit is the Nyquist frequency which captures two 

samples on an ideal sine wave.  Any reduction in sample rate will result in aliasing of the 

maximum desired frequency.  The frequency range between 0 Hz and the Nyquist 

frequency is the Nyquist range.  In general practice for DES/LES simulations, more than 

two samples of the maximum frequency are desired to improve the accuracy of the 

spectra.  The final simulation used a timestep of 2e-5 seconds which results in a Nyquist 

frequency of 25 kHz.   

Before analyzing any pressure data, it is first necessary to complete the 

convergence analysis as previously discussed.  Once the time advancement for 

convergence is attained, the transient pressure data from the beginning of the simulation 

was truncated.   Once they have similar features, such as maximums, minimums, peaks, 

etc., confidence can be found that the spectra are stationary.  The final block of data 

contained 25,000 samples for the timestep of 2e-5 seconds.  Then, the PSD calculations 
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were performed on the entire block with no averaging which provided agreeable results.  

The final check is compare the data with experiments and past numerical simulations to 

ensure it is reasonable.  In the present work, the spectra still varied at the determined 

convergence point; therefore, the corresponding data was excluded.   
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CHAPTER 4 

GRID GENERATION 

4.1     2D Backstep 

The grid used in the two-dimensional computations is structured with clustering 

near all the walls and heavy clustering at the wall behind the step.  The 2D grid contained 

40,000 cells.  A portion of the grid is displayed in Figure 8.  The y+ behind the step is 

below 1.  General practices prefers a y+ of 1 is ideal, but good results can be obtained for 

y+ values below 3.  The maximum aspect ratio of the cells is 400, but this is next to the 

wall which is where the RANS modeling is performed.  Standard best-practice guidelines 

recommend keeping the cell aspect ratio below 5, so the region away from the wall was 

kept in this range.  This is a similar methodology as the one used by Farabee [30] and 

Dietiker [29]. 

 
Figure 8: Structured grid. 
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4.2     3D Backstep 

The 3D grid for the backstep was created by starting with the 2D backstep grid.  

The 2D grid is meshed in the spanwise (z) through the use of the Cooper meshing 

scheme.  This scheme essentially extrudes the 2D grid crossection in a direction to mesh 

in three directions.  The mesh was extruded in the spanwise direction with a constant 

spacing to use 25 nodes in a distance of 2H.  The resulting grid has a cell count of around 

1 million and is similar to the grids used by Dietiker [29] and Ji et al [35].  This satisfied 

the recommendations of Nishino et al [42] who discussed the importance of spanwise 

spacing in similar unsteady computational simulations.  A preliminary test of the 

spanwise spacing was performed with a z spacing of 15 nodes produced a simulation that 

remained steady as it was stepped through time.   

 

Figure 9: Streamwise section of grid showing spanwise resolution. 
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4.3     3D Fence 

The grid generated for the 3D fence starts with a 2D mesh similar to the BFS.  

The same meshing rules for y+ and aspect ratio were used keeping the y+ below 1 in the 

region of interest behind the obstacle, the aspect ratio in the LES region below 5, and the 

aspect ratio of the RANS region below 400.   

 

Figure 10: Section of fence grid. 

4.4     3D Angled Fence 

 The 3D angled fence grid is built off of the same 2D crossection of the straight 

fence.  The 2D crossection was then extruded at an angle of 30 degrees to generate the 

angled fence obstacle.  Clustering was used in the center region where data will be 

collected.  Figure 11 shows the meshing on the surface where the angled fence obstacle is 

attached.  The number of nodes in the 30 degree direction is 25 yielding a grid size of 1.5 

million cells.   
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Figure 11: Top view of angled fence grid. 
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CHAPTER 5 

RESULTS 

5.1     2D Driver Backstep Validation 

Since the geometry of the validation case is two-dimensional, an unsteady two-

dimensional simulation could potentially yield results with very little computational 

expense.  There are two objectives of the 2D computations: 

1) Verify with the experiment and previous DES computations that the grid and 

computational setup are providing accurate results in terms of velocity and turbulence 

profiles.  A previous computation by Dietiker [29] shows agreeable results can be 

obtained from a 2D RANS computation.  Computations of Blake et al [30] used the 

turbulence data from a 2D RANS to predict the wall pressure spectra via a 

mathematical model.   

2) Record wall pressure fluctuations and check their validity with experimental 

results.  Computations from Hamed et. al [36] display results of unsuccessful 2D and 

successful 3D URANS and DES simulations. Very little other literature provided time 

statistics from 2D simulations.   

5.1.1     2D RANS Simulation 

The streamlines of the recirculation region are displayed in Figure 12.  The 

reattaching streamline is clearly divided from the recirculation region.  The predicted 

average reattachment point is correctly found at 6.1h.  The weaker corner eddy is also 

visible.    
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Figure 12: Streamlines inside recirculation region. 
 

 Figure 13 verifies that the reattachment point is correctly predicted at 6.1h, which 

is consistent with the experiment result. Driver obtained values of x / H = 6.2 by oil-flow 

laser interferometer, and x / H = 6.05 by thermal tuft probes.  This streamline also shows 

the more stagnant immediately behind the step which forms the corner eddy.   
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Figure 13: X-velocity of region dividing streamline. 
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 Figure 14 shows the ability of the 2D RANS simulation to correctly model the 

average x-component of velocity.  The ability of the k-ω SST model to predict the 

average velocity is robust.  The results are very similar to those of Dietiker [29].  Several 

simulations by the 2D RANS had shown grid and turbulence model independence.   

 

□  LDV Measurements 
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Figure 14: X-Velocity profiles from 2D RANS. 
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Looking at the contours of the x-component of velocity in Figure 15, the general 

features of the flow can be seen.  The incoming boundary layer is evident with its size 

being roughly 50% larger than the step.  The recirculation region is also clear and a 

reduced in the corner where the corner-eddy lies.  The shear layer grows in size until the 

reattachment region and dissipates downstream.  The centerline velocity of the system 

also slows down after the sudden expansion of the step.   
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Figure 15: Contours of x-velocity. 
 

The modeled turbulent kinetic energy shown in Figure 16 is in excellent 

agreement in regions other than the recirculation region, where it is overpredicted.  This 

demonstrates one advantage of the DES model to use LES in the recirculation region.  

Overprediction of TKE could contribute to an overprediction in RMS pressure 

magnitude.  These TKE profiles are similar to the results of Dietiker [29] and also proved 

to be grid and turbulence model independent.  The TKE from the RANS model becomes 

very accurate again after x / H = 32.   
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□  LDV Measurements 
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Figure 16: Modeled TKE. 
 

Figure 17 shows the highly turbulent region of the shear layer after its 

development.  This will be the source of energy of the wall pressure fluctuations.  It can 

also be seen that turbulent energy remains in the flow at the end of the domain 

downstream of the step.  The continual growth of the turbulent boundary layer on the top 

surface of the test section can also be seen.   
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Figure 17: Contours of TKE. 
 

Figure 18 shows the distribution of the pressure coefficient along the wall.  The 

two data sets line up very well, but the maximum and minimum pressure is slightly 

overpredicted.  This could also be a sign of the RANS models characteristic to 

overpredict of pressure fluctuations.  The pressure coefficient reaches its highest level 

around the reattachment point.  This is where the shear layer would no longer be 

cushioned from the wall with the recirculation region.  After the peak pressure, a new 

boundary layer begins to form.   
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Figure 18: Cp on step surface. 
 

Figure 19 displays the resulting contour plot of static pressure.  The pressure is 

lowest in the recirculation region and highest after reattachment where the shear layer 

begins to reform the boundary layer.  No gradients exist across the outflow domain, 

which should represent ample additional length of the outflow boundary condition.   
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Figure 19: Contours of static pressure. 

5.1.2     2D Detached Eddy Simulation 

To meet the second objective for two-dimensional analysis, the same grid was 

used for a 2D detached eddy simulation.  The time discretization was performed with a 

second-order implicit scheme.  The k-ω SST turbulence model was used as the subgrid 

scale model.  The computations were performed over a large enough time to allow the the 

mean fields to become time-independent.   

The first obvious difference from experimental values is a delayed reattachment 

point.  Figure 20 shows the average x velocity of immediately above the lower wall.  The 

predicted reattachment point of the 2D DES simulations is 8H.   This is not an acceptable 

discrepancy.   
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Figure 20: Reattachment. 
 

Figure 21 shows the contours of average x-velocity.  Here, the delayed 

reattachment is even more apparent.  A large corner-eddy region appears to form.  Aside 

from the delayed reattachment, all the other characteristics of the backstep flow appear 

consistent.   
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Figure 21: Average X-velocity contours. 
 

Figure 22 shows the behavior of static pressure.  The low-pressure region is 

expected to be immediately behind the face of the BFS.  Since the reattachment is 

delayed, there are some gradients that cross the outflow region which may cause some 

additional numerical error.  Since the reattachment point is predicted accurately with a 

RANS simulation, this could be acceptable if the remaining time-statistics are accurate.   
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Figure 22: Averaged static pressure contours. 
 

 The time history of static pressure was recorded at several locations behind the 

step and allowed to reach a steady-state through time.  Figure 23 shows the result of the 

pressure signal at the reattachment point.  The amplitude of the signal at one point triples 

the maximum experimental value.  The other obvious characteristic is a harmonic 

waveform, which is not indicative of random noise.  Spectral analysis determined a 

nondimensional frequency of n = 0.4 compared to n = 0.6 of the peak frequency from the 

experiment.  This harmonic behavior was also observed in the simulations of Hamed [36] 

for a cavity flow.    
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Figure 23: Example of 2D DES pressure signal. 
 

The cause for this harmonic frequency error is likely due to the inability for the 

solver to run in 2D.  Since turbulence is a three-dimensional phenomenon, it must require 

all three dimensions to accurately model.   

As the results have shown, 2D DES simulations are not accurate for even 2D 

geometries in terms of the flow field.  The literature survey has shown that the numerical 

models are well capable of modeling the time-averaged flow fields therefore, it is not 

acceptable to have a conflict with the reattachment point.  The resulting pressure signal is 

also obviously not modeling random fluctuations, therefore 2D DES simulations are not 

suitable for modeling time-statistics of turbulent flows.   
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5.2     3D Driver Backstep Validation 

5.2.1     RANS Data 

The 3D recirculation region was modeled and displayed in Figure 24.  Note the 

corner eddy and the dividing streamline appears as expected from Figure 2.   Figure 24 is 

an isosurface of constant 0 x-velocity shaded with z-coordinate to improve depth 

perception.   
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Figure 24: 3D recirculation region. 
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5.2.2     Mean Flow Data 

 A direct comparison with the flow field of Driver’s experiment is shown in 

 

Figure 25.  The flow fields are in overall excellent agreement.  The reattachment point is 

correctly predicted at 6.1H.   

 
Figure 25: Numerical vs. experimental x-component velocity profiles at center plane. 

 
The coefficient of pressure along the step agrees well with experimental data as 

seen in Figure 26.   
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Figure 26: Coefficient of pressure distribution behind step. 
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The time-averaged contours of pressure coefficient reveal a difference between 

the RANS solution and the time-averaged DES solution when comparing Figure 27 to 

Figure 19.  The general features of low-pressure behind the step, a gradient through 

reattachment, and higher pressure after the step loosely agree.   
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Figure 27: Time averaged contours of static pressure. 
 

5.2.3     Time-Statistics 

An instantaneous view of a vorticity isosurface in Figure 28 reveals the vortices 

that Driver predicted and indirectly measured with his experiments.  The general features 

of the flow field can also be seen, the boundary layer off of the top of the step stays 

together until shearing forcing begin the formation of vortices.  Two larger vortices can 

be seen in Figure 28 just after the step.  As the turbulent cascade dissipates them into 

smaller and smaller structures, their shape becomes less apparent.  Figure 29 and Figure 

30 highlight similar features by considering the instantaneous X-velocity and static 

pressure.   
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Figure 28: Instantaneous vortical structures. 
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Figure 29: Instantaneous contours of X-velocity. 
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Figure 30: Instantaneous contours of static pressure. 
 
 

Figure 31 compares the distribution of RMS static pressure behind the step of the 

present work with Driver’s experiment and Dietiker’s DES simulation.  Both DES 

simulations overpredict the magnitude of the pressure fluctuations by almost a factor of 2.  

However, all of the data agrees where the peak in pressure fluctuation occurs: at the 

reattachment point.   
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Figure 31: RMS static pressure distribution behind step. 

 

Driver recorded the time history of x-velocity at a point 6H behind the step and 

1H above the bottom wall which is in the shear layer region.  Large fluctuations occur 

which indicate the passing of vortices over the interrogated spot.  Figure 32 shows the 

same history from one of the present DES simulations over the same time period.  The 

maximum and minimum velocity fluctuation peaks occur at roughly the same levels.   
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Figure 32: Time history of X-velocity at point (6H,1H). 
 
 

Since the maximum magnitude of pressure fluctuation occurs at the reattachment 

point, the power spectral density (PSD) of static pressure at the wall is compared to 

empirical data obtained by Efimstov [37] and data from Dietiker [29] in Figure 33.  The 

general trend, as Efimstov observed, is to have the majority of the energy in the low 

frequency range and then in the high frequency range, it dissipates rapidly.  Both the 

spectra of the present work and Dietiker [29] show this trend.   
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*

Flow 
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Figure 33: PSD at reattachment. 

5.3     3D Straight Fence 

5.3.1     Mean Flow Data 

The results of the reattachment length of 12H in Figure 34 are consistent with the 

findings of Mohsen [2] who found a reattachment length of 11H for a thin fence.   
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Figure 34: Reattachment distance of straight fence. 
 

 The x-velocity field shown in Figure 35 shows the formation of two recirculation 

regions: one on the front, and one behind the obstacle.  The streamwise length of the 

fence is not sufficiently long to establish a recirculation region on the top.  The shear 

layer also moves above the obstacle rather than forming straight off.  This is likely an 

effect of the first recirculation region turning the localized flow in that direction.   
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Figure 35: Contours of X-velocity. 
 

 Figure 36, the pressure distribution in the center plane along the wall behind the 

obstacle has a similar trend as the backward step.  Also, the magnitudes of the maximum 

and minimum values are several times larger than the backward step.    
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Figure 36: Coefficient of pressure distribution. 
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 Figure 37 show the pattern of the static pressure contours.  As expected, there is a 

high pressure region in front of the obstacle where the incoming flow collides with the 

obstacle.   

Ps [Pa] 

 

Figure 37: Static pressure contours. 

5.3.2     Time-Statistics 

Vortices shed from the shear layer are seen off in Figure 38.   In the reattachment 

region, a higher density of vertical structures is present.  The recirculation region contains 

less as does the region following reattachment.   
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Figure 38: Instantaneous vortical structures. 
 

 The magnitude of wall pressure fluctuation follows the same behavior as the BFS 

does.  Figure 39 shows that the peak in RMS static pressure is in the reattachment region.  

This peak is also wider than the peak generated from the BFS which would correspond to 

a wider region of shear layer flapping.  The RMS static pressure peak is also significantly 

higher than that of the BFS, with its peak roughly larger by a factor of 4.   
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Figure 39: RMS static pressure distribution behind fence. 
 

 Figure 40 shows the RMS static pressure contours of the system.  The region of 

high RMS static pressure corresponds to the region of higher vortical structure density as 

seen in Figure 38. 
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Figure 40: RMS static pressure contours. 

5.4     3D Angled Fence 

Now that the fence is angled at 30 degrees, it was first necessary to study the 

effect of the walls on the simulations.  As the domain shown in Figure 6 illustrates, the 

spanwise distance was increased from 2H to 12H.  A preliminary simulation with a 

spanwish distance of 24H revealed the same wall effect pattern seen the 12H domain.  

The region under heavy influence of the wall is within 3H next to each side.  This leaves 

the middle 50% of the domain unaffected by the wall when using the spanwise size of 

12H.  The middle 50% of the spanwise domain, which corresponds to the area between 

the z = 4H plane and the z = 9H plane is referred to as the region of interest.   

Comparisons of the angled fence data will be made with the straight fence to 

determine the effect of the fence angle.   
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5.4.1     Mean Flow Data 

The angled geometry introduces three dimensional effects; therefore, it is 

necessary to observe data from several planes rather than only the center plane.  The 

reattachment lengths relative to the back face of the obstacle of the planes in the domain 

are shown in Figure 41.  At each plane, the reattachment length is below 12H, which is 

the reattachment point of the straight fence.   This shows how the 3D effect of the angled 

fence relaxes the flow field in the spanwise direction.  

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-5 0 5 10 15 20

Position (X/H)

X
-V

el
oc

ity
 (U

/U
_i

nf
) z = 4H

z = 5H
z = 6H
z = 7H
z = 8H
z = 9H

Z = 4H 

Z = 9H 

 

Figure 41: Reattachment point variance.  
 

The center plane x-velocity contours of Figure 42 show a similar flow field as the 

straight fence.   Near the wall, where the recirculation region ends, the field curls 

backward.   
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Figure 42: X-velocity contours of center plane. 

 
Figure 43 shows the shape of recirculation region by displaying an isosurface of 

constant 0 x-velocity.  In this image, the wall effect is especially apparent.  The region on 

the bottom of the image shows where there is heavy downstream influence of the wall.   
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Figure 43: Isosurfaces of 0 x-velocity showing recirculation region. 
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Figure 44 displays the distribution of the pressure coefficient behind the back face 

of the fence.  It was expected to see lower values than the straight fence due to the relief 

the flow field has in the spanwise direction, but the minimum and maximum values are 

very similar to the straight fence.  Ahead of the fence, the maximum value appears to 

remain relatively constant.  Whereas, behind the step, the minimum values of coefficient 

of pressure vary significantly.   
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Figure 44: Coefficient of pressure at various spanwise locations. 
 
 

The static pressure contours shown in Figure 45 are again similar to the straight 

fence except in the region behind the recirculation region.   
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Ps 

Figure 45: Center plane contours of static pressure. 

5.4.2     Time-Statistics 

Figure 46 shows isosurfaces of vorticity to highlight vortical structures.  The flow 

enters the domain on the right side of the figure rather than the left.  They are seen 

originating off the back edge of the fence and rapidly reduce in size as their energy is 

dissipated.   
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Figure 46: Another view of vortical structures. 
 

Figure 47 shows the RMS static pressure to quantify the magnitude of wall 

pressure fluctuation.  The trend is different than was expected.  It appears that near the z 

= 0 wall, wall pressure fluctuation magnitude does not increase much moving in the 

positive z-direction.  Then, there is a rapid increase at z = 0, which quickly reaches the 

peak at z = 8.  The turbulence is likely traveling in the spanwise direction.  Near the z = 0 

plane, turbulence is not able to accumulate.  Near the opposite wall, it does accumulate 

and the influence of the wall prevents it from dissipating further in the spanwise 

direction.  Consequently, the value at z = 7H is the value with the least wall effect.  The 

value of 0.12 from plane z = 7H is approximately half the value of the center plane from 

the straight fence value of approximately 0.24.  Even in the region of heavy wall effect, 

the maximum value only reaches 0.16.   
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Figure 47: RMS static pressure distribution. 
 

Since the maximum magnitude of wall pressure fluctuation occurs at the 

reattachment region, this is where the most important spectral data is observed.  Figure 48 

shows the power spectral density of the wall pressure fluctuation in the z = 4H plane at 

the reattachment point, which occurs 6H behind the obstacle.  It is apparent that several 

peaks are present.  It would require correlation with experimental data to decide which of 

these peaks represent a certain phenomenon, such as shear layer flapping.  The empirical 

relations of Efimstov [37] are still present with the angled fence configuration.  The low 

frequency region contains most of the energy while the high frequency region quickly 

loses energy as the turbulence is dissipated into shear forces.   
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Figure 48: PSD at reattachment of z = 4h & 8H plane. 
 

Figure 48 compares the PSD of pressure fluctuations on both sides of the region 

of interest.  The peaks are in the same location, but appear to be dispersed in the z = 8H 

case.   

5.5     3D Angled Fence at Cruise Conditions 

Comparisons with the cruise condition data will generally be made with the 

angled fence model in wind tunnel conditions.  This will yield insight into the effects 

induced by the higher Mach number and lower density of the flow field.   

5.5.1     Mean Flow Data 

First, the reattachment points are considered.  It is apparent that the reattachment 

region is pushed further behind the fence.  The minimum reattachment in the region of 
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interest occurs at 9H and the maximum reattachment occurs at 15H.  Figure 49 displays 

the reattachment at each plane in the region of interest.   
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Figure 49: Reattachment points at various spanwise locations. 
 

Figure 50 displays the results of the pressure coefficient.  The pattern is similar to 

the results from the angled fence at wind tunnel conditions.  Ahead of the fence, the 

maximum coefficient of pressure is roughly the same whereas the minimum pressure 

coefficient value is lowest at plane z = 4H behind the obstacle.  The minimum and 

maximum magnitudes are quite similar.   
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Figure 50: Coefficient of pressure at various spanwise locations. 

5.5.2     Time-Statistics 

Figure 51 displays the pressure fluctuation magnitude results.  Even though the 

coefficient of pressure is similar to the results from the wind tunnel conditions, the 

magnitude of pressure fluctuation is greater.  At the z = 7H plane, the peak value reaches 

approximately 0.23 compared to the value of 0.12 of the angled fence at wind tunnel 

conditions and 0.24 from the straight fence at wind tunnel conditions.  Therefore, the 

change to cruise conditions resulted in almost double the magnitude of pressure 

fluctuation.   
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Figure 51: RMS static pressure at various spanwise locations. 
 

The spectum of pressure fluctuations of the center plane wall pressure is shown in 

Figure 52.  The first obvious difference between these spectra and the spectra from the 

angled fence at wind tunnel conditions is the absence of dominant peaks.  This is similar 

to the results of Dietiker [35] when he increased the Mach number of his simulations to 

0.5.   

The amount of energy in the low frequency range is much higher than that of the 

angled fence at wind tunnel conditions.  It appears that the pressure fluctuations increase 

in the lower frequency range or they are not able to dissipate to the higher frequency 

range.   
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Figure 52: PSD of pressure fluctuations at reattachment at z = 6h. 
 

A time history of a point in the shear layer further downstream in Figure 53 shows 

velocity fluctuations in a less severe area.  The approximate average velocity is apparent 

and there are still large events that change the magnitude of velocity significantly.  This 

figure also shows the simulation is well converged through time.   
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Figure 53: Time history of point in shear layer. 
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CHAPTER 6 

CONCLUSIONS 
 

1) The tendency of overprediction of RMS static pressure is shown consistently 

throughout literature in all unsteady simulations except for DNS.  Since DES and more 

computationally affordable simulations have a consistent tendency to overpredict the 

pressure fluctuation magnitude, it may be possible to correct the data if its accuracy is not 

adequate.  This may also show the SGS turbulence models for LES, wall models for LES, 

and the RANS turbulence models used in DES were not developed for this purpose.  

They are able to model the averaged flow field quite accurately which may have been the 

goal of their original developers.   

 

2)  Despite similar coefficient of pressure distributions for the wind tunnel and cruise, the 

magnitude of pressure fluctuation is significantly higher in the cruise case.  The time-

averaged coefficient of pressure is not an adequate predictor of magnitude of pressure 

fluctuation.  This further strengthens the necessity of performing unsteady CFD rather 

than a steady RANS computation.   

 

3)  The angled fence produced a significantly lower pressure fluctuation magnitude.  

Therefore, the angled feature could be used to reduce the magnitude of turbulence 

induced noise.  It is possible that the magnitude of pressure fluctuation will decrease as 

the angle is increased since this provides relief in pressure perturbation in the spanwise 

direction.   
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CHAPTER 7 

FUTURE RESEARCH 
 

• Research the effect of the fence angle vs. pressure fluctuation magnitude 

• Research the impacts of design feature changes 

• Large eddy simulation of turbulent channel with varying spectra to study effect of 

freestream turbulence. 

• Add other realistic features of an aircraft cruise condition to further improve the 

quality of the simulations  

• Further post process data with autospectra, etc.   

• Develop an improved turbulence model with the goal of reducing the 

overprediction of pressure data.  Or, further study the overprediction effect to 

develop a process to correct the data.   

• Perform additional validation cases for higher speed, compressible flows.  

Mohsen and LeClercq have adequate date to validate the quality of the simulated 

turbulence.   

• Research the effect of having a solid, impermeable wall by utilizing fluid-

structure interaction computational methods.   
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MATLAB CODE FOR PSD OF PRESSURE FLUCTUATIONS 

 
 

%Pressure Spectral Density 
 
clear all, close all, clc 
 
h = 0.0127;           % Step height 
%U = 46; 
U = 138;               % Freestream velocity 
%rho = 1.225;        % Density 
rho = .38; 
q = 0.5*rho*U^2;   % Dynamic Pressure 
pinf = 100; 
 
timestep = 2e-5;     %timestep [s] 
%timestep = 1e-4; 
Fs = 1/timestep; 
 
slice = [3:1:9]; 
behind = [0:1:32]; 
 
for i = 1:length(slice) 
    filename = 'p'; 
    filename = strcat(filename, num2str(slice(i))); 
    filename = strcat(filename, 'z'); 
    filename_temp = filename; 
    for j = 1:length(behind) 
        filename = filename_temp; 
        filename = strcat(filename, num2str(behind(j))); 
 
 
        data = dlmread(filename,'',2,1); 
 
 
        [m n] = size(data); 
 
        p_start = 1; 
        p_end = m; 
 
        NFFT = 1024/2; 
        Pref = 2.0E-5 ;                            
 
        p1 = data(p_start:p_end,1);             
        p1mean = mean(p1); 
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        Cp = (p1mean - pinf)/q; 
        p1f = (p1 - mean(p1));                       
        p1_rms = sqrt(mean(p1f.^2)); 
        p1_rms_over_q = p1_rms/q; 
 
        [PWxx,FW] = PWELCH(p1f,[],[],NFFT,Fs); 
        PWxx2=PWxx*Fs; 
        dbw = 10*log10(PWxx2*U/(q^2*h)); 
        FW2 = 10*log10(FW*2*pi*h/U); 
 
        plot(FW2,dbw) 
        axis([-10 10 -60 50]) 
        xlabel('10 log(omega*H/U)') 
        ylabel('10 log[phi(omega)U/q^2H]') 
        %title('Power Spectral Density') 
        %legend(position,'Location','SouthWest') 
        %hold on 
 
        filename = [filename '.jpg']; 
        saveas(gcf,filename, 'jpg') 
         
        wpf_dist(i,j) = p1_rms_over_q; 
         
    end 
end 
 
figure(2) 
hold on 
plot(behind,wpf_dist(1,:),'k--') 
plot(behind,wpf_dist(2,:),'g') 
plot(behind,wpf_dist(3,:),'r') 
plot(behind,wpf_dist(4,:),'g:') 
plot(behind,wpf_dist(5,:),'m') 
plot(behind,wpf_dist(6,:),'r--') 
plot(behind,wpf_dist(7,:),'m') 
xlabel('Position behind fence (X/H)') 
ylabel('Pressure fluctuation magnitude (P_RMS/q)') 
legend('3','4','5','6','7','8','9','Location','NorthEast') 
 
 
hold off 
 
%filename = 'p3z3'; 
%position = '0 h Behind Step'; 
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